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A SHORT SURVEY ON DELAY
DIFFERENTIAL SYSTEMS WITH PERIODIC
COEFFICIENTS

Redouane Qesmi

Abstract In this survey, we collect a few results scatted in the literature
covering advances in systems of periodic delay differential equations including
both modeling and theory. We will present the (almost) most oldest and
(almost) most recent contributions made for this subject.
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1. Introduction

The temporal variation of environment plays an important role in the nonlinear
dynamics of life sciences and engineering systems. For example, the effects of
periodically varying environment on the evolution of epidemiological systems are
significant, as the selective forces on systems in the fluctuating environment differ
from those in a stable and temporally constant environment. The periodicity of
the environment (such as seasonal weather, food supplies, mating habits and re-
production activities) is often reflected by the periodic coefficients of the modeling
dynamical systems. As time lags are also involved in the dynamic feedback of these
systems, systems of delay differential equations with periodic coefficients (or peri-
odic systems of delay differential equations) arise most naturally. Delay differential
equations have been studied for at least 100 years (see, for example, the work by
Schmitt in 1911 [121]) and the study of periodic systems of differential equations
must have an even longer history. It is interesting to note that both periods and
delays provide the most convincing mechanisms for observed nonlinear oscillations
in science and engineering. However, which mechanisms are dominating for specific
oscillation and how delay and periodicity interact to generate complicated behav-
iors remain challenging questions. Answers to these questions, even partially, are
expected to find applications in a wide range of important applications in ecosys-
tem management, avian influenza and vector-borne disease prevention and control
in template environments. One can describe the above problems in the following
mathematical settings.

Let r be a nonnegative constant or infinity. We denote by C' the space of
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continuous functions mapping [—r, 0] into R™ with the uniform norm defined by

[ ¢ll:= sup [ ¢(0)] foreeC.
0€[—r,0]

el-r,
A general form of periodic systems of delay differential equations can be written as
y'(t) = F(t, g, ), (1.1)
where F' is a smooth function in (¢, ¢, &) € R x C' x R? for some p € N and satisfies
Fit+T,¢,a) = F(t,¢,a)
for some T > 0. The solution segment y; € C' is defined by
ye(0) =yt +0),—r <0 <0andt>0.

The solution operator U : R — C' defined, for t € R and ¢ € C, by U(t)¢ := y: (o)
normally does not have a closed form, even for specifically identified periodic solu-
tions (such as globally attractive nontrivial solutions). Thus, some of the theories
(such as Floquet multipliers and bifurcations) developed for autonomous delay d-
ifferential equations which have been extended to periodic systems (theoretically)
can be hardly applied (directly) to provide practically tractable qualitative solutions
even for the simplest scalar delay differential equations with periodic coefficients.
The aim of this survey, therefore, is to revisit some of the old and recent results on
the qualitative theory of periodic systems of delay differential equations, to select
a few prototype models, to collect relevant results and to identify the theory from
the dynamical systems point of view.

In what follows, we try to arrange our presentation by topics and in chronological
order. In Section 2, we present some periodic models with delay that arise from
life sciences, economics and engineering. Section 3 is devoted to the theoretical
results for periodic differential equations with finite, distributed, periodic and state-
dependent delays. Finally, a brief conclusion will be given in Section 4. However,
we must declare clearly that we do not aim for a complete account of the theory
and applications of periodic delay differential systems which will require a much
more substantial effort.

2. Modeling

In this section we describe a few differential equations with delay and periodic coef-
ficients that arise from epidemiology, ecology, season migration, biology, engineering
and economics.

2.1. Epidemiology

Many epidemiological problems can be modeled as periodic systems of nonlinear
differential equations with delay. An example is a seasonal model with immunity
(for diseases which are not lethal and do not confer immunity) developed by Cooke
and Kaplan in 1976 [29]. The resulting model is a periodic scalar delay equation of
the form

I'(t) =a(t)I(t)1 = I(t)) —alt —7)I(t —7)(1 = I(t — 7)), (2.1)
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where 7 is the length of time an individual is infective, and a(t) is the contact
rate defined as the average number of effective contacts with other individuals per
infective per time period. This equation has been the subject of intense study,
for example, by Nussbaum in 1977 [104], Smith in 1977 [126] and Nussbaum in
1978 [105].

Modeling the recurrent outbreaks of measles, chickenpox and mumps in cities,
London and Yorke in 1973 [91] obtained a system of periodic differential equations
with two delays, where the first delay represents the time from exposure to infec-
tivity and the second delay represents the duration of infectivity. The period here
represents the seasonal variation which is caused by the close contacts made by chil-
dren, particularly during the coldest months, when school is in session. To describe
their model, we denote by E(t) the number of individuals exposed to the virus, S(¥)
the number of susceptibles and I(t) the number of infectives at time ¢. Let 8(t) be
the contact rate which reflects the social behavior of the individuals of the considered
community and the ease with which the disease is transmitted. The contact rate is
supposed to be periodic since it may vary greatly during a year due to such seasonal
factors as the weather and the fact that children are in school only during certain
months. Since London and Yorke were interested in diseases that can be acquired
only once, the rate of change of susceptibles is given by dS/dt = v — B(t)S(t)I(¢).
It is also assumed that all individuals exposed at time ¢ will become infectious after
time 77 and remain infectious only for a time interval of length 75. Thus, the rate
of change of infectives is given by dI/dt = E(t —T1) — E(t — Ty — T3). Therefore,
the periodic model with delay is given by

S'(t) =~ —B)SH)I(1),
E'(t) = Bt)SHI(D), (2.2)
I't)=Et—T)—E(t—T —Tv).

Another similar example of models was presented in 1985 by Dietz and Schenzle
[36]. Their model described the fluctuations in childhood diseases induced by the
cycle of the school year with interruption of the infections chain during vacations
and the inclusion of new susceptible individuals at the beginning of each school
year, which gave rise to a periodic system with delay. Based on the assumptions of
the model of London and Yorke [91], an epidemiological model with vaccination was
developed by Zhang et al. in 2010 [150] as follows: Let S(t), I(t), R(t) and V (t)
denote the numbers of susceptible, infective, recovered, and vaccinated individuals,
respectively, at time ¢t. The time-dependent parameters are denoted by: A(t) the
recruitment rate of the population (into the susceptible class), u(t) the natural death
rate, a(t) the disease-induced death rate, p(t) the fraction of vaccinated susceptible
and S3(t) is the transmission coefficient of the disease. Let 7 be the immunity period
provided by the vaccine. Then the term p(t —7)e” - w@)de §(t — 1) represents the
individuals vaccinated at time ¢ — 7. Therefore, the model of Zhang et al. is given

b
’ S'(t) = A(t) — u(t)S(t) — BE)SE)I(E) — p(t)S()
+p(t —r)e” S @Gy,
(t) = BOSHI(E) — (u(t) + a(t) + (1) (L), (2.3)
()I(t) — p(t)R(1),
(6)S(t) — &)V (1) —p(t — T)e” Fir DT g (1 7).
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The period and the delay then represent the cycle of the school year and the average
length of the immune period, respectively.

In 2009, Lou and Zhao [94] considered a periodic SIS epidemic model with
maturation delay

S'(t) = B(t — 7, N(t — 7))N(t — 7)e” Ji=- 15 _ g (1)

- A @i,
/() = PO — ) + date) 42 ()10),

where B(t, N) and d(t), respectively, are the time-dependent birth and death rates
of the population at the adult state, di(t) is the death rate of the population at
the juvenile stage, and 7 > 0 is the maturation delay. Under the assumption
that all parameters are T-periodic in ¢ for some T > 0, they established sufficient
conditions for the single population growth equation to admit a globally attractive
positive periodic solution. Furthermore, they obtained the threshold dynamics for
the system above in terms of the basic reproduction number denoted by Ry and
defined as the number of secondary infections produced by a single infective in a
totally susceptible population.

In 2010, Lou and Zhao [95] presented a malaria transmission model with periodic
birth rate and age structure for the vector population, which is governed by a peri-
odic and time-delayed system of seven differential equations. They first introduced
the basic reproduction ratio Ry for this model and then proved that there exists at
least one positive periodic state and the disease persists when Ry > 1. It was also
shown that the disease will die out if Ry < 1, provided that the invasion intensity
is not strong. They further used these analytic results to study the malaria trans-
mission cases in KwaZulu-Natal Province, South Africa. Some sensitivity analysis
of Ry was performed, and in particular, the potential impact of climate change on
seasonal transmission and populations at risk of the disease was analyzed.

During the last two decades, the definition and computing methods of the ba-
sic reproduction number Ry for structured populations have been widely developed
mainly in the context of epidemic models, and Ry has become a most important
key concept in mathematical epidemiology. Originally it quantifies the threshold
condition of population growth in a constant environment, so it cannot be applied
to formulate the threshold principle for populations in time-heterogeneous envi-
ronments, which are described by non-autonomous dynamical systems. Since the
1990s, several authors (Heesterbeek and Roberts [63,64], Bacaér and Guernaoui [7],
Bacaér and Ouifki [8], Bacaér [4], Wang and Zhao [144], Thieme [136], Bacaér and
Ait Dads [5,6], Inaba [68,69], Zhao [155]) proposed some ideas to extend the defini-
tion of Ry to the case of periodic environment. In particular, the definition of Ry in
periodic environments by Bacaér and Guernaoui in 2006 [7] was the first most im-
portant, because as was shown by Bacaér and Ait Dads in 2011 [5] and in 2012 [6],
their definition of periodic Ry can be interpreted as the asymptotic ratio of the size
of successive generations of newborns. In 2007, Bacaér and Ouifki [8] obtained a
closed approximate formula for the basic reproduction number Ry of equation (2.1)
when a(t) = ag(1 + ecoswt) and ¢ is small. This formula showed that the periodic
factor increased or decreased Ry, depending on the choice of parameter values. Us-
ing the generation evolution operator, Inaba in 2012 [68] showed that the definition
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given by Diekmann et al. [34] and by Bacaér and Guernaoui [7] completely allows
the generational interpretation and the spectral radius of the generation evolution
operator coincides with the spectral radius of the next generation operator, so it
gives the basic reproduction number and the new definition is an extension of the
definition by Diekmann et al. [34] and by Bacaér and Guernaoui [7]. Recently, the
classical threshold theory for Ry and the Malthusian parameter in constant envi-
ronments was extended to the case of periodic environments without loosing its
essential features. In fact, Inaba [69] proposed another approach to establish the
sign relation for Ry and the Malthusian parameter g in a periodic environment by
focusing on the existence of exponential solutions. In what follows, we summarize
an important result by Inaba [69]. Let us introduce I(t,7,a) as the density of in-
fected population at time ¢ and infection-age 7 whose chronological age at infection
is a. Let S(t,a) be the age density of susceptibles at time ¢t and age a, and R(t, 7, a)
be the density of recovered individuals at time ¢, duration (the time elapsed since
recovery) 7 and age at recovery a. Then the age-duration-dependent homogeneous
SIR epidemic system is formulated as follows:

(gt + aa) S(t.a) = = (u(a) + K(t, a)) S(t,a),

(gt + 57) I(t,7,a) = — (wla+ 1) +7(t,a)) I(t, 7, a),

(af"t + (j) R(t,7.0) = — (u(a + 7)) R(t,7, a),

S(t.0) = B; I(t,0,a) = k(t,a)S(t,a); R(t,0,a) = /Oa v(r,a —1)I(t, 7,0 — T)dT,

where B is the number of susceptible newborns per unit time, u(a) is the force of
mortality, (¢, a) is the rate of recovery at infection-age T and the age at infection
a, and « is the force of infection. Inaba assumed that the force of infection is given
by
o0 (e
k(t,a) = / m(t,a, a)/ f(N)I(t, 7,0 — T)drdo,
0 0

where m(t, a, o) is §—periodic with respect to ¢t and can be interpreted as the proba-
bility that a susceptible individual with age a encounters with an infected individuals
with age o at time ¢, and the function f(7) is the probability of successful transmis-
sion of infective agents from infective individuals with infection-age 7. Assuming

that m,~, f and p are bounded nonnegative measurable functions for t € R and
a,o,7 € R" we state the following proposition

Proposition 2.1. There exists a positive dominant exponential solution of the fol-
lowing linearized equation at the disease-free steady state:

DJ(t,1,a) = — (pla+7) + (1, a)) J(t,T,a)
J(t,0,a) = So(a)/ m(t,a,o) / f(@)v(t, x,0 — x)dxdo,
0
whose exponent gives the Malthusian parameter \g of the population such that

sign(Ao) = sign(Rog — 1).
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Finally, it should be stressed that since delay equations in population dynamics
can usually be considered as particular cases of age-structured systems of partial
differential equations, the definition of the basic reproduction number Ry for peri-
odic versions of the latter introduced by Bacaér and Guernaoui [7] and Inaba [69]
can be applied as well to the case of delay models (See also the work by Wu et
al. in 2015 [146]). Furthermore, the result in Bacaér and Guernaoui [7] considered
a periodic epidemic model with a I'-distributed delay as application. However, its
application is much more difficult and not straightforward for some cases. Recently,
Zhao in 2015 [155] established the theory of basic reproduction ratio Ry for peri-
odic and time-delayed population models with compartmental structure as follows.
Consider a linear periodic functional differential system:

u'(t) = F(t)uy — V(t)u(t), (2.4)

where F(t) : C — R™ is a positive function given by

F(t)p = 0 dln(t, 0)l¢(0), vt >0, € C

—T

and V is a matrix such that —V is cooperative. Let ®(¢,s),¢ > s, be the evolution
matrice of the linear equation

u'(t) = =V (t)u(t).

