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Preface

This book groups material that was used for the Marrakech 2002
School on Delay Differential Equations and Applications. The school
was held from September 9-21 2002 at the Semlalia College of Sciences
of the Cadi Ayyad University, Marrakech, Morocco. 47 participants and
15 instructors originating from 21 countries attended the school. Finan-
cial limitations only allowed support for part of the people from Africa
and Asia who had expressed their interest in the school and had hoped to
come. The school was supported by financements from NATO-ASI (Nato
advanced School), the International Centre of Pure and Applied Mathe-
matics (CIMPA, Nice, France) and Cadi Ayyad University. The activity
of the school consisted in courses, plenary lectures (3) and communica-
tions (9), from Monday through Friday, 8.30 am to 6.30 pm. Courses
were divided into units of 45mn duration, taught by block of two units,
with a short 5mn break between two units within a block, and a 25mn
break between two blocks. The school was intended for mathematicians
willing to acquire some familiarity with delay differential equations or
enhance their knowledge on this subject. The aim was indeed to extend
the basic set of knowledge, including ordinary differential equations and
semilinear evolution equations, such as for example the diffusion-reaction
equations arising in morphogenesis or the Belouzov-Zhabotinsky chem-
ical reaction, and the classic approach for the resolution of these equa-
tions by perturbation, to equations having in addition terms involving
past values of the solution. In order to achieve this goal, a training
programme was devised that may be summarized by the following three
keywords: the Cauchy problem, the variation of constants formula, local
study of equilibria. This defines the general method for the resolution of
semilinear evolution equations, such as the diffusion-reaction equation,
adapted to delay differential equations. The delay introduces specific
differences and difficulties which are taken into account in the progres-
sion of the course, the first week having been devoted to “ordinary”
delay differential equations, such equations where the only independent
variable is the time variable; in addition, only the finite dimension was

Xvii



xviii DELAY DIFFERENTIAL EQUATIONS

considered. During the second week, attention was focused on “ordi-
nary” delay differential equations in infinite dimensional vector spaces,
as well as on partial differential equations with delay. Aside the training
on the basic theory of delay differential equations, the course by John
Mallet-Paret during the first week discussed very recent results moti-
vated by the problem of determining wave fronts in lattice differential
equations. The problem gives rise to a differential equation with de-
viated arguments (both retarded and advanced), which represents an
entirely new line of research. Also, during the second week, Hans-Otto
Walther presented results regarding existence and description of the at-
tractor of a scalar delay differential equation. Three plenary conferences
usefully extended the contents of the first week courses. The main part
of the courses given in the school are reproduced as lectures notes in
this book. A quick description of the contents the book is given in the
general introduction.

As many events of this nature at that time, this school was under
the scientific supervision of Ovide Arino. He wanted this book to be
published, and did a lot to that effect. He unfortunately passed away
on September 29, 2003. This book is dedicated to him.

J. Arino and M.L. Hbid
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Introduction

M. L. Hbid

This book is devoted to the theory of delay equations and applica-
tions. It consists of four parts, preceded by an overview by Professor
J.K. Hale. The first part concerns some general results on the quanti-
tative aspects of non-linear delay differential equations, by Professor E.
Ait Dads, and a linear theory of delay differential equations (DDE) by
Professor F. Kappel. The second part deals with some qualitative the-
ory of DDE : normal forms, centre manifold and Hopf bifurcation theory
in finite dimension. This part groups the contributions of Professor T.
Faria, Doctor M. Ait Babram and Professor M.L. Hbid. The third part
corresponds to the contributions of Professors O. Arino, E. Sanchez,
T. Faria, M. Adimy and K. Ezzinbi. It is devoted to discussions on
quantitative and qualitative aspects of functionnal differential equations
(FDE) in infinite dimension. The last part contains the contributions of
Professors H.O. Walther, S. Ruan, L. Maniar and J. Arino.

Ait Dads’s contribution deals with a direct method to provide an
existence result; he then derives a number of typical properties of DDE
and their solutions. An example of such exotic properties, discussed
in Ait Dads’s lectures, is the fact that, contrary to the flow associated
with a smooth ordinary differential system of equations, which is a local
diffeomorphism for all times, the semiflow associated with a DDE does
not extend backward in time, degenerates in finite time and can even
vanish in finite time. Many such properties are not yet understood and
would certainly deserve to be thoroughly investigated. The results and
conjectures presented by Ait Dads are classical and are for most of them
taken from a recent monograph by J. Hale and S. Verduyn Lunel on
the subject. Their inclusion in the initiation to DDE proposed by Ait
Dads is mainly intended to allow readers to get some familiarity with
the subject and open their horizons and possibly entice their appetite
for exploring new avenues.

xxiii



xxiv DELAY DIFFERENTIAL EQUATIONS

In his lecture notes, Franz Kappel presents the construction of the ele-
mentary solution of a linear DDE using the Laplace transform. Even if it
is possible to proceed by direct methods, the Laplace transform provides
an explicit expression of the elementary solution, useful in the study of
spectral properties of DDEs. Kappel also dealt with a fundamental is-
sue of the linear theory of delay differential equations, namely, that of
completeness, that is to say, when is the vector space spanned by the
eigenvectors total (dense in the state space)? This issue is tightly con-
nected with another delicate and still open one, the existence of “small”
solutions (solutions which approach zero at infinity faster than any expo-
nential). This course extends the one that Prof. Kappel taught during
the first school on delay differential equations held at the University of
Marrakech in 1995. The very complete and elaborate lecture notes he
provided for the course are in fact an extension of the ones written on
the occasion of the first school. A first application of the linear and
the semi linear theory presented by Ait Dads and Kappel is the study
of bifurcation of equilibria in nonlinear delay differential equations de-
pendent on one or several parameters. The typical framework here is
a DDE defined in an open subset of the state space, rather a family
of such equations dependent upon one parameter, which possesses for
each value of the parameter a known equilibrium (the so-called “trivial
equilibrium”): one studies the stability of the equilibrium and the pos-
sible changes in the linear stability status and how these changes reflect
in the local dynamics of the nonlinear equation. Changes are expected
near values of the parameter for which the equilibrium is a center. The
delay introduces its own problems in that case, and these problems have
given rise to a variety of approaches, dependent on the nature of the
delay and, more recently, on the dimension of the underlying space of
trajectories.

The part undertaken jointly by M.L. Hbid and M. Ait Babram deals
with a panorama of the best known methods, then concentrates on a
method elaborated within the dynamical systems group at the Cadi
Ayyad University, that is, the direct Lyapunov method. This method
consists in looking for a Lyapunov function associated with the ordinary
differential equation obtained by restricting the DDE to a center mani-
fold. The Lyapunov function is determined recursively in the form of a
Taylor expansion. The same issue, in the context of partial differential
equations with delay, was dealt with by T. Faria in her lecture notes.
The method presented by Faria is an extension to this infinite dimen-
sional frame of the well-known method of normal forms. The method
was presented both in the case of a delay differential equation and also
in the case when the equation is the sum of a delay differential equation
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and a diffusion operator. Both Prof. Faria and Dr. Ait Babram discuss
the Bogdanov-Takens and the Hopf bifurcation singularities as exam-
ples, and give a generic scheme to approximate the center manifolds in
both cases of singularies (Hopf, Bogdanov-Takens, Hopf-Hopf, ..).

The lecture notes written by Professor Hans-Otto Walther are com-
posed of two independent parts: the first part deals with the geometry
of the attractor of the dynamical system defined by a scalar delay differ-
ential equation with monotone feedback. Both a negative and a positive
feedback were envisaged by Walther and his coworkers. In collaboration
with Dr. Tibor Krisztin, from the University of Szeged, Hungary, and
Professor Jianhong Wu, Fields Institute, Toronto, Canada, very detailed
global results on the geometric nature of the attractor and the flow along
the attractor were found. These results have been obtained within the
past ten years or so and are presented in a number of articles and mono-
graphs, the last one being more than 200 pages long. The course could
only give a general idea of the general procedure that was followed in
proving those results and was mainly intended to elicit the interest of
participants. The second part of Walther’s lecture notes is devoted to a
presentation of very recent results obtained by Walther in the study of
state-dependent delay differential equations.

The lectures notes by Professors O. Arino, K. Ezzinbi and M. Adimy,
and L. Maniar present approaches along the line of the semigroup theory.
These lectures prolong in the framework of infinite dimension the pre-
sentations made during the first part by Ait Dads and Kappel in the case
of finite dimensions. Altogether, they constitute a state of the art of the
treatment of the Cauchy problem in the frame of linear functional dif-
ferential equations. The equations under investigation range from delay
differential equations defined by a bounded “delay” operator to equa-
tions in which the “delay” operator has a domain which is only part of
a larger space (it may be for example the sum of the Laplace operator
and a bounded operator), to neutral type equations in which the delay
appears also in the time derivative, to infinite delay, both in the au-
tonomous and the non autonomous cases. The methods presented range
from the classical theory of strongly continuous semigroups to extrap-
olation theory, also including the theory of integrated semigroups and
the theory of perturbation by duality. Adimy and Ezzinbi dealt with a
general neutral equation perturbed by the Laplace operator. Arino pre-
sented a theory, elaborated in collaboration with Professor Eva Sanchez,
which extends to infinite dimensions the classical linear theory, as it is
treated in the monograph by Hale and Lunel.

In his lecture notes, S. Ruan provides a thorough review of models
involving delays in ecology, pointing out the significance of the delay.
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Most of his concern is about stability, stability loss and the corresponding
changes in the dynamical features of the problem. The methods used by
Ruan are those developed by Faria and Magalhaes in a series of papers,
which have been extensively described by Faria in her lectures. Dr. J.
Arino discusses the issue of delay in models of epidemics.

Various aspects of the theory of delay differential equations are pre-
sented in this book, including the Cauchy problem, the linear theory in
finite and in infinite dimensions, semilinear equations. Various types of
functional differential equations are considered in addition to the usual
DDE: neutral delay equations, equations with delay dependent upon the
starter, DDE with infinite delay, stochastic DDE, etc. The methods of
resolution covered most of the currently known ones, starting from the
direct method, the semigroup approach, as well as the integrated semi-
group or the so-called sun-star approach. The lecture notes touched a
variety of issues, including the geometry of the attractor, the Hopf and
Bogdanov-Takens singularities. All this however is just a small portion
of the theory of DDE. We might name many subjects which haven’t
been or have just been briefly mentioned in lectures notes: the second
Lyapunov method for the study of stability, the Lyapunov-Razumikin
method briefly alluded to in the introductory lectures by Hale, the theory
of monotone (with respect to an order relation) semi flows for DDE which
plays an important role in applications to ecology (cooperative systems)
was considered only in the scalar case (the equation with positive feed-
back in Walther’s course). The prolific theory of oscillations for DDE
was not even mentioned, nor the DDE with impulses which are an im-
portant example in applications. The Morse decomposition, just briefly
reviewed the “structural stability” approach, of fundamental importance
in applications where it notably justifies robustness of model represen-
tations, a breakthrough accomplished during the 1985-1995 decade by
Mallet-Paret and coworkers is just mentioned in Walther’s course. Delay
differential equations have become a domain too wide for being covered
in just one book.



Chapter 1

HISTORY OF DELAY EQUATIONS

J.K. Hale

Georgia Institute of Techology
Atlanta, USA
hale@math.gatech.edu

Delay differential equations, differential integral equations and func-
tional differential equations have been studied for at least 200 years (see
E. Schmitt (1911) for references and some properties of linear equa-
tions). Some of the early work originated from problems in geometry
and number theory.

At the international conference of mathematicians, Picard (1908) made
the following statement in which he emphasized the importance of the
consideration of hereditary effects in the modeling of physical systems:

Les équations différentielles de la mécanique classique sont telles qu’il
en résulte que le mouvement est déterminé par la simple connaissance
des positions et des vitesses, c’est-a-dire par I’état a un instant donné et
a linstant infiniment voison.

Les états antérieurs n’y intervenant pas, I’hérédité y est un vain mot.
L’application de ces équations ot le passé ne se distingue pas de l’avenir,
ot les mouvements sont de nature réversible, sont donc inapplicables aux
étres vivants.

Nous pouvons réver d’équations fonctionnelles plus compliquées que
les équations classiques parce qu’elles renfermeront en outre des intégrales
prises entre un temps passé treés éloigné et le temps actuel, qui ap-
porteront la part de I’hérédité.

Volterra (1909), (1928) discussed the integrodifferential equations that
model viscoelasticity. In (1931), he wrote a fundamental book on the
role of hereditary effects on models for the interaction of species.

The subject gained much momentum (especially in the Soviet Union)
after 1940 due to the consideration of meaningful models of engineering

1
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systems and control. It is probably true that most engineers were well
aware of the fact that hereditary effects occur in physical systems, but
this effect was often ignored because there was insufficient theory to
discuss such models in detail.

During the last 50 years, the theory of functional differential equations
has been developed extensively and has become part of the vocabulary
of researchers dealing with specific applications such as viscoelasticity,
mechanics, nuclear reactors, distributed networks, heat flow, neural net-
works, combustion, interaction of species, microbiology, learning models,
epidemiology, physiology,as well as many others (see Kolmanovski and
Myshkis (1999)).

Stochastic effects are also being considered but the theory is not as
well developed.

During the 1950’s, there was considerable activity in the subject which
led to important publications by Myshkis (1951), Krasovskii (1959), Bell-
man and Cooke (1963), Halanay (1966). These books give a clear picture
of the subject up to the early 1960’s.

Most research on functional differential equations (FDE) dealt primar-
ily with linear equations and the preservation of stability (or instability)
of equilibria under small nonlinear perturbations when the lineariza-
tion was stable (or unstable). For the linear equations with constant
coefficients, it was natural to use the Laplace transform. This led to ex-
pansions of solutions in terms of the eigenfunctions and the convergence
properties of these expansions.

For the stability of equilibria, it was important to understand the
extent to which one could apply the second method of Lyapunov (1891).
The genesis of the modern theory evolved from the consideration of the
latter problem.

In these lectures, I describe a few problems for which the method of
solution, in my opinion, played a very important role in the modern
analytic and geometric theory of FDE. At the present time, much of the
subject can be considered as well developed as the corresponding one for
ordinary differential equations (ODE). Naturally, the topics chosen are
subjective and another person might have chosen completely different
ones.

It took considerable time to take an idea from ODE and to find the
appropriate way to express this idea in FDE. With our present knowl-
edge of FDE, it is difficult not to wonder why most of the early papers
making connections between these two subjects were not written long
ago. However, the mode of thought on FDE at the time was contrary to
the new approach and sometimes not easily accepted. A new approach
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was necessary to obtain results which were difficult if not impossible to
obtain in the classical way.

We begin the discussion with retarded functional differential equations
(RFDE) with continuous initial data. If » > 0 is a given constant, let
C=C(-r0,R") and,ifz: [-r,a) > R", a>0,letx; € C,t € [0, ),
be defined by z:(0) = z(t +0), § € [-r,0]. If f: C — R™ is a given
function, a retarded FDE (RFDE) is defined by the relation

a'(t) = f(xr) (0.1)

If ¢ € C is given, then a solution (¢, ) of (0.1) with initial value ¢
at t = 0 is a continuous function defined on an interval [—r, «), a > 0,
such that z¢(0) = z(0, ) = ¢(0) for 8 € [—r,0], z(t, v) has a continuous
derivative on (0, «), a right hand derivative at ¢ = 0 and satisfies (0.1)
fort € [0, ).

We remark that the notation in (0.1) is the modern one and essentially
due to Krasovskii (1956), where in (0.1), he would have written f(x(t+
0)) with the understanding that he meant a functional. The notation
above was introduced by Hale (1963).

Results concerning existence, uniqueness and continuation of solu-
tions, as well as the dependence on parameters, are essentially the same
as for ODE with a few additional technicalites due to the infinite dimen-
sional character of the problem. If f is continuous and takes bounded
sets into bounded sets, then there is a solution x(t, ) through ¢ which
exists on a maximal interval [—r, o).

Furthermore, if a, < oo, then the solution becomes unbounded as
t—ag. If fis C*, then z(t,.) is C**1 and x(., ) is C* in ¢ in ([0, ay,).

1. Stability of equilibria and Lyapunov functions

One of the first problems that occurs in differential equations is to
obtain conditions for stability of equilibria. Following Lyapunov, it is
reasonable to make the following definition.

Definition 1 Suppose that 0 is an equilibrium point of (0.1); that is, a

zero of f. The point 0 is said to be stable if, for any € > 0, there is a

d > 0 such that for any p € C with || < §, we have |z(t,¢)| < e for

t > —r. The point 0 is asymptotically stable if it is stable and there is

b > 0 such that || < b implies that |z(t,p)| — 0 ast — oco. The point 0

is said to be a local attractor if there is a neighborhood U of O such that
limdist(z(t,U),0) =0

t—o0

that is, O attracts elements in U uniformly.
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In this definition, notice that the closeness of initial data is taken in C
whereas the closeness of solutions is in R™. This is no restriction since,
if 0 is stable (resp., asymptotically stable), then |z:(., )| < e for ¢ > 0
(resp. |ze(., )| = 0 as t — 00).

As a consequence of the smoothing properties of solutions of (0.1),
one can

use essentially the same proof as for ODE to obtain the following
important result.

Proposition 1 An equilibrium point of (0.1) is asymptotically stable if
and only if it is a local attractor.

For linear retarded equations; that is, f : C — R"™ a continuous linear
functional, there is a solution of the form exp (At) ¢ for some nonzero
n-vector ¢ if and only if A satisfies the characteristic equation

detD(A) =0, A(N) = A — f(exp—A.)I). (1.2)

The numbers A are called the eigenvalues of the linear equation. Equa-
tion (1.2) may have infinitely many solutions, but there can be only a
finite number in any vertical strip in the complex plane. This is a con-
sequence of the analyticity of (1.2) in A and the fact that ReA — —oo if
|A| — 0.

The eigenvalues play an important role in stability of linear systems.
If there is an eigenvalue with positive real part, then the origin is un-
stable. For asymptotic stability, it is necessary and sufficient to have
each A with real part < 0. The verification of this property in a par-
ticular example is far from trivial and much research in the 1940’s and
1950’s was devoted to giving various methods for determining when the
A satisfying (1.2) have real parts < 0 (see Bellman and Cooke (1963) for
detailed references).

If the RFDE is nonlinear, if 0 is an equilibrium with all eigenvalues
with negative real parts (resp.an eigenvalue with a positive real part),
then classical approaches using a variation of constants formula and
Gronwall type inequalities can be used to show that 0 is asymptotically
stable (resp. unstable) for the nonlinear equation (see Bellman and
Cooke (1963)).

If the RFDE is nonlinear and 0 is an equilibrium and the zero solution
of the linear variational equation is not asymptotically stable and there
is no eigenvalue with positive real part, then classical methods give no
information. In this case, it is quite natural to attempt to adapt the well
known methods of Lyapunov to RFDE.

Two independent approaches to this problem were given in the early
1950’s by Razumikhin (1956) and Krasovskii (1956).
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The approach of Razumikhin (1956) was to use Lyapunov functions on
R™. Let us indicate a few details. If V : R® — R is a given continuously
differentiable function and z(t, ) is a solution of (0.1), we can define
V(z(t,¢)) and compute the derivative along the solution evaluated at

P10y as AV (p(0
V(e0)) = X0 ) = ). (1.3

If the RFDE is not an ODE, then the function V ((0)) is not a function
from R™ to R, but is a function from C to R. As a consequence, we
cannot expect that the derivative in (1.3) is negative for all small initial
data .

To use such a method, one must consider a restricted set of initial
data which is relevant for the consideration of stability.

To illustrate how such conditions arise in a natural way, consider the

example
2/ (t) = —ax(t) — bx(t — 1) (1.4)

where a > 0 and b are constants. If we chose V(x) = x2/2, then V is
positive definite from R to R and

Via(a(t,9)) = —az®(t) — ba(t)z(t — ) (1.5)

If we knew that the right hand side of (1.5) were < 0, then we would know
that the zero solution of (1.4) is stable. Of course, this can never be true
for all functions in C in a neighborhood of zero. On the other hand, if 0
is not stable, then there is an € > 0 such that, for any 0 < § < ¢, there
is a function ¢ with norm < § and a time ¢; > 0 such that |z(t1, )| =€
and |z(t+60,¢)| < e for all @ € [-r,0). As a consequence of this remark,
it is only necessary to find conditions on b for which the right hand side
of (1.4) is < 0 for those functions with the property that |p|<|p(0)]. It
is clear that this can be done if |b|<a. Therefore, 0 is stable if |b|<a,
a > 0. The origin is not asymptotically stable if ¢« + b = 0 since 0
is an eigenvalue. We remark that this region in (a,b)-space coincides
with the region for which the origin of (1.4) is stable independent of the
delay. We have seen that it belongs to this region, but to show that it
coincides with this region requires more effort (see, for example, Bellman
and Cooke (1963) or Hale and Lunel (1993)).

In this example, it is possible to show that all eigenvalues have neg-
ative real parts if |b] < a, a > 0. Is it possible to use the Lyapunov
function V(z) = 22/2 to prove this? For asymptotic stability, we must
show that V(¢(0)) < 0 for a class of functions which at least includes
functions with the property that |p| > |¢(0)|. It can be shown that it is
sufficient to have the class satisfy |¢|<p|¢(0)| for some constant p > 1.



6 DELAY DIFFERENTIAL EQUATIONS

Razumikhin (1956) gave general results in the spirit of the above ex-
ample to obtain sufficient conditions for stability and asymptotic stabil-
ity using functions on R™.

Theorem 1 (Razumikhin) Suppose that u,v,w:[0,00) — [0,00) are con-
tinuous nondecreasing functions, u(s),v(s) positive for s > 0, u(0) =
v(0) = 0, v strictly increasing. If there is a continuous function V.R"™ —
R such that u(|z|)<V(z)<v(|z]), z € R", and V((0))< w(|e(0)]), if
V(e(0)<V((0)), 0 € [—r,0], then the point 0 is stable.

In addition, if there is a continuous nondecreasing function p(s) > s for
s > 0 such that

V((0)<w(l(0)]) i V(12(8))<p(V (£(0))), 6 € [=r,0],
then 0 is asymptotically stable.

At about the same time as Razumikhin, Krasovskii (1956) was also
discussing stability of equilibria and wanted to make sure that all of
the results for ODE using Lyapunov functions could be carried over to
RFDE. The idea now seems quite simple, but, at the time, it was not
the way in which FDE were being discussed.

The state space for FDE should be the space Csince this is the amount
of information that is needed to determine a solution of the equation.
This is the observation made by Krasovskii (1956). He was then able to
extend the complete theory of Lyapunov by using functionals V : C' —
R. We state a result on stability.

Theorem 2 . (Krasovskii) Suppose that u,v,w : [0,00) — [0,00) are
continuous nonnegative nondecreasing functions, u(s),v(s) positive for
s >0, u(0) = v(0) = 0. If there is a continuous function V : C — R
such that

u(le(0))<V(p)<v(lgl), ¢ € C,
V(e) = timsups IV (@il ) — V()< = wle(0))
then 0 is stable. If, in addition, w(s) > 0 for s > 0, then 0 is asymptot-
ically stable.
Let us apply the Theorem of Krasovskii to the example (1.4) with

0
V(o) =570+ [ o)

-Tr

where p is a positive constant. A simple computation shows that

V() = —(a— pn)@*(0) — bp(0)p(—r) — up?(—r).
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The right hand side of this equation is a quadratic form in (¢(0), ¢(—7)).
If we find the region in parameter space for which this quadratic form
is nonnegative, then the origin is stable. If it positive definite, then it is
asymptotically stable. The condition for nonnegativeness is a > u > 0,
4(a — p)p > b? and positive definiteness if the inequalities are replaced
by strict inequalities. To obtain the largest region in the (a,b) space
for which these relations are satisfied, we should choose 1 = a/2, which
gives the region of stability as a > |b| and asymptotic stability as a > |b],
which is the same result as before using Razumikhin functions.

For more details, generalizations and examples, see Hale and Lunel
(1993), Kolmanovski and Myshkis (1999).

2. Invariant Sets, Omega-limits and Lyapunov
functionals.

The suggestion made by Krasovskii that one should exploit the fact
that the natural state space for RFDE should be C' opened up the pos-
sibility of obtaining a theory of RFDE which would be as general as
that available for ODE. Following this idea, Shimanov (1959) gave some
interesting results on stability when the linearization has a zero eigen-
value. This could not have been done without working in the phase
space C' and exploiting some properties of linear systems which will be
mentioned later.

I personally had been thinking about delay equations in the 1950’s
and reading the RAND report of Bellman and Danskin (1954). The
methods there did not seem to be appropriate for a general development
of the subject. In 1959, it was a revelation when Lefschetz gave me
a copy of Krasovskii’s book (in Russian). I began to work very hard
to try to obtain interesting results for RFDE on concepts which were
well known to be important for ODE. My first works were devoted to
understanding the neighborhood of an equilibrium point (stable and
unstable manifolds) and to defining invariant sets in a way that could
be useful for applications.

In the present section, it is best to describe invariance since the first
important application was related to stability. For simplicity, let us
suppose that, for every ¢ € C, the solution z(t,¢) through ¢ € C at
t = 0 is defined for all £ > 0. If we define the family of transformations
T(t) : C — C by the relation T'(t)p = x¢(., ), t > 0, then {T'(¢t),t > 0}
is a semigroup on C’; that is
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The smoothness of T'(t)p in ¢ is the same as the smoothness of f and,
for t > r, T(t) is a completely continuous operator since, for each ¢, the
solution x(t, ) is differentiable for ¢ > r.

