Positive periodic solutions for impulsive differential equations with
infinite delay and applications to integro-differential equations

Sebastian Buedo-Ferndndez
Departamento de Estatistica, Analise Matemaética e Optimizacion and Instituto de Matematicas,
Facultade de Matematicas, Universidade de Santiago de Compostela, Campus Vida, 15782
Santiago de Compostela, Spain

Teresa Faria!
Departamento de Matematica and CMAF-CIO, Faculdade de Ciéncias,
Universidade de Lisboa, Campo Grande, 1749-016 Lisboa, Portugal

Abstract

Sufficient conditions for the existence of at least one positive periodic solution are established
for a family of scalar periodic differential equations with infinite delay and nonlinear impulses.
Our criteria, obtained by applying a fixed point argument to an original operator constructed here,
allow to treat equations incorporating a rather general nonlinearity and impulses whose signs may
vary. Applications to some classes of Volterra integro-differential equations with unbounded or
periodic delay and nonlinear impulses are given, extending and improving results in the literature.
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1 Introduction

In recent years, much attention has been dedicated to the study of differential equations with de-
lays and impulses, since they often produce realistic models for evolutionary systems which go through
abrupt changes, caused by random or predictable external factors. In the case of autonomous equa-
tions, it is particular relevant to study the existence and attractivity of equilibria. Periodic phenom-
ena however contribute significantly in population dynamical systems, artificial neural networks and
many other biological and physical processes as well, in which case the models are better portrayed
by periodic differential equations. For periodic differential equations, without and with impulses, a
key question is whether there exists any periodic solution, which in many models, due to their real
world interpretation, is required to be positive.

In this paper, we consider a family of periodic scalar differential equations with infinite delay and
impulses, written in the general abstract form

{ 2'(t) = ():(

w(ty) — x(th)
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)+ g(t,xy), t>0,t#ty, keN,
net), keN, (1.1)




where the scalar functions a(t) and g(¢,¢) are continuous, nonnegative and periodic in ¢ with a
common period w > 0, the impulsive functions I;(u) are continuous, £k € N, and the impulses
Az(ty) == z(t]) — z(tg) occur at times ¢; oo with a periodicity w to be specified in the next
section. Here, g : [0,00) x D — R, where D C B and B is an adequate Banach space of piecewise
continuous functions defined on (—o0o, 0] with values in R, which are left-continuous. As usual, z;
denotes the entire past history of the system up to time ¢, or in other words, z;(s) = z(t + s) for
s <0. Eq. (1.1) sets a general framework for many relevant models from mathematical biology and
other sciences, for which only positive (or nonnegative) solutions of (1.1) are meaningful.

The main aim of the paper is to establish sufficient conditions for the existence of positive periodic
solutions for (1.1). Our technique is based on a version of the Krasnoselskii fixed point theorem in
cones [16] due to Guo [11], which is applied to a convenient operator whose fixed points are precisely
the w-periodic solutions of (1.1) we are looking for.

In fact, there is an extensive literature on the application of fixed point theorems, such as Banach
contraction principle, Schauder or Krasnoselskii theorems, the continuation theorem, as well as other
methods, which include lower and upper solutions, monotone iterative schemes, combinations with
Lyapunov functionals — to the quest of positive periodic solutions to delay differential equations
(DDEs). Related to our research, we refer to the early works of Nieto [22], Chen [4], Jiang and
Wei [15], and to [2, 10, 19, 20, 21, 26, 27, 28, 31, 34, 35|, most of them considering DDEs with a
single discrete delay. See also [6, 36], for results about permanence implying existence of positive
periodic solutions for DDEs. In spite of this wide array of techniques from nonlinear analysis, our
method is essentially new, since it relies on a fixed point argument applied to an original operator
constructed here. Our method, applicable under very mild restrictions, improves previous results in
the literature, and has straightforward extensions to other classes of impulsive DDEs.

The work reported here was highly motivated by the papers [9, 15, 19], which we refer to also
for further references. In [19], and extending the ideas in [15, 22|, Li et al. considered a family of
impulsive DDEs, with a single discrete delay and positive impulses:

{ '(t) = <) (&) + f(t 2t —7(t), t=0,t#t, kEN,

)
Tu(2(ty), k€ N. (1.2)

with a(t), f(t,u), 7(t) continuous, nonnegative and w-periodic in ¢, (¢ ), (Ix) as in (1.1), and moreover
with I(u) > 0 for v > 0,k € N. As in [21, 30, 34, 35] and many other papers, in [19] the authors
found positive periodic solutions as fixed points for a certain operator via a Krasnoselskii fixed point
theorem; since the definition of such operator requires summing all the impulses (multiplied by a
Green function) up to time ¢, the impulses must be positive in order to be sure that the operator
maps a cone of positive functions into itself. This creates some difficulties in applications, and it
turns out that some results in [19] cannot be used in the simple case of positive linear impulses (i.e.,
when Ij(u) = bpu with by > 0,k € N). On the other hand, from the point of view of applications it
is very restrictive to consider only positive impulses. For a discussion of the role of impulses, see e.g.
20, 25].

Recently, by introducing a different operator, Faria and Oliveira [9] studied more general equa-
tions with either finite multiple discrete delays or finite distributed delay — however, due to technical



difficulties, only linear impulses were considered, as follows:

2(t) +a(t)x(t) = g(t,ze),  to <t#ty, (1.3)
$(t$) — m(tk) = bkx(tk), keN, '

with a(t), g(t,¢), (tx) as in (1.1) and constants by € (—1,00). The existence of positive periodic
solutions for periodic DDEs (1.1) with impulses given by general continuous functions I (u) which
may change sign was the principal motivation for this paper, which can be seen as a continuation
of the work in [9]. We emphasise however that, even for impulsive DDEs (1.3) with finite delay, the
results in this paper are more general than the ones in [9].

One should stress that DDEs with infinite delay require a rigorous abstract formulation in an
admissible phase space [13, 14], in order to guarantee that the initial value problems are well-posed
and that the standard qualitative properties of solutions are valid.

The contents and organization of the next sections are now described. Section 2 is a section
of preliminaries, and begins with the choice of an appropriate Banach phase space to treat general
equations with infinite delays and impulses. Afterwards, we set the main hypotheses for (1.1), and
define a suitable cone K and a suitable operator ® on K \ {0}, whose fixed points are precisely the
positive w-periodic solutions to (1.1).

Section 3 contains the main results of the paper, which establish sufficient conditions for the
existence of fixed points of ®. Such conditions arise by analysing the interplay between the behaviour
of the impulse functions and of the nonlinear terms, for solutions next to zero or to infinity, and are
easily verified in practice. The Krasnoselskii-Guo theorem [11] is used, both in its compressive and
expansive forms. Several criteria based on either a pointwise or an average comparison of a(t) and
g(t, ) for t € [0,w] and ||¢|| in the vicinity of zero or infinity, are derived. Our results are illustrated
and analysed within the context of some related literature.

In Section 4, applications to impulsive Volterra integro-differential equations with delay are given,
with emphasis on the case of unbounded distributed delay. We remark that the situation with infinite
delay has not often been addressed, the works of Zhao [36] and Jiang and Wei [15] for DDEs without
impulses being exceptions. Generalisations of results in [15] are given in Subsection 4.1, namely we
highlight the treatment of a mixed monotonicity model. The case of impulsive DDEs with bounded
periodic distributed delay is analysed in Subsection 4.2, extending and enhancing previous criteria
in e.g. [2]. The models in these subsections are broad enough to include generalised Nicholson’s
blowflies and Mackey-Glass equations as particular concrete examples. Some attention to impulses
satisfying the requirements set in Section 2 is given in Subsection 4.3. We restrict ourselves only to
few applications and selected examples, to reduce the size of this manuscript; many other examples
can be given, e.g. straightforward generalisations of the models treated in [2, 9, 19, 34]. A short
section of final comments ends the paper.

2 An abstract framework and preliminary results

We now set an appropriate phase space to treat impulsive differential equations with infinite
delay. Although this abstract formulation does not seem to be relevant for the strict purpose of
finding periodic solutions of (1.1), it is essential to consider equations with abstract nonlinear terms
g(t, z;), instead of the form g(t, z(t—7(t))), or even g(t, fET(t) k(s)x(t+s)ds) for some g : RT xR — R.



Moreover, for other reasons, e.g. to pursue with the study of their attractivity, it is important to
realise that we shall look for periodic solutions inside a Banach space X contained naturally in the
phase space for (1.1). For more details and results of existence, uniqueness, global continuation of
solutions for DDEs with impulses and infinite delay, we refer to [7, 24] and references therein. On
the other hand, a reader mostly motivated by concrete applications may simply concentrate his/her
attention on the definition of the space X in (2.1).

For a real interval I, let B(I;R) be the Banach space of bounded functions ¢ : I — R, endowed
with the supremum norm || - ||oo. For a compact interval I = [«, 5] (o« < ), consider the subspace
PC(I;R) of B(I;R) of the piecewise continuous functions defined on I which are left-continuous in
(a, 8], i.e., PC(I;R) := {p : I — R|y is continuous except for a finite number of elements of I for
which ¢(s7) and ¢(s™) exist and p(s) = p(s7)}. The closure of PC(I;R) in B(I;R) is the space
R(I;R) of normalized regulated functions on I.