Let v(t), w-periodic in ¢, be the initial distribution of infectious individuals. Then
the basic reproduction ratio associated to system (2.4) is defined by

where
[Lv] (t) = / O(t,t — s)F(t — s)v(t — s+ .)ds,Vt € Ryv € Cy,
0

r(L) is the spectral radius of L and C,, is the set of continuous w—periodic functions.
Furthermore, the author proved that Ry is a threshold value for the stability of the
zero solution for periodic system (2.4). This theory is the most recent and gives the
most important result for the definition of Ry in periodic systems with delay.

2.2. Ecology

In 1972, Fretwell [49] claimed that “environmental variation is often an important
aspect in the dynamical nature of populations with most populations experiencing
at least seasonal fluctuations in their ‘resource’ or ‘food’ availability, and thus in
the carrying capacity of their environment”. In 1976, Nisbet and Gurney [103]
considered a periodic delay logistic equation of the form

N = (1- T,

where N(t) is the population at time ¢, r is a sinusoidal growth rate of the species
in an unlimited environment, and K is a sinusoidal carrying capacity of the habitat.
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They carried out a numerical study of the influence of the periodicity in » and K
on the intrinsic oscillations of the equation such as those caused by the time delay.
In 1978, Rosen [113] noted the existence of a relation between the period of the
periodic carrying capacity and the delay of the logistic equation. Basing on the
quote by Fretwell [49], Gopalsamy et al. [51] proposed in 1990 the following time
delayed w-periodic equation

K(t) — N(t — mw)
t) 4+ c()rt)N(t — mw)’

N'(0) = r(ON (1) g

which describes the dynamics in a “food-limited” population system. Here, N and
r are, respectively, the number and the growth rate of Daphina population, K is
the mass of saturation and w is the time delay which incorporates the population
fluctuations.

In 1992, Freedman and Wu [48] considered several single-species models with
time delays where both the coefficients and the delays are periodic functions. These
models are based on laboratory observation of the population growth of rotifers and
are of the following general form

a'(t) = a(t) (=D(t,z(t) + B(t, 1)), (2.5)

where D(¢, ) is a periodic function in ¢ which represents the death rate and B(t, ¢),
¢ € C'is a periodic function which represents the birth rate. This model represents
the case where there is a delay in the per capita birth rate, whereas the death rate
is instantaneous. A particular case of the general model developed by Freedman
and Wu [48] was considered in 2008 by Berezansky and Idels [15] in order to model
the Fox production harvesting. Their model is given by

N'(t) = N(¢t) (r(t) In’ N(tK_(i)(m - F(t)) ,

where r(t) is an intrinsic factor, F'(t) is a variable harvesting rate, K (t) is a varying
environmental carrying capacity and 7(¢) is the time to develop from newborns to
reproductively active adults.

Periodic logistic equations with distributed delay were studied in 1977 by Cush-
ing [30]. In 1982, Bardi and Schiaffino [11] considered the following integro-differential
equation with periodic coefficients

t
N'(t) = N(t) |a(t) — b(t)N(t) — c(t)/ K(t—s)N(s)ds|,
where a, b, c and K are positive periodic continuous functions. The functions a and b
describe the growth of a single population whose size is N(¢) while ¢ and K describe
the hereditary factors. In 2001, Li and Kuang [84] presented a delay Lotka-Volterra
system with periodic coefficients for multiple species population growth which is a
generalization of the single species population growth model developed by Freedman
and Wu. In particular, the following periodic Lotka-Volterra cooperative system
with distributed delays was considered
2(t) = 2i(0) (eslt) = auri®) + Y an(t)a(t)
o J=1,j#i (2.6)
£ 3 b / (4 0)dp (0)).

j=Li#i T
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See also Li and Xu [87] for a periodic prey-predator system with infinite delay. For
other related works on periodic logistic equations with distributed delay, we refer
to Bardi [10], Cohen and Rosenblat [26], Karakostas [77] and the references therein.

In a classic study by Nicholson in 1957 [102], the regulation of population size
in laboratory colonies of the Australian sheep-blowfly Lucilia cuprina was analyzed.
The dynamics of Nicholson’s blowflies was described using a delay differential e-
quation with constant coeflicients by Gurney et al. [53]. However, during the ex-
periments of Nicholson, the population size showed large-amplitude quasi-periodic
oscillations. One of the cultures was maintained for a period of two years and
the oscillations continued for this entire period of time. Thus, in 2002, Saker and
Agarwal [117] modified the model in Gurney et al. [53] by assuming that all the
parameters of this model are w-periodic. Their model is given by

N'(t) = —8(t)N(t) + P(t)N(t — mw)e *NE=mw),

where N (t) is the size of the population at time ¢, P is the maximum per capita
daily egg production, 1/a is the size at which the population reproduces at its
maximum rate, ¢ is the pair capita daily adult death rate, and mw is the generation
time. Taking spatial distribution of the blowfly population into account, the above
periodic Nicholson blowflies model with delay was recently extended by Pang and
Wang in 2015 [106] to the following nonlinear diffusive form,

ON(z,t)
ot
N(z,t) =0, z € 09,
where A is the Laplacian operator modeling nonlinear diffusion. The given bound-

ary condition means that the habitat 2 is surrounded by a lethal environment. See
also Ruan [116] for a brief survey on periodic single species models with delay.

= AN™ — §(x,t)N(z,t) + P(z,t)N(z,t — 7)e V@) 2 e Q ¢t >0,

2.3. Seasonal migration and avian influenza

Bird migration is the regular seasonal movement, often north and south along a
flyway, between breeding and wintering grounds. Periodic systems of delay differ-
ential equations arise naturally from modeling the bird migration. In 2010, Gourley
et al. [52] formulated a deterministic mathematical model capturing some features
of the spatial dynamics of migratory birds as follows: A typical migration pro-
cess involves different phases based on the consequences of biological activities and
seasonality, as wintering, spring migration, breeding, maturation and autumn mi-
gration. Migration routes are interrupted by major nodes, the so called stopovers,
which provide the resting locations between the flights for refueling. Therefore, the
proposed model took the form of a periodic system of differential equations with
multiple delays which account for the time needed for migratory birds to fly from
one stopover to the next. In particular, if S;(¢) denotes the number of birds in patch
i, then one obtains the following model system

Si (t) :b(Sl (t), t) + 04271d271(t — Tl)Sg(t — T1) — d172(t)51 (t) — ul(t)Sl (t),

Si(t) =ai—1,idi—1,i(t — 7—1)Si—1(t — 1i—1) — diiga (8)Si(t) (2.7)
+ ip1,idig1i(E—7)Sip1(t — 1) — dii—1(8)S:(t) — i (2)Si(2), ’

S;L (t) : anfl,ndnfl,n(t_Tnfl)Snfl (t_Tnfl) _dmnfl (t)Sn (t) —Hn (t)Sn (t)a
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where the first patch is the summer breeding area, the last patch (the n-th patch)
is the winter refuge ground, and patches in between are the major stopovers along
the migratory route. b(Si(t),t) is the birth rate function and d; ;(t) accounts for
migration into or out of each patch. Model parameters except delays are all time-
periodic functions. The framework of Smith in 1987 [126] was used here to develop a
threshold dynamics of such a model system. In 2010, Bourouiba et al. [19] developed
a periodic model with delay to discuss the effect of repeated epizootic at specific
migratory stopovers for bar-headed geese.

To develop some qualitative insights of the role of migratory birds in the global
H5N1 spread, the model by Gourley et al. [52] was further expanded by Bourouiba
et al. in 2011 [18] to incorporate the disease progress within each patch and the
interaction of migratory birds with domestic poultry for a patchy model of avian
influenza spread. The aim was to understand the role of the interplay between
migratory birds and nonmigratory birds, particularly poultry, in the persistence
and recurrence of H5N1 in endemic regions.

In 2012, Wang and Wu [141] developed a model of single species bird migration
between the summer breeding ground and the winter refuge site. The obtained
model is a simplified version of the models in Gourley et al. [52] and Bourouiba et
al. [19]. The model is given by the following periodic differential equations with
delay,

z/g(t) = *(msw(t) + Ms)xs(t) + 67#WSTwsmws(t - Tws)xw (t - Tws)
e (1- 52,

xw(t) = 7(mws(t) + Nw)xw (t) + 67MSWTswmsw(t - Tsw)xs (t - Tsw)a

where z4(t) and x,,(t) are the numbers of birds in the summer and winter sites,
respectively, the functions m,s(t) and ms, (t) describe the migration rates between
the two patches. The subscription w represents winter, s represents summer, ws
represents migration from the winter patch to the summer patch and sw represents
migration from the summer patch to the winter patch. The time delay 7,5 represents
the time (days) flying from the winter site to the summer site, while 74, represents
the time (days) flying from the summer site to the winter site. The corresponding
rates of in-flight mortality are denoted by s and pis,, and the death rates in the
summer and winter sites, respectively, are denoted by us and p,,. The birth rate
in the summer site is the intrinsic birth rate v4(t) regulated by the density through
a logistic term. All the coefficients in the system are periodic functions with the
period T' = 365 days. The authors showed that the periodic delay differential system
is completely characterized by a finite-dimensional ordinary differential system. As
a consequence, they derived the threshold condition, explicitly in terms of the model
parameters, for the extinction and persistence of the considered bird species. This
model was then further expanded, in 2014, by the same authors Wang and Wu [142]
to incorporate the spread of avian influenza within each patch.

2.4. Biology

A few periodic delay models have been developed in biology. In 2002, Saker and
Agarwal [117] modified the delay model of dynamic disease involving respiratory
disorders, introduced by Mackey and Glass in 1977 [97], by assuming the periodicity
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of the volume of air passed through the lungs during a single breath times the
frequency of respiration. In 2001, Andersen and Mackey [2] developed different
versions of models of delayed periodic differential equations to evaluate the effects
of periodic chemotherapy administration on normal and leukemic (a cancer of the
white blood cells) cell populations. First, Andersen and Mackey assumed that all
proliferating cells are affected by the drug which leads to the following system

N'(t) = =N — B(N)N + 2¢(-107= 1 7(0d) g () N (¢ — 7),
P/(t) = —y(t)P + B(N)N — e(-07 =S 2()ds) g () N (t — 7),

where NV and P, respectively are the numbers of nonproliferative cells and prolif-
erative cells, v is the rate of cell loss from nonproliferative phase, 7 is the time
spent in the proliferative phase, [ is the feedback function, rate of recruitment from
non-proliferative phase. The cells in the proliferative phase die due to an increased
apoptotic rate g + v.(t). Moreover, the parameter 7.(t) is the loss rate due to
chemotherapy and is periodic with the period m. They concluded, using this for-
mulation, that in every case the protocols are more destructive to the normal cell
population than they are to the leukemic cell population. Thus, they extended this
model to show the effect of chemotherapy administration only on the specific phase
S (DNA synthesis) to obtain the following;:

N'(t) = = [+ BIN)] N(t) + 2(-707 =Sz 2e@de) g (N (1 — 7)) N(t = 7),
§'(t) = ~(0+7e(D)S+AN)N = TNn O g (N (1~ T)) N(t ~ To),
M/(t) = —yoM + el 0T~ Jin 2e@0d) g (¢~ T)) N(¢ — To)

t—T4+Ts

— elTor T @) g (N — ) Nt = 7),

where S is the number of cells in DNA synthesis phase and M is the number of
cells in mitosis (Note that the variable S in the S—equation above is written as P
in Andersen and Mackey’s paper but it is only a typo!). This last formulation leads
the following conclusion: S-phase-specific resonance (optimal therapeutic success) is
more pronounced than cycle-non-specific resonance, and M-phase-specific resonance
is even sharper than the S-phase resonance. This (N;S; M)-model was further
extended to a (N := G0/G1; S; P := G2, M )-model to track the total cell number
and fraction of cells in each phase for host and tumor during a course of periodic
chemotherapy by Bernard et al. in 2010 [16]. Furthermore, they assumed that
transition from one phase to another depends on the circadian time. The model is
given by the following periodic differential equation with periodic delays,

N'(t) = = [0(t) + BOIN(t) +2(1 — 7p(t — ar)) o () B ((t — (1)) N(t — 7(1)),
S'(t) = —ys()S(t) + BN () — os(t)B(N(t — 7)) N(t — 7)),
P(t) = —3p(t)P(t)—(L=7p(t))op(t)os(t—Tp(t) Bt —Ts —Tp(t) N (t—Ts —7p(t)),
+os(t)B(t —75)N(t —75)
M'(t) = =y (O)M(t) — (1 = 7p(t — 1)) o () B ((t — 7(1))) N (t — 7(t))
+ (1 = 7p(t)op(t)os(t —1p(t)B(t — 7s — Tp(1))N(t — 75 — Tp(t)),
where all the time dependent parameters are 24-hours periodic.