Definition 2 :The positive orbit v* () through ¢ is the set {T(t)p,t >
0}.

A set A C C is an invariant set for T(t), t >0, if T(t)A= A, t > 0.
The w—1limit set of p € C, denoted by w(yp), is

wlp) = 0 CUYT(T(T)p))-
The w—1limit set of a subset B in C, denoted by w(B), is
w(B)= 1 O (T(7)B)).

Note that a function ¢ € w(yp) if and only if there is a sequence t, —
0o as n — oo such that T'(¢,)p — ¥ as n — oco. A function ¢ € w(B) if
and only if there exist sequences {¢,,n =1,2,...} C B and t, — oo as
n — oo such that T'(t,)p, — ¥ as n — oco. We remark that w(B) may

not be equal to UBw(go). This is easily seen from the ODE 2’ = z — 23,
p€

z e R.

If A is invariant, then, for any ¢ € A, there is a preimage and, thus,
it is possible to define negative orbits through . This is not possible for
all ¢ € C since a solution of (0.1) becomes continuously differentiable
for t > r. Also, there may not be a unique negative orbit through ¢ €
A.

A set A in C attracts a set B in C' if dist(T(t)B,A) — 0 as t — oc.

The following result is consequence of the fact that T'(r) is completely
continuous.

Theorem 3 : If B C C is such that v (B) is bounded, then w(B) is a
indexzcompact invariant set which attracts B under the flow defined by
(0.1) and is connected if B is connected.

The following result is a natural generalization of the classical LaSalle
invariance principle for ODE.

Theorem 4 : (Hale, 1963) Let V' be a continuous scalar function on
C with V(9)<0 for all g € C. If U, = {p € C : V(p)<a}, W, = {p €
Uy : V(g) = 0} and M is the mazimal invariant set in Wy, then, for
any ¢ € U, for which v () is bounded, we have w(p) C M.

If U, is a bounded set, then M = w(U,) is compact invariant and
attracts U, under the flow defined by (0.1). If U, is connected, so is M.
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To the author’s knowledge, these concepts for RFDE were frist intro-
duced in Hale (1963) and were used to give a simple proof of convergence
for the Levin-Nohel equation

0
() = —1/ a(=0)g(x(t + 0))d8 (2.6)

T J_r

where the zeros of g are isolated and
G(z) = / g(s)ds — o0 as |x| — o0
0

a(r)=0,a >0, a< 0,a > 0.

Theorem 5 :. (Levin-Nohel) 1). If a is not a linear function, then, for
any p € C, w(p) is a zero of g.

2). If a is a linear function, then, for any ¢ € C, w(p) is an r-peroidic
orbit in C defined by an r-periodic solution of the ODE

Y +g(y) =0.

We outline the proof of Hale (1963) which is independent of the one
given by Levin and Nohel. However, we will use their clever choice of a
Lyapunov function. If

vier=cteo) -3 [ o[ [ st i,

'

then the derivative of V' along the solutions of (2.6) is given by

. 0 0 0
Vi) = 5000 atelonast =5 [ a0 [ atets)astao.

The hypotheses imply that V(@)SO and vT () is bounded for each ¢ €
C.

To apply the above theorem, we need to investigate the set where

V = 0. To do this, we observe that any solution of (2.6) also must
satisfy the equation

—r —r

0 0 0
(0 +d Oge®) = ~d'0) [ gle@as+ [ a"(-6) [/9 g(w(S))dS] db.

With this relation and the fact that V(p)<0, we see that the largest

invariant set in the set where V' = 0 coincides with those bounded solu-
tions of the equation

y" +g(y) = 0.
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which satisfy the property that

f gy(t+0))do =0, t € R, if d'(r) #0, (2.7)

f g(y(t+0))dd =0, t € R, if a”(s) #0 '
If a is not a linear function, then there is an sg such that a”(sg) # 0 and
there is an interval I, of so such that a”(s) # 0 for s € I,.

Integrating the second order ODE from —s to 0 and using (2.7), we
observe that y is periodic of period s for every s € .I;,. Thus, y is a
constant and w(y) belongs to the set of zeros of g. Since the zeros of ¢
are isolated and w(¢p) is connected, we have the conclusion in part 1 of
the theorem.

If a is a linear functlon then we must be concerned with the solutions
of the ODE for which f g(y(t+0))df = 0. As before, this implies that y/
is periodic of period r and there is a constant k such that y(t) = kt+(a
periodic function of period r). Boundedness of y implies that y(t) is
r-periodic. This shows that w(y) belongs to the set of periodic orbits
generated by r-periodic solutions of the ODE. To prove that the w—limit
set is a single periodic orbit requires an argument using techniques in
ODE which we omit.

3. Delays may cause instability.

In his study of the control of the motion of a ship with movable bal-
last, Minorsky (1941) (see also Minorsky (1962)) made a realistic math-
ematical model which contained a delay (representing the time for the
readjustment of the ballast) and observed that the motion was oscilla-
tory if the delay was too large. An equation was also encountered in
prime number theory by Wright (1955) which had the same property.

It was many years later that S. Jones (1962) gave a procedure for de-
termining the existence of a periodic solution of delay differential equa-
tions which has become a standard tool in this area. I describe this for
the equation of Wright

2'(t) = —ax(t — 1)(1 + x(t)), (3.8)

where o > 0 is a constant.

The equation (3.8) has two equilibria x = 0 and x = —1. The set
C_1 ={p € C:¢(0)=—1} is the translation of a codimension one sub-
space of C' and is invariant under the flow defined by (3.8). Furthermore,
any solution with initial data in C'_; is equal to the constant function
—1 for t > 1. The linear variational equation about x = —1 has only the
eigenvalue a > 0 and is, therefore, unstable.
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The set C_; serves as a natural barrier for the solutions of (3.8). In
fact, if a solution has initial data ¢ for which ¢(0) # —1, then the
solution x(t) # —1 for all ¢ > 0 for which it is defined. In fact, if x(t) is
a solution of (3.8) through a point ¢ € C with ¢(0) # —1, then, for any
to for which x(t9) # —1 and any ¢ > tq,

t—1
14 2(8) = [1+ 2(to)] exp(—a / 2(s)ds} (3.9)
to—1
This proves the assertion.

The sets C_ = {p € C: ¢(0) < =1} and C1 = {p € C : (0) > —1}
are positively invariant under the flow defined by (3.18). If p € C_, it
is not difficult to show that x(¢,p) — —oc as t — oo.

As a consequence of these remarks, we discuss this equation in the
subset Cy of C.

If ¢ € C4, then (3.9) shows that a solution z(¢) cannot become un-
bounded on a finite interval, each solution exists for all £ > 0 and (3.8)
defines a semigroup Ty, (t) : C+ — C4, t > 0, where T, (t) = z(., ). It
also is clear that T,,(t) is a bounded map for each ¢ > 0.

It is possible to show that, for each ¢ € C4, there is a ty(p, @) such
that |To(t)p|<expa—1 for t > ty(p, ). As a consequence of some later
remarks, this implies the existence of the compact global attractor A of
(3.8); that is, A is compact, invariant and attracts bounded sets of C.

Wright (1955) proved that every solution approaches zero as t — 0o
if 0 < o < exp(—1) and this implies that {0} is the compact global
attractor for (3.8). Yorke (1970) extended this result (even for more
general equations) to the interval 0 < a < 3/2.

The eigenvalues of the linearization about zero of (3.8) are the solu-
tions of the equation, A + aexp(—A) = 0. The eigenvalues have negative

real parts for 0 < a < 5 @ pair of purely imaginary eigenvalues for
™

a = — with the remaining ones having negative real parts and, For
2
71' . . . . . .

a > 5 there is a unique pair of eigenvalues with maximal real part > 0.

It is reasonable to conjecture that A = {0} for 0 < a < g, but this has

not been proved. On the other hand, there is the following interesting
result.

Theorem 6 : (Jones (1962)) If o > g, equation (3.8) has a periodic

solution oscillating about O and with the property that the distance be-
tween zeros is greater than the delay.

We indicate the ideas in the original proof of Jones (1962). Numerical
computations suggested that there should be such a solution with simple
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zeros and the distance from a zero to the next maximum (or minimum) is
> the delay. Let K C C be defined as K = Cl{nondecreasing functions
p€C:p(=1)=0,¢(0) >0,0€ (1,0}

Tw(t1)p € K. This defines a Poincaré map P,:p € K maps to
T,(t1)p € K if we define P,0 = 0.

One can show that this map is completely continuous.

A nontrivial fixed point of P, yields a periodic solution of (3.18) with
the properties stated in the above theorem. The main difficulty in the
proof of the theorem is that 0 € K is a fixed point of P, and one wants
a nontrivial fixed point. The point 0 € K is unstable and Jones was able
to use this to show eventually that he could obtain the desired fixed
point from Schauder’s fixed point theorem.

Many refinements have been made of this method using interesting
ejective fixed point theorems (which were discovered because of this
problem) (see Browder (1965), Nussbaum (1974)). In the above problem,
the point 0 is ejective. Grafton (1969) showed that the use of unstable
manifold theory could be of assistance in the verification of ejectivity.
See, for example, Hale and Lunel (1993), Diekmann, van Giles, Lunel
and Walther (1991).

4. Linear autonomous equations and
perturbations.

Prior to Krasovskii, and even after, most researchers discussed linear
autonomous equations and perturbations of such equations by consider-
ing properties of the solution x(¢, ) in R™. Such an approach limits the
extent to which one can obtain many of the interesting properties that
are similar to the ones for ODE.

In the approach of Krasovskii, a linear autonomous equation generates
a CY-semigroup on C which is compact for ¢ > r. Therefore, the spec-
trum is only point spectrum plus possibly 0. The infinitesimal generator
has compact resolvent with only point spectrum. The point spectrum
of the generator determines the point spectrum of the semigroup by ex-
ponentiation. This suggests a decomposition theory into invariant sub-
spaces similar to ones used for ODE. Shimanov (1959) exploited this fact
to discuss the stability of an equilibrium point for a nonlinear equation
for which the linear variational equation had a simple zero eigenvalue
and the remaining ones had negative real parts. The complete theory of
the linear case was developed by Hale (1963) (see also Shimanov (1965)).

Since linear equations are to be discussed in detail in this summer
workshop, we are content to give only an indication of the results with
a few applications.
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Consider the equation
2'(t) = Lay, (4.10)

where L : C — R is a bounded linear operator. Equation (4.10) gener-
ates a CY-semigroup T (t),t > 0, on C which is completely continuous
for t > r. Therefore, the spectrum o(77(t)) consists only of point spec-
trum o, (77,(t)) plus possible zero.

The infinitesimal generator Ay, is easily shown to be given by

D(Ap) ={p € C([-r,0,R") : ¢'(0) = Ly}, Arp=¢'  (4.11)
The operator Ay, has compact resolvent and the spectrum is given
o(Ar) ={X:2(\) =0}, 2(A\) =l — Lexp(A.)I}. (4.12)

In any vertical strip in the complex plane, there are only a finite num-
ber of elements of o(Ar). If A € 0(Ap), then the generalized eigenspace
Myof A is finite dimensional, say of dimension dy. If ¢y = (1, ....... ,0dy)
is a basis for M), then there is a d)x dy matrix B) such that

App = ¢By, [¢] = M,

where [¢] denotes span.
From the definition of Ay, it is easily shown that M) is invariant
under 77,(t) and
Ty (t)6 = dexp (Bat), ¢ €R.

There is a complementary subspace M /\l C C of M) such that
C = My® My, Tp(t)Ms- € M-t >0, (4.13)

Of course, such a decompostion can be applied to any finite set of ele-
ments of o(Ar).

In applications of this decompostion theory, it is necessary to have a
specific computational method to construct the complementary suspace.
This was done in detail by using an equation which is the ‘adjoint’ of
(4.10) (see, for example, Hale (1963), Shimanov (1965), Hale (1977),
Hale and Lunel (1993), Diekmann, van Giles, Lunel and Walther (1991)).

Consider now a perturbed linear system

2(t) = Lay + f(t), (4.14)

where f : R — R” is a continuous function. In ODE, the variation
of constants formula plays a very important role in understanding the
effects of f on the dynamics. For RFDE, a variation of constants formula
is implicitly stated in Bellman and Cooke (1963), Halanay (1965). It is
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not difficult to show that there is a solution X (t) = X (¢, Xo) of (4.10)
through the n x n discontinuous matrix function X defined by

Xo(0) =0, 0 € [-r,0) ,.Xo(0) =1, 6 =0. (4.15)

With this function X (¢) and defining X; = T'(t) Xy, it can be shown that
the solution z(t) = z(t, ¢) of (4.14) through ¢ is given by

xy =T(t)p —i—/o T(t— s)Xof(s)ds, t > 0. (4.16)

The equation (4.16) is not a Banach integral. For each 6 € [—r,0], the
equation (4.16) is to be interpreted as an integral equation in R™.

The equation (4.16), interpreted in the above way, was used in the
development of many of the first fundamental results in REFDE (see, for
example, Hale (1977)). The Banach space version of the variation of
constants formula makes use of sun-reflexive spaces and there also is a
theory based on integrated semigroups (see Diekmann, van Giles, Lunel
and Walther (1991) for a discussion and references).

With (4.16) and the above decomposition theory, it is possible to make
a decomposition in the variation of constants formula. We outline the
procedure and the reader may consult Hale (1963), (1977) or Hale and
Lunel (1993) for details.

Let x(t) = z(t, ¢) be a solution of (4.14) with initial value ¢ at t =0,
choose an element A € 0(Ar) and make the decomposition as in (4.13),
letting

¢ =or+ oxXo=Xox+ Xogn Tt =Tir+ Ty (4.17)

The decomposition on X needs to be and can be justified.
If we apply this decomposition to (4.16), we obtain the equations

t
xex =Tr(t) e+ /0 T(t—s)Xoxf(s)ds

¢
:L‘#A = Tr,(t)ex + /0 T(t— s)X&/\f(s)ds (4.18)

If we use the fact that T)\(t)¢p) = ¢pexp(Byt) and let z; x = ¢y(t), and,
for simplicity in notation, xt{\ = z¢, then we have

y(t) = exp(Byt)a + /0 exp By(t — s)K f(s)ds

2zt =Tp(t)zo + /Ot T(t— s)X&)\f(s)ds (4.19)
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where a = y(0) and Xy, = ¢K with K being a dy x dy matrix. The
first equation in (4.19) is equivalent to an ODE

yl = Byy + Kf(t) (4.20)

with y(0) = a.

At the time that this decomposition in C was given for the nonho-
mogeneous equation, it was not readily accepted by many people that
were working on RFDE. The main reason was that we now have the so-
lution expressed as two variable functions ¢y(t) and z; of ¢ and, if f # 0,
then neither of these functions can be represented by functions of ¢ 4 6,
0 € [—r,0]. Therefore, neither function can satisfy an RFDE. Their sum
yields a function z; which does satisfy this property.

In spite of the apparent discrepancy, it is precisely this type of de-
composition that permits us to obtain qualitative results similar to the
ones in ODE. The first such result was given by Hale and Perello (1964 )
when they defined the stable and unstable sets for an equilibrium point
and proved the existence and regularity of the local stable and unstable
manifolds of an equilibrium for which no eigenvalues lie on the imagi-
nary axis; that is, they proved that the saddle point property was valid
for hyperbolic equilibria. The proof involved using Lyapunov type inte-
grals to obtain each of these manifolds as graphs in C (see, for example,
Hale (1977), Hale and Lunel (1993) or Diekmann, van Giles, Lunel and
Walther (1991)). We now know that further extensions give a more com-
plete description of the neighborhood of an equilibrium including center
manifolds, foliations, etc.

Another situation that was of considerable interest in the late 1950’s
and 1960’s was the consideration of perturbed systems of the form

2/ (t) = Loy + M(t, 2y), (4.21)

where, for example, M (t, @) is continuous and linear in ¢ and there is a
function a(t) such that

|M (2, p)|<a(®)|¢l, t =0, (4.22)

and the function ais small in some sense. The problem is to determine
conditions on ato ensure that the behavior of solutions of (4.21) are
similar to the solutions of (4.10).

For example, Bellman and Cooke (1959) considered the following
problem. Suppose that xis a scalar, A is an eigenvalue of (4.10)and there
are no other eigenvalues with the same real parts. Determine conditions
on aso that there is a solution of (4.21) which asymptotically as t — oo
behaves as the solution exp At of (4.10). Their approach was to replace
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a solution z(t) of (4.14) by a function w(t) € R™ by the transformation
x(t) = (exp At) w(t) in R™. In this case, the function w(t) will satisfy a
RFDE and the problem is to show that w(t) — 0 as t — co. In the case
where a(t) — 0 as t — oo and [ |a(t)|dt may be oo, it was necessary
to impose several additional conditions on a to ensure that w(t) — 0 as
t — oo. Some of these conditions seemed to be artificial and were not
needed for ODE.

Another way to solve this type of problem is to make the transforma-
tion in C given by z; = exp(\t)z; and determine conditions on z; so that
zt — 0in C' as t — oco. In this case, the function z; does not satisfy an
RFDE. On the other hand, some of the unnatural conditions imposed
by Bellman an Cooke (1959) were shown to be unnecessary (see Hale
(1966)).

5. Neutral Functional Differential Equations

Neutral functional differential equations have the form
' (t) = f(g, 21); (5.23)

that is, 2/(¢) depends not only upon the past history of z but also on
the past history of /. Let X,Y be Banach spaces of functions mapping
the interval [—r, 0] into R™. We say that xz(t, ¢, 1) is a solution of (5.23)
through (p,v) € X x Y, if z(t,p,1) is defined on an interval [—r, @),
a >0, z0(.,0,0) = @, zy(., ¢,1) = ¢ and satisfies (5.23) in a sense
consistent with the definitions of the spaces X and Y.

For example, if X = C([-r,0],R"), Y = L(]-r,0],R"), then the
solution should be continuous with an integrable derivative and satisfy
(5.23) almost everywhere.

The proper function spaces depend upon the class of functions f that
are being considered. For a general discussion of this point, see Kol-
manovskii and Myskis (1999).

From my personal point of view, it is important to isolate classes
of neutral equations for which it is possible to obtain a theory which
is as complete as the one for the RFDE considered above. Hale and
Meyer (1967) introduced such a general class of neutral equations which
were motivated by transport problems (for example, lossless transmis-
sion lines with nonlinear boundary conditions) and could be considered
as a natural generalization of RFDE in the space C. We describe the
class and state a few of the important results. The detailed study of
this class of equations required several new concepts and methods which
have been used in the study of other evolutionary equations (with or
without hereditary effects); for example, damped hyperbolic partial dif-
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ferential equations and other partial differential equations of engineering
and physics.

Suppose that D, f : ¢ — R" are continuous and D is linear and
atomic at 0; that is,

0

Dp = (0) - / (ds(6))o(6)

-r

and the measure p has zero atom at 0. The equation

< Doy = f(a) (5.24)
is called a neutral FDE (NFDE). If Dy = ¢(0), we have RFDE.

For any ¢ € C, a function z(t, ) is said to be a solution of (5.24)
through ¢ at ¢t = 0 if it is defined and continuous on an interval [—r, «),
a >0, xo(.,¢) = ¢, the function Dx(., ) is continuously differentiable
on (0,«) with a right hand derivative at t = 0 and satisfies (5.24) on
[0, al.

It is important to note that the function D(x(.,¢)) is required to be
differentiable and not the function x(¢, ).

Except for a few technical considerations, the basic theory of exis-
tence, uniqueness, continuation, continuous dependence on parameters,
etc. are essentially the same as for RFDE.

As before, if we let T ¢(t)¢ = x¢(.,¢) and suppose that all solutions
are defined for all ¢ > 0, then Tp ¢(t), t > 0, is a semigroup on C' with
Tp.(t)p a Ck-function in ¢ if f is a C*-function.

It is easily shown that the infinitesimal generator Ap s of T'(t) is given
by

D(Ap,s) ={p € C}([-r,0L,R") : D(¢) = f(¢), Apyo=¢. (5.25)

Hale and Meyer (1967) considered (5.24) when the function f was lin-
ear and were interested in the determination of conditions for stability
of the origin with these conditions being based upon properties of the
generator Ap ;. It was shown that, if the spectrum of Ap ; was uni-
formly bounded away from the imaginary axis and in the left half of the
complex plane, then one could obtain uniform exponential decay rate for
solutions provided that the initial data belonged to the domain of Ap ;.
Of course, this should not be the best result and one should get these
uniform decay rates for any initial data in C. This was proved by Cruz
and Hale (1971), Corollary 4.1, and a more refined result was given by
Henry (1974).

Due to the fact that the solutions of a RFDE are differentiable for
t > r, the corresponding semigroup is completely continuous for ¢t > r.
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Such a nice property cannot hold for a general NFDE since the solutions
have the same smoothness as the initial data. On the other hand, there is
a representation of the semigroup for a NFDE as a completely continuous
perturbation of the semigroup generated by a difference equation related
to the operator D.

To describe this in detail, suppose that

0 o0
Dy = Do +/ B(0)¢(0)d, Dop = > Brp(—pr)e(—rr)  (5.26)
- k=0
where B(0) is a continuous n x n matrix, By, k =0,1,2,...... isannxn

constant matrix, ro =0, 0 < <7, k=1,2,......
Let Cp,be the linear subspace of C' defined by

CDOZ{QOGC:DQ(,OZO}

and let Tp,(t), t > 0, be the semigroup on Cp, defined by Tp,(t) =
yi(., ©), where y(t, ¢) is the solution of the difference equation

Doy =0, yo = ¢ € Cp,. (5.27)

Theorem 7 : (Representation of solution operator}) There are a
bounded linear operator ¢:C' — Cp, and a completely continuous op-
erator Up ¢(t) : C — C, t > 0, such that

Tp,f(t) = Tp,(t)y + Up¢(t), t > 0. (5.28)

Using results in Cruz and Hale (1971), the representation theorem
was proved in Hale (1970) for the situation where Dis an exponentially
stable operator. The proof in that paper clearly shows that it is only
required that Dy is an exponentially stable operator. Henry (1974) also
gave such a representation of the semigroup for (5.24).

In the statement of the above theorem, there is the mysterious linear
operator ¢ : C' — Cp,. Let us indicate how it is constructed. For RFDE,
Doy = ¢(0) and e = ¢ — ¢(0), which is just a translation of the initial
function in order to have ¥ € Cp,. For general Dy, one first chooses
a matrix function ¢ = (1, ...... von), ¢j € C, j > 1, so that Dyo(¢) = 1,
the identity and then set ¥ = I — ¢pDy.

The representation (5.28) shows that the essential spectrum
0ess(Tp,f(t)) of the operator T ¢(t) on C coincides with the essential
spectrum oes5(Tp,(t)) of Tp,(t) on Cp,. It can be shown (see Henry
(1987)) that the spectrum o(Tp,(t)) of Tp,(t) coincides with its essen-
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tial spectrum and that

oo
ess(Tp, (1))=Cl {exp()\t) + detAp,(\)=0; Ap,(A\)=> B exp()\rk)}
k=1
(5.29)
We say that the operator Dy is exponentially stable if o(Tp, (t)) for t > 0
is inside the unit circle with center zero in the complex plane. In this
case, there are constants Kp, > 1, ap, > 0 such that

|Tp,(t)¢| < Kp,exp—ap,t,t>0,¢ € Cp,. (5.30)
As a consequence, there is a constant K such that
|Tp, (t)e| < Kp,Kiexp—ap,t, t >0, ¢ € C. (5.31)

We remark that, if Dg is exponentially stable, it is possible to find an
equivalent norm in C such that Kp, K; = 1; that is, Tp,(t)% is a strict
contraction for each ¢ > 0. In this norm, relation (5.28) implies that
Tp,¢(t) is the sum of a strict contraction and a completely continuous
operator for each ¢ > 0.

For the RFDE, Dy = Dyp = ¢(0) and Dy is exponential stable since
the solutions of the difference equation z(¢) =0 on {¢ € C' : p(0) =0} is
identically zero for ¢t > r and has the spectrum of the semigroup consist-
ing only of the point 0. This fact implies that the semigroup is compact
for t > r as we have noted before. The representation (5.28) says more
since it gives properties of the semigroup on the interval [0,7] as the
sum of an exponentially decaying semigroup and a completely continu-
ous semigroup. We make an application of this later when we discuss
periodic solutions of time varying systems with periodic dependence on
time.

If Do = ¢(0) — ap(—r), then Dy is exponentially stable if and only
if |a] < 1 and ress(Tp, (t)) = |aft.

Stability of an equilibrium point of a NFDE is defined in the same
way as for RFDE. We remark that, for general NFDE, an equilibrium
point being asymptotically stable does not imply that the equilibrium
point is a local attractor. In fact, it is possible to have a linear system

d

—Dzxy = Lz

e !
for which every solution approaches zero as t — oo, 0 is stable and is
not a local attractor. In this case, the essential spectral radius of the
semigroup (and therefore of Tp,(t)) must be equal to one for all ¢ > 0.
In fact, if there is a ¢; > 0 such that it is less that one, then the above
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representation formula implies that, if the solutions approach zero as
t — o0, then the spectrum of the semigroup for ¢ > 0 must be inside the
unit circle and 0 would be a local attractor.

The example

d

@[:L‘(t) —azx(t —1)] = —cx(t)

with |a| = 1 and ¢ > 0 has the property just stated. It is an interesting
exercise to verify this fact.