Next we shall consider systems with “infinite memory”, thus take I = (—o0,0]. Define PC :=
PC((—o0,0]; R) as the space of functions ¢ : (—o0,0] — R whose restriction to any compact interval
[, B] C (—00,0] is in R([e, B];R). The elements of PC' are left-continuous and may have countable
discontinuities of the first kind. Note however that PC is not contained in B((—o0,0]; R). We need
to choose a subset of PC' and an appropriate norm, in such a way that the new space is a Banach
space providing a suitable framework to handle DDEs with infinite delays and impulses [13, 14, 24].
We use a norm with a weight function f satisfying the properties below:

(f1) f: (—00,0] = [1,00) is a nonincreasing function with f(0) =1,

: flt+u)

(f2) hmu~>0* f(t)
(f3) f(s) = 00 as s = —o0.

= 1 uniformly on (—o0, 0],

The space

PCy = {90 € PC((—o0,0;R) : igg ‘?Eg < oo}

is a Banach space (see [7, Lemma 3.1]) with the norm

o e(s)]
el == WP s)

Write RT = [0,00),R™ = (—00,0]. In the space PCy, we consider a DDE with impulses in
the abstract form (1.1), where a : Rt — R*, g : RT x PC; — RT (or g : Rt x D — R with
D c PCy), I : Rt — R (k € N) are continuous, and (f)ren is an increasing sequence of positive
real numbers, t; — co. As mentioned in the introduction, for any b € R and z : (—00,b) — R a
piecewise continuous function, x; : R~ — R for ¢ < b is defined by

xi(s) =x(t+s), seR™.

For non-impulsive versions of (1.1), we take as phase space the subset Cy of continuous functions,
Cr ={p € C((—00,0];R) : sup,o(|e(s)|/f(s)) < oo}, with the above norm || - ||¢. This space has
often been considered in the literature of (non-impulsive) DDEs with infinite delay [14].

As usual, by a solution z of (1.1) on [0, b), with 0 < o < b < 0o, we mean a function z : (—o0,b) —
R such that z; € PCy for t € [0,b), x, 2 are continuous on [0, b) \ {tx : k € N}, and satisfies (1.1). For



(1.1), the subset of bounded functions BPC := PC((—00,0];R) N B((—o0,0];R) C PCy is usually
taken as the space of admissible initial conditions [7, 24].

We recall that a function y : I — R, with I = R, 7 = R" or I = R, is called w-periodic if
y(t+w) = y(t), for any t,t +w € I. Since we are only interested in obtaining periodic solutions, the
spaces PCy and BP( are still too large for our purposes, hence we choose a subset of PCy that fits
well with the nature of the solutions we are looking for.

Consider w > 0 and points t1,...,t, (for some p € N) such that 0 <¢; < --- <t, < w, and define
the sequence (t)ren by tptnp = tp +nw for alln € Z,k =1,...,p. Take X as the space

X ={y:R = R | yis w—periodic, continuous for all ¢t # t,

and y(t, ) = y(tx), y(t:) €R, for k € Z}, (2.1)

and )
X={y:yeX,teR}.

For y € X fixed, y; € PCy for all ¢, thus X c PCY. In this way, with the identification y = yo =
Yo X can also be identified with a subspace of w-periodic functions in PC, and therefore seen

as a (closed) subset of PC';. We now take the supremum norm in X and X, [|y|ec = SuPsefow) [Y(H)]-

Lemma 2.1. There exists L > 0 such that, for any y € X and t € R, |ly¢llf < [[ylloe = [¥tlloo <

Llly¢|l¢. In particular, the norms || - |5 and || - ||« are equivalent in both X and X.

Proof. Lety € X,t € R. One has [|y[|oc = [|4¢[oc. On the one hand, we have [[y:[|; = sup,<q lygf(tf)' <
sups<q [y(t + 5)| = supseou] [¥(s)| = [|ylloo- On the other hand, |[ylloc = suPse—w 0 [y(t + 5)| <
Lsup,< % = L||yt| s, where L := SUD s [—w,0] f(s) = f(—w). ]

In view of the previous lemma, from now on we shall work in the Banach space X with the norm
| - |loo, simply denoted by || - ||, thus RT x X is taken as the domain of g(t, »).

The following hypotheses on (1.1) will be assumed:

(A1) The functions a : Rt - R, g : RT x X — R are nonnegative, continuous, not identically zero,
w-periodic in t € RT, for some w > 0, and g is bounded on bounded sets of RT x X.

(A2) The functions Iy : [0,00) — R are continuous and there is a positive integer p such that
0<ti < -~<tp<wandtk+p:tk+w, Iker:Ik, k e N.

(A3) There exist constants ax > —1 and by such that ary < I(y) < byy, for y >0, k € {1,...,p}.
(A4) TTP_(1 +bg) < exp (fg‘} a(t) dt).

We give a few comments about the choice of the above hypotheses. Under (A2)-(A3), the
constants aj and by can be extended for k > p by w-periodicity, apyr = ak,bp4p = bp, B € N,

and chosen as the sharpest ones: ap = inf,~q Ikéu),bk = SUPy>o Ikiu), k € N. In [9], Faria and
Oliveira studied impulsive periodic scalar equations (with finite delay) (1.3) subject to linear im-
pulses Az(ty) := z(t)) — z(tx) = bpx(ty), with ¢, and Ij,(u) = byu satisfying (A2). For such systems,

it was imposed in [9] that by > —1, in order to guarantee that, after suffering an impulse at the



instant tg, a positive solution remains positive. Hypothesis (A3) above is a generalisation of such
assumption. It also implies that I;(0) = 0 for all &, a constraint considered by many authors, see e.g.
[29]. The situation I;(0) # 0 will be analysed in a future work. Related to this aspect, see [23] and
references therein, for possible extensions of our method to impulsive DDEs (1.1) for which g(t, ¢)
has a singularity at ¢ = 0. Condition (A4), also imposed in [9, 20], expresses that the impulses are
not too large when compared with the average of a(t) over an interval of length w. We remark that
even in the case of linear impulses Ij,(u) = bgu, the stronger restriction [[?_;(1 + b;) = 1 has often
been imposed [28, 31, 33, 35|, see further comments in [20].

Let X be the subset of X of nonnegative functions, i.e., of functions y € X such that y(t) >
0,t € [0,w]. In order to simplify the writing, we define the following auxiliary functions:

u

A(t) = /0 a(u)du fort >0, Ji(u)= Wt ()

Bt;y)= [ Jr(y(tr)) and
k:tr€[0,t)

foru>0, ke {l,...,p},

[ Js(y(te) for0<t<s<t+wyeXt\ {0}
k:tkE[t,s)

Throughout the paper, we adopt the standard convention where a product is equal to one when the
number of factors is zero.
From the definitions above and hypotheses (A2)-(A4), it is clear that

(1+bp) P < Jp(uw) < (T+ap)™t, u>0k=1,...,p (2.2)

The function B(s,t;y) has the property B(s + w,t +w;y) = B(s,t;y) for 0 <t < s < t+w,y €
X\ {0}. Since there is a finite number of impulses on each interval of length less than or equal to
w, B(s,t;y) is uniformly bounded above and below by constants B, B € (0, 00),

B<B(s,t;y) <B for 0<t<s<t+w, yec X \{0},

with B < maX{Hizlj_l(l +ap)tii=1,...,pl = O,...,p}, B> min{H?:'é._l(l +b)t =
1,...,p,l=0,...,p}.

We stress that there are significant differences between our setting and the situation in [9],
where only linear impulses given by functions I (u) = byu are allowed: in contrast with [9], where
Jp(u) = (1 + bg)~! is constant, in the present setting Jy(u) depends on u, need not be defined at
u =0 (k € N) and the functions B(t;y) and B(s,t;y) now depend on y € X\ {0}.

Consider the partial order in X induced by the cone X, i.e., for z,y € X, < y means that
y—2x € XT. For any o € (0,1), we consider a new cone in X, as defined by Nieto in [22] and in
many other papers:

Ko :={y e X" :y(t)>olyll}.

For a fixed constant o € (0, 1), we shall refer to K, simply as K. Next, we define the operator ¢ on
K\ {0} by
t+w

(Py)(t) = (B(w;y) e 1)~ B(s,t;y)g(s, ys) e ‘M ds, ¢ >0, (2.3)
t



for y € K,y # 0, where, according to the above notation,
w p
Aw) = [“avdt. Bliy) = ][ Je).
k=1

Remark 2.1. It is worth mentioning that, at each impulse instant ¢, a solution y of (1.1) satisfies
Je(y(te)) = y(te) /y(tl), i.e., Ji(y(ty)) gives the ratio between the two lateral limits of y(t) at t5. As
a consequence, the function x(t) := B(t;y)y(t) is continuous (as already observed in [29]), and this
fact plays an important role, as the fixed points of the operator ® turn out to be periodic solutions
of (1.1), cf. Lemma 2.3 below.

The construction in the remainder of this section, as well as the proofs of the next lemmas, follow
along the main ideas in [9, Section 2], which however have to be carefully adapted, in order to tackle
the problems caused by the dependence of the functions B(t;y) and B(s,t;y) on y € K\ {0}, and by
the fact that ® may not be defined at y = 0. Most of the arguments are included here, nevertheless
the reader can check [9] for some omitted details.