Concerning In-host models, to the best of our knowledge, there was only one
work -up to date- that consider the incorporation of time-periodic combination
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antiviral drug therapy (reverse transcriptase inhibitors and protease inhibitors) into
the in-host model with delay for HIV. In fact, in 2004, Dixit et al. [37] developed
a model of HIV infection that combines drug pharmacokinetics and intracellular
delay. Here we will only present the model which consider the effect of reverse
transcriptase inhibitors drug, given by

% =\— dT(t) - (1 — ERT[(t)) kT(t —m)V(t— Tl)e_mﬁ’
d;;* = (1 —epri(t — 7)) KT(t = T)V(t = 7)e™ ™ — 6T*(t),
v )

o = NOTH(t) — eV (1),

where the viral replication period (7) is divided into pre- (71) and post- (72) drug
action parts, T are uninfected C D4+ T cell lymphocytes which are generated at a
rate A and die at rate d. In the presence of virus V', healthy cells are converted, at
a rate k, into productively infected cells, T* an interval 7 after they are infected.

2.5. Engineering

Several engineering problems give rise to time delays and periodicity at the same
time. Examples include transmission lines (Lopes [93]), neural networks (Hagan
et al. [54]), parametric control of robotic systems (Insperger et al. [70]), machine
tool vibrations in cutting processes (Bayly et al. [12], Zhao et al. [151], Insperger
et al. [73], Hartung et al. [62], Bachrathy and Stepan [9]), aeroelastic systems with
structural nonlinearities (Trickey et al. [137]), optimal controls (Deshmukh et al.
[33]) and reaction-diffusion BAM neural networks (Zhou et al. [156]). Here we
choose to briefly describe the model by Insperger et al. in 2000 [70] where a single
degree of freedom mechanical model for milling process is proposed. This models
a machine tool where a workpiece is rotating, the tool cuts the surface that was
formed in previous cut. The chip thickness is determined by the current and the
previous position of the tool and the workpiece. In the case of milling, the direction
of the cutting force is changing due to the tool rotation, and the cutting is also
interrupted as each tooth enters and leaves the workpiece. Consequently, the system
can be modeled as a one degree of freedom oscillator that is excited by the cutting
force. The resulting equation of motion is a delay differential equation with a time
periodic coefficient given by

i(t) + 28w, i(t) + wix(t) = Fy/m,

where m is the modal mass, £ is the damping ratio, w, is the natural angular
frequency and F is the cutting force in the x—direction for a zero helix cutter. The
total cutting force acting in the x-direction, F},, is given by

Fo(t) = =0Ks(1) (x(t) — 2(t = 7)) = bfo(t),

where b is the nominal depth of cut, K, and fy are 7—periodic functions and
characterize the instantaneous chip width and 7 is the tooth pass period. Another
milling-process model, introduced by Long et al. in 2007 [92], that give rise to a
delay system with periodic coefficients is described in detail in Section 2.7.
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2.6. Economics

A very few periodic delay models have been developed in economics. There is an
interesting work of Boucekkine et al. in 1999 [17] where the authors showed that job
creation can be modeled by a delayed differential equation with periodic coefficients,
where the delay describes the optimal age of capital goods and the period describes
the length of an exogenous profitability cycle. Their model is given by

ky(t)
ka(t)

W(t) = <k2<t> " ) ht) + ka(t)h(t — TO),

where h(t) represents employment associated with vintage ¢, ko (t) = %( T p(t)) ,

[ is a share of the surplus going to the worker, 1 — 8 is a share going to the firm,
e 7T are the produced units (of good from one unit of the non-produced good)
from each unit of labor associated with an operating vintage 7° and p(t) is the peri-
odic exogenous price. The mathematical analysis and numerical simulations lead to
some conclusions. Firstly, creation is asymptotically periodic with the same period
as the profitability cycle. Secondly, replacement echoes seem to play a fundamental
role in the short run dynamics of job creation and job destruction.

2.7. Models with periodically time-varying delays

In some cases there are good reasons for allowing the delay to vary with time, and
the use of a periodic delay is especially relevant since it can model daily, seasonal
or annual fluctuations. In comparison with the aforementioned systems where the
delay is a constant, the situation becomes more complex, even for modeling, when
the system has periodically time-varying delays such as

y/(t) - F(ta y(t - T(t)a a)7 (28)

where F' and 7 are smooth functions in (¢,y,) € R x R x R? for some p € N and
T satisfies
T(t +w) = 7(t)

for some w > 0.

In 2000, Schely and Gourley [119] considered the effect of seasonal fluctuations
on populations in a predator prey model. Liu and Liao in 2004 [90] and Jiang et al.
in 2006 [74] obtained sufficient conditions for the stability of the periodic solutions
of cellular neural networks and bidirectional associative memory neural networks
with time-varying delays by constructing suitable Lyapunov functionals.

In 2007, Long et al. [92], presented a milling-process model with a variable time
delay associated with each cutting tooth as follows,

My + CoGe + kage = Fr (G 7(2
mydy + cydy + kyqy = Fy (6 7(¢,
MGy + CuGu + kuqu = Fu (t;7(t, 1, 2
MGy + CoGu + koqy = F (t (t

T

7

where the tool has two degrees of freedom and the workpiece has two degrees of
freedom. The variables g, and gy, respectively, represent the tool dynamic displace-
ments measured along the X and the Y directions. The variables ¢, and g, represent
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the workpiece displacements measured respectively along the U and V directions.
The quantities m; , my , my, and m, are the modal masses, the quantities ¢, ¢, ,
¢y and ¢, are the modal damping coefficients, and the quantities k; , ky, k,, and k,
are the modal stiffness parameters associated with the motions along the X, Y, U
and V directions, respectively. Furthermore, 7(¢,4,2) is a periodic variable time
delay introduced in the governing equations through the cutting-force components
F.

Recently in 2015, Wu et al. [146] developed a model describing the evolution
of the ectothermic insects population in each biologically distinctive stage under
seasonally varying periodic environment. The authors used the formulation in Webb
[145], for general structured population dynamics models, and a subdivision of
the life cycle of the given population into n stages to obtain the following stage-
structured population system with temporally periodic delay: for ¢ > A, (¢),

2y =8 (1t = An(0) b (@1(t = An()) (1= 4,(1) = (@1 (1)1 (1),

wy =b(@1 (1)) = st = Az ()b (@1 (t — Az(1))) (1= Ax(8)) = pa(wa(t))a (t),

o) =1 (tt — A1 ()b (1t — Ai_1 () (1 - A;,l(t))
i (2

—an(t,t — Ay()b (z1(t — Ay (1)) (1 - A;(t)) — iz (t)zi(t), i =3,...,n,

where x1 represents the size of the mature subpopulation who are able to produce
offspring (egg-laying females), z;,j = 2,...,n, is the size of subpopulation at the
jth stage, & is the fixed sex ratio for such population, A;_; and A; are the time-
dependent minimum and maximum ages of those individuals who are developing
within the specific i*" stage, a;(t,t — A;(t)),i = 2,...,n, represents the density-
dependent survival probability of an egg who was born at time ¢ — A;(¢) and is
able to live until time ¢ when the egg eventually belongs to the stage x; with full
maturation, b(z1(t)) is the birth rate and u;(x;(t)) is the mortality rate for the i‘"
stage.

For more models that incorporate periodic delay, see also the work by Berezansky
and Idels [15] described in Subsection 2.2 and the work by Bernard et al. [16]
described in Subsection 2.4.

3. Theory

The theory of periodic systems of delay differential equations has been studied for
a long time and the study of linear periodic systems with time lag dates back at
least to the work of Hahn in 1961 [55], Stokes in 1962 [128], Shimanov in 1963 [120]
and Zver’kin in 1967 [157]. Despite the relatively matured theoretical framework
already established, the main difficulty, however, lies in realizing such a theoretical
framework for specific systems to provide qualitative insights of the dynamics of
these specific systems using the model parameters as explicitly as possible.

Let us look at the following seemingly simple periodic differential equation with
delay

y'(t) = asin(vt)y(t —r) (3.1)

with a fixed delay r > 0 and constant parameters «, v € R. Define the period map
T(s): C — C as follows:

T(s)(¢) = Yst2n/v (9, 5). (3-2)
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We observe that the linear continuous operator T'(s) is given by the following vari-
ation of parameters formula

s+2m /v
T(s)(¢)(u) = ¢(0) + 04/0 sin(v0)y(6 — r)d6.

Thus, it is obvious that T' can not be given explicitly if the delay r is not a multiple
of the period 27/v. However, if we set, for example, » = 27 and v = 1, then T

becomes u

T(5)(6)(w) = 6(0) + [ sin(s + 0)o(s)ds,
—27
which has a close form. The case of periodic delay difference equations with integer
time lags has received considerable attention. Efforts have been made to develop the
expansion of solutions in terms of a series of Floquet solutions. Earlier results and
discussions about the difficulties involved can be found in Hahn [55] and Zver’kin
[157].

3.1. Floquet theory and stability

The early paper of Halanay in 1961 [56] started the development of the infinite
dimensional version of the Floquet theory for delayed periodic systems, but it gave
only a theoretical possibility for the stability analysis of the most general case.
However, the Floquet theory have been completely developed in Hale and Lunel
by [59] in 1993, Diekmann et al. in 1995 [35] and Avdonin and Germanovich in
1995 [3], when the delay is a multiple of the period. See also the recent development,
by Ford and Lamb in 2007 [47], of some basic of Floquet theory for small solutions.
When the delay is not a multiple of the period, but commensurable with it, then in
some cases, the Floquet multipliers can be deduced from the explicit solution of a
system of ordinary differential equations. By linearizing along a periodic solution of
period 3 of a retarded autonomous equation of delay 1, Skubachevskii and Walther in
2003 [124] have obtained some information on Floquet multipliers of this problem,
and they formulated, under some conditions, a criterion for the hyperbolicity of
the 3-periodic solution. A generalization of this result for irrartional periods is
established, for general linear periodic differential equation with delay 1, by the
same authors in 2006 [125]. By constructing a special boundary value problem
for ordinary differential equations, Dolgii in 2006 [40] determined conditions of
asymptotic stability, of linear periodic delay systems, in terms of the spectrum of
the monodromy operator (Floquet transition matrix).

The most difficult case arises if the delay is incommensurable with the period.
In 1993, Hale and Lunel [59] showed by example that, in this case, a complete Flo-
quet theory will not exist. There is only a Floquet representation on generalized
eigenspaces of characteristic multipliers. For periodic delay differential equations,
the difficulty is that, in general, the monodromy operator has no closed form (see
example given for the linear equation (3.1)), so no closed form stability conditions
can be expected directly except for a few and very special cases. To overcome the
difficulty due to the lack of closed forms for periodic differential equations with
delay, other approaches and alternatives should be developed and exploited. For
example, Mallet-Paret and Sell in 1996 [98] considered a special case of delayed
periodic equations with a cyclic feedback structure. They defined a discrete Lya-
punov function and related their values to the real parts of the Floquet multipliers.
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In particular, they proved that all Floquet subspaces are at most two-dimensional.
A characteristic function in the form of a continued fraction expansion is given for
a scalar delay equation by Just in 2000 [76].