Much of the theory for RFDE has been carried over to NFDE if the
operator Dy is exponentially stable. However, there are many aspects
that have not yet been explored (see Hale and Lunel (1993), Hale, Ma-
galhaes and Oliva (2002)).

6. Periodically forced systems and discrete
dynamical systems.

If X is a Banach space and T' : X — X is a continuous map, we obtain
a discrete dynamical system by considering the iterates 7", n > 0, of the
map. Positive orbits, w—limit sets, invariance, etc. are defined the same
way as for continuous semigroups.

In the context of the present lectures, we can obtain a discrete dy-
namical system in the following way. If the RFDE or NFDE is nonau-
tonomous with the time dependence being 7-periodic, we can define the
Poincaré map 7 : C' — C which takes the initial data ¢ € C to the solu-
tion x4(., p) at time 7. The map 7 defines a discrete dynamical system.
Fixed points of 7w correspond to periodic solutions of the equation with
the same period as the forcing.

In his study of the periodically forced van der Pol equation, Levinson
(1944) attempted to determine the existence of a periodic solution of
the same period as the forcing. To do this, he introduced the concept of
point dissipativeness described below and was able to use the Brouwer
fixed point theorem to prove that some iterate of the Poincaré map had
a fixed point, but he could not prove that the map itsef had a fixed
point.

Massera (1950) gave an example of a 2-dimensional ODE with 7-
periodic coefficients which had a 27-periodic solution, but did not have
a 7T-periodic solution. In addition, all solutions were bounded.

This shows that dissipation is necessary if the differential system of
Levinson is to have a T-periodic solution. There was a successful solution
to this problem which we describe in the next section.
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7. Dissipation, maximal compact invariant sets
and attractors.

We have seen above that dissipation can perhaps be beneficial. In
many important applications, there is dissipation which forces solutions
with large initial data away from infinity; that is, ‘infinity is unstable.’
It is important to understand the implications of such a concept for both
autonomous and nonautonomous problems.

In this section, we introduce the new concepts that are needed for
continuous dynamical systems defined by a C°-semigroup T'(t), t > 0,
as well as discrete dynamical systems {T",n =0,1,2,........ } defined by
a map T on a Banach space X. To write things in a unified way, we let
37 denote either the interval (—oo,c0) or the set Z = {0,+1,+2,.....},
3 (resp.37) the nonnegative (resp. nonpositive) subsets of §. We
can now write the continuous and discrete dynamical systems with the
notation T'(t), t € ST.

Definition 3 : (Dissipativeness). The semigroup T(t),t € ST is said
to be point dissipative (resp. compact dissipative) (resp. bounded dis-
sipative) if there is a bounded set B in X such that, for any ¢ € X
(resp. compact set K in X ) (resp. bounded set U in X ), there is a
to = to(B,p) € ST (resp. to =to(B,K)) (resp. to = to(B,U)) such that
T(t)p € B (resp. T(t)K C B) (resp. T(t)U C B) fort >ty, t € 7.

As remarked earlier, point dissipativeness was introduced by Levin-
son (1944). In finite dimensional space, all of the above concepts of
dissipativeness are the same.

Definition 4 : Mazimal compact invariant set A set A C X is said to
be the mazximal compact invariant set for the dynamical system T'(t), t €
G, if it is compact invariant and mazimal with respect to this property.

Definition 5 : Compact global attractor A set A C X is said to be the
compact global attractor if it is compact invariant and for any bounded
set B C X, we have
lim dist(T(t)B,A) = 0.
teGt t—oo

For ODE in R", Pliss (1966) proved that point dissipativeness im-
plied the existence of a compact global attractor. Using this fact and an
asymptotic fixed point theorem of Browder (1959) for completely con-
tinuous maps, he was able to prove that a dissipaative nonautonomous

ODE which is 7-periodic in thas a 7-periodic solution; thus, answer-
ing in the affirmative the problem of Levinson (1944). For RFDE with
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the period 7 greater than the delay, Jones (1965) and Yoshizawa (1966)
used the same asymptotic fixed point theorem to prove the existence
of a 7-periodic solution. Recall that 7 greater than the delay makes
the Poincaré map completely continuous. In the interval [0, r], it is not
completely continuous, but we have seen above that it is the sum of
a contraction and a completely continuous operator. We give an ab-
stract fixed point theorem later which will allow us to conclude that
the Poincaré map has a fixed point and, therefore, there is a T-periodic
solution, which generalizes the result of Pliss (1966) to RFDE.

In a fundamental paper, Billoti and LaSalle (1971) proved the exis-
tence of a compact 2global attractor if T'(t),t € 7 is point dissipative
and there is a t; € < for which T'(¢1) is completely continuous. In the
discrete case, this implied that there is a periodic point of period ¢;.

Hale, LaSalle and Slemrod (1973) extended these results to the class
of asymptotically smooth dynamical systems defined below. This class of
dynamical systems includes NFDE with an exponentially stable Dy op-
erator as well as many other dynamical systems, including those defined
by many dissipative partial differential equations.

Definition 6 : (Asymptotically smooth) A dynamical system T(t),t €
ST, on a Banach space X is said to be asymptotically smooth if, for any
bounded set B in X for which T(t)B C B fort € I, there is a compact
set J in X such that
lim dist(T(t)B,J) =0.
teGt t—oo

This definition stated in a different but equivalent way is due to Hale,
LaSalle and Slemrod (1973). It is very important to note that a dynam-
ical system can be asymptotically smooth and there can be a bounded
set for which the positive orbit is unbounded; for example, the dynam-
ical system defined by the ODE 2/ = x. The definition contains the
conditional expression ‘if T'(¢t)B C B, t € .

Proposition 2 :. If T(t),t € ST, is asymptotically smooth and B is
a bounded set for which there is a ty € ST such that v (T(t1)B) is
bounded, then w(B) is a compact invariant set. It is connected for con-
tinuous dynamical systems if B is connected.

It is obvious that, if there is a t; € 3T, t; > 0 such that T'(¢;) is
completely continuous, then T'(t),t € 7, is asymptotically smooth. it
also is not difficult to prove that, if T(t) = S(t) + U(t) where U(¢) is
completely continuous for all t € 3T, and S(¢) is a linear semigroup with
spectral radius a(t) — 0 as t — oo, then T'(t),t € ST, is asymptotically
smooth.
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In particular, the semigroup associated with RFDE and NFDE with
Dy exponentially stable are asymptotically smooth. For similar equa-
tions with 7-periodicity in time, the Poincaré map is asymptotically
smooth.

The following result is essentially due to Hale, LaSalle and Slemrod
(1973) with some minor refinements in its statement.

Theorem 8 : For the dynamical system T(t),t € ST, if there is a

nonempty compact set K that attracts compact sets of X and A =
N T(t)K, then A is independent of K and

et

i) A is the mazximal, compact, invariant set,

ii) A is connected if X is a Banach space.

ii1) A is stable and attracts compact sets of X.

iv) For any compact set K, there is a neighborhood Ux of K and a
to = to(K) such that v (T(to)Uk)is bounded.

If, in addition, the dynamical system is asymptotically smooth, then

v) A is also a local attractor.

vi) If C is any subset of X for which there is a ty = to(C) such that
YT (T(ty)C) is bounded, then A attracts C.

vii) In particular, if, for any bounded set B in X, there is a ty = to(B)
such that v+ (T (to)B) is bounded, then A is the compact global attractor.

We also can state the following result.

Theorem 9 : A dynamical system T(t), t € ST, on X has a compact
global attractor if and only if

i) T(t),t € ST, is asymptotically smooth.

i) T(t),t € ST, is point dissipative.

iit) For any bounded set B in X, there is an ty = to(B) such that
yH(T(to)B) is bounded.

The sufficiency is proved in the following way. From (i) and (iii),
w(B) is a compact invariant set which attracts B for any bounded set
B. Since (ii) is satisfied, it follows that the compact invariant set which
is the w—limit set of the bounded set in the definition of point dissipative
attracts each compact set of X. Theorem 16 implies the existence of the
compact global attractor. Conversely, if the compact global attractor
exists, then we must have (ii) and (iii) satisfied. Furthermore, if B
is a bounded set such that T(t)B C B, t € G, then w(B) must be
compact and attract B, which implies that the dynamical system is
asymptotically smooth.

Cholewa and Hale (2000) have shown that there is an asymptotically
smooth dynamical system and a bounded set B for which w(B) is com-
pact and invariant and yet v (B) is unbounded.
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This shows that (iii) in Theorem 17 cannot be replaced by T (B)
bounded for each bounded set B.

If the compact global attractor exists, then the most interesting part
of the flow defined by the dynamical system occurs on the attractor even
though the transient behavior to a neighborhood of the attractor can be
very important in a specific application. There are examples of FDE for
which the flow on the attractor can be very complicated and the attractor
itself is not a manifold. In spite of this, we have the following surprising
result of Malné (1981) (for the first part for finite Hausdorfl dimension
and X a Hilbert space, the result is due to Mallet-Paret (1976)) (for a
complete proof, see Hale, Magalhaes and Oliva (2002)).

Theorem 10 : Suppose that the dynamical system T(t), t > G, on a
Banach space X has a compact invariant set A and has the property that
the derivative of T (t)p with respect to ¢ is the sum of a contraction and
a completely continuous operator for each t >0 and ¢ € A. Then

(1) The attractor A has finite capacity c(A).

(2) If S is a linear subspace of X with dimension > 2¢(A)+1, then there
is a residual set of the set of all continuous projections on Son which the
projection of the flow onto S is one-to-one.

The first part of the theorem implies that the Hausdorff dimension of
A is finite dimension and the second part says that A generically can
be embedded into finite dimensional subspaces of X if the dimension is
sufficiently large.

We remark that, if the dynamical system has a maximal compact
invariant set (in particular, if there is the compact global attractor),
then the above properties hold for this set.

8. Stationary points of dissipative flows

As we have remarked earlier, it was of interest to determine the ex-
istence of fixed points for the Poincaré map associated with nonau-
tonomous FDE with 7-periodic dependence on t. As a consequence,
of some results which will be stated below, we can state the following
result (see Hale and Lopes (1973)).

Theorem 11 : 1) If an autonomous RFDE or NFDE with Dy expo-
nentially stable is point dissipative, then there is an equilibrium point.
2) If a nonautonomous RFDE or NFDE with periodic coefficients and
Dy exponentially stable is point dissipative, then there is a fized point of
the Poincaré map.

There is an example of Jones and Yorke (1969) in R? of an ODE for
which all solutions are bounded and yet there is no equilibrium point.
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This says that some type of dissipation is necessary to obtain the con-
clusion in (0.1). Notice that part (2) has no restriction on the delay as in
the results mentioned previously of Jones (1965) and Yoshizawa (1966).

We now describe the asymptotic fixed point theorem that is used to
prove the above result. We remark that the motivation for this fixed
point theorem came form the above problem.

Suppose that X is a Banach space. The Kuratowski measure a(B) of
noncompactness of a bounded set B in X is defined by

a(B) =inf{d : B has a finite cover of diameter < d}.

A map T : X — X is said to be an a-contraction if there is a constant
k € [0, 1) such that, for any bounded set B in X, we have o(T'B)<ka(B).

The following result was discovered independently and with different
proofs by Nussbaum (1972), Hale and Lopes (1973).

Theorem 12 : If X s a Banach space and T : X — X is an a-
contraction which is compact dissipative, then there is a fized point of

T.

We need a few remarks to see why Theorem 19 is a consequence of
Theorem 20. In Theorem 19, it is assumed only that the Poincaré is
point dissiaptive and in Theorem 20, compact dissipative is assumed.
We have remarked earlier that point dissipative for RFDE implies the
existence of the commpact global attractor and, therefore, the system
must be compact dissipative. For NFDE with an exponentially stable Dg
operator, Massatt (1983) proved that point dissipativeness is equivalent
to compact dissipativeness. The proof is nontrivial and uses dissipative-
ness in two spaces.

It is not known if point dissipative is equivalent to compact dissipative
for a-contractiing maps.

Final Remarks We have only touched upon a few of the topics in
FDE due to limited space. However, the results presented set the stage
for much research in the last 35 years - especially, the development of
the qualitative theory, stability of the flow on the attractor with respect
to the vector field as well as detailed investigation of the flow on the
attractor for specific types of equations that occur frequently in the
applications.

We can only refer to the reader to the books of Diekmann, van Gils,
Lunel and Walther (1991), Hale and Lunel (1993), Kolmanovski and
Myshkis (1999), Hale, Magalhaes and Oliva (2002) for FDE on R", Wu
(1996) for partial differential equations with delay, Hino, Murakami and
Naito (1991), Hino, Naito, Minh and Shin (2002) for RFDE with infinite
delay and the lectures on abstract evolutionary functional differential
equations at this workshop.
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It is clear that the subject is alive and is a good area of research both
in theory and applications.
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1. Introduction

In applications, the future behavior of many phenomena are assumed
to be described by the solutions of an ordinary differential equation.
Implicit in this assumption is that the future behavior is uniquely de-
termined by the present and independent of the past. In differential
difference equations, or more generally functional differential equations,
the past exerts its influence in a significant manner upon the future.
Many models are better represented by functional differential equations,
than by ordinary differential equations.

Example 1 A retarded functional differential equation. Imagine a bio-
logical population composed of adult and juvenile individuals. Let N (t)
denote the density of adults at time t. Assume that the length of the
juvenile period is exactly h units of time for each individual. Assume
that adults produce offspring at a per capita rate o and that their proba-
bility per unit of time of dying is p. Assume that a newborn survives the
Juvenile period with probability p and put t = ap. Then the dynamics of
N can be described by the differential equation

%V(t) — —uN(t) + rN(t — h) (1.1)

which involves a nonlocal term, rN(t—h) meaning that newborns become
adults with some delay. So the time variation of the population density
N involves the current as well as the past values of N. Such equations
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are called Retarded Functional Differential Equations (RFDE) or, alter-
natively, Delay Equations.

Equation (1.1) describes the changes in N. To determine a solution
past time t = 0, we need to prescribe the value of N at time —h, and we
can see that it is not enough to give the value at the point —h, since the
following example agree that this condition is not enough to determine
completely the solution.

Example 2 The solutions t — sin {g (t + %)] and t — cos {g (t + %)} of the

equation p

x ™

i 295(75 1) (1.2)
coincide at t = 0.

In fact, all over the interval [0, h] we have the same problem: in order
to integrate the equation past some time t € [0, h], we need to prescribe
the value N(t — h). So we have to prescribe a function on an interval
of length h. The most convenient (though not the most natural from
a biological point of view) manner to do this is to prescribe N on the
interval [—h,0] and then to use (1.1) fort > 0. So we supplement (1.1)
by

N(O) =¢@(0) for —h<60<0

where ¢ is a given function. Ezplicitly, we then have for t € [0, h)

N(t) = (0) exp(—pt) + r /O exp(—pu(t — 7))p(r — h)dr.

Using this expression we can give an expression for N on the interval
[h,2h], etc.

Thus the method of steps and elementary theory of ordinary differ-
ential equations provide us with a very simple existence and uniqueness
proof in this example.

Remarks 1) For any continuous function ¢ defined on [—h, 0], there
is a unique solution z of (1.2) on [—h, o], denoted z(¢p).
2) The solution z(p) has a continuous time derivative for ¢ > 0, but not
at t = 0 unless p(f) has a left hand derivative at # = 0 and

dy

=7 (0) = —1p(0) + rp(=h).

The solution x(yp) is smoother than the initial data.

3) For a given ¢ on [—h,0], the solution z(y)(t) of (1.2) need not be
defined for t < —h. In fact, if x(p)(¢) is defined for t < —h, say x(p)(t)
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is defined for t > —h — &, ¢ > 0, then ¢(f) must have a continuous first
derivative for 6 € |—¢,0].
A more general form of a delay differential equation is as follows:

dx
& = F(t, () x(t ).
2. A general initial value problem

Given r > 0, denote C ([a,b],R"™), the Banach space of continuous
functions mapping the interval [a, b] into R™ with the topology of uniform

convergence. If [a,b] = [—r,0], we let C = C (|—r,0],R"™) and designate
the norm of an element ¢ in C by |p| = sup |p(f)]. Let o € R,
—r<6<0

A>0and z € C(jo —r 0+ A],R"), then for any ¢ € [0, 0 + A], we let
x € C, be defined by

zi(0) = x(t +0), for —r <60 <0.

Let f: RxC — R"” be a given function. A functional differential equation
is given by the following relation

dx
{ ()= f(t,z). fort >0 (2.3)
and x, = .

Definition 7 z is said to be a solution of (2.3) if there are o € R,
A > 0 such that © € C([oc —r,0+ A],R") and x satisfies (2.3) for
t € [o,0+ A]. In such a case we say that x is a solution of (2.3) on
[c —r,o+ A] for a given o € R and a given ¢ € C we say that x =
x(o,¢), is a solution of (2.3) with initial value at o or simply a solution
of (2.3) through (o, ¢) if there is an A > 0 such that x(o, ) is a solution
of (2.3) on [0 —r,0 + A] and z,(0, @) = ¢.

Equation (2.3) is a very general type of equation and includes diff-
erential-difference equations of the type

%(t) ~fLa(t),a(t— (1)) for 0<r(t) <r
as well as o
%(t) _ /_Tg(t,ﬁ,x(t—i—é?))dﬁ.
I

[t 0) = L(t, @) + (1),
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in which L is linear in ¢ and (¢,¢) — L(t, ), we say that the equation
is a linear delay differential equation, it is called homogeneous if h = 0.
If f(t,») = g(¢), equation (2.3) is an autonomous one.

Lemma 1 [12] Let 0 € R and ¢ € C be given and f be continuous on
the product R x C. Then, finding a solution of equation (2.3) through
(0,¢) is equivalent to solving:

z(t) = ¢(0) + /t f(s,zs)ds t>o and x, = .

2.1 Existence

Lemma 2 [12] If z € C([o —r,0 4+ o] ,R"), then, x; is a continuous
function of t fort € [o,0 + a] .

Proof. Since z is continuous on [0 — 7,0 + @], it is uniformly contin-
uous and thus Ve > 0, 30 > 0, such that |z(t) — z(s)| < ¢ if |t — s| < 0.
Consequently for ¢, s in [0,0 +af, |t —s| < d, we have |z(t + 0)—
z(s+0)| <e, V0 e[-r0. m

Theorem 1 [12] Let D be an open subset of R x C and f:D — R™ be
continuous. For any (o, ) € D, there exists a solution of equation (2.3)
through (o, ¢).

Proposition 3 If f is at most affine i.e. |f(t, | < a|p|+b with a,b > 0,
then there exists a global solution i.e. Y, the solution x(o, ) is defined
on [a, 00| .

Proof. Let ¢ € (), and assume that the solution is defined only on
[ar, B]. By integrating the equation (2.3), one has

z(t) = ¢(0) +/0 f(s,zs)ds

which gives
t

2t )| = o] + / (a ] + b)ds

[

and ,
2o )] = o] +a/ (25| ds + bB.

By the Gronwall lemma

|z:(, ) = (|l +b8) expaf < oo..
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On the other hand
dx
sup (t)‘ < 00,

tefo,6[ | dt

and gives that the solution is uniformly continuous on [0, 3] and this
implies that thr% |z4(., ¢)| exists and is finite, note it xg.

Let us consider the following delay differential equation

d
=Sty for t > B
Yg =23 € C

this last equation has at least one solution on [3, 3 + €] for some ¢ > 0,
and equation (2.3) has at least one solution defined on [0, 8 + €], which
contradicts the maximality of the solution. m

Corollary 2 If f is lipschitzian with respect to the second variable, then
it satisfies the property in the proposition below.

2.2 Uniqueness

Theorem 3 [12] Let D be an open subset of R x C and suppose that
f D — R™ be continuous and f(t,p) be lipschitzian with respect to ¢
in every compact subset of D. If (o,¢) € D, then equation (2.3) has a
unique solution passing through (o, ).

Proof. Consider I,, Bg as defined in the proof of theorem . and
suppose = and y be two solutions of (2.3) on [0 — r,0 + o] with z, =
© =Y. Then

x(t) —y(t) = [H(f(s,x5) — f(s,95))ds. t>0
To — Yo =0

Let k be the Lipschitz constant of f(t,¢) in a compact subset containing
the trajectories (t,z:) and (¢,v:), t € I,. Choose @ such that ko < 1.
Then, for t € Iz one has:

t
o0) ~y(0)] < [ Klo,— yelds < b sup Jo — il
o 0<s<t

And this implies that x(t) = y(t) for t € Iz. m

The uniqueness may not hold if the function is not locally lipschitzian.
For this, let us consider the following counterexamples:

1) There may be two distinct solutions of (2.3) defined on (—o0, 00)
and they coincide on (0,00). The following example was given by A.
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Hausrath. Let r =1, f(s) =0, 0<s <1, f(s) = —3(¥s—1)%, s > 1,
and consider the equation

dx

—(t) = Tt|) -

2 (0) = 7 (I
The function = = 0 is a solution of this equation on (—o0, 00) . Also, the
function z(t) = —%, t < 0, and x(t) == 0, ¢ > 0, %£(¢) = —3t%. In fact,
since x < 1 for ¢t > —1, it is clear that x satlsﬁes the equation for ¢ > 0.
Since z is monotone decreasing for t < 0, |z;| = x(t —1) = —(t —1)% and
d
d—f(t) = —3t% Tt is easy to verify that

=37 = f((t - 1))
for ¢t < 0.
2)
d
Calt) = alt — o (a(1)) (2.4
where o : R — [0, 1] is smooth, ¢/(0) # 0 and o(0) = 1.
Note that the right hand side of (2.4) can be written as G(¢) =
o(—o(e(0)) for ¢ € C([-1,0],R) and G is not locally lipschitz in a

neighborhood of zero . In fact assume that there exist positive constants
k and p such that

|G(p1) — G(p2)] < k|1 — 2] for |p1], |pal <p

Let ¢(0) = e(—14++/1 +0), for § € [—1,0], where € is a positive constant
such that |¢| < p . Let x € [—1,0] such that |¢| + |z| < p, then

G(p +2) = G(p)| < K|zl

which implies

‘\/ﬁ+x’<k|x\ and M

| <(L+)

Letting x approaches zero, we obtain a contradiction. Therefore the
right hand side of equation (2.4) is not locally lipschitz near zero. The
uniqueness has been proved for lipschitzian initial data ¢, see [26] How-
ever , the standard argument for uniqueness can not be applied in this
example.

The equation
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arises in models of crystal growth, and in fact the related equation

d
@x(t) = —ax(t —o(z(t)))

was studied theoretically by Cooke.

%m(t) = —a(t)x(t)=Ab(t) f(z(t—o(x(t)))) where \isa positive parameter

has been proposed as models for a variety of physiological processes and
conditions including production of blood cells, respiration, and cardiac
arrhythmias.

3) The following counter example explains more the situation

dot)=x
dt
{ z(0) = /0] + 1 (2:5)

Then equation (2.5) has two solutions namely

12
x1(t) =1t + n and z5(t) =t, for t € [0,1].
t2
In fact one has t —z1(t) = I and t — za(t) = 0, it follows that

zi(t) =1+ L =t —x(t)) and
2h(t) =1 = @(t — xo(t)) for t € [0,1].
2.3 Continuation of solutions

Definition 8 Suppose f in equation (2.3) is continuous. If x is a so-
lution of equation (2.3) on an interval [o,a], a > o, we say T is a
continuation of x if there is a b > a such that X is defined on [0 — r,b],
coincides with x on [0 —r,a], and satisfies Equation (2.3) on [o,b]. A
solution x is noncontinuable if no such continuation exists; that is the
interval [0, a] is the maximal interval of existence of the solution x.

Theorem 4 Furthermore on the hypotheses of the precedent theorem,
if [ is a bounded function, then equation (2.3) has a mazimal solution
defined on [—r, B[ with

if B < oo:@knt(.,gpﬂ = 00.
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Proof. By steps, we can integrate the equation (2.3), let [—r, 3], be
the maximal interval on which z(.,¢) is defined. =~ Assume that
}ir%\:vt(.,@ﬂ < oo then there exists N such that . |z(., )] < N, Vi €

d
[0, B[, with dit: = f(t,z;) and from the boundedness of f, we have

d‘”’“’(t)\ <0,

sup dt

te[0,4]

then x is uniformly continuous on [0, 3[. So, lin% |z¢(., )| exists, which
t—

we denote by z. Let ¢ € C( [—r, B[, R") defined by ¢ = x4, under the
existence theorem, there exists € > 0 such that the equation

d
{ d—zt/:f(t,yt) fort >
yﬁ:$560

has at least one solution on [3, 3 + €], the recollement of x and y gives
a solution defined on [«, 4 €], which contradicts the maximality of z.
]

Theorem 5 [12/Suppose Q be an open set in R x C, f : Q — R™ be
globally lipschitz and completely continuous: that is, f is continuous
and takes closed bounded sets of ) into bounded sets of R™, and x is
a noncontinuable solution of equation (2.3) on [o —r,b]. Then, for any
closed bounded set U in Rx C, U in Q, there is a ty such that (t,z;) ¢ U
forty <t <b.

We now consider the existence of solutions of (2.3) for all ¢t > —r. The
following lemma is needed before we proceed in that direction.

2.4 Dependence on initial values and parameters

Theorem 6 Let D be an open subset of R x C and suppose that f : D —
R™ be continuous and f(t,¢) be lipschitzian with respect to ¢ in every
compact subset of D. If (o,¢p) € D, then, the application ¢ — (., p) is
continuous lipschitz.