Lemma 2.2. Assume (A1)-(A4) and take 0 < (B/B)e ). Then ®(K \ {0}) C K.

Proof. Let y € K,y # 0 be fixed. As seen above, y; € X C PCy for t > 0. The definition of ®,

(A1)-(A4) and a simple change of variables, show that ®y > 0 and that ® is w-periodic. Moreover,

it is clear that ¢t — (®y)(t) is continuous for every 0 <t # ¢, and left-continuous on tx, k = 1,...,p.
Take € > 0 with ¢ < minj<p<p(tis1 —tx), 0 <t <w and k € {1,...,p}. We have

for any ty + ¢ < s <t} + w, while B(s,tk—i—s;y) :B(w;y) if tp +w < s < tp +w +e. Hence,

tk+s

tetw ° a(u)du
(Dy)(ty + 2) = (Bw; y) eA@ —1)~Le  Jil alwdu [me(tk»* / B(s, b y)g (s, ys) e % g
t

kte

~ tpt+wte s

+ B(w;y)/ g(s,ys) el " dS]-
tk—i-w

Since B(w;y) < B and g is bounded on bounded sets of Rt x X it follows

_ tptwte 1% a(u)du [l twte
0< B(w;y)/ g(s,ys) et ds < A B/ 9(s,ys)ds -0 as e—0
tp+w t+w
By letting € — 0", we obtain
Oy(t)) = Jr(y(te)) " @y(t) € R. (2.4)

Thus, we conclude that ®(K \ {0}) C X .
Now, we check that ®(K \ {0}) C K. Take y € K,y # 0, and ¢ > 0. Then,

|@y]| < (Blw:y) ') 1) B eAE) / o(s,y5)ds,

(@y)(1) > (Blw;y) X —1)1B /0 " (s, ys)ds.



These two inequalities imply that
(@y)(t) = (B/B) e~ |®y|| = o|@y],
which leads to ®(K \ {0}) C K. O

From the former lemma, we can suppose hereafter that o is chosen so that K = K, satisfies
(K \ {0}) C K.

Lemma 2.3. Assume (A1)-(A4). Theny € K\ {0} is a positive w-periodic solution of (1.1) if and
only if y is a fixed point of .

Proof. Let y be a positive w-periodic solution to (1.1). As observed in Remark 2.1 the function
x(t) := B(t;y)y(t) is continuous, and it satisfies

2'(t) = B(t;y)y'(t) = —a(®)x(t) + Bt y)g(t, w),
for any t > 0, t # tg, k € {1,...,p}. Integration over [¢,t + w]| leads to

2(t + w)e ) — z(t)ed® = [B(t + w;y)e™@ — B(t;y)|y(t)e®
t+w
= B(s;9)g(s,ys)e ' ds.
t

Since B(t +w;y) = B(w;y)B(t;y) and B(s,t;y) = B(s;y)B(t;y) ", one obtains

t+w A
(Bl — 1)y = [ Bls,ty)ols,yilel % s
t

and thus y = ®y. The converse follows along similar lines. O

In view of Lemma 2.3, finding positive periodic solutions of (1.1) in a cone K is equivalent to
finding fixed points of the operator ®. To provide criteria for the existence of a fixed point of ® in
K \ {0}, the Krasnoselskii-Guo fixed point theorem in the version given below will be used.

Theorem 2.1. [11] Let X be a Banach space, K a cone in X and A, p:={y € K :r <|y|| < R},
for some 0 <r < R. LetT : A, g — K be a completely continuous operator. Suppose that there exist
r, R with 0 < r < R such that one of the following forms is satisfied:

(a) compressive form: |Ty|| < Rify € K, |ly]| = R and ||Ty|| > r ify € K, ||y|| =r;

(b) expansive form: | Tyl <rify € K,|ly|| =7 and |Ty|| > R if y € K, ||y|| = R.
Then there exists a fixed point y* of T in A, g.

In order to apply this theorem to our setting, we need to check that ® is completely continuous
on a conical shell A, r. The proof of the continuity of ® requires an extra technical hypothesis:

(A5) The family of operators g(t,-), with t € [0,w], is uniformly equicontinuous on bounded sets of
X \ {0}, in the sense that, for any A C X \ {0} bounded and ¢ > 0, there is § = d(¢) > 0 such
that |g(t, 1) — g(t, 2)| < e, for all t € [0,w] and @1, @2 € A with ||p1 — p2|| < 9.



Note that in (A5) one can replace X by K := {y; : y € Kt > 0}. It is clear that (A5) is satisfied
if ¢ is uniformly continuous on bounded sets of [0,w] x X, however this latter requirement is too

strong for our purposes.

Lemma 2.4. If (A1)-(A5) hold, ® is completely continuous on any conical sector A, g, 0 <r < R.

Proof. First, we prove that ® is continuous on K \ {0}. In view of (A2), the functions u +— Ji(u)
are continuous on (0,00), thus B(w;y) and B(s,t;y) are continuous in y € K \ {0}. Recall also
that B(w;y), B(s,t;y) are uniformly bounded from below and above by positive constants B, B on
D x (X \ {0}), where D = {(s,t) : t € [0,w],s € [t,t +w]}, and g is bounded on bounded sets of

[0,w] x X.
Fix y, € K,y # 0. For any ¢ € (0, |ly«||), t € [0,w] and y € K N B:(y«), write

|Dy(t) — Py.(t)| < |(Blw;y) e?@ —1)71 - (B(W;y*)e“‘(“)—1)_1‘Be‘4(w)/0 9(s,ys) ds

 (Blwige) '@ 1) 1A B / 19(5,95) — g(s, )| ds
0

t+w B _
+ (B(w; ye) €@ 1)1 A / ‘B(s,t;y) — B(s, ;)
t

Clearly,
(Bw;y) ™ —1)7' = (Bwya) e*™ =1)71 50 as y = y..

By induction on p, it is easy to prove that

‘B(S,t;y) B(s, t;y)

<BY | — Jr(y«(tr))]
k=1

for 0 <t < s <t+ w. Consequently, there exists §; € (0,¢) such that, if ||y — y«|| < 1, then

|Bls,tiy) = Bls,tiy)

<e forall (s,t)€ D,
and we derive that

t+w _ N
wax [ |Bls, i)~ Blsiti) o(s,e)ds 0 as g

tel0,w] J¢

g(S, y*,s) dS‘

Finally, for R = & + ||y.||, from (A5) there exists 2 € (0,¢) such that |g(s, p1) — g(s, 2)| < ew™*

for s € [0,w] and @1, P2 € X \ {0} with ||¢1]|, [le2]] £ R and |1 — @2 < do.

Note also that ||ys — y« s|| = ||y — y«|| for all s > 0, implying that, for y € K N Bs,(y«), we have

/0 19(5,95) — 95, yos)| ds < .

From (2.5) and the above computations, we conclude that ||y — Py.|| — 0 as ||y — y«|| — 0.

Next, fix A, g with 0 <7 < R. To show that ® : A, g — K is a compact operator, we define the

operator
(Fy)(t) = B(t;y)(Py)(t), vy e K\{0}.



From formula (2.4), (Fy)(t) is continuous on [0,00). Reasoning as in [9, Lemma 2.3], one proves
that Fo := {(FY)ljow : ¥ € Ar,r} C C([0,w];R) is bounded and equicontinuous, and this procedure
allows us to conclude that ®(A, r) is relatively compact in K. Details are omitted. O

Remark 2.2. For the case of DDEs with finite delay (1.3), in [9] a technical condition was also
imposed, in order to prove that ® is a continuous operator: hypothesis (h5) in [9] requires that
the function (¢,y) — g(t,v:) is uniformly continuous on bounded sets of [0,w] x K. However, this
condition is not fulfilled by most of the functions g, since the map ¢t — y; is not continuous in
the impulsive case; in fact, the additional assumption (h5) in [9] should be replaced by the above
requirement (AB5).

3 Existence of positive periodic solutions

We are now ready to state the main result of the paper. Beforehand, we introduce some further
notation, which allows us to simplify the exposition.
Since Ji(u) are bounded below and above by positive constants, there exist in (0, c0)

Ji(0)% := limsup Jy(u), Jk(0)" := liminf J(u),

u—07t u—0F
Jy(00)* = lianuka(u), Ji(00) = liminf Ji(u), k=1,....p.