If the given system is monotone (i.e., the comparison principle holds), we may
expect to have some simple but practical criteria of stability. Below we present an
illustrative example.

Let 7 > 0 and Y = C([—7,0],R). We consider a linear scalar delay equation:

o' (t) = a(t)u(t) + b(t)u(t — 1), (3.3)

where a(t) and b(t) are T-periodic and continuous. Let u:(¢) be the solution semi-
flow for equation (3.3) defined by u:(¢)(s) = u(t + s, ¢), Vs € [—7, 0], where u(t, ¢)
is the unique solution of (3.3) with u(s, ) = ¢(s),Vs € [-7,0],¢ € Y. Define the
Poincar?map P : Y — Y by P(p) = ur(p). It is easy to see that P"(p) = u,r(p)
for all integer n > 0. Let r(P) be the spectral radius of the linear operator P. The
following result is from Proposition 2.1 of Xu and Zhao in 2005 [147].

Proposition 3.1. Assume that b(t) > 0 for all t > 0. Then r = r(P) is positive
and is an eigenvalue of P with a positive eigenfunction ¢*. Moreover, if T = kT

for some integer k > 0, then r — 1 has the same sign as fOT(a(t) + b(t))dt.

This result shows that if the time delay is an integer multiple of the period, then
the linear stability of the zero solution of (3.3) is determined by that of the linear
ordinary differential equation v'(t) = (a(t) + b(t))u(t), which can be obtained by
ignoring the time delay in (3.3).

In the case where a(t) = —1, b(t) = ag(t), 7 = 1 and g : [0,00) — [0,00) is
continuous and periodic with arbitrary period T' > 0, Chen and Wu in 2013 [25]
used a discrete Lyapunov functional and the monodromy operator to show that
there exists a positive value a* such that the solution is stable if a € (0,a*) and
unstable if & > a*. When a is a negative periodic function and b is a positive
periodic function with arbitrary period T > 0, such that b(t + 1) — a(t) does not
change its sign, Nah and Rost in 2016 [101] showed that r = 0 is the stability
threshold where r := fOT(a(t) + b(t))dt. Namely, they showed that zero is unstable
when r > 0, stable when r = 0 and asymptotically stable when r < 0.

In 1980, Simpson [123] used the two-timing method to state a Floquet theory
for a class of linear integro-differential equations with periodic coefficients of the
form

2/ (t) = A(t)x(t) + /OOO K(t,s)x(t — s)ds, (3.4)

where x is a column vector in R™, A(¢) is an n x n matrix function, periodic in ¢
with period w > 0, K(t, s) is the kernel function, an n X n matrix function defined
for s > 0, periodic of period w in its first argument, K(¢,s) = O(e™7%) as s — o©
for some v > 0 uniformly in ¢. It is assumed also that, for each continuous function
¢ : [0,00) = R such that supy, | € ?¢(0) |< oo for some v+ < =, there exists a
unique z(t) solving equation (3.4) for ¢ > 0 such that zy = ¢. Simpson stated and
proved the following theorem.

Theorem 3.1. Corresponding to (3.4) there exists a set Y, called the spectrum of
(3.4), consisting of finitely many points in the complex plane, each p € > satisfying
| w |> e, Corresponding to each p € Y. there exist (i) an r X r matriz B
(consisting of complex constants) whose sole eigenvalue is A where A = (1/w)log i
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(ReX > —~T;r depends on ) and (ii) a set of r column vector functions P,(t) in
C™ (i =1,...,r) which are each periodic of period w. Then for each solution x(t) of
(3.4) generated by initial data satisfying ¢ there are, for each p € >, unique r x 1
constant complex vectors a,, such that x(t) differs from

> (Pua(t), ooy Pun(t) €%'ay, (3.5)
REXS

by a function xr(t) which is O(e’7+t) as t — +o00. Conversely, sums of the form
(3.5) are solutions of (3.4) for arbitrary choices of a,.

An application of this theory results in a computation of relevant Floquet expo-
nents associated with the linearization of the equations about the periodic solutions.
Using a reduction method of integro-differential equations to systems of ordinary
differential equations obtained by Domoshnitsky in 2003 [38], a study of Floquet
theory for integro-differential equations with periodic coefficients was presented by
Agarwal et al. in 2005 [1]. The authors employed this theory to establish a relation-
ship between oscillation and asymptotic properties of solutions of integro-differential
equations.

See also the work by Tang et al. in 2006 [132] for periodic n-species Lot-
ka—Volterra competition system with periodic delays and the works by Davidson
and Gourley in 2001 [31] and by Pao in 2005 [107] for periodic semilinear parabolic
equations with delays and monotonic cases.

A large flow of numerical methods have been proposed to approximate the infi-
nite dimensional monodromy operator with finite dimensional one with application
to periodic delay differential equations. Examples of numerical methods include,
but are not limited to, the methods based on averaged coefficients method by Minis
and Yanushevsky in 1993 [100], semidiscretization method by Insperger and Stepan
in 2002 and 2004 [71,72], full discretization method by Yilmaz et al. in 2002 [149],
temporal finite element method by Bayly et al. in 2003 [13] and by Mann et al. in
2004 [99], Chebyshev polynomials by Butcher et al. 2004 [24], by Bueler in 2007 [21]
and by Butcher and Bobrenkov in 2011 [23]. A more general result, due to Sza-
lai and its collaborators in 2006 [130], presented a construction of a characteristic
matrix for general periodic delay differential equations, but was only useful in the
numerical continuation of bifurcations. In 2011, Sieber and Szalai [122] showed
that matrices constructed by Szalai et al. [130] can have a discrete set of poles in
the complex plane, which may possibly obstruct their use when determining the
stability of the linear system. Then they modified and generalized the original con-
struction such that the poles get pushed into a small neighborhood of the origin of
the complex plane. In 2012, Tweten et al. [138] provided a comparison of the semi-
discretization, spectral element, and Legendre collocation method and showed that
the spectral element method has the quickest convergence rate. Thus, Khasawneha
and Mann in 2013 [78] developed a general spectral element approach for periodic
systems with multiple delays. This approach was recently generalized by Lehotzky
et al. in 2016 [83] for periodic systems with multiple delays and distributed delay.

3.2. Bifurcation theory

The bifurcation theory studies persistence and exchange of qualitative properties of
dynamical systems under continuous perturbations. Very few “rigorous” works have
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been done for “constructive” bifurcation theory in periodic differential equations
with delay and periodic linearized equations. The first bifurcation result, to the best
of our knowledge, was established by Busenberg and Cooke in 1978 [22]. Busenberg
and Cooke exploited some basic techniques on positive operators and coincidence
theorem to show a transcritical (forward) bifurcation in a class of scalar periodic
delay differential equation of the form

y'(8) = b(t)y(t = T) (1 —y(t)) — cy(t)- (3.6)

Using Floquet theory and spectral projection method, Rést in 2005 [114] ob-
tained a formula to compute the coefficient that determines the direction of the
Neimark—Sacker bifurcation for some scalar periodic delay differential equations of
the form

y'(t) =y (alt)y(t) + f(t,y(t = 1)), (3.7)
where 7 is a real parameter, a(t+1) = a(t), f : RxR — R is a C*—smooth function
satisfying f(t + 1,€) = f(¢,€) and f(¢,0) = 0 for all ¢, € R. When a(t) = 0, Rost
in 2006 [115] determined some conditions leading to bifurcation of invariant curves
and four-periodic orbits for the equation (3.7).

Bifurcations in integro-differential equations were also studied. Simpson in
1980 [123], dealt with problems of bifurcation of periodic solutions for systems of
the form (3.4). In his work, Simpson used the two-timing perturbation procedure
to determine conditions which lead to different kind of bifurcations and stability of
their bifurcating branches, namely, Hopf bifurcation and other multi-codimension
bifurcations. Another result of bifurcation in periodic differential equations with
delay was given by Britton in 1990 [20] which carried out a linear stability analysis
for the positive steady-states of a periodic integro-differential reaction-diffusion e-
quation with delay. Domoshnitsky and Goltser in 2002 [39] developed a method of
reduction of nonlinear integro-differential equations (IDE) to a system of ordinary
or delay differential equations to study stability and bifurcation for a wide class of
IDE. In particular, Domoshnitsky and Goltser considered a Hopf bifurcation result
in IDE.

In 2001, Elmer and van Vleck [27] considered traveling wave solutions to delayed
spatially discrete reaction-diffusion equations with periodic diffusion. The authors
have obtained analytic solutions for the traveling wave problem using a piecewise
linear nonlinearity and presented numerical analysis of period doubling bifurcation
in the wave speed.

The Center manifold and normal forms theories are one of the most effective
tools in the study of nonlinear dynamical systems when analyzing bifurcations of a
given type. In 1997, Faria [43] presented the method of normal forms, to calculate
the elements of bifurcations, for periodic functional differential equations of the
form (3.11) where N is a purely nonlinear term. The reason for imposing such a
restriction is due to the difficulty to provide a suitable change of coordinates in the
neighborhood of periodic solutions for a general periodic equations of the form (1.1).
Faria proved that, if certain nonresonance conditions are satisfied, the normal form
on center manifolds of the trivial equilibrium for periodic equations of the form
(3.11) coincides with the normal form for the averaged equation

y'(t) = Ly + Fo(ye),
where Fy(¢) = L [¥ F(s,¢)ds for ¢ € C. However, Hale and Weedermann in 2004

T w

[61] established a local system of coordinates near a periodic orbit of autonomous
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delay differential equations of the form
a'(t) = f(ze), (3.8)

where f : C — R"™ is C¥,k > 1. The key idea to set this system is summarized as
follows: Suppose I' = {p; : 0 <t < w} is a nontrivial periodic orbit of (3.8), and
consider the linear variational equation

2’ (t) = L(t)x;. (3.9)

Since 1 is always a Floquet multiplier of (3.9), consider a decomposition of the
phase space C' with respect to 4 = 1. One possible choice for the basis of Fy(s) is
Dy (s) = {ps, P2, ..., Pa, } , because p; is a corresponding eigenvector for p = 1. Let
T(t,s), t > s, be the solution operators for (3.9), defined by T'(t,s)¢ = x4(s, ¢) for
all t > s and ¢ € C, where = (s, ¢) is the solution of (3.9) such that zs = ¢.
Assume that T' is non-degenerate, that is , 4 = 1 is a simple Floquet multiplier of
(3.9). In this case a decomposition of C' is given by

C= [ps] ® Ql (8)7

where Q1(s) is such that T'(t,s)Q1(s) = Q1(t). So, the above decomposition is a
natural moving coordinate system in C. Every element in C has a unique rep-
resentation of the form ¢ = (¢°,w),ps + Lsw, where L, is explicitly defined as
Low =w — (¢°,w), ps. Furthermore, they gave a description of the flow of (3.8) on
the center manifold of the periodic orbit.

In 2007, Qesmi and Hbid [112] considered a class of nonlinear periodic differential
equations with delay of the form

y'(t) = f (y(t — 1), a(esin(vt)), ecos(vt)) ,a) (3.10)

where ¢, v, o are real parameters, f : R? = R and a : R?> — R are a C*®—smooth
function satisfying

£(0,a(0,0),@) =0 and d%/f (0,a(0,0),) =0

for all @ € R. Thus, equation (3.10) can be viewed as a perturbation, in a special
way, of an autonomous differential equation. They proved the existence of integral
manifolds with periodic structure without any restriction on the relationship be-
tween period and delay. Their method was based on calculation of center manifolds
coefficients for autonomous differential systems with discrete delays. Consequently,
they investigated the saddle-node bifurcation for this class of periodic equations
with delay.

In 2010, Szalai et al. [129] developed an analytic method to compute bifurcation
elements (Poincar—Lyapunov constant) for some periodic delay equations where
the delay is equal to the period. Their method used center manifolds theory but
avoided the computation of their coefficients (Note that despite the publication of
this paper in 2010, it was already accepted for publication in 2008). Deshmukh et
al. in 2008 [32] used a nonlinear extension of the infinite dimensional monodromy
operator defined by Halanay in 1966 [57], for linear periodic delay equations, to
reduce the system of T-periodic delay differential equations of the form

(t) = A()x(t) + B(t)z(t — 7) + ef (x(t), z(t — 7),1)
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on center manifolds. Their method does not involve the explicit computation of the
adjoint equation and formalize the center manifold theory. However, it is applied,
once again, only when the period is the same as the delay.