Proof. From the corollary 2 and the fact that f is lipschitzian with
respect to the second variable

|t ol < Kol +1f(t0).]
Let 1,92 € C; and x(.,01), z(.,02) the associated solutions, one has

2(t, 1) — z(t, p2) = ¥1(0) — p2(0)+
f(f(f(s,a:(s, v1) — f(s,x(s,¢2))ds.
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2(t, 1) = alt, 22)| = 1 = ol +
k fi (s, 1) = (s, )| ds.

By the Gronwall’s lemma, one has
(8, 1) — 2(t,p2)| < |01 — paf exp ()

|
We shall first prove the following lemma, which will be used subse-
quently.

Lemma 3 [22] Let f € C(J x C,,R"). Forte J and ¢ € Cp, we put

G(t,r) = max If(t, o)l

Suppose that r*(t,to,0) is the maximal solution of

au _
dt
through (to,0). Then, if x(t,to, ¢o) is any solution of

dx
0 = ft20)

with ¢g as an initial value at t = ty. Then, we have :

[2(t0, do) — ¢ol| < (¢, t0,0)

on the common interval of existence of x(t,tg, ¢o) and r*(t,to,0).

G(t, u(t))

Theorem 7 [22] Let f € C(J x C,,R™) and fort e J, ¢, ¢ € Cy

1t 0) = f(E D) < g(t, le = 2l)

where g € C (J x [0,2p] ,RT). Assume that u(t) = 0 is the only solution

of the scalar equation
du

o = gt u(®)

through (to,0). Suppose finally that the solutions u(t,tg,ug) through
every point (tg,ug) exist for t > ty and are continuous with respect to
the initial values (to,up). Then, the solutions x(to, o) of equation (2.3)
are unique and continuous with respect to the initial values (toy, ¢o).

Using the arguments of the precedent theorems, we can prove the
following theorem on dependence on parameters. We merely state.
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Theorem 8 [22]Let f € C(J x Cp, x R™ R") and, for p = po let
xo(t) = xo(to, do, 110)(t) be a solution of
dz
— () = f(¢
dt() f(a$taM0)a
with an initial function ¢ at to existing fort >ty . Assume that
T f(6,6,0) = (6, 6,0)  wniformly in (1,0)
and fort € J,po,¢0 € C, u € R™

1f & o, 1) = Ft 0, )l <Ko —oll,

Then, ¥ € > 0, 36 > 0 such that for every u satisfying |u — po| < 9 (¢),
the differential equation

% 8) = 7t

admits a unique solution xz(t) = xz(to, ¢o, 1v)(t) defined on some interval
[to, to + a] such that ||z(t) — zo(t)|| < € fort € [to,to + a].

2.5 Differentiability of solutions

In precedent section sufficient conditions were given to ensure that
the solution x(o, ¢, f) on a (2.3) depends continuously on (o, ¢, f). In
this section some results are given on the differentiability with respect
to (o, ¢, f).

If Q is an open set in R x C, let CP(Q2,R™), p > 0 designate the space
of functions taking 2 into R™ that have bounded continuous derivatives
up through order p with respect to ¢ in (.

Theorem 9 [12]If f € CP(Q2,R™), p > 1, then the solution x(o, ¢, f) of
the (2.3) through (o,p) is unique and continuously differentiable with
respect to (@, f) fort in any compact set in the domain of definition of
x(o, ¢, f). Furthermore, for eacht > o, the derivative of x with respect to
@, Dox(o, @, f)(t) is a linear operator from C to R™, Dyx(o, ¢, f)(0) =
I, the identity, and Dyx(o, @, f)(t) for each 1 in C satisfies the linear
variational equation

Y (t) = Do f(t, (0,0, e (2.6)

Also, for each t > o, Dyx (o, ¢, f)(t) is a linear operator from CP(§2,R™)
into R, Drx(o,¢, f)(0) = 0, and Dyx(o, ¢, f)g(t) for each g in CP
(2, R™) satisfies the nonhomogeneous variation equation

Zl(t) = D@f(t, $t(0', ' f)zt + g(t,xt(a, 2 f)) (27)
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1. Basic Theory
1.1 Preliminaries

Throughout these notes r is a fixed constant, 0 < r < co. We denote
by C the Banach space of continuous functions [—7,0] — C" with norm
lpll = sup_,<g<o|®(8)], where | - | is any vector norm in C". If z :
[-r,a) — C", a > 0, is a continuous function, then z; € C, 0 < t < a,
is defined by

x(0) =z(t+0), —r<6<O0.

Let L be a bounded linear functional C — C™ and choose ¢ € C. Then
we shall consider the following Cauchy problem:

#(t) = L(zy), t>0, (1.1)
o = gb (1.2)
A solution of problem (1.1), (1.2) on [0,00) will be denoted by z(t) =
x(t; ¢) and is a continuous function [—r, 00) — C™ such that
¢
o) =00 + [ Lia)dr, t20
0
z(t) = o(t), —r<t<0.

Since t — x; is a continuous mapping [0,00) — C, the function ¢ —
L(z4) is continuous for ¢ > 0, which implies that x(¢) is continuously
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differentiable for ¢ > 0 and equation (1.1) is satisfied on [0, 00) (at t =0
the derivative is understood to be the right-hand derivative, of course).
Since equation (1.1) is autonomous, it is clear that taking ¢ = 0 as initial
time is no restriction of generality.

In addition to problem (1.1), (1.2) we also shall consider the nonho-
mogeneous problem

:L'(t) :L(l't)+f(t)7 t=>0, (1
xo=¢ €C, (1.4

where f is a locally integrable function [0,00) — C™. A solution z(t) =
x(t; ¢, f) of (1.3), (1.4) on [0, 00) is a continuous function [—r,c0) — C"

such that
o) =00+ [ Lears [foan izo.
z(t) = o(t), —-r<t<O0.

It is clear that z(t; ¢, f) is absolutely continuous on bounded subintervals
of [0,00) and that (1.3) is satisfied almost everywhere on [0, c0).

By the Riesz representation theorem (cf. [31], for instance) there exists
a matrix n = (nij)i,jzl,__’n of bounded variation on [—r,0] such that

= col (Z 0) dny; (0 Z 3(0) dey (0))

0
= / an(0) 6(0), 6.
The norm of L will be denoted by 4, i.e.,
¢ =sup{|L(9)| | [[¢] =1}.

Moreover, if ® = (¢1,...,¢y) is an n x n-matrix with columns ¢; €
C, then L(®) := (L(¢1),...,L(¢n)). It will be useful to extend the
definition of 77 to all of R and, in addition, to assume that the extension
is normalized in the following sense:

n(@) =0 for >0,

n(@) =n(—r) for § < —r, (1.7)

n is left-hand continuous on (—r,0).

(1.6)

From the theory of functions of bounded variation it is well known
(cf. for instance [15]) that 7 can be represented as

n=n"+n*+n’,
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where n! is a saltus function of bounded variation with at most countably
many jumps on [, 0], n? is an absolutely continuous function on [—r, 0]

and 7> is either zero or a singular function of bounded variation on

[~7,0], i.e., n® is non constant, continuous and has derivative 1® = 0

almost everywhere on [—r,0]. In view of (1.7) we can assume n'(0) =
12(0) = 1P(0) =0,

Consider n' = (nilj) % 0 and let —ry,—79,... be an enumeration
of those points in [—r,0] where at least one nilj has a jump. Define

Ay = (a%)m:l’._,,n, where afj = n}j(—'r’k +0) — n}j(—rk —0). Then

0 00
[ lan'@)166) =Y As(-n), oec.
k=1

T

n' being a function of bounded variation is equivalent to

oo

Z ’Ak| < 00,

k=1

where | - | can be any matrix norm.

For 12 we define A(0) by
6
n*(6) = / A0)do, —r<6<0.
0

Then
0 0
/ [dn*(0)] ¢(0) = | A0)0(0)do. peC.

Since the functions 771-2]- are of bounded variation, we have fET]A(Q)\ de <
00.
If n® # 0, then ffr [dn(0)] #(0) cannot be transformed to a Lebesgue
integral or to a series. For a concrete example see [15, p. 457]. For most
situations it is sufficient to consider the special case where 73 = 0 and
n' has only a finite number of jumps,

m 0
L(¢) = Ard(—ri)+ [ A(0)¢(0)do, ¢e€C,
k=0 -r

where 0 =rg <ry <--- <mry =7, the A.’s are constant n X n-matrices
and # — A(0) is integrable in [—r,0]. The corresponding matrix valued
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function n' is given by

;

0 for 6 > 0,
—Ag for —r;1 < 6 <0,
—(Ap+ Ay) for —rg <0 < —ryq,
e =9 .
— 22”2_01 Ay, for —r,, <0 < =1y,
[~ ko Ar for 0 < —ryp.
1.2 Existence and uniqueness of solutions

In this section we consider existence and uniqueness of solutions for
the problems (1.1), (1.2) and (1.3), (1.4). We first prove some estimates
which will be useful later.

Lemma 1.1 Let xz(t) = z(t; ¢, f) be a solution of (1.3), (1.4) on [0, c0).
Then we have the estimate

oo, DI < (6]l + /O F@)ldr)et, t>0, (1)

and consequently

L, )] < £(l6] + /0 F@)ldr)et, t>0.  (19)

Proof. For t > 0 and —r < 6 < 0 we immediately get from (1.5) the
estimates

t+0 t+60
2+ 6)] < [6(0)] + ¢ /O .| dr + /O (7] dr

t t
<loll+ ¢ [ llarllar+ [17@ldr, t+00
0 0

and
lz(t+0)| =lo(t+0)| <|¢fl, t+6<0.

Therefore we have

t t
el < 1ol + / ) dr+ 6 / leslldr, ¢ 0.

The estimate (1.8) now follows from Gronwall’s inequality. H
Uniqueness of solutions is an immediate consequence of Lemma 1.1.
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Proposition 1.2 For any ¢ € C and any f € Li. (0, 00; C") there exists
exactly one solution of problem (1.3), (1.4) on [0, c0).

Proof. A continuous function [—r,c0) — C" is a solution of (1.3), (1.4)
if and only if the restriction of x to any interval [0,T], T > 0, is a fixed
point of the operator 77 defined by

(Try) (t) :¢(0)+/0L(gj7)d7+/0 f(r)dr, 0<t<T

in the Banach space Cy(0,T;C") of all continuous functions y : [0,T] —
C™ with y(0) = ¢(0) supplied with the sup-norm. For y € Cy(0,T;C")
the function g is defined by y(t) = ¢(t) for —r <t < 0 and g(t) = y(¢)
for 0 < t < T. We choose a negative constant v < —/¢ and supply
Co(0,T;C™) with the equivalent norm

lylly = sup [y(t)|e”, y e Co(0,T;C").
0<t<T

It is clear that 770Cy(0,7;C") C Cy(0,T;C"). For y,z € Cyp(0,T;C")
we get

(Ty) () — (Tr2) (¢ <e/HyT—zTHdT.

Since g(t) — Z(t) = 0 for —r <t <0 and v < 0, we have

Gr — Z || = sup |§(r + 0) — Z(r + )7+ e(7+0)
—r<6<0
<e 7 sup |y(t) — 2(t)]e” = ey — 2|
0<t<T

This implies

t
. i )
(Try) @) — (Tr2) )] < flly — 2, /0 eTdr < =y = 2l
for 0 <t < T, which proves
0
| Ty — Trz|y < —gHy — 2|4

By choice of v we have 0 < —¢/~ < 1, i.e., Tp is a contraction on
Co(0,7;C™). Let y(-,T) be the unique fixed point of 77 on Cy(0,7; C™).
It is clear that there exists exactly one function z : [—r,00) — C" such
that z(t) = ¢(t) for —r <t < 0 and z(t) = y(¢,T) for 0 < ¢t < T and
any T'>0. H

Proposition 1.3 For any T > 0 the mapping o : C x L*(0,T;C") —
C(0,T;C) defined by o(¢p, f)(t) = xe(d, f), 0 <t < T, is bounded and
linear.

Proof. Boundedness of o is an obvious consequence of (1.8). H
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1.3 The Laplace-transform of solutions. The
fundamental matrix

Throughout this section we consider the homogenous problem (1.1),
(1.2). In this case inequality (1.8) implies

jx(t:9)] < llglle”, ¢=0,
for any solution of (1.1), (1.2). Therefore the Laplace-transform

300 =3 0) = [ e Nato) e

0

exists at least for Re A > /, the integral converging absolutely in this
half plane. Similarly inequality (1.9) together with equation (1.1) shows
that also @(t) has a Laplace-transform at least in Re A > ¢ given by
A#()\) — ¢(0)!. Taking Laplace-transforms on both sides of equation
(1.1) we get for Re A > ¢

00 0
() — 6(0) = /0 M /_ [dn(0)] 2(¢ + 6) dt
0 fe'e)
::/lwmeﬂz;eﬂx@+ﬂ)ﬁ
0 0 0
= [an@) [ ooy ar+ [ anto) - a)

bt

Interchanging Stieltjes integration with improper Riemann integration
is justified by Fubini’s theorem. Thus we have

ANEN) = p(A9), Rer> L,
where, for A € C, we define

AN) = M — /0 eMdn(0)

and 0 o
po) =) + [ o) [ O oryar, e
In order to save space we introduce the following notation. For j =
0,1,... and A € C the function e;(\) € C is defined by

J
e;(N)(60) = i,‘ew, _r<6<0. (1.10)

n fact, the existence of a Laplace-transform for ¢(t) implies the same for z(t) (see Theo-
rem A.3)
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Furthermore, for functions f,g € L'(—r,0;C) the convolution h = f * g
n [—r,0] is defined by

[%
:/f(&—T)g(T)dT, —r <6 <0.
0

With these notations p(\; ¢) can be written as

0
p(A: ) = 6(0) — / [dn(0)) (co(N) * 6)(0)
— $(0) — Lles(N) # 6), S€C, AeC.

For A # 0 we may write

A(N) = /\<I - % /O ewdn(ﬂ)).

-

Since
0 vari_,.o1ij for Re A > 0,
[ imao] < (L.11)
r e var[_,qni; for ReA <0,
there exists a constant K > 0 such that for any a > 0
I K K
’X /Te)‘adn(Q)‘ < o < - for Re X > a. (1.12)

This means that, for Re A > K, the matrix A~'(\) is given by

AZ( / Man( ))j7 (1.13)

the series converging absolutely. Moreover, for any € > 0 the series is
uniformly convergent for Re A > K + . We summarize our results in

Theorem 1.4 a) The Laplace-integral for x(t) = z(t;¢), ¢ € C, is
absolutely convergent at least for Re A > £.

b) The Laplace-transform &(\) = &(X; ¢) of x(t; ¢) exists at least in the
set {\ € C | det A(X) # 0} and, on this set, is given by

2(A) = AT (N)p(X; 9),
where, for \ € C,

0
AN) =M — L(eMI) = M — / eMdn(6),

0

p(A ) = B(0) — Lico(A) * 6) = $(0) + /

'

0
(dn(6) /9 A7) 4(7) dr.
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Moreover, there exists a constant K > 0 such that

A7) = ii(j\ /0 e’\edn(ﬁ))j for ReA > K,

J=0

the series being uniformly and absolutely convergent in each half plane
ReA> K +¢,¢>0.

Note that the elements of A(\) and therefore also det A(\) are entire
functions. The same is true for p(A; ¢). Therefore the zeros of det A(\)
are isolated on C and consequently the elements of A~1()\) only can
have poles in C. The Laplace-transform #(\) therefore is a meromorphic
function in C.

Theorem 1.5 A~Y(\) is the Laplace-transform for a function Y (t),
which is locally absolutely continuous on [0,00). The Laplace-integral
for Y(t) is absolutely convergent in some half plane Re X > (3. More-
over, Y (t) can be represented as

t
Y(t) :I+/ H(r)dr, t>0,
0
where H(t) =372, h;(t) and?

hi(t) = (=1)Yn(=t)*---xn(—t), j=1,2,... .

j-times

The series for H(t) is uniformly and absolutely convergent on bounded
t-intervals, so that

/OtH(T) dr = g/othj(r) dr, t>0.

The proof of this theorem is based on the following lemma:
Lemma 1.6 The function
R 1 /0
=5 [ ane), a#o.

is the Laplace-transform of hi(t) = —n(—t), t > 0, the Laplace-integral
converging absolutely for Re A > 0. Consequently, (ﬁ()\))J, i=12...,

2¢%” here denotes the convolution of functions defined on [0, 00)
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is the Laplace-transform of the j-times iterated convolution hj(t) of hi(t).
Also the Laplace-integrals for hj(t), j = 1,2,..., are absolutely conver-
gent for Re A > 0.

Proof. Integration by parts together with 7(0) = 0 gives

1 (% 4 I 5 0 A0
> / Mdn(0) = e () - / n(0)cNdo

— e () —/ n(—0)e’do = —/ 1n(—0)e 4,
Y 0 ;

which proves the result for h. Absolute convergence of the Laplace-
integral for Re A > 0 is clear because n(—60) = n(—r) for § > r. The
rest of the proof follows from standard results on Laplace-transforms of
convolutions (cf. Theorem A.7). ®
Proof of Theorem 1.5. In order to show that A~!()) is a Laplace-
transform we apply Theorem A.9 to

By Lemma 1.6 each of the functions h(\)7 is a Laplace-transform with
the Laplace-integral converging absolutely in Re A > 0. Thus condition
(i) of Theorem A.9 is satisfied for any ag > 0. It remains to prove that

> /Oooeaot|hj(t)| dt (1.14)
j=1

is convergent for an ag > 0. We claim that for any o > 0

/Oeat\hj(tﬂdtg(/o e’at|h1(t)|dt). (1.15)
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This is proved by induction. Assume that (1.15) is true for j — 1. Then
we get

o o0 t
/ e‘“tlhj(t)ldt:/ e‘at‘/ ha(t —7)hj-1(7) dr| dt
0

</ O‘t/|h1 t— 1) [hy1 ()] drdt
/ / e~ | by (t — 7)|e T hj_1 ()| dt dr

=/0 —Mh]_lrdf/o e~ |y (7)) dr
<([ emmmiar)’

Interchanging the order of integration is justified by Fubini’s theorem,
because |hy| * |hj—1] = O#~!) as t — oo, which in turn is a con-
sequence from the fact that |hi(7)| is constant for 7 > r. Setting
B = suPg<icos [h1(t)] we get

Oofozt ﬁ
/Oe ()] dt < .

Therefore, we have convergence of the series (1.14) if we choose o > 3.
Theorem A.9 implies that H(\) is the Laplace-transform of

= ihj(t), t>0,

J=1

the series being absolutely convergent. Moreover, the Laplace-integral
for H(t) is absolutely convergent for Re A > 3 (note that ag could be
arbitrarily > ). Since n(—t) is bounded on ¢t > 0, say |[n(—t)| < a, we
get |hjt1(t)| < a(at)?/j!, 5 =0,1,... . This proves uniform convergence
of 3322, hj(t) on bounded intervals. To finish the proof we have to
observe that

1. 1.
A7) = GARS

which implies that A~!()) is the Laplace-transform of
t
Y(t) = I+/ H(r)dr, t>0. (1.16)
0

This also shows that Y (¢) is locally absolutely continuous on [0, 0).
Convergence of the Laplace-integral for H(¢) in Re A >  implies that
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fOtH(T) dr = o(e®) ast — oo for any a > 3 (Theorem A.2) and therefore
we have absolute convergence of the Laplace-integral of Y (¢) in Re A > .
|
The precise abscissa of absolute convergence for the Laplace-integral
of Y(t) will be determined later (see Theorem 1.21 and Definition 1.19).
We next relate Y (¢) to equation (1.1).

Theorem 1.7 a) Y (t) is the unique solution of

Y(it)=1- /OtY(t —7)n(=1)dr, t>0,

Y(t)=0 fort<O.

(1.17)

b) L(Y;) = f?r[dn(ﬁ)]Y(t + 0) is defined on [0,00) with the exception of
a countable subset of [0,7] and Y (t) is the unique solution of

Y(t) = L(Y;) a.e. fort>0,

(1.18)
Y0)=1 and Y(t)=0 for—r<t<0.

Since the columns of Y; are in C for ¢ > r, the function Y (¢) is con-
tinuously differentiable for ¢ > r and equation (1.18) holds everywhere
on [r,00).

Proof of Theorem 1.7. a) From the identity

I=ATTN)AN) = A7) = AT AR (1.19)

we get using Lemma 1.6 and Theorem 1.5
t
I=Y(t) +/ Y(t—71)n(—7)dr, t>0,
0

which is (1.17). If Y;(¢), i = 1,2, are two solutions of (1.17), then
t

Y1(t) = Ya(t)] < sup |77(9)|/ Yi(7) = Ya(r)[dr, ¢ >0,
—r<0<0 0

which by Gronwall’s inequality implies Y7 () = Ya(t).

Since Y'(t) = H(t) a.e. on t > 0, the Laplace-transform of Y (t) exists
and is given by AA71()\) — I. From the identity
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we get

Y(t):—/on(T—t) (1) dr — n(—t) ae. ont > 0.

Integration by parts gives
[ =07 @ar = [ =nave
=n(0)Y (t) — n(=1)Y'(0) — /0 [dnr (T — )Y (7)

Therefore

0
0
Y(t) = / [dn(0)]Y (t + 0) / Y(t+6) ae ont>0.
- max(—t,—r)
(1.21)
If —t is in [—r, 0] and 7 is continuous at —¢, then

0 0
[ lan@)ye+6) = [ lan@)yie+o).

—t -
Since 7 is discontinuous on an at most countable set, we get the assertion
concerning L(Y;) and equation (1.21) implies (1.18).
If Yi(t), i = 1,2, are two solutions of (1.18), then the columns of

Y1 (t) —Ya(t) are solutions of the homogeneous equation (1.1) with ¢ = 0.
Consequently we have Y;(t) = Ya(t). ®

Remarks. 1. Since instead of (1.19) and (1.20) we can also use the
identities

%1 — AT — h()ATT()

and
AATIO) = T = (AATYO) = DA + h(N),

we see that Y(¢) is also the unique solution of

Y(t)=1- /tn(—T)Y(t —7)dr, t>0,
0
Y(t)=0, t<O0,

(1.22)
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and

) 0
Y(t)= | Y(t+6)dn(®) ae ont20, (1.23)

Y0)=1 and Y()=0 ont<O0.

2. Instead of applying Theorem A.9 to H (\) we could also proceed as
follows. We write

. 1 /0 >,
H(A):/\/ Mdn(9) + > h(N)

Jj=2

The first term is a Laplace-transform by Lemma 1.6, the Laplace-integral
converging absolutely for Re A > 0. Using (1.12) we get, for any a > 0,
the estimate

. K?

(WP < ( ) S
JZQ Z N T N K
for ReA > o and |A\| > K. This proves that the assumptions of The-
orem A.8 are satisfied. Therefore H()\) is a Laplace-transform of some
function H(t). As before we get (1.16). We decided to use Theorem A.9
for the proof of Theorem 1.5, because this in addition provided us an
explicit representation of Y (¢) in terms of the matrix 7.

3. For the proof of Theorem 1.5, b) one could also use Theorem A.6 on
convolutions and just differentiate equation (1.17). This gives

/Yt—T —7)dr + n(—t)
=Y (t)+ /_t[dY(tJr m)n(7) +n(-1)

0

0
_ /_ty(t+7) dn(r) =Y (t)— [ Yi(0)dn(0)

-r

a.e. on t > 0, which is equation (1.23). If we start with (1.22) we get
(1.18).

In analogy to the theory of ordinary differential equations we intro-
duce the following notions:

Definition 1.8 The matriz A(\) and the function det A(X\) are called
the characteristic matrixz and the characteristic function of equa-
tion (1.1), respectively. Y (t) is called the fundamental matrixz of

(1.1).
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1.4 Smooth initial functions

In case of an ordinary linear autonomous differential equation the
derivatives of solutions are again solutions of the equation. This is in
general not true in case of functional differential equations. A solution
of (1.1) is continuously differentiable on [0, c0), but not necessarily dif-
ferentiable at 0, even if the initial function is continously differentiable

n [—r,0].
Theorem 1.9 Let z(t;¢) be a solution of equation (1.1). Then x(t; @)
has a continuous derivative on [—r,00) if and only if
(i) ¢ € CY([-r,05,C"),
(i) $(0) = L(¢).
Moreover, if conditions (i) and (ii) hold, then

i(t; ) =x(t; ), t>—r (1.24)

Proof. Suppose that (i) is true. Then integration by parts gives

e ) — l ’ 06)\(9_”). ) du
P =60+ 5 [ [an®)] [ X6
0 0
B i(/_rewd”(g)>¢(0)+i/_r[dn(ﬁ)w(@) (1.25)

0

0
= (86 + L) + [ [an®)] [ 3w du

—r 0

If in addition (ii) is true, then

This shows )

AE(A) = ¢(0) = AT (N)p(X; ¢), (1.26)
where 2(\) = A71(A\)p(\; ¢) as before denotes the Laplace-transform of
x(t; ¢). Relation (1.26) and Theorem 1.4, b), show that Az(\) — ¢(0) is
the Laplace-transform of y(t) = x(t; ¢) which is exponentially bounded
and continuous on (0, 00). Therefore we have

A/ “Aa(t; ¢) dt — $(0) = Az*(N) — $(0)

:/0 “My(t) dt = A/ / r)dr) dt
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for Re A sufficiently large, which implies (note that z(¢; ¢) is continuous)

£(t; 6) — B(0) = /0 y(r)dr, >0,

This shows that z(¢; ¢) has a continuous derivative on [0,00). On the
other hand relation (1.26) shows that

y(t) = x(t;¢) a.e. on [0,00).