We further denote ,

B := ] Jx(0)%, Bo:= [ Jx(0)", (3.1)
k=1 k=1

p p
B* =[] Je()®, Boo = ] Jr(c0)". (3.2)
k=1 k=1

For a continuous function A : [0, 00) — [0,00), let L;(h), L*(h) € [0,00], i = 0, 00, be defined by

Lo(h) = liminf M, Loo(h) = liminf hlw)

u—0t U U—00 U
(3.3)
L°(h) = lim sup M, L*°(h) = limsup M
u—0+ U U—00 U

If it is clear which function h we are referring to, we may simply write L;, L? for L;(h), L}(h), i = 0, cc.
In the sequel, we shall impose one of the following assumptions:

(A6) There are constants 79, Ry with 0 < 79 < Rp and continuous functions b, h : [0,00) — [0, 00),
with b(t) # 0 and w-periodic, such that for r > 0, y € K and ¢ > 0 it holds:

g(t,ye) < b(t)h(r) if Ro <y <,

glt,ye) > b(t)h(r) if r <y < ro; (3-4)
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(A7) There are constants 7o, Ry with 0 < 79 < Ry and continuous functions b, h : [0,00) — [0, 00),
with b(t) # 0 and w-periodic, such that for r > 0, y € K and ¢ > 0 it holds:

(t)h(r) if y>r > Ry,

®h(r) f0<y<r<rg. (3.5)

Theorem 3.1. For (1.1), assume (A1)-(A5). In addition, assume one of the following conditions:
(i) (sublinear case) (A6) holds with b, h satisfying
C1L0 >1 and CQLOO < 1, (36)

where Ly = Lo(h), L>° = L*°(h) are as in (3.3) and C; = C;(b) (i = 1,2) are given by

A -1 t+w
Ci(b) = (e @) go 1) min / b(s) eft H Jx(0)" ds,
tel0wl Jy kitp€lt,s)
N -1 t+w (37)
Ca(b) = (e @) By — 1) max / b(s) eft H Ji(00)® ds;
tel0wl Jy k:tielt,s)
(ii) (superlinear case) (A7) holds with b, h satisfying
C4L’ <1 and C3Ls > 1, (3.8)
where L° = LO(h), Loo = Loo(h) are as in (3.3) and C; = Ci(b) (i = 3,4) are given by
~1 tH+w
C3(b) = (eA(‘”) B> — 1) min / b(s) eft H Ji(00)" ds,
telowl Jy kit e(t,s) (3.9)

-1 t+w
Cy(b) = (eA(‘”) By — 1) max}/ b(s) el @ d H Jx(0)% ds.
t

tefo
€l0w kit €(t,s)

Then there exists at least one positive w-periodic solution of (1.1).

Proof. We shall use Theorem 2.1, to conclude that ® : A, g — K has a fixed point in a conical sector
Argp:={ye K:r <l|y| <R}, for some 0 <r < R.

First, suppose the sublinear case (i) is satisfied. From (A4) (2.2), (3.1) and C2 L™ < 1, where Co
is as in (3.7), one can choose ¢ > 0 sufficiently small so that eA)(By, —¢) —1 > 0 and Cy(e)L™® < 1,
where

—1 t+w .

Ca(e) = (eA(w)(Boo —€)— 1) max ( H Ji(00)% 4 €)b(s) oJfalw)du o
te[O,w] t kit E[t )
Tk ,S

Take Ry > Ry such that

Jj+i-1 Jj+i-1
H Jk(Uk)S H Jk(oo)s+5 fOI'UkZRl,ke{j,...,j‘l—l—l}, Jl=1,...,p,
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and »

H Ji(ug) > Boo —e  for wuy,...,u, > Ry.

k=1
For any R > o~ 'R; and y € K such that [ly[| = R, from the definition of K we obtain that
Ry < R; <y(t) <R, B(s,t;y) < Hk:tke[t,s) Ji(00)® + g, thus the first inequality in (3.4) implies

-1 t+w s
((I)y)(t) < (eA(w) (Boo - E) - 1) h(R)/ ( H Jk:(OO)S + 5)b($) eft a(u)du ds
t kit €lt,s) (310)

< h(R)Cs(e),

for t € [0,w]. Since C(g)L> < 1, there exists M € R such that 02(6)% < 1 for u > M, hence we
can choose any R > max{M,o ' R;}, to obtain

loyl < R for yekK |y =R

Now, from C1 Ly > 1, where C is as in (3.7), one can choose € > 0 such that H?ﬂil;l Jr(0)f —¢ >
0(1<j,l<p)and Ci(e)Ly > 1, where

—1 t+w ) .
Ci(e) = (A(B +9)~ 1) min / (I h(0) = o)b(s) el ean g,
te[0,w] Jy ketpelis)

If one considers r € (0,79) small enough so that C; (5)M >1L,if0<u<r,

-1 -1
I 7)) = J] 70 —¢ for wp<r ke{j....j+1-1} jl=1,...,p,
k=3 k=3

and .
HJk(uk)SBO—f—s for 0<wuq,...,u, <,
k=1
from the second condition in (3.4), for y € K with 0 < ||y|| < r, it holds
1 t+w ) s
(y)(t) > (eA(”)(BO +e)— 1) h(r) / ( JI Jw(0) —e)b(s)eli et gs
o ktrelts) (3.11)

> h(r)Ci(e) >r, for te|0,w].

Thus, ||®y|| > r. From Theorem 2.1(a), we conclude that there exists at least one w-periodic solution
of (1.1) in the sector A, p.

For the superlinear case (ii), the proof follows from Theorem 2.1(b) by arguing in a similar way,
as the reader can easily check. To avoid repetitions, we do not include it here. ]

Remark 3.1. As in e.g. [1, 10, 19, 21, 35], under suitable hypotheses, a combination of both the
compressive and expansive forms of Krasnoselskii cone theorem (see [11, 16]) can lead to the existence
of more than one positive period solution to (1.1).
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Remark 3.2. It is apparent that the above method can be extended to other families of impulsive
scalar DDEs. For instance, under the same general assumptions (A1)-(A3),(A5), and with (A4)
replaced by [[;_; (1 + ax) > exp( fo ), Theorem 3.1 applies to impulsive DDEs where the
equation x (t) = —a(t)z(t) + g(t, ) is replaced by 2/(t) = a(t)x(t) — g(t,x). By straightforward
adjustments, the above technique can also be used to treat DDEs in the more general form x/(t) =
(=) [—a(t)z(t)go(t, z(t)) + g(t,=¢)], with i = 1,2, go continuous, nonnegative and bounded above
and below by positive constants, and subject to impulses as in (1.1). For results along these lines,
see [2, 21, 30, 34]. Extensions to DDEs where ¢(t,¢) has a singularity at ¢ = 0 are also feasible,
since the operator ® in (2.3) is not required to be defined at y = 0.

Whenever either (A6) or (A7) is satisfied by some functions b, h, now we would like to establish
alternative criteria for the existence of a positive periodic solution based on either a pointwise or
an average comparison between a(t) and b(t). Of course, the contribution of the impulses has to
be taken into account. Some results using a pointwise comparison between a(t) and g(t,-) can be
found in [2, 9, 18, 19, 27], where typically a restriction b(t) > a(t) is imposed. The second approach,
relating the integral averages of a(t),b(t) over [0,w], has rarely been used in the literature, even for
the case of DDEs without impulses; see [4, 9, 21]. We explore these ideas separately for the sublinear
and the superlinear cases in the next corollaries, which turn out to be very usual in applications.

Corollary 3.1. (sublinear case) Consider (1.1) and suppose that (A1)-(A6) hold. For functions b, h
as in (A6), let Lo = Lo(h), L = L*°(h) be as in (3.3) and define B(0) = mln{HJ—H LJR(0) i1 <

j<p,0<1<p},B(o) = max{l_[ﬁl L J(o0) 1 1<j<p,0<I< p}. Assume in addition that:
(a) either
mlcho > 1, mQCSLOO <1, (3.12)

where my,mg > 0 are such that mia(t) < b(t) < maa(t) fort € [0,w] and

-1

o{:(eA<W>BO—1) B(0)(eA® —1), c;:(eA<w)Boo—1) B(oo)(eA@ —1);  (3.13)

(b) or
Ci* Lo >1, Cyret@ =<1, (3.14)

where

o = (M9 B ~1) " B() / “oydt, Cp = () B —1)
0

-1

Bl(oo) /O “oyd. (3.5)

Then there exists at least one positive w-periodic solution of (1.1).

Proof. If mya(t) < b(t) < maa(t) for t € [0,w], we have
t+w R tHw t4w
ml/ a(s) eft a(u) du ds < / ( )eft u) du ds < m2/ ( )eft u) du ds
t t t

and ft+w eft a(u)du g — ¢AW) _1. For C; and Cr,i=1,2, given by (3.7) and (3.13), we get the
estimates
Cl Z mle and 02 é mQC’;, (316)
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and the result follows from Theorem 3.1(a).
On the other hand, since a(t) # 0, fo s)ds < ft+w eft wdu s < eAW) fo s)ds for
t € [0,w], thus from (b) and the deﬁmtlon of C C* yi=1,2, 1t is clear that

Cr>CF and Cy < C3* e
Again from Theorem 3.1(a), we obtain the result. O

Remark 3.3. In (a) of the above corollary, if b(t) — mya(t) > 0, respectively moa(t) — b(t) > 0, is
not identically zero, in (3.12) one can replace the strict inequality miC7Lo > 1 by miC{Lo > 1,
respectively maC5L>® < 1 by maC5L>* < 1. Also, if (3.4) is fulfilled with b(t) = a(t), condition
(3.12) reduces to 02 L*>* <1 < CfLy. Moreover, obviously in (3.13), (3.15) one can replace B(0) by
B and B(c) by B

Similar arguments and Theorem 3.1(b) lead to:

Corollary 3.2. (superlinear case) Consider (1.1) and suppose that (A1)-(A5) and (A7) hold. For
functions b, h as in (A7), let L® = L%(h), Loo = Loo(h) be as in (3.3), B(0) = maX{HJH AOE
1<) <p,0<1<p},B(oo) =min{[[[* " Ji(co) : 1 <j <p,0 <1< p} and further define C; and
G =Cr(b) (i =3,4) by