3.3. Oscillations and periodic solutions

A solution of a given dynamical system is called oscillatory if it has arbitrary large
zeros. Otherwise it is called non-oscillatory; that is, if it is eventually positive or
eventually negative. Oscillation theory has long been rich and attractive areas of
mathematical research. This section will be organized following different class of
differential equations: Periodic equations with constant delays, Periodic equations
with periodic delays, periodic neutral differential equations and periodic semi-linear
parabolic equations.
Oscillations in periodic differential equations with constant delay of the form

y'(t) = L(ye) + N(t,ye, ), (3.11)

where L(¢) is a linear map in ¢, and N (¢, ¢, 1) is a perturbation term which is small
for small ¢ and p relative to linear part, has been studied first by Driver in 1963 [41],
Bellman and Cooke in 1963 [14], Cooke in 1965 [28] and Perello in 1968 [108]. The
authors used the theory of linear systems, given by Hale in 1963 [58], in order to
establish procedures for studying the oscillations of perturbed autonomous linear
systems by a periodic terms.

By appealing to theory of global attractors and steady states for uniformly per-
sistent dynamical systems (see Zhao [152] and Long et al. [92] for more details),
Zhao [154], in 2008, established the existence of interior periodic solutions for dis-
sipative periodic functional differential equations. This result is then applied to a
multi-species competitive system and a SIS epidemic model. The following result
is from Theorems 3.1 of Zhao [154].

Consider a periodic retarded functional differential equation

da(t)

° = f(t,w) (3.12)

with f : R x C — R™ a continuous and bounded map, f(¢,¢) a locally Lipschitz
function in ¢, and f(t + w,®) = f(¢, $) for some w > 0.

Theorem 3.2. Let M be a closed subset of C and My be a conver and relatively
open subset in M such that for any ¢ € M, the unique solution x(t, @) of (3.12) with
xg = ¢ exists on [0,00), and both M and My are positively invariant for solution
maps x¢, t > 0. Assume that
(i) Solutions of (5.12) are ultimately bounded in M in the sense that there is a
number Ky > 0 such that limsup ||x¢(¢)|| < Ko for all ¢ € M.
t—o00

(i1) Solutions of (3.12) are uniformly persistent with respect to My in the sense
that there exists 1 > 0 such that ltiminf d(x¢(9),0My) > n for all € My.
—+o0

Then system (3.12) has at least one w-periodic solution x*(t) with xj € My for
all t > 0.

Freedman and Wu [48], in the best of our knowledge, was the first who proved
the existence of positive periodic solutions of single-species population growth mod-
els with periodic delay and periodic coefficients given by (2.5). In particular, using
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Horn’s asymptotic fixed point theorem, they stated and proved the following theo-
rem.

Theorem 3.3. Assume that

(H1) For any continuous w—periodic function x : R — R, ¢t — B(t,xy) is
w—periodic function.

(H2) There exists a positive w—periodic continuously differentiable function K (t)
such that D(t, K(t)) = B(t, K;) fort € R.

(H8) For all t € [0,w], we have

w] K (0
inf D, (t,2) — sup | B(t,¢) | sl K(0)

ot ko)

where | By(t, ¢) | denotes the operator norm of the bounded linear operator By(t, ¢) :
Cc—C.
(H4) There exists a constant § > 0 such that for every dg € (0,0), and for any
¢ € C with ¢(s) > $(0) = &g, we have B(t,¢) — D(t, $(0)) > 0.
Then the model equation (2.5) has a positive w—periodic solution Q(t). More-
over, if
. . maxge[o,w] Q(a)
inf Du(t,2) —sup | By(t,9) | o0
for all [0,w)], then Q(t) is globally asymptotically stable with respect to positive
solutions of (2.5).

>0,

Freedman and Wu pointed out that it would be of great interest and difficulty to
consider the existence of positive periodic solutions of higher-dimensional systems
with periodic delays, such as predator—prey or competitive systems. In 1997, com-
bining the theory of monotone flow generated by FDEs, Horn’s asymptotic fixed
point theorem and linearized stability analysis, Tang and Kuang [133] answered the
Freedman-Wu’s question and proved the existence, uniqueness and global asymp-
totic stability of positive periodic solutions for periodic Lotka-Volterra system with
periodic time delay of the form

#(t) = 2O F; (8,21 (t), - an(t), 21 (t — 7)), an(t — 7(£))) i =1...1.

In 1998, Li [86] studied the periodic differential equations with several periodi-
cally varying delays of the form

y/(t) = F(tvy(t - Tl(t))7 ""7y(t - Tn(t)))7
y(s) = ¢(s).0(0)> 0,0 €C

where F(t,z1,...,2,) € C (RnJrl’]R) S FPt+w,z1,..0,20) = F(t,21,...,2,), Ti €
C(R,[0,0)), 7i(t+w) =7;(t),i=1,...,n,and w > 0 is a constant. By using some
techniques of the Mawhin coincidence degree theory, Li proved the existence of a
positive periodic solution of the initial value problem (3.13) as follows.

(3.13)

Theorem 3.4. Suppose the following conditions hold :
(i) there exists a constant C > 0 such that if x(t) is a continuous w—periodic
function and satisfies

/w F(t,e®t®)  er(t=m®)ygp — 0,
0
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(ii) there exists a constant H > 0 such that when uw; > H,i—1,...,n,
F(t,e",...,e"") >0 and F(t,e™",...,e""") <0,

uniformly hold for t € [0,00). Then the initial value problem (3.13) has at least one
positive w—periodic solution.

In 2000, Schely and Gourley [119] considered scalar models incorporating a small
discrete periodic delay. They shows that the steady state (if it can ever bifurcate)
will bifurcate to periodic solutions. Furthermore, two-timing method was used to
investigate how the stability of the system differs from that with a constant delay.
Using the coincidence degree method, existence of positive periodic solutions for
periodic differential equations with periodic state-dependent delays was considered
by Li and Kuang in 2001 [85].

By applying a perturbation method to a class of differential equations with
periodic delay close to zero, Qesmi and Hbid in 2006 [111] transformed the studied
equation into a perturbed periodic ordinary differential equation. This technique
can be a powerful tool to show existence of positive periodic solutions for general
periodic systems with small periodic delays (See the work by Qesmi [110]).

Very little is known about positive periodic solutions for general non-monotone
periodic systems with periodic delays. To the best of our knowledge, the most
important work was done by Faria [44] in 2016. The author used the Schauder fixed
point theorem and relies on the permanence of the system to prove the existence
of periodic solutions for n-dimensional periodic delay differential equations, with
patch structure and multiple time-varying delays, of the form

() =—d;(x; )+ ai (t):vj(t)JrZBik/ ( ?ik (s,2i(s))dsmin(t,s),i=1,...,n,
k=1 t

j=1,j#i LTk

where all the coefficients and delay functions are assumed to be continuous, non-
negative and periodic on t, with a common period w > 0, and 7;x(t,s) are bounded,
nondecreasing on s, locally integrable on ¢ and w-periodic.

Periodic solutions and oscillation theory of periodic neutral differential equations
have received much attention. In 1974, Hale and Mawhin [60] applied the Fredholm
alternative technique and a generalized Leray-Schauder theory to prove the ex-
istence of w—periodic solutions of neutral differential equations with w—periodic
coefficients of equations of the form

d
G POae = f(t,z0), (3.14)
where D(t)¢ = ¢(0) — A(t)p and A(t) : C — R™ for t € R and ¢ € C. In 1975,
Lopes [93] showed the existence and stability of periodic solutions of a class of
periodic neutral differential equations, which include many applications to problems
arising in transmission lines area, of the form

(x(t)+qu(t—r1)—pa(t—rs) —pgr(t—r1—r2)) =g (2(t)) —qug (x(t—r1—r2)) +p(t),

where g is monotonic nondecreasing function, p is periodic and pu, g satisfy some
conditions.

The relationship between the oscillation of all solutions of a class of linear neutral
differential equations and the corresponding multiplier Floquets was established
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first, in 1990, by Huang and Chen [66]. In particular, they proved that linear
neutral differential equations with periodic coefficients of the form

(@(t) —pa(t — 7)) + > @)t — ) =0, (3.15)
i=1

where 0 <p < 1,7 >0, 7, = ir and ¢;(¢t) > 0,i = 1,...,n are continuous, r—periodic
functions, are oscillatory if and only if all the roots of the corresponding charac-
teristic equation are purely complex. The same results were proved by Ladas in
1984 [82] and Huang in 1988 [65], but for non-neutral delay differential equations,
(i.e, p = 0), with periodic coefficients, without sign restrictions on the coefficients
gi- In 1991, Ladas, Philos and Sficas [81] generalized the result for neutral equations
with two delays of the form

(2(t) = pa(t = mw))’ + Q(t)x(t — naw) =0,

where @ is w—periodic, ny,n9 are positive integers. More precisely, they showed
that every solution of the neutral equations with periodic delay oscillates if and
only if every solution of an associated neutral equation with constant coefficients
oscillates. For non-neutral delay differential equations, (i.e, p = 0), but with general
relationship between delays and period (i.e 7; # ir), the oscillation phenomena for
equation (3.15) was established by Philos in 1992 [109] for constant delays and by
Kordonis and Philos in 1999 [79] for periodic delays (i,e. 7; = 7;(¢)) and periodic
integro-differential equations. For nonlinear neutral equations with two delays, In
2002, Tanaka [131] gave a necessary condition of oscillation of all solutions of the
following equation

[2(t) = h(t)z(t — )" + oq(t) | 2(t - p) [ sgna(t — p) =0,

where 0 = +1, v > 0 and h, g are positive functions which can be periodic or not
periodic.

In 1990, using Fredholm alternative technique for periodic solutions of some
linear neutral equations and a generalized Leray-Schauder theory, Erbe, Krawcewicz
and Wu [42] show the existence of periodic solutions for some periodic boundary
value problem (BVP) of neutral functional differential equations of the form

{ [2(t) — e(t)x(t — 7)) = f(t,2),
2(0) = z(w),

where f : R x C' — R is a completely continuous mapping w—periodic with respect
to the first variable. Their approach consists to reduce this BVP to a BVP of
retarded periodic differential equations of the form

{x'(t) = g(t, ),
z(0) = z(w),

avoiding the neutral character of the BVP. This reduction principle turned out to be
a powerful and useful tool to extend the existence results established for the periodic
boundary value problems of certain retarded equations to neutral equations.

Zhao [154], in 2008, generalized Theorem 3.2 of existence of interior periodic
solutions to dissipative periodic neutral functional differential equations of the form
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(3.14) where D(t) is now defined as follows: Suppose that A(¢,6) is continuous
m x m matrix function and Dg : R — L(C,R™) is a C'-continuous map such that
both A and Dy are w-periodic in ¢ and the zero solution of the linear functional
equation

Do(t)y: =0, wyo=2¢

is uniformly asymptotically stable for ¢ € Cp, =: {¢ € C : Dy(0)¢ = 0}. For a
given t € R, we define D(t) : C' — R™ by

0
D(t)p = Do(t)o+ [ At,0)6(6)de.

We have the following

Theorem 3.5. Let M be a closed subset of C and My be a conver and relatively
open subset in M such that for any ¢ € M, the unique solution x(t, @) of (3.14) with
xo = ¢ exists on [0,00), and both M and My are positively invariant for solution
maps x¢, t > 0. Assume that

(i) Solutions of (3.14) are ultimately bounded in M.

(i1) Solutions of (3.14) are uniformly persistent with respect to M.

Then system (3.14) has at least one w-periodic solution x*(t) with xj € My for
all t > 0.

In applications of the above theorem and Theorem 3.2, one may prove the uni-
form persistence for a given periodic and time-delayed system with the help of the
persistence theory for periodic semiflows, see the subsequent section 3.5 for some
references.

In 2015, using topological theory, Gao et al. [50] investigated the existence of
periodic solutions of a class of Linard type equations with a deviating argument of
the form

(1) =2 @/ (8)) + Fla(t — )’ (t = 7) + B(t)g (alt — 7)) = et)

where p > 1,740, fOTﬁ(s)ds # 0, e(.) is T—periodic and fOT e(s)ds = 0.

At the same time, much attentions have also been paid to periodic semi-linear
parabolic equations with delays where time lag is taken into consideration in non-
linear reaction functions, see for example, the work of Feng and Lu in 1996 [45],
Lu and Feng in 1996 [96]; Feng and Lu in 1999 [46], Pao in 2005 [107], Wang et al.
in 2006 [140]; Wang in 2008 [139], Yang et al. in 2010 [148] and Wang and Yin in
2011 [143]).