Since solutions of equation (1.8) are continuous on [—7, 00), this proves
that z(t; ¢) has a continuous derivative on [—7, 00) and

i(t;¢) = x(t;d), t= -

Now suppose that &(t;¢) exists on [—r,00) and is continuous. This
implies ¢ € C*([—r,0],R™), of course. By continuity of &(¢;¢) at t =0
we get (0) = #(0—; ) = #(0+;9) = L(¢).

Remarks. 1. Conditions (i) and (ii) characterize the domain of the

infinitesimal generator A corresponding to the solution semigroup 7'(t),
t > 0, associated with equation (1.1) (see Theorem 1.23).

2. Since A¢p = ¢ for ¢ € dom A, relation (1.24) means
AT (t)p =T(t)Ap, t>0, ¢ € domA,

which is well known for Cp-semigroups.

1.5 The variation of constants formula

In this section we prove a representation formula for z(t;¢) resp.
x(t; ¢, f) in terms of the fundamental matrix and the data n, ¢ and

f.
Lemma 1.10 The function

0
) = - / (dn(6)] (eo(N) * #)(6), A€ C,

-r

is the Laplace-transform of the function

g(t) = / [dn(e)](b(t + 9) fO’r‘ 0<t< r,

0 fort >r.
If we extend the definition of ¢ by ¢(t) =0 fort > 0, then
0

o(t) = L(dy) = / [dn(6)]6(t + 6) (1.27)

T
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for all t > 0 with the exception of an at most countable subset of [0,r]
(in fact the subset where n(—0) is discontinuous).

Proof. The representation (1.27) of ¢ follows from the fact that, for
?(0)#0and 0 <t <,

—t 0
/ (dn(6)]6(t + 0) = / (dn(6)]6(¢ + 6)

-r -r

provided 7 is continuous at —t. If ¢(0) = 0, then (1.27) holds for all
t>0.
Using Fubini’s theorem we get

0 0 —0
= [ ano(eon) <)) = [ o) [ e o+ oyar
= re_M - T T = ooe‘” T)dr
= [ [ anonetr +0)dr = [“eytryan

Theorem 1.11 (Variation of Constants Formula) The solution of
problem (1.1), (1.2) is given by

2(t:6) = Y (1)6(0) +/0 Y(t—7)L(d)dr, t>0, (1.28)

where L(¢;) is defined in Lemma 1.10. The upper limit of the integral
can be replaced by min(t,r).

Proof. The Laplace-transform of z(¢; ¢) is given by

2(A) = AT p(A; ) = ATHA)H(0) — A_l(k)/ [dn(6)] (eo(A) * 6)(6).
From this (1.28) follows by using Lemma 1.10. For the application of the
convolution theorem (Theorem A.7) we have to note that the Laplace-
integrals of Y'(¢) and L(¢;) are absolutely convergent in some right half
plane. W

For fixed t > 0, ¢ — ng(t — 7)L(¢;) dr defines a bounded linear
functional C — C", which according to Riesz’ theorem must have a
representation fgr[dmI)(G,t)](b(G), where ®(0,t), for fixed ¢ > 0, is a
function of bounded variation in 6.

Proposition 1.12 For any ¢ € C we have

t 0
/ Y(t - 7)L(6y) dr = / (dg®(6, )] 6(0),
0

-r
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where
t
B(0, ) = / Y(t— om0 —o)do, —r<0<0, t>0.
0

Proof. In order to get the explicit expression for ®(6,t) we apply the
non-symmetric Fubini theorem by Cameron and Martin ([6], see also
Theorem C.1) to the integral

t
/ Y(t—7)L(¢r)dr = / / [drn(o —t+7)]é(r) do.
max(0,t—r) t—r—0
We define the functions
JSY (r)dr for max(0,t —r) < o <t,
Ek(t) for o > t,
k(max(0,t —r)) for o < max(0,t—r),
¢(r)  for —r <71 <0,
s(tr)=4¢ 0 for 7 > 0,
o(—r) for 1< —r,

plo,7)=n(c—t+71) foro,T€eR.

We also change, for this proof the definition of 7 at points of discontinuity
in [—r,0) such that 7 is right-hand continuous on R. Then we have

/ V(- L) dr = [ 1] sonion) anio).

—00 — 00
It is clear that the function s(7) is Borel-measurable on R, k is of
bounded variation on bounded intervals and 7 — p(c, 7) is of bounded
variation on bounded intervals for all ¢ € R. Borel-measurability of p on
R? follows from Borel-measurability of the mappings (o,7) — o +7 — ¢
on R? and 1 on R. In order to verify condition (i) of Theorem C.1 we
have to investigate

T o—t+T1
V(O-vT) = /0 ‘dup(o-v V)l = / . |d77(6)‘ = Var[crft,oftJrT]n for 7 > 0)

—/ ‘dl,p(o*, 1/)} = —Vallg_tyrqoqn for 7 <0.
0

By definition of k we get
¢

/OOV(U,T)uk( /vm)yY( J|do < 00, teR.

—00
max(0,t—r)
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This shows that condition (i) of Theorem C.1 holds. We also have

/ (1) dsp(o.7)] < lGllvarnon, o € R,

/ / )| |deplo, )| |dk (o)

t
< [|llvar(_r.om Y () dr < o0,
max(0,6—7)

i.e., also condition (ii) of Theorem C.1 is satisfied. Therefore we get

/OtY(t —7)L(¢r)dr = /o; [dT /Z[dk(d)]p(@ T)}S(ﬂ
/ / Y(o 0—t+7’)da}¢(7—)_

max(0,t—7)

This proves

t min(¢,r)
/ Y(o)n(c —t+6)do = / Y(t—o0o)n@—o)do
max (0,t—r) 0

for —r < 6 <0 and ¢t > 0. The upper limit min(¢, ) in the second inte-
gral can be replaced by t. One easily checks that the resulting function
®(0,t) would differ only by a constant, which does not matter. H

We next turn to the nonhomogeneous problem (1.3), (1.4). If is suffi-
cient to consider the case ¢ = 0 only. For any ¢; > 0 we define

f(t) for 0 <t <ty
t:t1) =
f(tt) {0 for t > 3.

Instead of equation (1.3) we consider for the moment
&(t) = L(zy) + f(t;t1), t>0. (1.29)
The estimates (1.8) and (1.9) imply

250, fGt) < [ 1F@dr e, ¢ 0,
0

a0, f) < [ 1) drett, ¢ 0.
0
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Therefore the Laplace-transforms of z(t) = =(¢;0, f(+,¢1)) and &(¢t) ex-
ist, the Laplace-integrals converging absolutely for ReA > ¢. Taking
Laplace-transforms on both sides of equation (1.29) we get

B(A) = AT ) (At), (1.30)
where f(X;t1) ftle_”f dt. This implies

Z/Y(t—T)f(T;tl)dT, t>0.
0

Since x(t;0, f(+,t1)) = z(¢; 0, f) for 0 <t < t¢; and t; > 0 was arbitrary,
we have proved the following theorem:

Theorem 1.13 For any ¢ € C and f € Li (0,00;C"), the solution of
problem (1.3), (1.4) is given by

2t 6, ) = (t: ) +/0 Y(t— ) f(r)dr, t>0. (1.31)

Remark. Theorem 1.7, b) implies that, for any a € C", the function
z(t;a) =Y (t)a, t > —r, is the unique solution of
#(t) = L(zy) a.e.ont>0,

1.32
2(0)=a and z(t)=0 for —r <t <D0. (1:82)

Therefore formula (1.28) can be viewed as the variation of constants
formula for the nonhomogeneous problem

&(t) = L(z¢) + f(t) a.e.ont >0,
z(0)=a and z(t)=0 for —r <t <0,
where a = ¢(0) and f(t) = L(¢), t > 0.
Formula (1.28) also shows that the solution z(t; ¢) is the sum of two
functions. One is the solution of (1.32) with a = ¢(0) and therefore is

influenced only by ¢(0), the other is the solution of (1.33) with a = 0
and f(t) = L(¢¢) and depends only on the past history ¢ ||_,.).

(1.33)

1.6 The Spectrum

As we have seen in Section 1.3 the Laplace-integral for any solution
x(t) = z(t;¢) of (1.1), (1.2) is absolutely convergent for Re A > ¢ (see
Proposition 1.4). Therefore the complex inversion formula (cf. Theo-
rem A.10) is applicable for any v > ¢ and gives

2t 6) = / MATT PN d)dN, t > 0. (1.34)
")
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1
For t = 0 the integral gives 5@%)(0) and zero for ¢ < 0. Here and in the

following we use the notation

1 T
)

We shall show in the next section that instead of taking v > ¢in (1.34)
we can choose any v > sup{Re A | A71(A\)p(); ¢) has a pole at A\}. Since
the poles of A~Y(A\)p(\; @) occur under the zeros of det A()), we shall
investigate first the location of these zeros.

Definition 1.14 The set o(L) = {\ € C | det A(\) = 0} is called the
spectrum of equation (1.1) and p(L) = C\ o(L) is the resolvent set
of equation (1.1).

r—.35

2

L
)
&/

Ve
s

Figure 1

We first state some basic facts about o(L):

Proposition 1.15 a) o(L) is non-empty and all points of o(L) are iso-
lated in C. If o(L) is finite, then det A(\) is a polynomial in X of degree
n.

b) If Ao € o(L)is a zero of det A(N) with multiplicity ko, then Ao is pole
of some order ko for A7Y(X\) (i.e., Ao is pole of at least one element of
A7Y()\) and kg is the mazimal order occuring). Moreover, we have

0 < ko < kp.

c) There exists a constant p > 0 such that (see the shaded areas in
Figure 1)

o(L) € {\|ReX >0 and |\ < p} U{X|ReX <0 and |Ale""BeA < pl.



Autonomous Functional Differential Equations 61

Proof. a) Since det A(\) is an entire function, the elements of o(L)
are isolated points and zeros of finite multiplicity. Let \g € o(L) be

a zero of multiplicity ky. From A~1()) adjA(\) it is clear

~ det A(N)
that A\ is a pole of order ko < kg, because the elements of adjA(\) are
entire functions. We have to prove that )¢ is indeed a pole for A=1(\).
Suppose that A=1()\) is holomorphic at Ag. Then this is also true for
det A=1()\) and det A(X)det A=*(X\). This leads to the contradiction
0 = det A(Ag) det A71(Ng) = limy_», det A(\) det A~L()) = 1.

b) We may write
det AN) = A" + a1 M)A - ar (MDA + ap(N), (1.35)

where each aj () is a finite sum of products of at most n of the functions
f_orewdmj(ﬁ), i,7 =1,...,n. The estimate (1.11) therefore implies that
there exists a constant § > 0 such that

for ReA > 0,

1.36
—rnRedAs for Re A < 0, ( )

BIE {5

k=0,...,n—1. Therefore we have the estimates

|det A(N)| = [A["(1=6) [A7F) for ReA >0
k=1

and
[det A(N)] = [A]"(1—6) e ™RANF)
k=1

> A" (1 - 52(6T"Re)‘\)\])_k) for Re A < 0.
k=1

Note that e ™ReA > 1 for ReA < 0. If [\| > p for ReA > 0 and
|AlemBeA > p for Re A < 0 with p > 0 satisfying Y p_; p~* = 1/, then
|det A(N)| > 0. If we set A = pu + iv, u, v real, then we have

2
= :l:pe—rn,u(l _ &2627%“)1/2’ <0,
P

for |\|erBe* = p. In Figure 1 we show this curve for p = 1 and r = .5
resp. r = .35. We also see that v behaves like £pe™ ™ as y — —o0.
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¢) It remains to prove the result for finite o(L). Suppose that o(L) is
empty or finite. Using (1.36) and the representation (1.35) for det A(\)
we get

[det AN < (A" + -+ [A] + 1) e

for A € C, which shows that det A(\) is a function of exponential type
(see Definition B.1). Therefore the assumption on o(L) implies (cf.
Theorem B.7)

det A(X) = p(\)e™,

where p(\) is a polynomial of degree > 0 and a € C. Taking absolute

values we get
Re(a)) _ ‘ det A()‘)| A (L
e = , o(L).
poy) M FTW

This together with (1.36) implies

(1A~ 6Z|w)\p )IH < el < (M|"+5Z|A|J)|p )™t (1.37)

for ReX > 0 and |A| sufficiently large. With o = arg o we choose A\, =
ke where ¢y = —o + m/2 or (4 = —o — m/2 such that Re(a);) = 0
and Re )\, > 0. For k& — oo we see that (1.37) is only possible if p()\)
is a polynomial of degree n. Therefore o(L) is not empty. Suppose « is
not real. Then (1.37), for A = iw, w real, gives

n—1
. 1
e—wIma § (|w|n+5§ |w‘J) § )|
w
=0

Ip(i

The right-hand side of this inequality is bounded for |w| > ng, ng suffi-
ciently large, whereas the left-hand side is not. Thus « has to be real.
But (1.37) implies that

1
lim e® =
p—00 [Pal’

where p,, # 0 is the coefficient of A" in p(\). Thus we have a = 0 and
pp=1. N

Define the matrix ny = (77%) by n0(0) = n(8) for § < 0 and by 79(0) =
n(0—). We set Ag = —n(0—). Then

0 0
/ eMdn(9) = A +/ e dno(6).

-r -r

In view of Proposition 1.15, a), the question arises if det A(A) = det(A —
Ap) provided o(L) is finite. We can prove this under an additional
assumption on 7:
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Proposition 1.16 Assume that there exists a § > 0 such that ny(0) =
no(—0) for 8 € [=9,0]. If o(L) is finite, then

det A(X) = det(A] — Ap).
Proof. The coefficients o(A) in (1.35) can be written as
aj()\):aj+ﬁj()\), 7j=0,....,n—1, (1.38)

where the a; are the coefficients of det(AI — Ap) and the (3;(\) are finite
sums of finite products involving elements of Ay and of fgre/\‘gdng(ﬁ).

In each product at least one factor is of the form ff]re)‘edn?j(é?). The
assumption on 7y implies

’/ epednU <e M Var[_ro]n”, iwj=1,...,n, p>0. (1.39)
From
qN) = Bt N BL)A+ Bo(N) = det A(N) — det(M — Ap)

we see that ¢(\) is a polynomial of degree < n — 1. On the other hand
the estimate (1.39) implies that, for a constant K > 0,

la(p)| < Ke™?p"~" for p> 1.

This implies that g(A) is the zero polynomial. ®

An immediate and important consequence of Proposition 1.15, c),
and the fact that (L) cannot have an accumulation point in C is the
following result:

Corollary 1.17 For any o € R the set
o(L)yN{A € C|ReA > a}
is finite.
We shall need the following estimates:

Lemma 1.18 Let a € R be given. Then the following is true:
a) There exist positive constants K = K(«) and = f(a) such that

|A ()\_W for |\ > 8 and Re A > a.

b) There exists a positive constant M = M («) such that

Ip(A;0)| < M||p|| for ReA > a and ¢ € C.
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Consequently, ¢ — £(A\;¢) = ATYA)p(\;¢) defines a bounded linear
functional C — C™ for all N € o(L).

Proof. a) The estimate (1.36) shows that for some constant oy =
oo(a) > 0 we have |ax(N)| < og for ReA > aand k =0,...,n—1. Then

| det A(N)| > |)\|”<1 —o Y |)\|‘k) for Re )\ > a.
k=1

Therefore there is a constant 5 = (3(0¢) such that
| det A(\)| > %IAI” for ReA > & and |\ > f.
From (1.11) we infer that there exists a constant K = K («) such that
adjA(V)| < %mn—l for Re A > a and || > §.
Therefore we have

IATT(N)| < |I;| for ReA > o and || > S.

b) Indeed,
[p(X; @) < (18]l + Lllea(A) * ¢

for all A € C and ¢ € C. Furthermore,

(o (V) % 6)(9)] < Il / al0-ngr < {mm@, L/allell for a =0,
0

el ¢ for a <0,
for Re A > « (note that § — 7 < 0). This proves that, for Re A > «,

(1+ ¢min(r,1/@))||¢| for a >0,

1.40
(1+ ET@'O“T) lloll for a < 0. (1.40)

lp(A; 0)| < {

Definition 1.19 The number wy, = sup{Re\ | A € o(L)} is called the
exponential type of equation (1.1). For any ¢ € C, the number

wr¢ =sup{Re A | X is a pole of A~ (\)p(\; 0)}
is called the exponential type of the solution z(t;¢) of (1.1), (1.2).

The names for wy, and wy, 4 will be justified later (see Corollary 1.22).
It is clear that wr, 4 < wy, for all ¢ € C.



Autonomous Functional Differential Equations

Proposition 1.20 a) For any v > wp,

65
Y(t) = / MAT(N) AN fort > 0
()

(1.41)
b) For any v > wr, ¢,

x(t; ¢) = /6>‘tA_1()\)p()\;<b) d\  fort>0.
™)

have for all T > 0

(1.42)
/

Proof. We only prove part b). According to the definition of w4 we
AT (N)p(X; @) dA =0,

where I' is the closed contour depicted in Figure 2.
v+ 4T

(1.43)
[

o +iT

L' ~o — T
Figure 2

Of course, we have wy ¢ < v < 70 and £ < 79. By Lemma 1.18 there
exist positive constants K and p such that

_ K
| MAT (N)p(X; 9)] < o
for y <Re\ <79 and |Im A| > p. This shows
lim
T—o0

MAT Np(X @) dA =0, i=1,2,
r;

(1.44)
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where I'y and I'y are the horizontal parts of I' (see Figure 2). By choice of
v0, the Laplace-integral for x(¢; ¢) is absolutely convergent for Re A > 7
and therefore (cf. Theorem A.10)

x(t; ) = /e)‘tAl()\)p()\;qﬁ) dx, t>0.
(70)

By (1.43) and (1.44) also f(v) AT N)p(X; ¢) d) exists and equals z(t; ¢)

for t > 0. This proves (1.42).

In the proof concerning Y (¢) we have to choose 79 > 3, where [ is
the number appearing in Theorem 1.5. M

We now are able to prove that the numbers wy, and wy, 4 determine
the exponential growth of Y (¢) and xz(t; ¢), respectively.

Theorem 1.21 a) The number wy, is the smallest number such that for
any € > 0 there exists a constant K = K(¢) > 1 such that

V(1) < Kelrtot  fort > 0. (1.45)

b) The number wr, 4 is the smallest number such that for any ¢ > 0
there exists a constant K = K(g) > 1 such that for any ¥ € C with
Wry < WL

[w(t;9)| < K[|l meF=) - for ¢ > 0. (1.46)
There always exists a ¢ € C such that wy ¢ = wr,.

Proof. Again we just prove b). We show first that wy 4 cannot be
replaced by a smaller number. Indeed, assume that (1.46) is true for
a vy < wrg. Then, for ¢ = (wr4 —7)/2 we have v + ¢ < wr 4 and
lz(t; ¢)| < K()||¢]|e ), t > 0, which implies that the Laplace-integral
for x(t;¢) converges absolutely for ReA > v, a contradiction to the
definition of wr, 4.

We now choose a1 € C withwr, y, <wp ¢. Fore > 0wesetwp g+ =1y
and get from (1.42)

z(t; ) = / MATIN)p(\; ) dr,  t > 0.
™)
According to the identity

AT NP ¥) = (AT = (A=wr,g) T )p(A )+ (A—wr g) "' p(A; )
0
=\ —wrg) TATIN) (—WMI + / e)‘gdn(O))p(/\; )

—-Tr

+ (A —wrg) PN Y)
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we have to estimate

0
I = /e”()\ — wL’¢)_1A_1()\><—WL,¢>I +/ 6)‘9d77(9))P(/\§¢) dA
% -

and
I = / AN — wre)p(N ) dA.
)

By Lemma 1.18 and (1.11) there exist positive constants K = K(v),
M = M(vy), N = N(v) and 3 such that for A = v + it

0
MO = ) AT (el + [ dn(0))pw)

1 K K
<t — NYM|y| = =[]l > 8.
= |T‘(IWL,¢!+ )M = livlle, |rl =8
This implies that
L] < w¥] e, t>0, (1.47)

where k1 = k1(7) is some positive constant. With respect to Iy we ob-
serve that (A — wp, 4) "1(0) is the Laplace-transform of e“%:¢t4)(0) and
—(A —wrs) tL(eg(N) * 1) is the Laplace-transform of the convolution
e“L:s!x L(14) (see Lemma 1.10). All Laplace-integrals are converging ab-
solutely for Re A > wy, 4. For e“L.! this is trivial and for the convolution
it is valid because it is true for both factors. Therefore we have

t
Iy = 9(0)erot + / Lo L) dr, > 0.
0

For the integral we get (note that L(¢;) =0 for 7 > r)

min(¢,r)
t
|[enstnrwnar| < [ enet0inwo)dr
0

0

T
< e“L’¢t/ |L(1hr)| dr < moeBo ],
0

where ko is a positive constant which does not depend on . Therefore
we get
|Io| < e“Lot||ah]|(1 4 ka) for t > 0. (1.48)

Since x(t; 1) = I1 + I2, the desired result follows from (1.47) and (1.48).
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An easy calculation shows that z(t) = e*b is a nontrivial solution of
equation (1.1) if and only if det A(Ag) = 0 and b is a nonzero solution of
A(Ng)b = 0. Therefore, for any \g € (L), we have at least one solution
whose exponential type is Re g (note that £(e?) = (A —Xg)"!). =

Corollary 1.22 We have

hmsup ; In|Y(t)| =wp

t—o00

and, for any ¢ € C,

1
lim sup n In|z(t; ¢)| = w4

t—o00

The proof of this corollary is an immediate consequence of Theorem 1.21.

1.7 The solution semigroup
For any ¢t > 0 we define the operator T'(t) : C — C by

T(t)p = xz(p), ¢eC.

)¢
From Proposition 1.3 (for f = 0) we see that 7T'(¢) is a bounded linear
operator. Since x;ys(¢) = x¢(x5(¢)) for t, s > 0, we also have
)T

)
)
T(t+s) =Tt

()7 t78207

i.e., the family 7 = (T(t))t>0 is a semigroup. Since z(t; ¢) is uniformly
continuous on intervals [—r, T], T > —r, it is clear that

[z(¢) — ol = _sup [2(t+6;0) — () =0 ast |0,

0<0
which proves that S is a Cg-semigroup.

Theorem 1.23 a) The infinitesimal generator A of S is given by

dom A = {¢ € C*(—r,0;C") | ¢'(0) = L(¢)},

Ap=¢', ¢ domA (1.49)

b) The spectrum o(A) of A is all point spectrum and is given by
o(A)=0(L) ={\ € C|det A(\) = 0}.

c¢) The resolvent operator of A is given by
=M -4, ¢eC,
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where

0
U(8) = v (0)eX + / AO9)g(s) ds,

0

¥x(0) = AN) p(X; ¢) = E(\; 9).

Proof. We first compute the resolvent operator for the operator defined
by (1.49). The equation (Al — A)Yy = ¢, ¢ € C, ¥y € dom A, implies
PA(0) = XA(0) — ¢(0), —r <6 <0, and

0
Ya(0) = 1 (0)eM +/9 A0 g(s)ds, —r<6<0.

The function vy is in C*(—r,0; C"). We have to choose 1,(0) such that
Yy € dom A, i.e.,

0
Mir(0) — 6(0) = Litha) = L(e> I)aba(0) + L( / A=9g(s) ds)

or, equivalently,

0
A(N)(0) = 6(0) + L / A=9)g(s) ds) = p(A; 6).

This equation can be solved for 1, (0) if and only if det A(A\) # 0. In
this case we have

¥ (0) = AN Tp(X; ¢) = E(\; 9).

From Lemma 1.18, b) we see that ¢ — 1,(0) defines a bounded linear
functional C — C". This implies that ¢ — ) is a bounded linear
operator C — C. Therefore we have shown that A € o(A) if and only if
det A(A) = 0. Moreover, A € o(A) implies that AI — A is not injective
(M —A)p =0, 1) € dom A, is equivalent to 1(8) = 1(0)e*?, —r < 6 <0,
and A(X)(0) = 0). Thus parts b) and c¢) are proved.

It remains to prove that A4 is the infinitesimal generator of 7. For
the moment let B denote the infinitesimal generator of 7. Then we have
(see for instance [28])

(M —-B) o= / e MT(t)pdt, ¢€C, Red>wp,
0
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where the integral is understood as an improper Riemann integral. On
the other hand a simple integration using also part c) shows that

( /0 T e M) at) (6) = ( /0 " My () dt) (6) = /0 e Mat + 0, 6) de

0 [e.e]
:/ A=) (s) ds—i—e)‘e/ excx(t; ¢) dt

0 0

0
(X ¢)e + / 0= p(s) ds
0
(M —A)'9)(0), —r<60<0, Red>wy.

This proves (Al — A)"' = (M —B)"!, ReA > wy,ie, A=58. 1
For the proof of A = B we have also used the following lemma:

Lemma 1.24 For any 0 € [—r,0] we have

o0

(/Oooe_’\t:vt(ﬁf)) dt) (0) = /0 e Mr(t+6;0)dt, Re) > wr.