-1 —-1__
Cp = (eA(“’) B™ — 1) B(co)(eA@) —1), ¢} = (eAW) By — 1) B(0)(eA®) —1),  (3.17)

A -1 “ A s N
Cp = (e @) g 1) B(oo)/ b(t)dt, O = (e @) By — 1) B(O)/ b(t)dt.  (3.18)
0 0
Then (1.1) has at least one positive w-periodic solution if one of the following conditions is satisfied:
(a) maC; LY < 1 < m1C4 Lo, where my, ma are such that mya(t) < b(t) < maa(t) fort € [0,w];
(b) Cy AW [0 <1 < CF Lo

Remark 3.4. Note that the constants in (3.13) and (3.17) do not depend explicitly on the function
b(t), but this dependence appears in the choice of mi, mg. In fact, if a(t) > 0 on [0,w], in (a) of
R . . b(t) B bt

orollaries 3.1 and 3.2 one may take m; = minge[g | a2 = MaXie(0.w] o7

Remark 3.5. If lim, 00 @ = 0, then condition (3.6) reduces to C1Ly > 1; by replacing h(u) by
h(u) = Cih(u) and b(t) by b(t) = C;'b(t), this latter condition reads as Ly = Lo(h) > 1. In an
analogous way, if lim,_q @ = 00, then (3.6) reduces to C3L> < 1, and, rescaling the functions
b, h, this latter requirement is given by L> = L>®°(h) < 1 for h(u) = Czh(u), b(t) = C; 'b(t). Similar
considerations can be given for the superlinear case when either lim, % = o0 or lim,_,q M =0.
Hence, when one (or more) of the limits L; or L’ is 0 or oo, the above criteria can be sunphﬁed

From the viewpoint of applications, the sublinear case is more useful. Note also that for many
models from biomathematics the nonlinearity g has a strictly “sublinear” growth at oo, thus L> =0
(e.g. this always happens if g is bounded). We portray this situation below.

Corollary 3.3. Consider (1.1), assume that (A1)-(A6) hold, with functions b,h in (A6) such that

limy— 0 w =0 and, for C{,C{* as in (3.13), (3.15), one of the following conditions is satisfied:
(a) b(E) > a(t), t € [0,w], and CLo > 1; (b) C*Lo > 1.

Then, (1.1) has a positive w-periodic solution.
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Next, we use the framework above to derive results for the non-impulsive version of (1.1):
2'(t) = —a(t)z(t) + g(t,z¢), t>0, (3.19)

which is the particular case of (1.1) with I = 0, for £ € N. In this situation, X is simply the space
of continuous and w-periodic functions y : R — R, endowed with the supremum norm. For (3.19),
Theorem 3.1 reads as follows:

Theorem 3.2. Consider (3.19), assume (A1), (A5) and one of the following sets of requirements:
(a) (A6) holds with b, h satisfying CrinLo > 1, Cryax L™ < 1;
(b) (A7) holds with b, h satisfying CnaxL® < 1,CrminLee > 1;

here, L; = L;(h), L* = L*(h) (i = 0,00) and Cuin = Cmin(b), Cimax = Cmax(b) are defined by

~1 t+w
Chin = (eA(w) —1) min / b(s )eff u) du ds,

te[0,w] J¢

1 t+w
Chax = (eA(w) —1) max / b(s )eft wdu g

te[0,w] J¢

(3.20)

Then (3.19) has at least one positive w-periodic solution.

The non-impulsive versions of the corollaries above are easily derived. For the sake of illustration,
here we only write Corollary 3.1 for the situation without impulses, for which CT7 = C5 = 1 and

O =03 = (') — 1)~ [ o(t) dt

Corollary 3.4. Consider (3.19) and assume (A1), (A5), (A6), where b, h in (A6) are such that:
(a) either mla( ) < b(t) < maa(t) fort € [0,w] and maL> <1 < myLo;
(b) or Lo [y b(t) dt > @) —1, L [“b(t)dt <1—e AW,

Then (3.19) admzts at least one positive w-periodic solution.

We end this section with a few examples, to which our criteria are applied and analysed within
the context of related literature.

Ezample 3.1. In [27], Wan et al. considered the following family of non-impulsive scalar DDEs with
a single discrete delay:

2 (t) = —a(t)x(t) + f(t,x(t — 7(t))), t > 0, (3.21)

where a(t) > 0,7(t) > 0, f(t,u) > 0 are continuous and w-periodic in ¢. This equation has the form

(3.19), for g(t, ) = f(t,o(—7(t))). In order to conclude the existence of an w-periodic solution, in
[27, Theorem 2.1] the authors prescribed the following sufficient conditions on f:

fo :=liminf min f(t,u) >1, £ :=limsup max f(t,u) <1
u—0t telow] a(t)u wsmo tel0w] a(t)u

(3.22)

Note that, with (3.22) satisfied, there exist constants ¢, M, «a, with M > ¢ > 0 and f*® < g <
1, fo > a > 1 such that f(t,u) > a(t)au, 0 < u < € and f(t,u) < a(t)fu, v > M. Consequently,
Corollary 3.4(a) applies with b(t) = a(t), m; = mg =1 and h: Rt — R* continuous and such that

au, O<u<e
h(u) = { Bu, u> M. (3.23)
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With our notations, Ly = a > 1 > L = f3, thus the result in [27] is generalised here via Corollary
3.4(a).

On the other hand, Amster and Idels [2] considered (3.21) with a possible state dependent delay
7(t) = o(t,z(t)). It was shown in [2, Theorem 2.6] that (3.21) has a positive w-periodic solution if

t t
Yoo 1= limsup max f(tu) < a(t) <o :=liminf min J(tu for ¢ e 0,w].
u—oo t€[0,w] u u—01 te[0,w] U
For fo, f*° asin (3.22), we have fo > yo/a(t) and f> < v /a(t) for t € [0,w]. Clearly, 700 < a(t) < Y0

implies f>° < 1 < fy, thus this criterion is again a particular case of Corollary 3.4(a).

Ezample 3.2. In [19], the impulsive version of (3.21) was considered (see also [30, 34)):

{x’(t ():(

z(ty) — (tr)

where a(t), f(t,u), 7(t) are as in (3.21) and all the impulses are given by nonnegative continuous

functions Iy (u) satisfying (A2). For b(t) = a(t) and h(u) as in (3.23), from the arguments above and

Corollary 3.1(a) we get the existence of at least one positive periodic solution if f*C5 <1 < foC7.
As verified in many applications, next suppose also that f*° = 0.

+f(t J?(t—T(t))), tZO,t#tk,k’EN,

)
Tu(2(ty)), keN. (3.24)

Proposition 3.1. For the impulsive DDE (3.24), with a(t) > 0,7(t) > 0, f(t,u) > 0,Ix(u) > 0
continuous and w-periodic in t, for t,u € RY, assume (A2)-(A4) and f* =0. If

fo(e) —1)By > 4@ B0 1, (3.25)
then there exists at least one positive w-periodic solution. In particular, this holds if foBy > 1.

Proof. From (3.25), choose a such that fo > o and a(e?®) —1)By > 4« BY — 1, define b(t) = a(t)
and h(u) as in (3.23). As observed above, we only need to verify that aC; > 1 for Cf as in (3.13).
Since I (u) > 0 for u > 0, then Ji(u) < 1 for all k, B(0) = By, and therefore

Cr = (€@ —1) (@ B — 1) 7' By, (3.26)
The above choice of o implies aC; > 1. Note also that B® < 1, thus C > By. O

For the impulsive DDE (3.24), with a(t), f(¢,u), 7(t) as above and I;(u) nonnegative functions
satisfying (A2), Li et al. [19] studied both the sublinear and superlinear cases. For the sublinear
situation, Theorem 2.3(i) in [19] asserts that (3.24) has a positive w-periodic solution provided that

fo+ (@ 1)y >1 and  f* +et@ (AW _1)71>® <1, (3.27)
where fy and f*° are already defined by (3.22) and

Ik )

p
I
Iy = liminf k(u), I°° = lim sup E
u—0Tt 1 u U—S00
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Similar results can be found in [30]. In addition, suppose e.g. f* = 0 and also that J;(0)" =
Ji(0)* = lim,_,g+ Ji(u) for k = 1,...,p. In this setting, we observe that only the first condition in
(3.27) is more restrictive than (3.25). In fact, since Ij(u) > 0 and By = B, we have

L3 B < T (10 ),

k=1

which implies 1+ Iy < (B°)~!. Thus, for Cf in (3.26) we get

% —[1 = (@ —1)71p] = (e 1)1 [(eA(“’) BY —1)By! — (e —1 - Iy)
1
= (@) ) M=BY T +1+ I <0,

which shows that fo+(eA(w) —1)7'Iy > 1 implies foC; > 1. In conclusion, the criterion in Proposition
3.1 is proven under less restrictions than in [19].