3.4. Spreading speeds

The theory of asymptotic speed of spread (in short, spreading speeds) for periodic
systems with delay has attracted less attention as well. The intuitive interpretation
for the spreading speed vy in a spatial epidemic model can be stated as follows: If
one runs at a speed v > vg, then one will leave the epidemic behind; whereas if one
runs at a speed v < vp, then one will eventually be surrounded by the epidemic.
To the best of our knowledge, this theory has been developed first, for delayed
periodic systems by Liang, Yi and Zhao in 2006 [88]. Using the Poincaré(period)
map method, the authors extended the results by Liang and Zhao in 2007 [89], for
spreading speeds traveling waves for monotone autonomous semiflows, to periodic
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systems with general delay. In the following, we will state the results obtained by
Liang, Yi and Zhao [88]:

Define, for r € C (the set of all bounded and continuous functions from [¢, 0] x
R to R¥),

Cri={ueC:r>u>0}.

A map Q : C. — C, is said to be subhomogeneous if Q(pv) > pQ(v) for all p € [0,1]
and v € C).. Let w > 0 and r € C, with » > 0 be given. A family of mappings
{Q¢},>( is said to be an w—periodic semiflow on C, provided @, has the following
properties: (i) Qo(v) = v Vv € Cp. (i) Qtiw(v) = Qi(Quw(v)),t > 0,v € C,.. (iii)
Q(t,v) := Q+(v) is continuous in (¢, v) on [0, 00) X C,.. The mapping Q,, is called the
Poincaré map associated with this periodic semiflow. Now we are in the position
to state the main result in [88]. However, we will avoid some technical assumptions
(A1-A5 in [88]) on the w—periodic semiflow and we refer the reader to the same
paper for more details.

Theorem 3.6. Let {Q:},~, be an w-periodic semiflow on C,. with two x-independent
w-periodic orbits 0 < B(t). Suppose that the Poincaré map QQ = Q,, satisfies all hy-
potheses (A1)-(A5) in Liang et al. with 8 = B(0), and Q. satisfies (A1) for any
t > 0. Let ¢* be the asymptotic speed of spread for Q... Then the following statements
are valid:

(1) For any ¢ > ¢*/w, if v € Cg with 0 <v < B, and v(.,x) = 0 for z outside a
bounded interval, then lim;_, o Q+(v)(0, ) = 0 uniformly for 6 € [—,0].

(2) For any ¢ < ¢*/w, if 0 € Cg with o > 0, there is a positive number r,
such that if v € Cg and v(.,z) > o(.) for © on an interval of length 2r,, then
lim; 00 (Q(v) (0, 2) — B(t)(0)) = 0 uniformly for 6 € [—1,0]. If, in addition, Q. is

subhomogeneous, then r, can be chosen to be independent of o > 0.

As application of this theory, Jin and Zhao in 2009 [75] proved the existence of
the asymptotic speed of spread for a periodic reaction-diffusion population model
with delay.

3.5. Persistence

A Dbasic and important ecological question associated with the study of mathe-
matical population interaction models is the long-term coexistence of the involved
populations. Mathematically, this is equivalent to the so-called persistence of the
populations. We say a population x(t) is persistent if liminf; , x(t) > 0, and we
say a system is persistent if all its populations are persistent. The persistence the-
ory of periodic systems with delay has also received some attention. An excellent
survey of persistence of nonautonomous and infinite dimensional systems was given
by Hutson and Schmitt in 1992. Persistence aspects for general nonautonomous
delay Kolmogorov-type population models of the form

{Q:’(t) = ;(t)f(tvxhyt) (3.16)

(t)g(ta T, yt)v

where f,g : RxC x C — R are continuous and Lipschitz in (¢,9) € C x C, were
presented by Kuang and Tang in 1993 [80]. They proved that system (3.16) is
uniformly persistent under the following assumptions:
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(K1y) : There exist positive constants §1 = §1(f), d2 = d2(f), K1 = K1(f),
Ky = Ky(f), with K7 < K5 such that for all ¢ > 0,

f(t,x,0) > &1, for z(t+0) € [0, K], 0 € [—1,0],

and
ft,x4,0) < =09, for a(t +0) € [Ka,00], 8 € [—7,0].

(K2¢) : f(t,24,0) > f(t, 2, ;) for all t > 0,24,y € CT, and there exist positive
constants d3 = d3(f) and k = k(f) such that t > 0,2, € C*

flt,xe,y) < =03, for y(t+0) € [k, 00|, 6 € [—-7,0].
Also, for each pair (xg,yo), zo > 0,yo > 0, there exists I(xq, yo) such that

ft,z,ye) > —U(zo,y0), for na n< xo, 1y 1< Yo.
(K3y) : There exists a positive constant M = M (f), such that
f(taxtvyt) < _537 fOI‘ t 2 01 Tty Yt € C+~

In (K14)-(K3yf) they replaced f by g and denote the resulting assumptions as
(K1;)—(K3y), respectively.

Their method is based on the construction of a set of proper autonomous or-
dinary differential systems whose solutions can serve as lower or upper bounds for
the delayed system (3.16) in certain regions.

In 1993, Thieme [134] proved that, under relaxed point dissipativity, uniform
weak persistence implies uniform strong persistence. A more general result of u-
niform strong persistence with applications to periodic delay differential equations
was presented by Thieme in 2000 [135]. Zhao in 1995 [152] and 2003 [153], re-
spectively, proved that the uniform persistence of a periodic semiflow is equivalent
to that of its associated Poincaré map. Thus, one can use the theory of uniform
persistence for discrete-time semiflows to obtain the uniform persistence for a peri-
odic and time-delayed system. In 2005, Xu and Zhao [147] considered the following
periodic system of competing mature populations

ﬂi(t) = ui(t - Ti)Fi(t,’UJi(t - Tz)) - Ui(t)Gi(t, Ul(t), AP ,um(t))

(3.17)

= fi(t,ul(t), e ,um(t),ui(t — Ti)), 1 é 7 S m,
where the continuous function f;(f,u1,...,um,v;) is T-periodic in ¢, and Lips-
chitzian in (uq,...,um,v;) in any bounded subset of RT‘H, 1 <i<m. By ap-

pealing to theories of monotone dynamical systems, periodic semiflows and uniform
persistence, they analyzed the evolutionary behavior of this system and established
sufficient conditions for competitive coexistence and exclusion.

4. Conclusions

We intended to give a short survey of some existing studies on periodic systems
of delay differential equations. In principle, all general results of periodic processes
and maps on infinite dimensional spaces can be used to study the qualitative theory
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of periodic systems of delay differential equations. Thus, our choice of topics has to
be limited to those addressing the interaction of delay and periodicity. Faced with
the wide number of results connected with delay systems with periodic coefficients,
we hope that this overview has provided some enlightenment to the matter. Despite
significant progress in theories for such systems, there are still many questions that
need to be discussed for more general cases. Some open questions that come to
mind are, for example, explicit stability threshold for general linear delay equations
with periodic coefficients, the influence of the periodicity of the coefficients on the
intrinsic oscillations of the equations such as those caused by the time delay. Which
mechanisms are dominating for specific oscillation and how delay and periodicity
interact to generate complicated behaviors remain challenging questions too. Fur-
thermore, spreading speeds and persistence theories has received little attention in
the literature. Although some progress known recently for relating theory to appli-
cation (such as establishing relationship between the basic reproduction number R
and the spectral radius of the generation evolution operator and/or the Malthusian
parameter), there is still a great challenge to link general analytic results to specific
systems arising from important applications.

Delay equations with periodic coefficients are widely considered in epidemiology,
ecology, seasonal migration and engineering, however applications in economics and
biology (especially in-host modeling for infectious diseases and cell biology) are
lacking. Finally, it is possible to argue that it is essential or at least interesting
to include stochastic effects, threshold delays and age structures in biological delay
models with periodic parameters. Overall, many challenges are thus opening the
way to the new generations of interdisciplinary researchers.

Acknowledgements

First of all, I want to express my gratitude towards all people who have contributed
to shape periodic differential equations with delay theory and modeling as we know
it today. Among them, I would like to express my appreciation to Jianhong Wu
who proposed the idea of writing this survey and with whom I had an exciting time
developing several parts of this survey. I would also like to acknowledge and offer
special thanks to Xiaoqgiang Zhao and Nicolas Bacaér who have proofread from the
manuscript and helped me improve the content and exposition locally. Finally, I
am grateful to the anonymous referees for their valuable feedback and suggestions
to improve the quality of the manuscript.

References

[1] R. Agarwal, M. Bohner, A. Domoshnitsky and Y. Goltser, Floguet theory and
stability of nonlinear integro-differential equations, Acta. Math. Hungar, 2005,
109(4), 305-330.

[2] L. K. Andersen and M. C. Mackey, Resonance in periodic chemotherapy: A
case study of acute myelogenous leukemia, J. Theor. Biol., 2001, 209, 113-130.

[3] S. A. Avdonin and O. P. Germanovich, The basis property of a family of Floquet
solutions of a linear periodic equation of neutral type in a Hilbert space, Siberian
Math. J., 1995, 36, 853—-858.



322

R. Qesmi

[4]

[5]
[6]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

N. Bacaér , Approzimation of the basic reproduction number Ry for vectorborne
diseases with a periodic vector population, Bull. Math. Biol., 2007, 69, 1067—
1091.

N. Bacaér and E. H. Ait Dads, Genealogy with seasonality, the basic reproduc-
tion number, and the influenza pandemic, J. Math. Biol., 2011, 62(5), 741-762.

N. Bacaér and E. H. Ait Dads, On the biological interpretation of a definition
for the parameter Ry in periodic population models, J. Math. Biol., 2012, 65(4),
601-621.

N. Bacaér and S. Guernaoui, The epidemic threshold of vector-borne diseases
with seasonality, J. Math. Biol., 2006, 53, 421 436.

N. Bacaér and R. Ouifki, Growth rate and basic reproduction number for pop-
ulationmodels with a simple periodic factor, Math. Biosci., 2007, 210, 647—-658.

D. Bachrathy and G. Stepan, Improved Prediction of Stability Lobes with Ezx-
tended Multi Frequency Solution, CIRP Annals— Manufact. Tech., 2013, 62(1),
411-414.

M. Bardi, An equation of growth of a single species with realistic dependence
on crowding and seasonal factors, J. Math. Biol., 1983, 17, 33-43.

M. Bardi and A. Schiaffino, Asymptotic behavior of positive solutions of periodic
delay logistic equations, J. Math. Biol., 1982, 14, 95-100.

P. V. Bayly, J. E. Halley, B. P. Mann and M. A. Davies, Stability of interrupted
cutting by temporal finite element analysis, Proc. of the ASME Design Eng.
Tech. Conf., 2001, 6C, 2361-2370.

P. V. Bayly, J. E. Halley, B. P. Mann and M. A. Davies, Stability of interrupted
cutting by temporal finite element analysis, J. of Manuf. Sci. and Eng., 2003,
125(2), 220-225.

R. Bellman and K. L. Cooke, Differ. Differ. Eqns., Academic Press, New York,
1963.

L. Berezansky and L. Idels, Periodic Fox Harvesting Models with Delay, App.
Math. Comp., 2008, 195(1), 142-153.

S. Bernard, B. Cajavec Bernard, F. Levi and H. Herzel, Tumor growth rate
determines the timing of optimal chronomodulated treatment schedules, PLoS
Comp. Biol., 2010, 6(3): €1000712.

R. Boucekkinea, F. del Rio and O. Licandroc, FEndogenous vs Ezxogenously
Driven Fluctuations in Vintage Capital Models, J. Econ. Theo., 1999, 88(1),
161-187.

L. Bourouiba, S. Gourley, R. Liu and J. Wu, The interaction of migratory
birds and domestic poultry, and its role in sustaining avian influenza, STAM J.
Appl. Math., 2011, 71, 487-516 .

L. Bourouiba, J. Wu, S. H. Newman, J. Y. Takekawa, T. Natdorj, N. Batbayar,
C. M. Bishop, L. A. Hawkes, P. J. Butler and M. Wikelski, Spatial dynamics
of bar-headed geese migration in the context of H5N1, J. Roy. Soc. Interface,
2010, 7(52), 1627-1639.

N. F. Britton, Spatial Structures and Periodic Travelling Waves in an Integro-
Differential Reaction-Diffusion Population Model, STAM J. Appl. Math., 1990,
50(6), 1663-1688.



A short survey on delay differential systems with periodic coefficients 323

[21]

[34]

[35]

E. Bueler, Error Bounds for Approximate Eigenvalues of Periodic-Coefficient
Linear Delay Differential Equations, STAM J. Numer. Anal., 2007, 45(6), 2510—
2536.