Proof. Let m be a bounded linear functional on C which is represented
by the vector p of bounded variation on [—r, 0],

0
m(®) = [ o@)duo). sec.
Then we have

m( /0 " My (6) dt) - /0 S (e M (9)) dt
:/Ooo/ix(tw;@dﬂ(e)dt.

It is not difficult to prove that 6 — [ e~ Ma(t +0;¢)dt, —r < 0 <0, is
a function in C. Using Fubini’s theorem we get

m(/oooe)‘ta:(t +0;0) dt> - /i/oooe”x@ +0; 6) dt dyu(0)
= /0 ” /_ ie—%(t + 0; ¢) du(9) dt.

Thus we have shown that

m(/oooe)‘txt(gb) dt) = m(/oooe)‘ta:(t + 5 0) dt)

for all bounded linear functionals m on C, which proves the result. ®
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2. Eigenspaces
2.1 Generalized eigenspaces
Consider equation (1.1) with
0
L(@) = [ ldn®)e(0), s ec.

A function z(t) = e*tby, \g € C, by € C", is a solution of (1.1) if and
only if
det A()\[)) =0 and A()\O)bo =0.

Similarly a function z(t) = e)‘ot(bo + tbl), A € C, by,by € C", is a
solution of (1.1) if and only if

0
tA(o)br + (I - / 06’\°9dn(9)>b1 + A(o)bo = 0,

-T

which in turn is equivalent to

A(Ao)br = 0,
A(Ao)bo + A'(Xo)b1 =0

(observe that A'(\g) =1 — fETQe)‘Oedn(G)). In general we have:

Proposition 2.1 Let \g € C and b; € C*, j = 0,...,k, be given. The
function

k .
+
o(t) = ertZﬁbj 20 (2.1)
§=0
is a solution of (1.1) on R if and only if
(i) N € o(L),
(i) Agr1(Ao)brr1 =0, b1 #0,

where
A(No) f1A(Xo) -+ o HAB ()
0 R - :
Ak—i—l()\o) = . . c Cn(k—i—l)xn(k-‘,—l)’
$1A"(No)
0 0 A(No)

bpy1 = col (by, . .., by) € CHFFD.
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Definition 2.2 Let \g € o(L) be given. The subspace
k 9]
Py={¢eC|Fk>0: ¢(0) :e*ogzﬁbj, —r<0<0,
=0

where Ak+1(}\0)5k+1 = 0}

is called the generalized eigenspace of (1.1) corresponding to \g. A
function xz(t) given by (2.1) with by, satisfying (ii) of Proposition 2.1 is
called a generalized eigenfunction of equation (1.1) corresponding to
Ao-

For Ao € o(L) let ko be the multiplicity of Ao as a root of det A(\)
and ko be the order of \g as a pole of A7L()\). We know already that

0 < Ko < kg
We first show that in the definition of Py, we can set k = g — 1.3
Proposition 2.3 Let \g € (L) be given.

a) The generalized eigenspace of (1.1) corresponding to g is given by

ko—1 4

P, = {(b eClo(9) = eMo? Z ?'bj, —r <0<0,
j=0 "

where AKO (AO)BKO = O}.

(2.2)

b) dim Py, = nko — rank A, (o).

Proof. a) Assume that, for a ¢ € Py,, we have k > ko, i.e.,

k .
67 ~ ~
P(0) = eto? E il bj,  Agr1(Ao)bry1 =0.
j=0 "

The solution z(t; ¢) is given by
- ) = prot - tJ b
=0

The Laplace-transform of x(t; ¢) is
k

R 1
(A ¢) = Zmbﬁ

J=0

3Below we shall prove that kg cannot be replaced by a smaller number (see Corollary 2.9).
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Since A¢ can be a pole of Z(\;¢) of order at most g (observe that
2(\;0) = AY(N\)p(X; ¢)), we must have

bli():bfi(]+1:"':bk:07

ie., by = col(bo, ..., bey_1,0,...,0). From Agyi(Ag)bpr1 = 0 we imme-
diately get B R
Ary(M0)bry = 0.

If p € Py, is deﬁrged With]ﬁ? < kg — 1, we define b1 = bpyo = ---
bro—1 = 0. From Aj11(No)bg+1 = 0 we get that also

AKO(AO)E% =0.

b) Let ¢;(0) = erof S0t £y i =1,...,m, be elements in Py, and

j=0 4! J ’
choose aq,... ... , m € C. The equation > ;" | a;; = 0 is equivalent to
ko—1 ,; m
0’ (i) _
S0 =0
§=0 i=1

which by linear independence of the functions 1, 6, 62/2!,
, 07071/ (kg — 1)! is in turn equivalent to

Zaibgi):() for j=0,...,k0 — 1.

The last equations are equivalent to

Zal =0.

This proves that the elements ¢1,...,¢, € P, are linearly indepen-
dent if and only if the vectors I;,(.@lo), ces INJ,(.;?) € ker A,,(\o) are linearly

independent. The result on dim P\, follows immediately. M

In order to determine rank A, (\g) we have to use an elementary
divisor theory for holomorphic matrices. We start with a fundamental
theorem.

Theorem 2.4 Let K(\) be an n X n-matriz which is holomorphic in a
neighborhood V' of zero. If det K(X) #Z 0 in V, then there exist integers
L, d,, my, p=1,.... 4, with

0<di<---<dy and m,>0, p=1,...,4,
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n X n-matrices F(X), G(X\) and a neighborhood U of zero such that
(i) M(A) = FO)KA)G(A) = diag(A My (A), ..., X% My(N)) in U,

(ii) F(X\), G(X) are holomorphic in U and det F(\) = det G(A\) =1 in
U,

(iii) My(N), p=1,...,4, is an m, X mpy-matriz, which is holomorphic
in U with det My(X\) # 0 in U,

(iv) the numbers £, m,, d, are uniquely determined by properties (i) —
(ii).

Proof. The power series expansion of K () around 0 has the following
form:

K()\) =/\an()\>, H()%O, ni ZO,
where H()\) = >, N H;.

Case 1.
Assume that det Hy # 0. In this case we have F(\) = G(\) =1, { =1,
d1 = n1, m1 = n, because

K(\) = X" H())

satisfies already (i)—(iii).

Case 2.
Assume that det Hy = 0. Let m; = rank Hy. From Hy # 0 and det Hy =
0 we see that

0<m <n.

Let X, Y be n X n-matrices with det X = det Y = 1 such that

_ (Hy 0
XHOY(O 0),

where Hog is an m; X mi-matrix with det Hog # 0. Observing H(\) =
Ho+ A 3"52, ¥ 71 H; we get

Hou 0 Hy () Hiz(\)
XHONY = ( 0 0) A <H;()\) H;z(k))’

where the H;;(\) are matrices which are holomorphic in V. We set

Ml()\) = Hyy + /\Hll()\).
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From det Hyg # 0 we conclude that det Mj()\) # 0 in a neighborhood U
of 0. Therefore M;(\)~" exists in U and is holomorphic there. From the
equation

I 0\ [ My XHp\ (I —AM;'Hyp\ (M O
~AHoy My 1) \AHxn AHaz ) \0 I L0 AKy)®
where Ky()\) = Hoz(\) — AHay (A M (A) "1 Hia()\), we see that

FiNK(NG1(N) = ()\nlj\gl(/\) )\”1“()}(2(/\))

where det F1 () = det G1(\) = 1in U. The matrix K»()) is holomorphic
in U and has a power series expansion

Ka(A) =2 Y WH?  with HS? # 0.
§=0

If detH 7$ 0, then we have
di=ny, do=ni+ns+1>dy, me=n—mq, £=2

and Ma(\) = Ka(N).

If det H02) = 0, we set mo = rank Héz) and proceed as above in Case 2.
In a finite number of steps we arrive at M () as given in the theorem.

It remains to prove (iv). In order to do this we have to introduce the
notion of determinantal divisors for a holomorphic matrix. H

For an n x n-matrix N(\) which is holomorphic in a neighborhood U
of zero we introduce the numbers (,(N), v = 1,...,n, as follows:

(i) Any v x v-minor of N(\) has the form
A Mq(), AeU,
where ¢()) is holomorphic in U.

(ii) There exists at least one v x v-minor of N(A) such that ¢(0) # 0.

Since a (v + 1) X (v + 1)-minor is a linear combination of v X v-minors
(Laplace expansion theorem for determinants), we have

Bys1(N) > B,(N), v=1,...,n—1.

The following lemma shows that equivalence transformations of the
form appearing in Theorem 2.4 leave the numbers (3, invariant.
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Lemma 2.5 Let K(\) be an n x n-matriz being holomorphic in a neigh-
borhood U of 0. Let M(\) = F(\)K(AN)G(A\), A € U, where F(\) and
G(N) satisfy (ii) of Theorem 2.4. Then we have

Bu(M)=pB,(K), v=1,...,n.
Proof. If K(lﬁ’i’”j) denotes the v X v-minor containing the elements in

rows ji,...,J, and columns ki, ..., k, of K()), then the Binét-Cauchy
formula gives (see for instance [8])

M)y = Y F(r ) K(Gren) Q).
1<op<<ap<n
1<o1<-<op<n
This shows that ' A
M (o) = N Ep(n),

1.y

where p()) is holomorphic at zero. Consequently we have

By (M) > B, (K).
Starting from K(\) = F(A\)"!M(A\)G(\) ™! we get

Bu(K) = By(M).

|
Proof for (iv) of Theorem 2.4. From Lemma 2.5 we conclude that
By =0 (K)=p,(M), v=1,...,n.

Using the special form of M()),

A4 M (N)

da
M) = A% My (N) ) 0 ,

)\dZMg()\)
we see that (observe det M;(0) #0, j =1,...,¢)

61 — dla 52 — 2d17 ce. ,ﬂml — mldly
Bmi+1 =midy +d2, ... ,bytme = midy + mada,

/-1

/—1
Brngri1 =Y mpdp+de,...,Bo1 = myd,+ (mg—1)dg, By
p=1 p=1

l
= Z myd,.
p=1
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From this we also see that (using dj < dg < --- < dy)
Br+1— Bk > Bk — Br—1, k=1,...,n—1,
where the “>”-sign is valid exactly for
k=mi,mo,...,my_1.

From this it is clear that the numbers m,, d, are uniquely determined

by the numbers 31, ..., 3,. Indeed, we have to proceed as follows:
Step 1.
Given (1, ..., 0y, compute the sequence
Po—P1<P3—PF2<-- < B~ Pt
The numbers mq, ..., my_1 are those indices, where a strict inequality

occurs in this sequence,

Bmerl _ﬁmp > ﬁmp _ﬁmpfla p=1...,0-1

(the number of strict inequalities in the above sequence is £ — 1). The
number my is given by n — Zﬁ;ll mp.
Step 2.
The numbers d, are given by (mg := 0)

dy=Br — Br-1, k=my1+1,....m,, p=1,...0-1,

d¢ =B — Br—1, k=my_1+1,...,n.

Since the numbers ¢, d,, m,, p = 1,...,¢, are uniquely determined

by 81, ..., 0n, which in turn are uniquely determined by the equivalence

class of K(\) (with respect to equivalence transforms satisfying (ii) of
Theorem 2.4), we have proved (iv). ®

Remark. The polynomials 6,(\) := M, v = 1,...,n, are called the
determinantal divisors of K(\) at A = 0, whereas the polynomials

eV =1, e\ =M1 =29 . 9n

are the elementary divisors of K(\) at A = 0. From the relations
between the numbers 3, we conclude that

Oy | 0p+1 and e, |epy1, v=1,...,n— 1

The following lemma relates the matrices
B_y B_jyq1 - B*N+k*1
Bi(N\o) = 0 R ‘ € Crhxnk, (2.3)

: : B
0 . 0 B_,
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k=1,2,..., and the Laurent series of the matrix B(\) around )y,
BA\) = Y _ (A=X)B;.
j=—n

Lemma 2.6 Let FI(A\), G(\) and H(X\) be n x n-matrices with Laurent
series

F) =Y A=X)VF, G =Y (A= )G,
j=—n j=-v
H(\) = i (A —Xo) Hj

around A = X\g. Then the following two statements are equivalent:
(i) H(A) = F(AN)G(X) in a neighborhood U of Ag.
(i) Hi(Mo) = Fr(Xo)Gr(Xo) for allk=1,2,... .

Proof. The proof is obvious if we compute the Laurent series expansions
on both sides of H(\) = F(A)G(\) around A\g. One also has to observe
that the coefficient matrix of A\™#*7~1 is the block appearing in the j-th
diagonal of Fj,(\g) etc. W

For the proof of Theorem 2.4 we only need Lemma 2.6 for p = v = 0.
Note that in this case

det Fi(Ao) = (det F(20))"  ete.

The general form of Lemma 2.6 will be needed below.

We now compute rank By (o) in several steps. Let M () be the matrix
obtained from B(\) according to Theorem 2.4 (with X replaced by A— g
of course). Then according to Lemma 2.6 we have

rank By,(\g) = rank Mj,(Xg), k=1,2,...,

where

M) EM'(N0) - - gl MED ()

0 . . :
My.(No) = : c Cnkxnk.
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If we introduce the matrices

0 1 o --- 0
R =|: ool et fork=23,...,

: o1

0 -+ - - 0
and Ry = (1), then we have
k-1

i o L)
:§:Rw®7NI(M% k=1,2,...,
=

where the Kronecker product of two matrices X = (x;;), Y is defined by

Lemma 2.7
- My ,
rank My (\g) = rank(Z ﬁM(J)()\o) ® Ri,), k=1,2,... .
j=0""

Proof. For any positive integers k, n there exists an nkxnk permutation
matrix P such that for any matrices S € C**" and T' € C*** we have
(see for instance [9, p. 118])

ST P=T®S.

Since det P # 0, the result is established. ®
In order to compute rank(Zf é 1, MW (Xg)® RY) it is useful to intro-
duce the nk x nk-matrix

M(Xol + Ry) = (mij(Aol + Rk))i,j:l,...,n’

where M(X\) = (mij(N))ij=1,..n and myj(Aol + Ry) is defined by the

o8] (U)()\_

power series expansion of m;;(A) around Ao, mi;(A) = > 277 o ap

Ao)#. That means (observe that R} =0 for u > k)

mij(Aol + Ri) = ZO&Z])RM ,j=1,...,n.

Since we have aﬁj) = u ( )()\0) we get

??‘
,_.

~ 1

M()\()I—i-Rk) = j'

M9 (Xg) ®R€C

<.
Il
o
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Observing the special form of M(\) we get
Mol + Ry) = diag(([,m @ RM)My (Mol + Ry), . ..

(L, @ RIYM (NI + Rk)).

From
k—1 ' 1 '
vank My(AoI + Ry) = rank( 3 B @ 5 MO ()
- !
My(ho) * -+ *
= rank

: c. c. *
0 0 M(X)

= krank M,(\o) = km,
we see that
rank (I, © Ry )M,(AI + Ry) = rank(I,,, @ R}*).

Thus we have

L L
rank M (Aol + Ry) = Z rank(/,, ® RZF’) = Z m,, rank Rz”
p=1 p=1

Obviously we have

>
rankRZﬁ _ 0 for d, > k,
k—d, ford,=1,2,...,k—1.

If d; > 0, then
rank M (Mol + R;) =0 fork=1,2...,d;.

For k > d; define ¢ = max{p € N| d, < k}. Then we have

rank M (Aol + Ry) =

I MQ

Thus we have proved the following theorem.

Theorem 2.8 Let B()\) be an n X n-matriz which is holomorphic at Ao
and let £, d,, m,, p=1,...,L, be the numbers uniquely determined by
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B()) according to Theorem 2.4. Denote by ko the multiplicity of Ao as
a root of det B(\) and by ko the order of Ao as a pole of B(A\)~'. Then
we have

0 fork=1,....d (if dy > 0),
. q B _
rankBk(Ao) = Zp:]_ mp(k dl)) fork dq+1,...7dq+1’
g=1,...,0—1,
nk — ko for k > dy.

Moreover, we have kg = dy.

Concerning the result for £ > d, we have to note that

l V4
Z m, =mn and Z myd, = ko.
p=1 p=1
The latter equation follows from the special form of M (\). Furthermore,

from

M)~ =GB TIEN) T
and the fact that G(\)~!, F(\)~! are holomorphic at Ay we see that
Ry = dg.

Corollary 2.9 We have

(

nk fork=1,... dq,
(if d1 > 0),
dim ker Ag(\g) = ka):qul mp—{—zgzl mpd, fork=d,+1,...,dgs1,
q=1,...,0—1,
ko fork=ro,ko+1,... .

\

In particular we have
dim P)\o == k‘o.

Furthermore, kg in the representation (2.2) of Py, cannot be replaced by
a smaller number.

Proof. The proof is obvious. We only have to observe that

q 4 q
nk—}ijk—@):kE:mﬁ—E:mAk—dﬁ
p=1 = =
=k Z mp—i-Zmp

p=q+1
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For k = ro—1 = dg—1 we get dimker Ap(Xo) = (dg—1)me+3 5"} myd, =
ko — my < kg, which proves the claim on ky. H

Remarks. 1. That dim Py, = ko was first proved in [24]. The presen-
tation given here is based on [20]. For the elementary divisor theory for
holomorphic matrices see [14].

2. The results presented above are true whenever Proposition 2.1 is true
and Ag is a zero of finite multiplicity of det A(X).

The results of this section can also be interpreted for the solution
semigroup 7 and its infinitesimal generator A.

Theorem 2.10 Let v € C and Ao € o(A) be given.

a) The following statements are equivalent:

(i) o € range(A — A\oI)*.

(ii) The equation

Ar(Xo)br = —pr(Mo;¥) = — col (Pe—1(Xos ¥), - -, po(Nos ) (2.4)
has a solution by, where

pj( 0,¢) = pr( 7¢) |>\:>\0 .

(iii) There exist vectors by, . ..,bx—1 € C™ such that the function

T
L

€j(A0)bj + ex—1(Xo) x ¢ (2.5)

-
I

.
Il
o

is in dom A* (for the definition of e; see (1.10)).
b) If 1 € range(A — %\OI)’“, then ¢ = (A — X\I)k¢ for any ¢ which is
given by (2.5), where by = col(by, . ..,bx_1) is a solution of (2.4).
Proof. An easy calculation shows that for ¢ given by (2.5) we have

k—2

gb — X = Z 6j(/\0)bj+1 + ek,Q(Ao) * (2.6)

j=0
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and
k—1

L(¢) Z] AD(Xo)bj + Aobo + b1 — pr—1(Ao; ).
7=0

Here we have used
0 /\()I — A()\()) for j = 0,
/ 0 %n(0) = { T — A'(N)  for j =1,
- —AO(Ng)  forj=23,...,

and
0

Pt (i) = — / (dn(0)] (e (h0) * ) (0).

-r

From (2.6) we get $(0) = Aobo + by. Therefore we have ¢ € dom A if

and only if
k—

,_.

1

],A = —pr-1(Ao; V). (2.7)

Jj=

=0
In this case equation (2.6) just means
k—2
(A=2D)d = ej(Ao)bjs1 + en—a(o) * 1.
=0

Analogously we see that (A — \I)¢ € dom A if and only if

N‘
l\?

jl,A( ) (Mo)bjs1 = —pr—2(Xo;®). (2.8)

<.
Il
o

Therefore ¢ is in dom A2 if and only if (2.7) and (2.8) are satisfied. In
k — 1 steps we obtain that ¢ is in dom A*~! if and only if

k—1—1

1 . .
> ﬁA(])(AO)ij = —pr-1-i(Ao;¥), i=0,...,k—2.  (2.9)
=

Moreover, we have
= (A — 2D 1p = eo(No)br_1 + eo(No) * 2.

For x we get x = Aox+%, x(0) = Aobg—1+1(0) and L(x) = —A(Xo)bk—1+
Aobk—1 — po(Ao;¢) + 1(0). Therefore x is in dom.A if and only if
A(Xo)br—1 = —po(Ao;1p). This proves ¢ € dom A* if and only if (2.9)
holds also for i = k—1, i.e., if and only if (2.4) is satisfied. Moreover, we
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have (A — MoI)x = (A — X\oI)¥¢ in this case. Thus we have established
that (iii) is equivalent to (ii) and that (iii) implies (i).

Assume that 1 € range(A — \oI)¥, ie., ¥ = (A — \gI)*¢ for some
¢ € dom AF. Then ¢ is solution of the differential equation

d

(@ - /\O)kéb = w

This implies that ¢ is given by (2.5). Since ¢ € dom A¥, the vector by
solves (2.4). This proves that (i) implies (iii). M

Corollary 2.11 Let ¢ € C and Ny € o(A) be given. Then we have
¢ € ker(A — N\oI)*
if and only if

—_

qﬁ = 6j<)\0)bj with Ak()\())gk =0.

=0

<

Proof. The result follows immediately from Theorem 2.10, b), for ¢ =
0. =

The proof of Proposition 2.3, b), for general k, shows that dim ker(A—
MoI)F = dimker Ag()\g). Therefore Corollary 2.9 gives also the dimen-
sion of ker(A — X\oI)*, k=1,2,... . From Proposition 2.3 we see that

Py, = ker(A— NoD)*, k=ro,ko+1,... . (2.10)

We call a subspace Z of Py, cyclic with respect to A, if there exists
a basis ¢o, ..., ¢p_1 of Z (k= dim Z) such that

Ado = Xogo,
A¢]2A0¢]+¢]—17 j:]-aak_]-

From the results given above it is possible to determine the decomposi-
tion of Py, into a direct sum of subspaces cyclic with respect to A.

Theorem 2.12 Let A\g € o(L) and let ¢, d, and m,, p=1,...,¢, be the
numbers associated with A(\) at N\g according to Theorem 2.4. Then

L mp
Py, = @@ZPJ’

p=1 j=1

where Z,;, j = 1,...,m,, is a subspace cyclic with respect to A with
dim Z, ; = d,.
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Proof. Since dimker(A — X\ol)% — dim ker(A — A\oI)%~ = my, we can
choose my elements 9, € ker(A — A\oI)%, j = 1,...,my, such that
Z;Zl ;i € ker(A — XoI)%~1 implies g = -+ = ayy, = 0. We put

¢§f3 = (A= XD iy, i=0,...,dp—1, j=1,...,my.

For each j =1,...,my, the subspace
_ 0 0
Zy; = span (¢j,0) cee j,dg—l)

is cyclic. This follows from
(A= 2D)6) = (A= AoD)% 40 =0,
(A— NI )(f)(z):(./l—)\of)déiid}j’g: © 1=1,...,dy— 1.

Ji—1

By definition of the qb%-)’s we see that qbgi) € ker(A — X\I)'Th j =
1,...,my. Furthermore, Z;nzél aigbﬁ-) € ker(A — \oI)? implies a; = - -+ =
am, = 0,1 =0,...,d — 1. Indeed, from 0 = > " a;(A Aof)iqbgzl) =
> (A~ )\OI) e=1e);; we see that Zmﬂ ;i € ker(A — NI )%—1,

which by choice of the v;;’s implies a1 = = ayy, = 0.
In the next step we observe

dim ker(A — )\OI)d‘f—l — dimker(A — )\OI)d‘f—l_l =my+my_1

and choose my_; elements ;1 € ker(A — NoD)=1 5 =1,...,my_1,
such that
me—1
Za] A= XoD) " e1gps o+ 3" Biabpq € ker(A = AoI)g,_, -1
Jj=1 Jj=1
implies iy = -+ =, =1 =+ = Bm,_, = 0. We set

o5 = (A= Do) = g, =0, =1, =1

As in the first step we see that the spaces

1) )

-1 .
Zp-1,j = span (¢§,O ),m,éf)] dpa-1)s J=1. myg,

are cyclic. Furthermore, we have <Z>§-i-_1) € ker(A — \oI)™t! for j =
1,...,mg_1,i:0,...,dg_1 —1 and

Za]%zz) + Z @(b(e D¢ ker(A — \oI)®
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implies c; =

=0y, = P1 == Bm,_, = 0. This follows from
my_1
o_zaJA MD)ie\) + 37 Bi(A = D)ig
Jj=1 7j=1
my_1
= Zaj (A= XD 0+ Y Bi(A = o) ¥y,
Jj=1 7j=1
which means
my—1
Zaj (A= XD %14+ Y Biahje € ker(A = NI,
Jj=1 j=1

In a finite number of steps we obtain the cyclic subspaces

ij—span(qﬁjo,..., %rl)v p=1,....0, j=1,...,m,.

The Zﬁzl mpd, = ko = dim Py, elements

(bgé), ]:1,,777,4, ’L:O,7dé_]_7
-1 ,
(bg’ )7 ]:1,...,mg_1, ZZO,...,dg_1—17

¢(.’1i)’ j=1,...,m, i=0,...,d —1,

are linearly independent. This can be seen as follows. Assume that

¢ mp dp—1
22> ool =0 (211)
p=1 j=1 i=0

This 1mphes > aj dz 145] d,1 € ker(A — MoI)%~1 and thus 5;
0,j= .,myg. Then (2.11) implies

my

Z o 2¢jf2H € ker(A — \oI) %2

or (observe ¢§',éa)lﬁ2 = (A= X))

S ol e € ker(A = AoD) L

Jj=1
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()

Consequently we have Q4,9 = 0,7 =1,...,myg. Analogously we see

that ol =0, j = 1,...,mg, i = dg_1,...,d; — 3. Then (2.11) implies
that

my me—1

(0) (¢-1) 1)
Z de 1— 1¢j7de—1—1+ Z Qjdy - 1¢]de 1—1
j=1

- Z J,dz 1= 1 'A_ /\OI)deidéileyf

me—1

+ Z sz 1—1¢]f 1€ker(A /\Ol)dg -1

and consequently ozyc)le 1= =0,7=1,...,my, and ozfd_i)ﬁl =0,7 =
1, e,y 1.
Continuing in this way we see that a(p) =0 for p = 1,. E j =

1,...,my, 1 =0,...,d, — 1, which proves that the elements d) w p =
1,....6, 5 =1,... mp, i = 0,...,d, — 1, are a basis for P,. It also
proves that dimZ,; =d,. ®

Of special interest are the extreme cases, i.e., all cyclic subspaces of
Py, are of dimension one resp. Py, itself is cyclic.