Remark 3.6. Due to the nature of our operator ®, where the impulses intervene in a multiplicative
mode (rather than additive as in [19, 30, 34] and many other papers) by means of the products of
the auxiliary functions Ji(u), the major results given here and in [19] are not always comparable. In
[19], a key idea is that e.g. a decay at 0 faster than linear can be tackled with an appropriate choice
of positive impulses. For example, if one chooses

9(t, ) = alt)p(—(1))* e #TW),

so that g(t,¢) = f(t,p(—7(t))) for f(t,u) := a(t)u? e~ and functions a(t), 7(t) as in (3.24), we have
fo=0,f* = 0; from (3.27), in [19] the authors established the existence of w-periodic orbits for
(3.24) provided that

Ip>e 1 and I®<1- e_A(w),

whereas in this situation we are not able to apply Theorem 3.1. On the other hand, as pointed out in
Remark 3.1, when Ly = 0, L° = 0, one could introduce impulses in such a way that Krasnoselskii’s
results yield the existence of two fixed points of ® in a suitable conical sector A, r C K. In conclusion,
our Theorem 3.1 is not a proper extension of the main results in [19], however our criteria apply to
equations which are much more general than (3.24), and with impulses which may change sign.

4 Applications to delayed Volterra integro-differential equations

In this section, we apply the results of Section 3 to some Volterra integro-differential equations
which are based on well-known models from mathematical biology. In view of the applications, we
will focus on consequences of the sublinear case of Theorem 3.1, and on equations with distributed,
possibly unbounded delay, since the situation of (multiple) discrete delays was largely illustrated in
[9]. We begin with a general setting of Volterra integro-differential equations.

Consider a DDE with distributed delay and nonlinear impulses of the form

2 (t) = —a(t)x(t) + /_0 k(t,s)F(t,s,x(t+s))ds, t>0,t#tg, keN, (4.1)

o(t) —x(ty) = L(z(t)), keN,
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where:
(h1) a:[0,00) — [0,00) is continuous, w-periodic and a # 0;

(h2) k:]0,00) % (—00,0] — [0, 00) is measurable, w-periodic and continuous in ¢, and k(t,, ) # 0 a.e.
on (—o0,0], for some t,; furthermore, for any to € [0,w| there exist a constant ¢ = &(tp) > 0
and a function Kj,(s) Lebesgue integrable on (—oo, 0], such that

k(t,s) < Ky (s) for te I(ty):=[to—e,to+¢l; (4.2)

(h3) F :[0,00) x (—00,0] X [0,00) — [0, 00) is continuous, w-periodic in the first variable and F' # 0;
furthermore, F(t,s,z) is bounded and uniformly equicontinuous with respect to the variable
x, on sets [0,w] x (—00,0] x A for any bounded set A C [0,00): i.e., for any L > 0 and ¢ > 0,
there exist M > 0 and § > 0 such that, for all (¢,s) € [0,w] X (—00,0] and 1,z € [0, L] with
|.C61 — :132’ < (5,
|F(t,s,x1)| <M and |F(t,s,21) — F(t,s,22)] <e.

For (4.1), we shall also assume that the impulsive assumptions (A2)-(A4) are satisfied.
Under (h2), the functions s — k(t, s) are summable on (—o0, 0], and

b(t) :== /0 k(t,s)ds, t>0, (4.3)

—00

is continuous. Of course, b(t) is also nonnegative, w-periodic and b(t,) > 0 for some ¢,. Together
with (4.1), we shall also consider its non-impulsive version

2 (t) = —a(t)x(t) + /0 k(t,s)F(t,s,z(t +s))ds, t>0. (4.4)

—00

System (4.1) has the form of our general model (1.1), with the nonlinearity given by

0
g(t, o) = / k(t,s)F(t,s,p(s))ds, teRT pe X, (4.5)

—0o0

and is sufficiently general to encompass models with both discrete and distributed delays. Without
loss of generality, suppose that g #Z 0.

Lemma 4.1. Under (h1)-(h3), a(t) and the nonlinearity g(t,¢) in (4.5) satisfy (A1) and (A5).

Proof. Fix L > 0. From (h3), there is M > 0 such that 0 < F(t,s,(s)) < M for t € [0,w],s € R™
and ¢ € X with |l¢|| < L, thus 0 < g(t, ) < M max;¢g ) b(t), which proves that g is well-defined
on R x X and bounded on R x (X N By (0)).

We now observe that, for any fixed ¢ € X with ||¢|| < L, the map t — g(t, ) is continuous
on [0,w]. In fact, for ¢,tp € [0,w] and s € R™, k(t, s)F(t,s,p(s)) — k(to, s)F(to, s, ¢(s)) as t — to,
with 0 < k(t,s)F(t,s,0(s)) < MKy, (s) for t € I.(tp), where K, is as in (h2). By the Lesbesgue
dominated convergence theorem, we have g(t, ) — g(to, ) as t — to.
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Next, fix € > 0. Since the family {F'(¢,s,) : (¢,s) € [0,w] x R™} is uniformly equicontinuous on
[0, L], there is § > 0 such that, for any t € [0,w],s € R~ and @1, 2 € X N BL(0) with |1 — @a|| < 6,
we have
[F(t,s,01(s)) — F(t, s, 02(5))| <&,

and therefore obtain

0
9t 1) — glt,p2)] < / kit 9) ds < & ma b().
—50 telOw

This proves that g satisfies (A5). Together with the continuity of ¢ — g(t, ¢) (for any ¢ € X) it also
shows that g(¢, ) is continuous on [0,w] x X. O

Fix ro, Rp with 0 < g < Rp. Under (h2)-(h3), it is clear that (A6) is satisfied with b(¢) defined
by (4.3) and any continuous function h such that

h(u) = sup{F'(t,s,z) : t € [0,w],s € R™,z € [Ro,u]} for u> Ry,

4.6
h(u) = inf{F(t,s,x) : t € [0,w],s € R™,x € [u,ro]} for u<ry. (46)

From Theorem 3.1(a), we derive:

Theorem 4.1. Consider (4.1), assume (h1)-(h3) and (A2)-(A4), let b(t) be as in (4.3) and h(u) as
in (4.6). Then there exists a positive periodic solution of (4.1) if LoC1 > 1 and L®Cy < 1.

Similarly, we can construct h(u) such that (3.5) holds. This shows that, not only the results in
Section 3 apply to broad classes of impulsive and non-impulsive models included in the form (4.1),
but also that the sufficient conditions in Theorem 3.1 and its corollaries are easy to check.

Recall also that, as observed previously, in many applications the nonlinearity g(t, ¢) is strictly
sublinear at oo, i.e., L*°(h) = 0, thus condition (3.6) reduces to Lo(h)C1(b) > 1 - and that, after
rescaling b and h as described in Remark 3.5, we may assume that Lo(h) = 1.

To illustrate our results, we further analise two selected families of impulsive DDEs which fall
within the scope of (4.1). They are most relevant in mathematical biology and other sciences, as
they include many important models. A few concrete classic examples will also be treated.

4.1 Integro-differential equations with infinite distributed delay
The examples treated in [15] can be inserted in the following class of integro-differential equations:

7' (t) = —a(t)x(t) + b(t) /0 k(s)F(t,z(t+s))ds, t>0, (4.7)

—0o0

with a,b : R™ — RT continuous and w-periodic, £ : R~ — R™ integrable and normalized so that
fi)oo k(s)ds =1, F : Rt x RT — R* continuous and w-periodic in the first variable, and a, b, F' not
identically zero. This equation has the form (4.4), it satisfies (h1)-(h3), and the nonlinearity in (4.5)
reads as g(t, p) = b(t) ffoo k(s)F(t,¢(s))ds. Next, we consider the impulsive version of (4.7).
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Theorem 4.2. Consider the system

0
2 (t) = —af / k(s)F(t,z(t+s))ds, t>0,t#t, k€N,
(1 ) Nds, 120,11 s

2(t) — 2(t) = Ilw(ty), ke,

assume that a,b,k, F' satisfy the above properties as in (4.7), and that conditions (A2)-(A4) are
satisfied. For C; = Ci(b), i € {1,2,3,4}, as in (3.7), (3.9) and Fy, F°, Fs, F>® € [0, 0] defined by

F(t F(t
Fo—liminf<min (,u)>, Fo—limsup<max (,U)>’

u—0t \tefow] U u—0+ \t€[0w] U

F(t F(t
F = liminf < min (,u)) ,  F* =limsup <max (,u)> ’

u—00  \ t€[0,w] U u—oo \t€[0,w] u

(4.9)

assume also that either
CQFOO <l< ClFo,

or
C3F >1> C4FO.

Then (4.8) has at least one positive w-periodic solution.

Proof. Assume that CoF'* < 1 < C1Fy. For any rg, Ry with e.g. 0 <19 < 1 < Ry, (A6) holds with
b(t) the coefficient in (4.8) and hyy g, : Rt — RT a continuous function defined in [0, o] U [Ry, 0o)
by (4.6):

min F(t,z) if 0<u<r.
te[0,w],z€[u,ro)

Prg, o (1) = (4.10)

max F(t,z) if u> Rp.
te[0,w],z€[Ro,u]
For Lo(hry,Rr,) as in (3.3), we have Lo(hyy r,) < Fo for any 79 € (0,1). If Fy = oo, it is clear that
Lo(hyy,ry) — 00 as rg — 07. Otherwise, simple calculations show that, for any ¢ > 0, we may
choose 7y small enough such that Ly(hy r,) > Fo —¢. In this way, if 1 < C1(Fp — ¢) the assertion
C1Lo(hro,r,) > 1 holds true for rp small. An analogous procedure allows us to conclude that we can
choose Ry > 1 sufficiently large such that CoL*°(hyy g,) < 1. The superlinear case is treated in a
similar way. Theorem 3.1 implies the result. O

For the non-impulsive version (4.7), Corollary 3.3 and Remark 3.3 yield the criterion below.