S. Busenberg and K. L. Cooke, 2007 Periodic solutions of a periodic nonlinear
delay differential equation, SIAM J. Appl. Math., 1978, 35, 704-721.

E. A. Butcher and O. A. Bobrenkov, On the Chebyshev spectral continuous time
approzimation for constant and periodic delay differential equations, Commun
Nonl. Sci. Numer. Simulat., 2011, 16, 1541-1554.

E. A. Butcher, H. T. Ma, E. Bueler, V. Averina and Z. Szabo, Stability of linear
time periodic delay-differential equations via Chebyshev polynomials, Inter. J.
Num. . Engineer, 2004, 59(59), 895-922.

Y. Chen and J. Wu, Dynamics of scalar linear periodic delay-diffrential equa-
tions. In: Innite dimensional dynamical systems, Fields Inst. Commun. 64 .
Springer, New York, 2013, 269-278.

D.S. Cohen, S. Rosenblat, A delay logistic equation with variable growth rate,
STIAM J. Appl. Math., 1982, 42, 608-624.

C. E. Elme and E. S. van Vleck, Traveling wave solutions for bistable
differential-difference equations with periodic diffusion, SIAM J. Appl. Math.,
2001, 61(5), 1648-1679.

K. L. Cooke, Functional differential systems: Some models and perturbation
problems, Inter. Sympos. Diff. Eqns. in Dynamic Systs., Academic Press, New
York, 1965, 167-183.

K. L. Cooke and J. L. Kaplan, A periodicity threshold theorem for epidemics
and population growth, Math. Biosc., 1976, 31, 87-104.

J. M. Cushing, Integro-differential equations and delay models in population
dynamics, Lect. Notes in Biomath. 20, Springer-Verlag, Heidelberg, 1977.

F. A. Davidson and S. A. Gourley, The effects of temporal delays in a model for
a food-limited diffusing population, J. Math. Anal. Appl., 2001, 261, 633-648.

V. Deshmukh, H-T. Ma, E. A Butcher and E. Bueler, Dimensional reduction of
nonlinear delay differential equations with periodic coefficients using Chebyshev
spectral collocation, Nonl. Dyn., 2008, 52, 137-149.

V. Deshmukh, H-T. Ma and E. A. Butcher, Optimal control of parametrically
excited linear delay differential systems via Chebyshev polynomials, Proceedings
of the 2003 American Control Conference, 2003, 6, 4—6.

O. Diekmann , J. A. P. Heesterbeek and J. A. J. Metz, On the definition
and the computation of the basic reproduction ratio Ry in models for infectious
diseases in heterogeneous populations, J. Math. Biol, 1990, 28, 365-382.

O. Diekmann, S. A. Van Gils, S. M. Verduyn Lunel and H. O. Walther, Delay
Equations. Functional-, Complex-, and Nonlinear Analysis, Appl. Math. Sci.
110 Springer-Verlag, New York, 1995.

K. Dietz , D. Schenzle, Mathematical models for infectious disease statistics,
In a Celebration of Statistics. The ISI Centenary Volume, AC Atkinson, SE
Fienberg (eds). Springer Berlin, 1985.



324

R. Qesmi

[37]

[38]
[39]

[40]

[41]

[42]

[43]

[44]

N. M. Dixit and A. S. Perelson, Complex patterns of viral load decay under
antiretroviral therapy: influence of pharmacokineticsand intracellular delay, J.
Theo. Biol., 2004, 226(1), 95-109.

A. Domoshnitsky, On stability of nonautonomous integro-differential equation-
s, Proc. Equadiff (Hasselt, Belgium, 2003), 2003, 1059-1064.

A. Domoshnitsky and Y. Goltser, Approach to study of bifurcatios and stability
of integro-differential equations, Math. Comp. Modell., 2002, 36, 663—-678.

Y. F. Dolgii, Application of self-adjoint boundary value problems to investiga-
tion of stability of periodic delay systems, Proc. Steklov Inst. Math. 255 Suppl.,
2006, 2, 16-25.

R. Driver, Existence theory for a delay differential system, Cont. D. Eqns.,
1963, 1, 317-336.

L. H. Erbe, W. Krawcewicz and J. Wu, Leray-Schauder degree for semilin-
ear Fredholm maps and periodic boundary value problems of neutral equations,
Nonl. Anal. TMA, 1990, 15, 747-764.

T. Faria, Normal forms for periodic retarded functional differential equations,
Proc. Roy. Soc. Eidinburgh, 1997, 127(A), 21-16.

T. Faria, Periodic solutions for a mon-monotone family of delayed differen-
tial equations with applications to Nicholson systems, Journal of Differential
Equations, 2017, 263(1), 509-533.

W. Feng and X. Lu, Asymptotic periodicity in diffusive logistic equations with
discrete delays, Nonl. Anal., 1996, 26, 171-178.

W. Feng, X. Lu, On diffusive population models with toxicants and time delays,
J. Math. Anal. Appl., 1999, 233, 373-386.

N.J. Ford and P.M. Lumb, Theory and numerics for multi-term periodic delay
differential equations: small solutions and their detection, Elec. Trans. Num.
Anal., 2007, 26, 474-483.

H. I. Freedman and J. Wu, Periodic solutions of single-species models with
periodic delay, STAM J. Math. Anal., 1992, 23, 689-701.

S. D. Fretwell, Populations in a seasonal environment, Princeton Univ. Press,
Princeton, NJ, 1972.

F. Gao, S. Lu and M. Yao, Periodic solutions for Linard type equation with
time-variable coefficient, Adv. Diff. Eqns., 2015, 125, 1-9.

K. Gopalsamy, M. R. S. Kulenovic and G. Ladas, Environmental periodicity
and time delays in a “food-limited” population model, J. Math. Anal. Appl.,
1990, 147, 545-555.

S. A. Gourley, R. Liu, and J. Wu, Spatiotemporal distributions of migratory
birds: Patchy models with delay, STAM J. Appl. Dyn. Syst., 2010, 9, 589-610.

W. S. Gurney, S. P. Blythe and R. M. Nisbet, Nicholson’s blowflies (revisited),
Nature, 1980, 287, 17-21.

M. T. Hagan, H. B. Demuth and M. Beale, Neural network design, PWS:
Boston, 1996.

W. Hahn, On difference differential equations with periodic coefficients, J.
Math. Anal. Appl., 1961, 3, 70-101.



A short survey on delay differential systems with periodic coefficients 325

[56]
[57]
[58]
[59]
[60]
[61]

[62]

[63]
[64]

[65]

[66]
[67]
[68]
[69]
[70]
[71]

[72]

A. Halanay, Stability theory of linear periodic systems with delay, Revue Math.
Pures Appl., 1961, 6, 633-653 (in Russian).

S. Halanay, Differential equations: stability, Oscillations, Time Lags. Academ-
ic, New York, 1966.

J. K. Hale, Linear functional-differential equations with constant coefficients,
Contrib. Diff. Eqns., 1963, 2, 291-317.

J. K. Hale and S. M. Verduyn Lunel, Introduction to functional differential
equations, Springer-Verlag New York , 1993.

J. K. Hale and J. L. Mawhin, Coincidence degree and periodic solutions of
neutral equations, J. Diff. Eqns., 1974, 15, 295-307.

J. K. Hale and M. Weedermann, On perturbations of delay-differential equations
with periodic orbits, J. Diff. Eqns., 2004, 197, 219-246.

F. Hartung, T. Insperger , G. Stepan and J. Turi, Approzimate stability charts
for milling processes using semi-discretization, Appl. Math. Comp., 2006, 174,
51-73.

J. A. P. Heesterbeek, M. G. Roberts, Threshold quantities for helminth infec-
tions, J. Math. Biol., 1995, 33(a), 415-434.

J. A. P. Heesterbeek and M. G. Roberts, Threshold quantities for infectious
diseases in periodic environments, J. Biol. Syst., 1995, 3(3), 779-787.

Q. Huang, Necessary and sufficient conditions for the oscillation of a class of
differential difference equations with sign-variable periodic coefficients, Kexue
Tongbao, 1988, 33, 156.

Q. Huang and S. Chen, Oscillations of neutral differential equations with peri-
odic coefficients, Proc. Amer. Math. Soc., 1990, 110(4), 997-1001.

V. Hutson and K. Schmitt, Permanance and dynamics of biological systems,
Math. Biosci., 1992, 111, 1-71.

H. Inaba, On a new perspective of the basic reproduction number in heteroge-
neous environments, J. Math. Biol., 2012, 65(2), 309-48.

H. Inaba, The Malthusian parameter and Ry for heterogeneous populations in
periodic environments, J. Math. Biosc&Engin, 2012, 9(b), 313-346.

T. Insperger and G. Stepan, Remote control of periodic robot motion, Proc. of
the 13th CISM-IFTOMM Sympos. Zakopane, Poland, 2000.

T. Insperger and G. Stepan, Semi-discretization method for delayed systems,
Intern. J. Num. Meth. Engin., 2002, 5, 503-518.

T. Insperger and G. Stepan, Updated semi-discretization method for periodic
delay-differential equations with discrete delay, Intern. J. Num. Meth. Engin.,
2004, 61, 117-141.

T. Insperger, B. P. Mann, G. Stepan and P. V. Bayly, Stability of up-milling
and down-milling, Partl: Alternative analytical methods, Int. J. Machine Tools
Manufact., 2003, 43(1), 25-34.

M. H. Jiang, Y. Shen, and X. X. Liao, Global stability of periodic solution for
bidirectional associative memory neural netwroks with varying-time delay, App.
Math. Comp., 2006, 182, 509-520.



326

R. Qesmi

[75]

[76]

[80]

[87]
[83]

[89)]

Y. Jin and X. Q. Zhao, Spatial dynamics of a monlocal periodic reaction-
diffusion model with stage structure, SITAM J. Math. Anal., 2009, 40(6), 2496—
2516.

W. Just, On the eigenvalue spectrum for time-delayed Floquet problems, Phys.
D, 2000, 142, 153-165.

G. Karakostas, The effect of seasonal variations to the delay population equa-
tion, Nonl. Anal. TMA, 1982, 6, 1143-1154.

F. A. Khasawneh and B. P. Mann, A spectral element approach for the stability
analysis of time-periodic delay equations with multiple delays,Commun Nonl.
Sci. Numer. Simul., 2013, 18(21), 29-2141.

I. G. E. Kordonis and Ch. G. Philos, Oscillation and nonoscillation in delay or
advanced differential equations and in integro-differential equations, Georgian
Math. J., 1999, 6, 263.

Y. Kuang and B. Tang, Uniform persistence in nonautonomous delay differ-
ential Kolomogorov-type population models, Rocky Mountain J. Math., 1993,
24(1), 165-186.

G. Ladas, Ch. G. Philos and Y. G. Sficas, Oscillations in neutral equations
with periodic coefficients, Proc. Amer. Math. Soc., 1991, 113(1), 123-134.

G. Ladas, Y. G. Sficas and I. P. Stavroulakis, Nonoscillatory functional differ-
ential equations, Pacific J. Math., 1984, 115, 391-398.

D. Lehotzky, T. Insperger and G. Stepan, Fxtension of the spectral element
method for stability analysis of time-periodic delay-differential equations with
multiple and distributed delays, Nonl. Sci. Numer. Simul., 2016, 35, 177-189.

Y. Li and Y. Kuang, Periodic solutions of periodic delay Lotka-Volterra equa-
tions and systems, J. Math. Anal. Appl., 2001, 255, 260—280.

Y. Li and Y. Kuang, Periodic solutions in periodic state-dependent delay equa-
tions and population models, Proc. Amer. Math. Soc., 2001, 130(5), 1345-1353.

Y. Li, Ezistence and global attractivity of a positive periodic solution of a class
of delay differential equation, Science in China Series A: Math., 1998, 3(41),
273-284.

Y. Li and G. Xu, On a periodic prey-predator system with infinite delays, Appl.
Math. J. Chinese Univ. Ser. B, 2000, 15, 267-272.

X. Liang, Y. Yi, and X. Q. Zhao, Spreading speeds and traveling waves for
periodic evolution systems, J. Diff. Equs, 2006, 231(1), 57-77.

X. Liang and X. Q. Zhao, Asymptotic speeds of spread and traveling waves
for monotone semiflows with applications, Comm. Pure Appl. Math., 2007, 40,
1-40.

Z. Liu, and L. Liao, Fxistence and global exponential stability of periodic solu-
tion of cellular neural networks with time-varying delays, J. Math. Anal. Appl.,
2004, 290, 247-262.