Proposition 2.13 Let kg be the multiplicity of Ao as a root of det A(\).
a) The following statements are equivalent:
(1) All subspaces cyclic with respect to A of Py, are one-dimensional.
(2) One of the following two conditions is satisfied:
(i) ko <n and rank A’'(A\g) = n — kg.
(i) ko =n, A(Ng) =0 and rank A'(N\g) = n.
(3) ko =1 (kg is the order of the pole of A71()\) at Ag).
b) The following statements are equivalent:
(1) Py, is cyclic with respect to A.
(2) We have

rank A(X\g) =n — 1. (2.12)
(3) Ko = ko.
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Proof. a) All cyclic subspaces to be of dimension 1 is equivalent to
dy < 1lforall p=1,...,0 Inview of 0 < dy < dp < --- < dy this is
equivalent to either

(i/) =2 and d1 = 0, dQ = 1,
or
(i) £=1 and dy =1.

In case of (i') the matrix M (A) in Theorem 2.4 is given by M())
diag(Ml()\), (A— )\O)Mg(/\)). From mid; +mads = kg and mq +mgy =
we immediately get mo = kg and m; = n — k. Therefore condition (i’
implies condition (i), because kg < n and rank A(Ag) = rank M (o)
m1 = n — ko in this case.

If on the other hand (i) is true, then the numbers () defined in the
proof of Theorem 2.4 are given by

Br=:=0k =0, Brr1>1 and B, = k.

This shows m; = ko and d; = 0. Since (G, < --- < [, (observe
0<dy <dg---<dy), we must have

— 3 |

Bn—ko-l-i:iu 2217777’

This implies £ = 2, my = n — kg and dy = 1, i.e., (i') holds.

In case of (ii’) the matrix M (\) is given by M(X\) = (A — Xo)M1(X)
which shows that kg = n, M()\g) = 0 and rank M;(\o) = n. From
M(Xo) = F(Ao)A(X)G(No) we get that also A(N\g) = 0. But then we
have A(X) = (A= Xg)A1(N). Observing Aq(N\g) = A'(Ng) and M;(N\g) =
F(Xo)A'(Ao)G(Nog) we see that rank A’(Ag) = n. Thus we have shown
that (ii’) implies (ii).

If on the other hand (ii) is true, then 3, = n because of rank A’(\g) =
n and d; > 0 because of A(Ag) = 0. In this case we have 81 < -+ < 3,
which together with £, = n implies

Bi=i, i=1,...,n.

This shows ¢ = 1 and d; = 1, i.e., (ii’) holds.

Since kg = dy (see Theorem 2.8), conditions (i') or (ii’) imply ko = 1.
If on the other hand kg = 1, then d; = 1, which implies either £ = 1,
di =1, 1e., (i),or £=2,d; =0 and dy = 1, i.e., (i').

b) Py, is cyclic if and only if

me=1 and d;=ko (=dimP),). (2.13)
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This implies Zf;;ll m,d, = 0 which is equivalent to either £/ =1 or £ = 2
and d; = 0. In the first case we have n = m; = 1, i.e., A(\) is scalar
with A(XAg) = 0. In the second case we get m; =n—mg =n—1. In
both cases we have rank M (\g) = rank A(N\g) =n — 1.

Suppose conversely that rank A(Ag) = n — 1. For n = 1 this means
B1 = Bn > 0 and consequently ¢ = 1, m; = 1 and d; = ko (observe
ko = md; in this case). For n > 1 we get

61:---:%,1:0 and ﬁn:]{:o.

This implies £ =2, my =n—1,dy =0, mg =1 and do = k.

If (2.13) holds, then ko = dy = ko. If conversely ko = ko, then dy = k.
This and Y, m,d, = ko imply mg = 1, i.e., (2.13) holds.

As a special case we want to consider an n-th order equation

n—1 .0 .
=3 [ Odnae), tz0. (21
=077

Such an equation can always be written as a system. We just define

2(t) = col(y(t), y(t), ...,y V@), t>—r

and the matrix n(6) by

0 ma() 0 - 0
0 Ce ce 0 77n—1,n(‘9)
n(0) M (0)

where 7j;41(0) = 0 for # < 0 and = 1for § >0, j =1,...,n— 1.
If 2(t) is a solution of system (1.1) with 1(6) as given above such that
¢ = col(o, ..., o) satisfies ¢it1 = ¢i, @ = 1,...,n — 1, then the first
coordinate y(t) = x1(t) is a solution of equation (2.14) with initial data
y(0) = ¢1(0),...,y"(0) = ¢, (0), —r < 6 <0, and vice versa.

From

A -1 0 --- 0
0
0 0 A -1
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where

0
Cj()\):/e/\gdnj+1(0), j=0,...,n—1,

T

one sees immediately that
det A(A Z Mej (A (2.15)

Proposition 2.14 If )\ is a root of multiplicity ko of det A(\) as given
n (2.15) then equation (2.14) has at least one solution

y(t) = p(t)e™', teR,
where p(t) is a polynomial of degree ko — 1.

Proof. Obviously we have rank A(A\g) = n — 1 for any zero Ay of
det A(Ag). According to Proposition 2.13, b) we have kg = ko. Therefore
the equation Ako ()\o)bko = 0 has a solution by, = col(by, ..., bg,—1) with
br,—1 # 0. Indeed, if by,—; = 0 for all solutions of this equation, then
all solutions of this equation satisfy Ak()\o)i)k = 0 for some k < kg, i.e.,
Py, = ker(A — X\oI)* for some k < ko = ko, a contradiction to (2.10).
The vector by,—1 # 0 satisfies A(Xg)bx,—1 = 0. The special form of
the matrix A()g) implies that the first component of by,_1 is nonzero
(otherwise we would have bg,_1 = 0). Thus we have shown that the first

component x1(t) of z(t) = e*o? Zko ! tj 1bj is of the form

ALY v — >
where v # 0 and ¢(t) is a polynomial of degree < ky — 2. Since y(t) =
x1(t) solves (2.14), the proof is finished. ®

2.2 Projections onto eigenspaces

In this sections we shall define continuous projections 7y, : C — Py,
Xo € o(L), such that C = rangemy, @ kermy, is a decomposition of C,
where the subspaces are invariant with respect to equation (1.1) (resp.
the solution semigroup 7). The following result will give the motivation
for the definition of y,.

Proposition 2.15 Let \g € o(L) be given and assume that the function
g(A) is holomorphic at \o. Then the function

o(t) = Res MATI(Ng(N), t2 .
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is an generalized eigenfunction of (1.1) corresponding to Ao and the
function

0 — /\Re}\s AMATI(N)g(N), —r<6<0,
=A0
is m Py, .

Proof. As usual let xo denote the order of the pole of A=Y(\) at Ao.
Then the function eMA~1(A)g(\) has at most a pole of order < kg at
Ag- From the expansions

AT = > (A=X0)D; and g(A) = (A= Ag)
=—ro =0

we get
\ \ Ko—1 tj
t — t . —

/\Pgesoe A7 (N)g(\) = et Zﬁc], t>—r,
7=0
where

ci=D_j 190+ +D_xyGrg—j-1, J=0,...,k0— 1

This can be written as

Cro = Dro ko> (2.16)
where ¢, = col(co,...,cro—1) € C™0, Gy = col(grg—1,---,90) € C™oO
and

D—/@() D—l$0+1 Tt -Dl
Doy =| ° | e grmoxnmo, (2.17)
: . Do
0 . 0 D_y

Since we have A(A)A~L()\) = I in a neighborhood of \g, we get from
Lemma 2.6 (observe that the matrices appearing in the main and the
upper diagonals of A, D,, are the coefficient matrices of A=%0, ... A1
in the series expansion A(A)A™Y(A\) = I around )¢ which are all zZero,
of course)

AgyDyy = 0. (2.18)
This together with (2.16) implies

Aoy = 0,

which in view of Proposition 2.1 proves the result. N
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If we take g(A) = p(A; @), then A=Y (A)p(); ¢) is the Laplace-transform
of z(t; ¢) (see Theorem 1.4, b)). We define 7y, : C — Py, by

Tg® = Res coMAT (Np(X; ¢), ¢ €C.
=Ao
This can also be written as
1 _
mod = 51 [ AT Np(Y9) A (2.19)
™ T

where I' is any positively oriented circle around Ag such that there is no
other element of (L) on T" or in its interior.

Lemma 2.16 Let A\g € o(L) and ¢ € C be given. Then we have

(mrowe(9))(0) = AReAs MDA Np(N;p), —r<0<0, t>0.
—A0

Proof. Fix ¢t > 0 and define y(s) = z(s;z:(¢)) = z(t + s;¢), s > 0.
According to the definition of 7, we have

(ma@e(#))(0) = Res /AT (Np(Aiai(@)), —r<0<0.

A short calculation yields
30 = AT n(9) = [ e alt - mi0) dr
0

t
=eMi(A; ) — M / e Ma(r; ) dr.
0

The second term on the right-hand side of this equation is an entire
function. Therefore we have (observe that #(¢; ¢) = A7 (A)p(\; ¢))

Res AT Np(As ze(9)) = Res MDA N)p(A;p), —r <0 <0.
=A0 =A0

|
For \g € o(L), define the subspace Q», by

QAO = ker TXo -
Theorem 2.17 Let \g € o(L) be given.

a) my, s a continuous projection C — Py, i.e., 7T§\O =T, andrangemy, =
Py,.
b) The subspace Py, is invariant with respect to the solution semigroup
T in the sense that for any ¢ € Py, the solution x(t; ¢) can be extended
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to (—o0,00) and xi(¢) € Py, fort € R. The subspace Q», is positively
invariant with respect to T. Moreover, we have

C=P\,DQx- (2.20)
c) The subspace Q», is characterized as
Qx, = {dcC|2(\) = A N)p(X; @) is holomorphic at Ao}
d) We have
@), = range(A — MD* fork = ko ko+1,...,
and range(A — AoI)* 2 Qx, for k=0,... ko — 1.
Proof. a) It is obvious that 7, is linear. In order to prove boundedness
we fix [ in (2.19). By continuity of A~!()) on T there exists a constant
K > 0 such that
leo( M)AV < K for A eT.
From Lemma 1.18, b), we get, for a constant M > 0,
Ip(A; @)l < M||g|| for A €T
Therefore we have (p = radius of I")
a0l < 2mpK M|, ¢ €C.

In order to prove rangemy, = P, we choose a ¢ € Py,. ¢ is given as
(25 = Z;&Bl ej()\o)bj. Then

ko—1
BNg) =Y (A=X) 7'y,
=0
which gives
ko—1 ‘ rko—1
T = Res eo(A) Y= =Y (Mol = 6.
j=0 Jj=0

This proves range my, = Py, and ﬂ?\o = T,
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b) For ¢ € Py, ¢ = 312" €;(Xo)b; with Ay, (Xo)by, = 0, the solution
exists on R. Together with its Laplace-transform it is given by

ko—1 ,;

tJ
(t;¢) = ey ﬁbj, t e R,
j=0

rko—1
E0) =D (A=), A# o
j=0
By Lemma 2.16 we have
ko—1 ;
R t+6)!
(magze(6)) (8) = Res AEHF(\; 9) = P 3 ( - ) b;
=0 '

=z(t+0;9) =x(p)(0), —r<60<0,t>0.

This equation is also true for ¢ < 0. Fix ¢ < 0 and define y(s) =
x(t + s;0) = x(s;24(4)), s > 0. The Laplace-transform §(\) of y(s) is
given by

) 0
G(\) = / e Mx(t+ 5;0)ds = eM / e Na(1;¢) dr + eME(N; ).
0 t
Since the first term on the right-hand side is entire, we get

/\R:eASO MATI N pN; 24(9)) = /\IieASO AFOATp(N; 9), —r<0<0.

Using this we get as in the case ¢ > 0 that my,z(¢) = z+(¢).

In order to prove positive invariance of ), we use c), which is proved
below. Since #(\; ¢) = A7 (\)p(A; ¢) for ¢ € Qy, is holomorphic at Ao,
we get

)\Re)\s AFOATT(N)p(A;¢) =0 for all £ >0 and —r < 6 < 0.
=A0

This implies my,z¢(¢) = 0 for all ¢t > 0, i.e., z(¢) € Qr,, t > 0.
The representation (2.20) follows from C = range my, @range(l —my, ).

c) If A=Y (A\)p(); ¢) is holomorphic at A, then obviously my,¢ = 0, i.e.,
¢ € Qx,- Assume now that A~H(A\)p(A; ¢) has a pole of order x, 0 <
k < Ko, at A\g. Then the Laurent series of A~1(\)p(); ¢) is of the form

(>‘ - AO)_qu/f + ()‘ - )‘0)_&+1q71€+1 + -
with g_, # 0. This implies
T = /\fie)\so eo(MAT (M)A 8) = ex—1(Mo)g—r + - + €0(Ao)g—1 # 0,
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i.e., d) ¢ Q)\O.
d) Let 1 = (A — X\oI)¥¢ for some ¢ € dom A*, i.e

Y = Z( > 1)E=IN\ET o) (2.21)

It is easy to see that ¢ € dom.A implies that x(t;¢) is continuously
differentiable on [—r, 00) and #(t; ¢) = x(¢; ¢). By induction we see that
¢ € dom A* implies that z(t; ¢) is k-times continuously differentiable on
[—r,00) and () (t;¢) = x(t; p*)). Taking Laplace-transforms we get
(observe Theorem A.3)

2N 0™) = AT N)p(r; 6®)) = AFAT Zw (=170
This and (2.21) imply

k
2 (k) DEIGTAT R 6

J

AL

N

k
<Z< ) DEINTIN ) AT PN @) + i (X 0)

= (A= 20)"FAT VPN 8) + hi(X; 9),

where hy,(\; ¢) is holomorphic at Ag. If k > ko we see that A~ (A)p(A; )
is holomorphic at Ao, i.e., ¥ € @y, by part c).

If 1 € Qy,, then g(\) = A71(A)p()\;9) is holomorphic at Ag. There-
fore we have p(\; 1) = A(A)g(A) in a neighborhood of \g or, equivalently,

Z AD)giy =pilhosw), i=0,1,...,

where g(A) = D22 (A — Xg)’g;. This shows that equation (2.4) has the
solution by = — col(qx—1,...,qo0) for any k =1,2,... . By Theorem 2.10
this implies ¥ € (72, range(A — A\oI)*. This finishes the proof of @, =
range(A — AD)¥, k = ko, ko +1,... .

Suppose that range(A — \oI)¥ = Q,, for a k < kg. Take ¢ € ker(A —
XoI)" such that 1 = (A — XoI)*¢ # 0. Note that ker(A — AoI)* S
ker(A — Aol )™ for k =0,...,kx9 — 1. Then ¢ € range(A — A\oI)¥ = Qy,
and v € ker(A — \gI)0~% C Py, which by C = Py, ® Q,, implies ¢ = 0,
a contradiction. W
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For the nonhomogeneous equation we have:

Proposition 2.18 Let z(t) = z(t;0, f), t > 0, be the solution of (1.3),
(1.4) with $ =0 and f € LL (0,00;C"). Then we have

loc

(ma021(0, £))(6) = Res XA f(As) (2.22)

for —r <0 <0, t >0, where

ft) = /te_’\T)f(T) dr, t>0.

0

Proof. We fix ¢t; > 0 and define f(¢;t1) = f(t) for 0 <t <t¢; and =0
for t > t1. Since y(t) = z(t + ¢1;0, f(-;t1)), t > 0, is the solution of the
homogeneous problem (1.1), (1.2) with ¢ = x4, (0, f), the definition of
), implies

T oLty (07 f) = )]\;ie)\s(') 60()‘)3}()\)7

where the Laplace-transform () is given by
i) = [Ny
0
0o t1
= [T N0, f(st))de— [ e Naltio, 7 (50))de
0

0

— eAtlA_l(A)fA(A;tl) o 6)\t1 /’tle_)\tz(t; 07f(’t1)) dt,
0

where we have used (1.30). The result now follows, because the second
term on the right-hand side is holomorphic at zero. R

If, for the matrices Dj, j = —ko, ..., —1, we define
ko—1 tj
D(t) = e Y ﬁD,j,l, teR, (2.23)
7=0

then (2.18) implies that the columns of D(t) are generalized eigenfunc-
tions of equation (1.1) and correspondingly the columns of D; are in Py, .
Furthermore, we have

Dy(8) = Res AFOATI(N), —r<0<0,t>0. (2.24)

Since A71()) is the Laplace-transform of the fundamental matrix Y (¢),
D, can be considered as the projection of Y; into Py,

71—)\0}/;5 = Dt; t > 0.
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Note however, that the columns of Y; are not in C for 0 <t < r. We set

Fro(t) = COl(flio 1(t), ..., fo(t)), where

1 d7 . —1)7 [t .
f](t) = FW ()\,t) ’/\:Aoz ( ]') /(;TJQ Ao f(T) dTv J 207"'7H0_17

and
Gro(t) = col(go(t), -, Greg—1(t)) = Disg fio (1)- (2.25)
With these notations we get
no 1
(W)\omt(o f)) )
7=0

Equation (2.25) implies
ko—1
=Y Dy 1fiujt)
Py

rko—1

/ )\ot(ZD . 1 )J>f(7-)d7-, §=0,...,k0—1, t>0.

With these expressions we get for my,z¢(0, f)

rko—1 Kko—1
(mr02:(0, f))(0) = / Molt+6- T)(Z > Dy 1 B Unrd)i >f(T)dT

i =)

ko—1
/ doft+-r (Z LD IZ (4 0Y (=1)) f(r)ar
0

ko—1

. t—r+0
_ / o+ )(Z i< sl D_k_l)fde

k=0 )

/DtT T, —TSQSO,tZO

For the solution of the homogeneous problem (1.1), (1.2) we get from
Lemma 2.16 and the proof of Proposition 2.15

4 )
(M2 (9)) (0) = Mot+0) z(:) o <0<0,t>0, (2.26)
j:

where

Cj :D—j—1p0+"'+D—nopﬁo—j—la J=0,..., k0 — 1,
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and

0 0
6(0) + / [dn(6)] /9 P07 (7 dr

1 d/ B
pbj = pr()‘a ) ‘,\:,\0: 1

0 0 '
i [ lan) [0 =yt ir
for j =1,2,....

for j =0,

Using Fubini’s theorem we get

[t [~ rpenenomar= [ oo [Tnnots - ) ar

- -r

:/(—T)je_/\OTL(qST)dT, =01,
0

Equation (2.26) implies

Ko— 1 Ko—1 t+9
(mroe(9))(0) o(t+) Z D_J 16(0) + Xo(+0) Z
7=0
rko—1 1 .
X T Pk / —7)FIe T L(g,) dr
kzj i e (¢r)
r ko—1 1
D(t+0)6(0) + [ 0T Y ot =+ 0) Do aLigr) dr
k=0
/DtT (p-)dr, —-r<60<0,t>0.

Thus we have established the following result:

Proposition 2.19 Let ¢ € C, f € L (0,00;C") and Ny € o(L) be
given. Then we have

20, ) = Did(0 / D L(é:)d
(2.27)

+/Dt_7f(T)dT, t > 0.
0

In particular we have, for ¢ € C,

(206) (8) = D(0)(0) + /0 "Dt 4 OL(6) dr. —r<6<0.
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Remark. The above result shows that the projection my,x¢(¢, f) is
formally obtained from (1.28) and (1.31) by applying the projection 7y,
and observing that m),Y; = Dy, t > 0. Furthermore, equation (2.27)
for f = 0 allows to define the continuation of z(t) = (mx,2¢(¢))(0) to
negative t.

Since P, is invariant with respect to the solution semigroup 7 and is
finite dimensional, the restriction of 7 to Py, is generated by a bounded
linear operator, i.e., is the solution semigroup of an ordinary differential
equation, which we shall compute below.

Let b}, v=1,..., ko, be a basis for ker Ay (Xo). Then (see the proof
of Proposition 2.3, b)) the functions

rko—1
qb(y) = Z ej()\o)b?, V= 1,...,k0,
j=0
where l;ZO = col(by, . .., by 1), constitute a basis for Py,. We define

(i)/-eo — (i)l Bko) c (C'rmoxkg’

PR A
(I)j:(b}"“’bfo)e(c’NXkoj j:Ow"aROa
05, (0) = (1(0), ..., by (0)), —r <6 <0.

Then we have @), = Z;igl e;j(Ao)®; and (i)ﬂo = col (g, ..., Pry—1)-

For ¢ € Py, let a € Cy, be the coordinate vector of ¢ with respect to
the basis (1), ..., ¢k0) e,

Kko—1
¢ =Bra= Y ¢j(Xo)®ja.
§=0
On the other hand we have
ko—1
¢ =m¢ = Res coMNATT N)p(A;0) = D €j(No)e; with Eey = Dy,
—A0 .
7=0
where ¢, = col(co,...,Cro—1); Pry = COl(Pry—1,-..,p0) (see (2.26) for
§ = 0). This implies ¢; = ®ja, j =0,...,k9 — 1, or equivalently
D0 = Dy Pro- (2.28)

Note that rank ®,, = kg, so that (2.28) has a unique solution.
From Py, = ker(A — X\oI)™ and (A — X\l)"0A¢ = (A — NoI)"o e +
Ao(A—Xol)"0¢ for ¢ € Py, we see immediately that APy, C Py,.* This

4This also follows from S(t)Py, C Py,, t > 0 (compare Theorem 2.17, b)), of course.
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implies
Ko—2

.A(I))\O = )‘O(I))\o + Z 6]'()\0)(1)]'4_1 = (I))\OB)\O
7=0

for some ko x kop-matrix B),. This equation is equivalent to
OF1

Dy By = Ao®ry + o : , (2.29)
ko—1

0

which can be uniquely solved for B),. Since D; € Py,, t € R (see (2.24)),
we have
Dy =&, H(t), teR,

for an n x kg-matrix H(t). From

LD +6) = B, (O)F (1) = T D(t+6) = s ()H ()

= (0)BaH(t), teR, —r<6<0,
we get H(t) = By,H(t), t € R, i.e.,
H(t) = ePolHy,, teR,
where H), is determined by D(6) = ®),(6)Hy,, —r < 0 < 0.

Theorem 2.20 Let Ao € o(L) and a basis ®y, of Py, be given. For ¢ €
C and f € LL .(0,00;C") let y(t) be the coordinate vector of mr zi(p, f)
with respect to @y, i.e., mxxe(P, f) = Pa,y(t), t > 0. Then y(t) is the
solution of

y(t) = Bz\oy(t) + Hz\of(t)v t >0,
y(0) = a,

where my,¢ = Py, a. The coordinate vector a of my,¢ can be computed
from

(2.30)

(I)noa = Dnoﬁﬁoa

where ﬁli() = COl(pH()—lu ce. 7p0)7 p] == %p(Av (b) |)\=)\07 .] - 07 ooy ko — 1.
The matriz By, is the solution of (2.29) and H), solves
D_,4
Py, = :
D_.,
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Proof. From Proposition 2.19 and the definition of H(t) we see that
Mt =, (Hr0(0) + [ P H L0, 7).
so that a = Hy,¢(0) + [y e P"Hy L(¢;) dr. Equation (2.27) implies
Oy, y(t) = By, eBro! (HAO¢(0) + /O " BT Hy, L(g) dT)
+ @), /OteBAO(tT)HAOf(T) dr, t>0,

ie., y(t) = eProla + fgeBAO(t*T)H)\Of(T) dr, which proves (2.30).
The equation for a given in the theorem is just (2.28). The equation
for H), follows from

rko—1 Ko—1
D) =Y €j(M)(O)D—j1 = Dy Hay = Y €;(X0)(0)0;Ha,
j=0 Jj=0

for —r < 0 < 0 or, equivalently,

D_j_lz(I)jH)\O, jZO,...,KJQ—l.

2.3 Exponential dichotomy of the state space
According to Corollary 1.17 the set

Ao ={A€o(L)|Re > a} (2.31)

is finite for any @ € R. Let Aq,..., An be the elements in A, and denote
by k; the multiplicity of \;, ¢ =1,..., N. We set

N N
Py, =Py, Qa.=[)0n: (2.32)
i=1 i=1
Then C = Py, & Qa,, and (see Theorem 2.17,c))
Qp, = {(;5 € C| A7*(A\)p(X; ¢) is holomorphic for Re A > a}.
If we define

by, = (®A17“'7@/\N)7 where ¢, is a basis for Py,,t=1,..., N,
BAa :diag(BAl,...,B,\N)
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and, for ¢ € Py, , y(t) € Ckrt+hn by
1(8) = Ba,y(t), tER. (2.33)
then y(t) solves
J(t) = Bay(t), teR, @y, y(0)=¢.
From Corollary 1.17 it also follows that there exists a v > 0 such that
ReA<a—2y forall\e€o(L)\ Aq.
This implies (see Definition 1.19) that
wr,e <a—2y forall ¢ € Qa,-

Let ¢ € Qa, be such that wr 4 = MaXypeQ,,, WLy- Then according to
Theorem 1.21, b) there exists a constant K = K («,) > 1 such that

le(t;9)| < K[| e“ne M < K|gllel®™, ¢ 0, ¢ € Qa,.
This implies (with K = K max(1, e~ (*=7)7))
lze ()]l < K9l 4 € Qa,, t = 0.