Corollary 4.1. For (4.7) with a,b,k, F as above, assume F* =0 and
(a) either b(t) > a(t) with b(t) # a(t) in [0,w] and Fy > 1; (b) or Fy [ b(t) dt > eAlw) —

Then, (4.7) has at least one positive w-periodic solution.

Remark 4.1. Theorem 3.2 and Corollary 4.1 generalise the work of Jiang and Wei [15], where the
authors obtained two results about existence of a positive w-periodic solution for (4.7): in [15,
Theorem 2.1] under the assumptions Fy = oo, F*° = 0, and in [15, Theorem 2.2] assuming that
Fy > 1,F*° = 0, and b(t) > a(t) for t € [0,w], these latter hypotheses slightly stronger than the
requisites in Corollary 4.1(a).

20



Straightforward generalisations of these results are derived if (4.7) is replaced by
2(t) = —a(a(t) + 3 bit) / ka(s)Fy(t, (t + 5)) ds,

where b;, ki, F; (1 < i <m) are as b, k, F' in (4.7). We now give some concrete examples.

Ezxample 4.1. Consider an impulsive equation with distributed delay of Mackey-Glass type:
0 t+s)
x't:—atxt—i—bt/ (s)— 2 ds, t>0,t#t, keN,
(1) = ~a(ta(t) +b0) | k()i paads 12014 o
w(tf) — w(tr) = Iu(x(tr), keN,

where a,b,c : Rt — R are continuous and w-periodic, with a(t) # 0,b(t) Z 0 and c(t) > 0 for
t € [0,w], k: R~ — RT is integrable with fEOO k(s)ds =1 and n > 0. Suppose also that the instants
tr and the functions I (k € N) satisfy (A2)-(A4). Eq. (4.11) is a particular case of (4.8) with

x

F(t,z) = T e

With the previous notations, we obtain Fy = 1, F*° = 0 in (4.9). For the constants defined in (3.13)
and (3.15), from Corollary 3.1 we have that (4.11) admits at least one positive w-periodic solution
if one of the following conditions is satisfied: (a) b(t) > mya(t) for t € [0,w] with max;cpo . (b(t) —
mia(t)) > 0, and mCY > 1; (b) Cf* > 1. Thus, for (4.11) with no impulses, Corollary 4.1 asserts that
a positive w-periodic solution must exist if either max;¢(g ) (b(t) —a(t)) > 0, min.(g ) (b(t)—a(t)) > 0,
or [ b(t)dt > e ) —1.

For the sake of illustration, suppose now that a,b : Rt — (0,00) with m; = minge (o] % and
b(tg) > mia(ty) for some ty, and first assume in addition that all the impulses are nonpositive, i.e.,
Ii(u) <0 foru>0and k =1,...,p. Then we have J;(0)* > J(0)* > 1 for all k, By > 1 = B(0)
and

Cy = (eA(W) BY — 1)71(6’4(‘”) —1), O = (eA(w) BO _ 1)1/ b(s) ds.
0

Therefore, from Corollary 3.1, the existence of a positive w-periodic solution of (4.11) follows if
w
max {ml(eA(w) —1),/ b(s) ds} > AW B0,
0

On the contrary, if all the impulses are nonnegative, i.e., Ix(u) >0 for u > 0 and k = 1,...,p, then
J(0) < J(0)* < 1 for all k, By = B(0), and

Cy = (eA(w) BY _ 1)7130(614(“)) —1), O = (eA(w) BY _ 1)130/ b(s) ds.
0

Thus, since B < 1, Corollary 3.1 guarantees that (4.11) admits a positive w-periodic solution if

max {ml, (eA®) —1)1/ b(s) ds} > Byl
0
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Recently, there has been an increasing interest in DDEs with mixed monotonicity, where the non-
linear terms involve one or more functions with different delays e.g. of the form f(¢, z(t — 7(t)), x(t —
o(t))), with f(¢,x,y) monotone increasing in the variable  and monotone decreasing in y. Although
small delays are in general harmless, in the sense that the delayed model has the same global proper-
ties of the equation without delays, the presence of two or more delays in the same nonlinear function
may change this situation drastically, as illustrated in [3]. However, DDEs with different delays in
the same nonlinear term appear naturally in real-world models, see [17, 32] and references therein.
The global dynamics of such equations have been the subject of a few recent studies, where questions
of stability, persistence, permanence, existence of periodic solutions were addressed [1, 3, 4, 9, 12, 32].
Nevertheless, as far as the authors know, only the case of discrete delays has been considered.

The next example is a model with mixed monotonicity, where the different delays in the nonlinear
terms have a different nature: discrete and distributed. Two further comments are in order. First,
this example shows that the choice of o for the cone K = K, may have an important role. Secondly,
to work on K is very useful to treat DDEs with a mixed monotonicity, since the definition of K
provides natural uniform lower and upper bounds for functions y € K: ol||y|| < y(t) < |ly|| on [0, w].

Ezxample 4.2. Consider an impulsive Nicholson-type equation given by

/ - _ _ —cl(t)a:(t-‘,-s) >
2/ (t) g z(t — oyt / ki ds, t >0, t # tg, (4.12)
(t

2(t]) — o(te) = L(=(t)), keEN.

where a, b;,¢;,0; : RT — RT are continuous and w-periodic, with a(t) Z0 (t) Yo bi(t) #0
(s)ds =1

and ¢;(t) > 0 for ¢t € [0,w], k; : R~ — R are integrable with f ki(s
ti, I(u) (k € N) satisfy (A2),(A3),(A4). Here, g in (4.5) reads as

=1, ,...,m, and

m

g(t’sp):Zfi(t’@(_ai(t))ﬂo)) t20790€)~(a
=1

where fi(t,z,p) := b;j(t)x f?oo ki(s)e=¢®¥()ds increases in the argument x € R and decreases in

the argument ¢ € X*, i=1,...,m. In the next result, we explore the criteria in Corollary 3.1.

Proposition 4.1. Fiz K = K,, where 0 = (B/B) e=*®) as in Lemma 2.2. Under the above conditions
and notations, (4.12) admits at least one positive w-periodic solution if in addition one of the following
statements holds: B -

(a) C; 301 bi(t) > Ba(t) e on [0,w] and CF 357 bi(to) > Za(to) e for some to;

(b) Cr > B eAl)
In particular, the non-impulsive version of (4.12) has a positive w-periodic solution if either ~(t) :=

S bi(t) — a(t)e®@) >0 on [0,w] and y(t) £ 0, or S [ bi(t) dt > AW (eAW) 1)

Proof. We adapt the reasoning in the former example. Write b(t) = >.7", b;(t). Define ¢; =
minp,, ¢i(t),¢ = maxg ) ¢i(t), ¢ = minj<i<y, ¢, ¢ = maxi<j<m ¢;. Recall that the function 0(u) =
ue~ %, where ¢ > 0, attaints its maximum (ce)™! at v = ¢! and is increasing on [0,c!]. Take
ro, Ro > 0, with 79 < ¢! and o Ry > ¢!
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Let ¢t > 0, and y € K, and note that y(t) > ol|y||. If Rp <y < R, it holds
g9(t, ) < Em:bi(t)y(t —oy(t)) eI < b(t) |yl e~ < b(t)(coe) .
i=1
And if r <y < rg, we have
g9(t, ) > f: bi()y(t — oi(t)) e W = b(t)ollyl| =Wl > b(t)or e
i=1

Thus (3.4) is satisfied with h : RT — RT continuous such that h(R) = (coe)™! for R > Ry and
h(r) = ore=° for r < rg, for which Ly = 0 and L = 0. If (a) is satisfied, then take m; = (Cjo)~};
the result follows from Corollary 3.1(a) and Remark 3.3. If (b) holds, we apply Corollary 3.1(b). O

We remark that Chen [4] considered the DDE
Y (1) + a(t)y(t) = b(t)y(t — o(t)) e VIO

with a(t),b(t),o(t), 7(t), c(t) positive, w-periodic continuous functions, and used the continuation the-
orem of degree theory to prove the existence of a positive periodic solution provided that f(;” b(s)ds >
A(w) e*A@): this condition is more restrictive than Jo b(s)ds > eA(@)(eAw) 1) in Proposition 4.1.

4.2 Integro-differential equations with periodic distributed delay
Consider the family of impulsive DDEs

t

7(0) = —a(ta() + A1) | o (o) ds, E20. tF 0 REN, )

w(tf) — x(te) = Ie(x(tr)), kEN,

with the functions a,3,7 : RT — R*,c: R — RT, H : R x Rt — RT continuous, w-periodic in ¢
and not identically zero. Assume also (A2)-(A4). See e.g. [2, 6] for non-impulsive versions of (4.13).
This system has the form (4.1), with

k(t,s) = B(t)c(s + t)X|—rn),0/(8), F(t,s,2) =H(s+t,x),

so that the nonlinearity is given by g(t, p) = 5(t) fBT(t) c(s+t)H(s+t,p(s))ds. Of course, (h1)-(h3)
are fulfilled. Set

0
b(t) = B(t)/_ o c(s+t)ds.