W. P. London and J. A. Yorke, Recurrent outbreaks of measles, chickenpox
and mumps. I. Seasonal variation in contact rates, Amer. J. Epidemiol., 1973,
98(6), 453468 .



A short survey on delay differential systems with periodic coefficients 327

[92] X. H. Long, B. Balachandran and B. P. Mann, Dynamics of milling processes
with variable time delays, Nonl. Dyn., 2007, 47, 49-63.

[93] O. Lopes, Forced oscillations in nonlinear neutral differential equations, SIAM
J. Appl. Math., 1975, 29, 196.

[94] Y. Lou and X. Q. Zhao, Threshold dynamics in a time-delayed periodic SIS
epidemic model, Disc. Cont. Dyn. Syst. (Ser. B), 2009, 12, 169-186.

[95] Y. Lou and X. Q. Zhao, A climate-based malaria transmission model with
structured vector population, STAM J. Appl. Math, 2010, 70, 2023-2044.

[96] X. Lu and W. Feng, Periodic solution and oscillation in a competition model
with diffusion and distributed delay effects, Nonl. Anal., 1996, 27, 699-709.

[97] M. C. Mackey and L. Glass, Oscillation and chaos in physiological control
system, Science, 1977, 197, 287-289.

[98] J. Mallet-Paret and G. R. Sell, Systems of differential delay equations: Floguet
multipliers and discrete Lyapunov functions, J. Diff. Eqns., 1996, 125, 385-440.

[99] B.P. Mann, P. V. Bayly, M. A. Davies and J. E. Halley, Limit cycles, bifurca-
tions, and accuracy of the milling process, J. Sound Vib, 2004, 277, 31-48.

[100] I. Minis and R. Yanushevsky, A new theoretical approach for the prediction of
machine tool chatter in milling, ASME J. of Eng. Ind., 1993, 115, 1-8.

[101] K. Nah and G. Rést, Stability threshold for scalar linear periodic delay differ-
ential equations, Canad. Math. Bull. Vol., 2016, 59(4), 849-857.

[102] A. J. Nicholson, The self-adjustment of populations to change, Cold Spring
Harbor Sympos. on Quant. Biol., 1957, 22, 153-173.

[103] R. M. Nisbet and W. S. C. Gurney, Population dynamics in a periodically
varying environment, J. Theor. Biol., 1976, 56, 459-475.

[104] R. D. Nussbaum, Periodic solutions of some integral equations from the theory
of epidemics. In: V. Lakshmikantham (ed.), Nonl. Syst. Appl. Academic Press,
New York, 1977, 235-257.

[105] R. D. Nussbaum, A periodicity threshold theorem for some nonlinear integral
equations, STAM J. Math. Anal., 1978, 9, 356-376.

[106] Y. H. Pang and P. Y. Wang, Time periodic solutions of the diffusive Nicholson
blowflies equation with delay, Nonl. Anal.: RWA, 2015, 22, 44-53.

[107] C. V. Pao, Stability and attractivity of periodic solutions of parabolic systems
with time delays, J. Math. Anal. Appl., 2005, 304, 423—-450.

[108] C. Perello, Periodic solutions of differential equations with time lag containing
a small parameter, J. Diff. Eqns., 1968, 4, 160-175.

[109] C. G. Philos, Oscillation for first order linear delay differential equations with
variable coefficients, Funkcialaj Ekvacioj, 1992, 35, 307-319.

[110] R. Qesmi, Oscillations in a class of differential equations with time-dependent
delay, Submitted.

[111] R. Qesmi and M. L. Hbid, Periodic solutions for functional differential equa-
tions with periodic delay close to zero, Elec. J. Diff. Eqns, 2006, 141, 1-12.

[112] R. Qesmi and M. L. Hbid, The effect of oscillations in the dynamics of dif-
ferential equations with delay, J. Math. Anal. Appl., 2007, 335(1), 543-559.



328 R. Qesmi

[113] G. Rosen, Time delays produced by essential nonlinearity in population growth
models, Bull. Math. Biol., 1987, 28, 253-256.

[114] G. Rost, Neimark-Sacker bifurcation for periodic delay differential equations,
J. Nonl. Anal., 2005, 60, 1025-1044.

[115] G. Rést, Bifurcation for periodic delay differential equations at points of 1:/
resonance, Func. Diff. Eqns., 2006, 13, 585-602.

[116] S. Ruan, Delay differential equations in single species dynamics, In: Arino
O, Hbid M.L., and Ait D.E. (eds) Delay differential equations and applications,
Springer, Berlin Heidelberg New York, 2006, 477-518.

[117] S. H. Saker and S. Agarwal, Oscillation and global attractivity in a nonlinear
delay periodic model of respiratory dynamics, Computers Math. Appl., 2002,
44, 623-632.

[118] S. Saker and S. Agarwal, Oscillation and global attractivity in a periodic
Nicholson’s blowflies model, Math. Comput. Modell., 2002, 35, 719-731.

[119] D. Schely and S. A. Gourley, Linear stability criteria for population models
with periodic perturbed delays, J. Math. Biol., 2000, 40, 500-524.

[120] S. N. Shimanov, On the theory of linear differential equations with periodic
coefficients and time lag, Prikl. Mat. 1Meh., 1963, 27, 450-458 [English transl.:
J. Appl. Math. Meek., 1963, 27, 674-687].

[121] E. Schmitt, Uber eine Klasse linearer funktionaler differential-gleichungen,
Math. Ann., 1911, 70, 499-524.

[122] J. Sieber and R. Szalai, Characteristic matrices for linear periodic delay dif-
ferential equations, STAM J. App. Dyn. Sys., 2011, 10(1), 129-147.

[123] H. C. Simpson, Stability of periodic solutions of nonlinear integro-differential
systems, STAM J. Appl. Math., 1980, 38, 341-363.

[124] A. L. Skubachevskii and H. O. Walther, On Floquet multipliers for slow-
ly oscillating periodic solutions of nonlinear functional differential equations
(Russian), Tr. Mosk. Mat. Obs., 2003, 64, 3-53.

[125] A. L. Skubachevskii and H. O. Walther, On the Flogquet multipliers of periodic
solutions to non-linear functional differential equations, J. Dyn. Diff. Eqns.,
2006, 18(2), 257-355.

[126] H. L. Smith, On periodic solutions of a delay integral equation modelling epi-
demics, J. Math. Biol., 1977, 4, 69-80.

[127) H. L. Smith, Monotone semiflows generated by functional differential equa-
tions, J. Diff. Eqns., 1987, 66, 420-442.

[128] A. Stokes, A Floquet theory for functional differential equations, Proc. Nad.
Acad. Sci. U. S.; 1962, 48, 1330-1334.

[129] R. Szalai, G. Stepan, Period doubling bifurcation and center manifold reduc-
tion in a time-periodic and time-delayed model of machining, J. Vibr. Cont.,
2010, 16, 1169-1187.

[130] R. Szalai, G. Stepan and S. J. Hogan, Continuation of bifurcations in periodic
delay differential equations using characteristic matrices, STAM J. Sci. Comp.,
2006, 28(4), 1301-1317.



A short survey on delay differential systems with periodic coefficients 329

[131] S. Tanaka, Oscillation of solutions of first-order neutral differential equations,
Hiroshima Math. J., 2002, 32, 79-85.

[132] X. Tang, D. Cao and X. Zou, Global attractivity of positive periodic solution
to periodic Lotka—Volterra competition systems with pure delay, J. Diff. Eqns.,
2006, 228, 580-610.

[133] B. Tang and Y. Kuang, FEmistence, Uniqueness and Asymptotic Stability of
Periodic Solutions of Periodic Functional Differential Systems, Tohoku Math.
J., 1997, 49, 217-239.

[134] H. R. Thieme, Persistence under relazed point-dissipativity: with application
to an endemic model, SIAM J. Math Anal., 1993, 24, 407-435.

[135] H. R. Thieme, Uniform persistence and permanence for non-autonomous
semiflows in population biology, Math. Biosc., 2000, 166(2), 173-201.

[136) H. R. Thieme, Spectral bound and reproduction number for infinite-
dimensional population structure and time heterogeneity, SIAM. J. Appl.
Math., 2009, 70(1), 188—-211.

[137] S. T. Trickey, L. N. Virgin and E. H. Dowell, The stability of limit-cycle oscil-
lations in a nonlinear aeroelastic system, Proc. Roy. Soc. A, 2002, 458(2025),
2203-2226.

[138] D. J. Tweten, G. M. Lipp, F. A. Khasawneh and B. P. Mann, On the com-
parison of semi-analytical methods for the stability analysis of delay differential
equations, J. Sound Vib., 2012, 331(17), 4057-71.

[139] C. Wang, Existence and stability of periodic solutions for parabolic systems
with time delays, J. Math. Anal. Appl., 2008, 339, 1354-1361.

[140] J. Wang, L. Zhou and Y. Tang, Asymptotic periodicity of a food-limited d-
iffusive population model with time-delay, J. Math. Anal. Appl., 2006, 313,
381-399.

[141] X. S. Wang and J. Wu, Seasonal migration dynamics: periodicity, transition
delay, and finite dimensional reduction, Proc. Roy. Soc. Lond. Ser. A Math.
Phys. Eng. Sci., 2012, 468(2139), 634-650.

[142] X. S. Wang and J. Wu, periodic systems of delay differential equations and
avian influenza dynamics, J. Math. Sci., 2014, 201(5), 693-704.

[143] Y. Wang and J. Yin, Periodic solutions of a class of degenerate parabolic
system with delays, J. Math. Anal. Appl., 2011, 380, 57-68.

[144] W. Wang and X. Q. Zhao, Threshold dynamics for compartmental epidemic
models in periodic environments, J. Dyn. Differ. Eqns., 2008, 20, 699-717.

[145] G. F. Webb, Theory of nonlinear age-dependent population dynamics, Marcel
Dekker: New York, 1985.

[146] X. Wu, F. M. G. Magpantay, J. Wu and X. Zou, Stage-structured population
systems with temporally periodic delay, Math. Methods Appl. Sci., 2015, 38(16),
3464-3481.

[147) D. Xu and X. Q. Zhao, Dynamics in a periodic competitive model with stage
structure, J. Math. Anal. Appl, 2005, 311, 417-438.

[148] Y. Yang, R. Zhang, J. Yin and C. Jin, Fzistence of time periodic solutions
for the Nicholson’s blowflies model with Newtonian diffusion, Math. Methods
Appl. Sci., 2010, 33, 922-934.



330 R. Qesmi

[149] A. Yilmaz, E. AL-Regib and J. Ni, Machine tool chatter suppression by multi-
level random spindle speed variation, ASME J. of Manuf. Sci. Engin., 2002, 124,
208-216.

[150] T. Zhang, J. Liu and Z. Teng, A non-autonomous epidemic model with time
delay and vaccination, Math. Methods Appl. Sci., 2010, 33, 1-11.

[151] M. X. Zhao and D. Balachandran, Dynamics and stability of milling process,
Inter. J. Solids Structs., 2001, 38, 2233-2248.

[152] X. Q. Zhao, Uniform persistence and periodic coexistence states in infinite-
dimensional periodic semiflows with applications, Canad. Appl. Math. Quart,
1995, 3, 473-495.

[153] X. Q. Zhao, Dynamical Systems in Population Biology, Springer-Verlag, New
York, 2003.

[154] X. Q. Zhao, Permanence implies the existence of interior periodic solutions
for FDEs, Qual. Theo. Differ. Eqns. Appl, 2008, 2, 125-137.

[155] X. Q. Zhao, Basic reproduction ratios for periodic compartmental models with
time delay, J. Dyn. Diff. Eqns., 2015, 1-16.

[156] Q. Zhou, J. Sun and G. Chen, Global exponential stability and periodic os-
cillations of reaction-diffusion BAM neural networks with periodic coefficients
and general delays, Inter. J. Bif. Chaos, 2007, 17, 129-142.

[157) A. M. Zver’kin, Series expansion of solutions of linear differential-difference
equations, Proc. of Workshop on the Theory of Differential Equations with
Deviated Argument in Russian, 1967, 4, 3-50.



	Introduction
	Modeling 
	Epidemiology 
	Ecology
	Seasonal migration and avian influenza
	Biology
	Engineering
	Economics
	Models with periodically time-varying delays 

	Theory
	Floquet theory and stability
	Bifurcation theory
	Oscillations and periodic solutions
	Spreading speeds 
	Persistence

	Conclusions
	References