(A6) is satisfied with h : RT — RT continuous if we define h(u) as in (4.6) on [0, o] U [Ry, o0), for
0 < rg < Ry, thus the results for the sublinear case in Section 3 can be applied.
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Ezample 4.3. System (4.13) represents a periodic Nicholson’s blowfly model with periodic distributed
finite delay 7(t) when
F(t,s,x) = H(s +t,2) = z e~ )T, (4.14)

where d : R — (0,00) is a continuous w-periodic function, in which case we obtain the system

t

2'(t) = —a(t)x(t) + B(t) /t o c(s)x(s) e d(s)x(s) ds, t>0,t#1tg, k€N, (4.15)

w(tf) —x(ty) = Ie(x(tr)), keN.

Following along the lines in Example 4.2, for d and d the maximum and minimum values of d,
respectively, choose rg = d " and Ry = d !, so that in (4.6) we obtain h(u) = ue ™ if 0 < u < r,
h(u) = Roe 2o if 4 > Ry, for which Lg(h) = 1,L°°(h) = 0. Under the stated conditions on
a,,7,c,dand (A2)-(A4), Theorem 4.1 asserts that (4.15) has at least one positive w-periodic solution
if C1(b) > 1. In particular, the non-impulsive Nicholson equation

t
2/ (t) = —a(t)z(t) + B(t) / c(s)x(s) e 4)=6) gs >0, (4.16)
t—7(t)
admits at least one positive w-periodic solution if either

t

t
trerﬁ)é} <ﬁ(t) /tT(t) c(s)ds — a(t)) > O,tg[lég} (5(t) /tT(t) c(s)ds — a(t)) >0 (4.17)
or . .
/ 5(75)/ c(s) dsdt > elo et 1. (4.18)
0 t—r(t)
In [2], Amster and Idels proved this result for (4.16) under the sufficient condition
. a(t

20> 5 T 49

which is much more restrictive than (4.17). In summary, we improve significantly the criterion in [2].

If instead of H(t,z) = ze 4®M® in (4.13) we choose H(t,z) = z7e 4N where v € (0,1), we
obtain a modified version of the Nicholson model, for which there are b(t), h(u) such that (3.4) is
true and Lo(h) = oo, L*°(h) = 0. Theorem 3.1 guarantees that there exists a positive w-periodic
solution, regardless the sign or profile of the impulses, provided that they verify (A2)-(A4). If one
chooses H(t,z) = W (n > 0) in (4.13), a Mackey-Glass-type model with distributed periodic
delay is obtained; conclusions as the ones for (4.15) can be stated.

4.3 Effect of the impulses

It turns out that the introduction of impulses in periodic scalar DDEs can create positive period
solutions, which do not exist otherwise. For instance, in [5, 9] concrete examples of a periodic DDE
of the form (1.3) exhibiting a positive period solution were given, for which the zero solution of the
associated equation without impulses is a global attractor of all its positive solutions. Consequently,
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it is worth while to illustrate circumstances under which the impulses satisfy our set of assumptions,
and moreover either generate or at least do not destroy periodic orbits.

Thus, we go back to impulsive equations (1.1), suppose that a(t), g(t,¢) in (4.5) satisfy (A1),
(A5) and (A6) with, as often occurs in applications (see the above examples), functions b(t), h(u)
such that Ly = 1, L>° = 0. Within this scenario, we now give examples of impulsive functions Ij(u)
whose sign may vary, for which (A2)-(A4) and condition Cj > 1 are fulfilled, ensuring that a positive
w-period solution must exist.

Ezample 4.4. Take I(u) = I(u) := sin(u) for all k, and suppose that 27 < ¢4, Then (A3),
(A4) are satisfied with a;, = —1/7, by = 1 and J(0) := J;(0)* = Jx(0)' = 271 for all k € N.
Moreover, C1 = C1(b) > 1 holds if min,¢[g fttﬂ} b(s) eli awdu gg > oAW) _9P In particular, Cy > 1
if fo s)ds > eA®@) _9P Thus, impulses can create a periodic solution.

To 1llustrate this situation, consider a periodic DDE with multiple discrete delays and subject to
the above impulses:

2 (t) = —a(t)x(t) + Yoty filtt,z(t — (1)), 0 <t #ty,
{w(t:) —z(ty) = Sin(x(tk)l), kc Ifl, (4.20)

with a(t) > 0,7;(t) > 0, fi(t,u) > 0 continuous, w-periodic in ¢, f;(¢,u) bounded (1 < i < m) and
such that .
b(t)h™ (u) < Zfz(t,u) <b(t)hT(u) for te€[0,w],u >0, (4.21)
i=1

for some continuous functions b, A=, ht : RT — R* satisfying

ht(u) <u for wu>0,

BE0) =0, (hF)(0) =1. (4.22)

For the non-impulsive equation «'(t) = —a(t)x(t) +>_." fi(t,z(t —7(t))), Theorem 3.2 in (8] implies
that its zero solution is globally asymptotically stable (in the set of all nonnegative solutions) if
b(t) < a(t), t € [0,w]. On the other hand, (A6) holds. Thus, if there exists p € N such that

Al —/ b(s)ds < 2P < eA),
0

the introduction of p impulses on each interval of length w generates at least one positive w-periodic
solution for (4.20); e.g. with [ a(s)ds = 2 [ b(s)ds = 1, it suffices to implement one impulse
A(z(t1)) = sin(x(t1)), for any t; € [0,w[, an repeat it at times t; + kw, k € N. Note also that the
requirements (4.21),(4.22) are satisfied by a broad family of equations, which includes Nicholson and
Mackey-Glass type equations.

Ezample 4.5. Let p = 2m with m € N, 8 € (0,1) and § > 0. Define I;(u) = (=1)*Bue™" for k € N
and u > 0. Hence, |Ix(u)|/u < B, there exist Ji(0) := lim,_,o+ Ji(u) = (1 + (=1)¥8)~! for all u > 0
and k € N. Here, ak = —ﬁ, r = 0 for k odd and ap = 0,b; = 8 for k even, and (A2)-(A4) are
satisfied if (1 4 5)™ @), We have C > 1 if

/t+w (5 ) H eAW)
min b *a(u)du Jk dS > T o L.
tel0,w] Jt ity €[t,s) (=5
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In particular, this condition is fulfilled if [** b(s) ds > (1+ B) (% - 1) .

Ezample 4.6. Define the impulse functions as I(u) = I(u) := Bue %" —au, for any k € N, where
6 >0>a—1and § > 0. Note that, for u > 0, the impulses are always negative if 3 < «, always
positive if & < 0, whereas the sign of the impulses changes if 5 > « > 0, with I'(0) = § —«a > 0 and
I(00) = —oo. With the previous notation, ay = —a, by =  — a, Ji(u) = (1 + e —a)~!, hence

J0):= lim Jp(u) =1+ —-a)™t, J(o0):= lim Jy(u)=(1-a)™!, keN,

u—0t U—$00

Hypotheses (A2)-(A4) are fulfilled if (1 + 8 — a)? < eA“) . Here, C} > 1 holds if

t+w s
min / b(syelie@d TT (1+p—a) 'ds> (eA<w>(1 +8-a) P - 1) :
t

telo
€l0w] k:tr€[t,s)

In particular, J(0) > 1if 8 < «, and we get C1 > 1 provided that [;” b(s) ds > AW 1+ p—a)P—1.
For 8 > «, J(0) < 1; thus, C1 > 1 if either b(t) > a(t), t € [0,w], or [; b(s)ds > W) — (148 —-a)r.

5 Final comments

In this paper, we apply a Krasnoselskii-Guo fixed point theorem to establish sufficient conditions
under which the impulsive periodic DDE (1.1) admits at least one positive periodic solution. The
novelty of our approach derives from the operator ® constructed in (2.3), whose fixed points are the
periodic solutions we are looking for. Our method allows the treatment of equations with a very
general nonlinearity ¢ and infinite delay, subject to impulses whose signs may vary. Applications
to Volterra integro-differential equations (4.1) are given. In particular, the study of a Nicholson-
type equation with mixed monotonicity is included as an illustration of our results. Eq. (1.1) is
broad enough to incorporate as special cases a large number of problems studied by many authors,
nevertheless our criteria strongly improve several known results.

The present paper pursues the study in the former work of Faria and Oliveira [9], which dealt
with Eq. (1.2). The main result here, Theorem 3.1, generalises [9, Theorem 2.3] in several ways: (i)
as mentioned above, infinite delays as well as nonlinear impulses are allowed in (1.1); (ii) rather than
being bounded, ¢ is now allowed to have sublinear growth at infinity; the superlinear case is also
addressed; (iii) finally, following the suggestion in [9, Remark 2.1], here limits inferior and superior
are used in (3.6) and (3.8), instead of limits.

Although several open problems posed in [9] were solved here, relevant lines of future investigation
were not addressed. Namely, the global attractivity of a positive periodic solution to (1.1) was not
studied: it depends heavily on the particular shape of the nonlinearity g, and more conditions on
the impulses should be imposed. Also, it would be desirable to adapt the present approach to quasi-
periodic DDEs, due to their relevance in real world phenomena. On the other hand, our method can
be extended to other classes of impulsive scalar DDEs, as outlined briefly in Remark 3.2. The ideas
developed here can be carefully adjusted to deal with some classes of periodic impulsive n-dimensional
systems, as it will be shown in a forthcoming paper.
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