The only eigenvalues of By, are A1, ..., An. Therefore, for any v > 0,
there exists a K7 > 1 such that

ly(D)] < Kily(0)|e@™", ¢ <0, (2.34)

where y(t) is defined in (2.33). If we define the norm on CF1H++kx by
|2] = ||®az]|, then (2.34) is equivalent to

()| < Krl|g]le ™", ¢ € Pa,, t<0.

Thus we have proved the following theorem:

Theorem 2.21 Fora € Rlet Ay and Qp,,, Pp,, be defined by (2.31) and
(2.32), respectively. Furthermore, define the projection mp, : C — Pa,

by
N
AP = Zﬂid?, ¢ €C.
=1

Then there exist constants v > 0 and K = K(a,vy) > 1 such that, for
any ¢ € C,

[manze(9)]| < K|ma,glle ™, ¢ <o, (2.35)
(I = ma,)ze(d)]| < KNI — ma)glle® M, ¢ >0. (236)
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In many cases Theorem 2.21 allows to reduce a problem for functional
differential equations to a problem for ordinary differential equations. As
an example we prove below a characterization of stability resp. asymp-
totic stability for equations (1.1) which parallels the corresponding result
for ordinary differential equations.

Definition 2.22 a) Equation (1.1) is called stable if and only if there
exists a constant K > 1 such that, for all ¢ € C,

lze(P)|l < K|loll, t=>0.

b) Equation (1.1) is called asymptotically stable if and only if it is
stable and
tlim |zt (@) =0 for all ¢ €C.

¢) Equation (1.1) is called exponentially stable if there exist constants
K > 1 and 8 > 0 such that, for all ¢ € C,

|z(9)|| < K||lle™™, ¢>0.

Theorem 2.23 a) Fquation (1.1) is stable if and only if for all eigen-
values A\g € o(L) the following two conditions are satisfied:

(i) Re )\0 § 0.

(ii) If Re Ao = 0 then all subspaces of Py, which are cyclic with respect
to A are one-dimensional, i.c., either

ko <n and rank A(N\g) =n — ko

or
ko=n, A(N) =0 and rankA’(N\g)=n
(ko is the multiplicity of o).

In case of the scalar n-th order equation (2.14) condition (ii) can be
replaced by

(i) ReXo = 0 and \g is a simple root of det A(N).

b) Equation (1.1) is asymptotically stable if and only if it is exponentially
stable, which is the case if and only if condition (i) is satisfied.

Proof. We choose a = 0 in Theorem 2.21. If all eigenvalues satisfy
condition (i), then Ay = 0, i.e., (I — ma,)xt(0p) = x4(¢p), t > 0, and
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the inequality (2.36) implies exponential stability. If on the other hand
(1.1) is asymptotically stable, then (i) must hold. Indeed, if Re Ao is
an eigenvalue, then there exists a solution of the form be*o? with b # 0
satisfying A(A\g)b = 0. Asymptotic stability implies Re A\g < 0.

If Ag # 0 and (ii) holds, then there is a finite number of eigenvalues on
the imaginary axis. The solution with initial function ¢ € Py, is bounded
on t > 0 if and only if all cyclic subspaces of P,, are one-dimensional.
Then the result on stability follows immediately from Proposition 2.13,
a). W

3. Small Solutions and Completeness
3.1 Small solutions
We define the subspaces
Q= ﬂ Qy and P = @ Py
A€o (L) A€o (L)

of C. From invariance of @) and P, it follows that the closed subspaces
@ and P are positively invariant with respect to the solution semigroup
T5

In this section we shall investigate solutions of problem (1.1), (1.2)
with ¢ € ). Obviously we have

Q=) Q.-

a€eR

Let ¢ € @ be given. Then Theorem 2.21 implies that for any o € R
there exists a constant K = K(a) > 1 with

l2(t; 9)| < llze($)]] < K|glle™, > 0.
This is equivalent to

1 1
wr,¢ = limsup —In |z(¢; ¢)| = lim —In|z(t; ¢)| = —o0
’ t—o00 t t—oo t

respectively to lim; .o ez (t;¢) = 0 for all § € R. This motivates the
following definition:

5Note that P itself is invariant in the sense of Theorem 2.17, b).
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Definition 3.1 A solution x(t;¢) of problem (1.1), (1.2) is called a
small solution if and only if z(-;¢) 0 on [—r,00) and

tlim Pla(t;p) =0 for all § € R.

From the considerations before Definition 3.1 and the obvious fact
that the Laplace-transform of a small solution is an entire function it
follows that @ is the subspace of initial values for small solutions of
equation (1.1). It is easy to see that there exist equations with @ # ().
Take for instance

z(t) = Ax(t—1), t>0,
with an n x n-matrix A such that A # 0 and A? = 0 (which implies
n > 2). We choose

6(0) = %Ab+b6, _r<6<0,

where Ab # 0. Note that ¢(0) # 0 on [—r, 0], because ¢(6y) = 0 would
imply Ab = —%Hob. But A does not have nonzero eigenvalues and Ab #
0. So neither 6y < 0 nor #y = 0 is possible. On [0, 1] the solution is given
by

z(t; ) = ¢(0) + /tfkb(f —1)dr = 1Ab(t —1)?, 0<t<1,

0
which shows z(t;¢) # 0 on [0,1). On [1,2] we have

x(t; ) /Aa:r—lcb

Azb/(T—2)2dT=0, 1<t<2.
1

This implies z(t; ¢) = 0 for ¢ > 1 and consequently ¢ € Q.

The main result of this section is that all small solutions of equations
of the form (1.1) behave like the solution constructed in the example
above.

Theorem 3.2 Let ¢ € C, ¢ # 0, be given. Then the following is true:

a) x(t; ) is a small solution of equation (1.1) if and only if there exists
a t1 > —r such that x(t;¢) =0 for all t > 1.

b) Define the numbers

1
¢ = limsup ; In|det A(—p)]

p—00

o = limsup — 1n|adJA( p)|-
p—oo P
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If x(t; @) is a small solution of equation (1.1) then the number
ty =min{ty | 2(t;¢) =0 for allt >t}

s given by

ty = 11msup;1n|adj A(=p)g(—p; 9)| — &, (3.1)
p—00

where

o) = o0)- [

—-Tr

0

(dn(0)] /_ " Oy dra / "N grydr, AeC.

-r

Moreover, we have the estimate
—r <ty <o—¢& (3.2)

Proof. a) If z(t;¢) = 0 for t > t; > —r, then trivially it is a small solu-
tion. Conversely let x(¢; ¢) be a small solution, i.e., ¢ € @ or equivalently
A7 (A)p(); @) is entire. From (1.11) we get the estimate

0
‘/ e)‘edm-j(e)’ < e|>“rvar[_r70]nij, A eC.

Therefore we have
|adj A()\)| < apeMND" and  |det AN)| < a1, A eC, (3.3)

with positive constants ag and aj. For p(); ¢) we obtain (compare the
proof of the estimate (1.40))

P\ 9)| < (1 + rePM)[o)l, X ecC.

Thus the functions adj A(N)p()\; ¢) and det A(A) are entire functions of
exponential type. Since the quotient A~1(\)p()\; ¢) is also entire, it is
also of exponential type by Proposition B.2.

By Lemma 1.18 we have the estimate

AT PN 9)] < K¢l . weR,

H+1

which shows that 2 (iw; ¢) = A~ (iw)p(iw; ¢) is square integrable on R.
An application of Theorem B.6 proves the result in case Z(\; ¢) # 0. If
Z(\;¢) =0, then z(t;¢) =0 on t > 0 by Theorem A.1.

b) Theorem B.6 applied to Z(A; @) gives also a precise characterization
of the minimal interval which contains the support of z(t;¢), i.e., of
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tgy > 0, in case £(\;¢) # 0. Since we want to characterize t4 also for
small solutions with 4 < 0, we have to investigate the Laplace-transform
of y(t) = z(t — r;¢), t > 0. An easy calculation shows that

0
N = e V(N G) e / e (r) dr,

'

which can be written as
G = e AT (N)g(X; 9),

where

0
d(%: ) = p(X:d) + A / e 3(r) dr

0 - 0 0
— $(0) /_ [dn(6)] /_ MO (r) dr + A /_ =N 3(7) dr.

Since Z(A; ¢) is an entire function of exponential type, the same is true
for g(\). Moreover, g(A) # 0, because ¢ # 0. Since z(t;¢) is a small
solution, the function y(¢) has compact support on [0, c0). Theorem B.6
implies that y(t) = z(t — r;¢) = 0 for ¢t > ty, where

. 1.
to = hy(r) = limsup ~ Ine"?|A H(=p)a(—p; 0]
p—00

. 1 -
=7 + limsup p In|A"Y(=p)g(—p; @)
p—00

The number ¢y cannot be replaced by a smaller one. This proves
. 1 _
ty = to —r = limsup — In[A™' (=p)g(—p; §)|.
p—oo P

In the remaining part of the proof we show that the exponential type
¢ of det A(—p) can be split off in the formula for ¢,. We shall need the
following estimates:

| det A(iw)| = O(Jw|™) as |w| — oo,
ladj A (iw)]
lq(iw; ¢)]

The first two estimates are immediate consequences of (1.11) for Re A =
0 and the definition of A(X). The third estimate follows from

O(jw["™")  as |w| — oo,

O(|wl|) as |w| — oo.

q(iw; @) < (1+fr+ wlr)llg], w e R.
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The above estimates show that the integrals

00 14+ . 00 14+ .
/ In™ | det A(iw)] do and / In™ |g(iw)| o
oo 1+ w? oo 14 w?

exist, where we have set
9(A) = adj A(N)q(X; @)

By Theorem B.5 the indicator functions of det A(\) and g(\) are given
by

haet A3 (@) = —Rder a(r) () cos
hg()\)(a) = —hg(n) (7) cos «
for 7/2 < a < 37/2. Moreover, for a dense subset of [7/2,37/2] the

‘limsup’ in the definition of the indicator function can be replaced by
‘lim’. This shows that for a in a dense subset of [7/2,37/2] we have

1 1 .
limsup = In|A™1(— — = limsu ln ——qg(pe™
msup A" (=p)a(—p; )| = msup - In| 3 A(pewﬁg(p )

= limsup — (ln lg(pe™®)| — In | det A(pem)])

p—00

= limsupfln\g(pemﬂ — lim In|det A(pe'®)]
p—oo P p—00

—(Pg(x) (™) = Paer ar) (7)) cos a.

This implies that

lim sup — IH\A —p)a(—p; ®)| = hgn) (™) = het a () (),

p—oo P

which is equation (3.1). It remains to prove the estimate (3.2). We have

1 : 1

hgony(m) < hmsupfln ladj A(—p)| + lim sup — In |g(—p; ¢)]

p—oo p—oo P
<040,

where we have used (3.3) and

lg(—p; )| < (L4 br+pr)|oll, p>0.
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3.2 Completeness of generalized eigenfunctions

The subspace @ of initial functions for small solutions of equation (1.1)
is of central importance for the problem of completeness of generalized
eigenfunctions of equation (1.1) in C.

Definition 3.3 We say that the generalized eigenfunctions of equation
(1.1) are complete in C if and only if

P=cC,

i.e., for any ¢ € C there exists a sequence ¥, n = 1,2,..., such that
each 1y, is a finite sum of generalized eigenfunctions of equation (1.1)
and ||¢ — Y| — 0 as n — oco.

The following result on ker T'(t) is easy to prove:

Proposition 3.4 Let

1 1
¢ =limsup — In | det A(—p)| and o = limsup — In | adj A(—p)|.
p

p—00 P p—00

Then we have
kerT(t) =Q forallt>o—¢.

Proof. If ¢ € ker T'(t1) forat; > 0, then T'(t)¢p = T'(t—t1)T(t1)¢ = 0 for
allt > t1,i.e., z(t; ¢) is a small solution of equation (1.1) and therefore we
have ¢ € Q). On the other hand, from (3.2) it is obvious that @ C ker T'(t)
fort>c—-¢& N

An analogous result on the range of 7T'(¢) is much more difficult to
prove:

Theorem 3.5 Let & and o be defined as in Proposition 3.4. Then we
have

rangeT(t) =P forallt >0 —¢. (3.4)

For a proof of this theorem we refer to [12, Section 7.8] and the lit-
erature quoted there. The proof is based on duality theory for equation
(1.1) and the fact that the existence of small solutions to the equation
which corresponds to the adjoint semigroup can be characterized in the
same way as for (1.1). Moreover, in [12] it is proved that a = o — £ is
the exact number such that (3.4) holds for t > «a.

An immediate consequence of Theorem 3.5 is the following character-
ization of completeness:

Corollary 3.6 The eigenfunctions of (1.1) are complete in C if and
only if Q = {0}, which in turn is equivalent to & = nr.
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4. Degenerate delay equations
4.1 A necessary and sufficient condition

In this section we restrict ourselves to degenerate equations of type
(1.1) and refer for non-autonomous equations to [18] for results and
literature. L. Weiss considered in his 1967 paper [30] controllability
and in particular null-controllability for linear control systems with time
delay in the state equation. For ODE-systems a necessary and sufficient
condition for null-controllability is that a certain matrix — the so called
controllability Grammian — has full rank. For delay systems of retarded
type this condition is only sufficient. The proof of necessity would require
that the solutions of the delay equation at any time ¢ > 0 span all of R",
a property which for ODE-systems clearly is satisfied. Simple examples
(see for instance [10, p. 41]) show that there exist non-autonomous linear
scalar equations such that all solutions are zero after some fixed time-
interval. L. Weiss posed the question if an analogous phenomenon is
also possible for equations of the form

x(t) = Aoz(t) + Arx(t — 1)

More precisely, the question is, if there exists a t; > 0 and a vector
q € R", ¢ # 0, such that q' z(t; ¢) = 0 for all solutions of the difference-
differential equation and all ¢t > ¢;.

In this chapter we only present a few important fact on degenerate
systems and refer to [18], [19] for further results, for references and
constructions of degenerate systems. Some parts of the treatment of
the degeneracy problem parallel the investigations of small solutions
in Section 10. For the rest of the chapter we assume that the delay
equations we consider have complex valued right-hand sides.

Definition 4.1 System (1.1) is called degenerate if and only if there
exists a vector ¢ € C"\ {0} such that®

tlim ¢ e'x(t;¢) =0 forally €R and all ¢ € C. (4.1)

If this condition holds, we call system (1.1) degenerate with respect
to q.

A first result is the following:

SFor a vector a € C™ resp. a matrix A € C**™ the conjugate transposed is denoted by a*
resp. by A*.
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Proposition 4.2 System (1.1) is degenerate with respect to ¢ € C™\ {0}
if and only if

¢ ATYN)p(X; @) s entire for all ¢ € C. (4.2)

If this condition holds, then there exists a t1 > 0 such that ¢*x(t;¢) =0
for all p € C and allt > t1. The smallest t1 with this properties is called
the degeneracy time of system (1.1).

Proof. Assume first that (4.1) holds and fix ¢ € C. For any v € R we

have
o0 o
/ e Vt‘q x(t ‘dt / e(—r+1)t t|q x(t }dt
0 0

In view of (4.1) there exists an M > 0 with (=7 g*x(t; )| < M,
t > 0. This implies

(e.¢]
/ e_'Yt‘q*(t; qb)‘ dt < M.
0

Thus we have shown that the Laplace-integral for ¢*x(t; ¢) converges
absolutely for all A € C, i.e., ¢*A~1(\)p(); ¢) is entire.

Next assume that (4.2) holds. We cannot have ¢* A=Y (\)p(A\;¢) = 0
for all ¢ € C. Assume that this is the case. Then we have ¢*x(t;¢) = 0
for all ¢ > 0, which for ¢ = 0 implies ¢ = 0, a contradiction. Choose
¢ € C such that ¢g* A1 (\)p(\; ¢) Z 0.

From Lemma 1.18 with o = 0 we get the estimate

const

*A_l)\

9]

for Re A > 0 and |\| sufficiently large. This proves that ¢*A~1(\)p(\; ¢)
is square-integrable on A = iw, w € R. Then the Paley-Wiener theorem
(see Theorem B.6) implies that there exists a t4 > 0 such that

¢z(t;9) =0 fort >ty
The number t4 is given by
ts = limsup ~ In|g" A~ (—p)p(—p; 9)
p—oo P

and cannot be replaced by a smaller number. As in the proof of Theo-
rem 3.2 we see that

t¢:hmsupfln‘q adj A(—p |—§,

p—00
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where ¢ is defined in Theorem 3.2. Using the estimate

p(—p;9)| < (L +7e”)|¢|| for p>0

we obtain

. 1 . .
tim sup ~ Infq* acj A(~p)p(—pi )|

p—00
< limsup — ln‘q adj A(— ‘ + limsup — hl(epr(T + 1)H¢||)
p—o0 p—o0
—hmsupfln‘q adj A(— ‘—H“
p—oo P

Using the estimate (1.36) we easily get

1
limsup — In|¢* adj A(—p)| < (n — 1)r.
p

p—00
Thus we have established that
O0<tsg<(n—1)r+r—E¢(=nr—¢§ forall ¢ €C.

|
The proof of Proposition 4.2 provides also an estimate for the degen-
eracy time:
0 <t <nr (4.3)

The following result will be improved below (see Corollary 4.5):
Corollary 4.3 If & = nr, then the equation (1.1) cannot be degenerate.

Proof. If system (1.1) is degenerate then (4.3) shows that { < nr. R

In case equation (1.1) has the form
)= Aj(t—hj), 0=ho<--+<hy=r (4.4)

then the condition of the corollary is equivalent to
det A,,, # 0.

The result of Proposition 4.2 has the disadvantage that it refers to
all initial functions ¢ € C. In the following theorem we eliminate this
shortcoming.
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Theorem 4.4 (Kappel [18]) Let g € C*"\{0} be given. Then equation
(1.1) is degenerate with respect to q if and only if

¢* AT (N\) s entire. (4.5)

Proof. In view of Proposition 4.2 it is clear that (4.5) is sufficient. In
order to prove necessity let us assume that ¢* A=1()) is not entire. Then
there exists a A\g € (L) such that \g is a pole also of ¢*A~!(\). Choose
a function g(\) which is holomorphic at Ao and satisfies g(\g) # 0. Then
¢*A7Y(N\)g()\) has a pole at \g. Proposition 2.15 implies that

x(t) :== }{:(33\80 MATI(N)g(N), teR,

is a generalized eigenfunction corresponding to Ag. From

q"z(t) = Res 'q"AT (N)g(V), tER,

we see that ¢*z(t) is not identically zero, because eMg* A~ (A)g()\) has a
pole at Ag. Since ¢*z(t) is real analytic it cannot have an accumulation
point in R of zeros. Consequently ¢*x(t) cannot be zero for ¢ > t1. Thus
equation (1.1) is not degenerate. H

Corollary 4.5 a) Let ¢ € C"\ {0} be given. Then equation (1.1) is
degenerate with respect to q if and only if there exists a t; > 0 such that”

Y ({t)=0 fort>t. (4.6)
b) If £ > (n — 1)r then equation (1.1) is not degenerate.

Proof. Suppose (4.6) is true. For ¢ € C we have (see Theorem 1.11)

2(t;6) = Y (£)$(0) + /O Y (t —7)L(¢y)dr, t>0.

Using (4.6) we get for ¢t >t +r

t
Caltié) = [ Y (t- )L dr =0,
t—t1
because we have 7+ 60 >t —t; —r > 0, —r < 6§ < 0, and consequently
¢r =0 for 7 € (t —t1,t].
If on the other hand equation (1.1) is degenerate with respect to
q, then according to Theorem 4.4 we have that ¢*A~!()\) is entire.

7Y (-) denotes the fundamental matrix solution of (1.1).
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But ¢*A~1()\) is of exponential type and square-integrable on A\ = iw,
w € R, If ¢*A7Y(A\) = 0 then we have ¢*Y () = 0 a.e. on [0,00). By
continuity of Y (t) we get ¢* = ¢*Y(0) = 0, a contradiction. There-
fore we can apply the Paley-Wiener theorem and get ¢*Y(¢) = 0 for
t > tg = limsup,_(1/p) In|g*A~!(—p)|. The number ¢4 cannot be
replaced by a smaller one. As in the proof for Theorem 3.2 we see that

1
tq = limsup — ln‘q* ad]j A(—p)‘ - &
p

p—00
In order to prove b) we assume that £ > (n — 1)r. Since

limsup(1/p)In|g* adj A(—p)| < (n — D)r,
p—00

we get the estimate t; < (n—1)r—(n—1)r = 0. This implies ¢*Y (t) = 0,
t > —r. Taking t = 0 we get ¢ = 0, i.e., system (1.1) cannot be
degenerate with respect to any ¢ € C™"\ {0}. =

Theorem 4.4 is the starting point for various constructions leading to
degenerate functional differential equations of the form (4.5) (see [19]).
The next result shows that degeneracy is in fact a property of the gen-
eralized eigenspaces of system (1.1).

Proposition 4.6 System (1.1) is degenerate with respect to ¢ € C™\ {0}
if and only if

o) =0, —r<0<0, forall¢p P = @ Py (4.7)
A€o (L)

or, equivalently,
¢ x(t;90) =0  for all ¢ € P.

Proof. Note that ¢ — x(¢; ¢) is analytic on R. Therefore condition(4.7)
is equivalent to the following: For all ¢ € P there exists a sequence
(tn)nen C R which has an accumulation point on R and

Tr(ty; ) =0, n=1,2,... .

Therefore we only have to prove sufficiency of condition (4.7). Assume
that equation (1.1) is not degenerate with respect to g. Then there exist
a 1 € C and a sequence (t,)nen C [0,00) with ¢, — oo such that

Tx(tny; ) #0, n=1,2,....

By (4.7) we see that ¢ ¢ P. Furthermore the function ¢*z(\;¢) =
¢* A1 (A\)p()\;1) cannot be the Laplace-transform of a function with
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bounded support. Assume that ¢*Z(A; ) has a pole at A\g. It is clear
that Ao € o(L). As in the proof of Theorem 2.17, c), we conclude that

¢" Res AT (Np(iv) 0 on R.

Since this function is real analytic it cannot have an accumulation point
of zeros in R. Therefore 1)(0) = Resy=y, N AT (A\)p(\; 1), —r < 0 <
0, is a function in Py, such that ¢*z(#,;¢) # 0, n = 1,2,..., for a
sequence (t,)neny C [0,00) with £, — oo, which is a contradiction to
(4.7). Thus we have shown that ¢*#(t;¢) = ¢*A71(A\)p(); ¢) is entire.
From Proposition 4.2 we conclude that system (1.1) is degenerate with
respect tog. W

Proposition 4.6 and the characterization of small solutions as given
in Theorem 3.2 show that the degeneracy time depends on the small
solutions only.

Proposition 4.7 Let system (1.1) be degenerate with respect to q €
C™\ {0} and denote by tq the degeneracy time of system (1.1). Then the
following is true:

a) We have
0 <ty <limsup — ln‘q adj A(— ! —
p

p—00
b) If det A(X) is a polynomial in A only, then

0 < tg <limsup — ln|q adj A(— )}

p—oo P

Proof. Let first ¢ € P @ Q and set ¢ = ¢p + ¢g, ¢p € P, ¢pg € Q.
Then we have ¢*z(t;¢p) = 0 for t > 0, because ¢*z(t;1) = 0 for all
1 € P. Consequently

¢ x(t; ) = ¢"x(t; g) fort > —r.
We investigate the function y(t) = ¢*z(t — r;¢g), t > 0. As in the
proof of Theorem 3.2 we see that

*x(t;dg) =0 fort>hmsupfln}q adj A(— ‘—

p—00
Next choose ¢ € C = ?@ Q. Then ¢ = limy oo (P + ¥y), where
o, € P, Y, € Q, k = .. . Since ¢*z(t; ¢ + ) = 0 for t >

hmsuppﬂoo(l/p) In |¢* adJ A( p)|—& k=1,2,..., we get also
g x(t;9) =0 for t > limsup(1/p)In|¢* adj A(—p)| —&.
p—00

It is obvious that { = limsup,_,..(1/p)In|det A(—p)| = 0 in case that
det A(\) is a polynomial in A only. H
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4.2 A necessary condition for degeneracy

In this section we first prove a necessary condition for degeneracy of
delay equations in terms of a specific factorization of the characteristic
function. Then we explain the meaning of this necessary condition for
the structure of the degenerate delay equation. We can only prove these
results for difference-differential equations with a finite number of com-
mensurate delays. We start with difference-differential equations with a
finite number of delays:

B(t) =Y Aja(t—h;), 0=ho<-<hpyp=r. (4.8)
j=0

View R as an (infinite dimensional) vector space of the field Q of rational
numbers and denote by K the positive cone generated by® hi, ..., hp.
Let 71, ...,7 € K be linearly independent elements which also generate
K. Then we have

k
h]’: E Ozj’ﬂ;i, jzl,...,m,
i=1

where a;; € Q, aj; >0, 5 =1,...,m, i =1,...,k. Denote by a the
least common multiple o the denominators of the c;;’s. Then also the
elements r; = a7;,©t = 1,..., k, generate K and are linearly independent.
We have

k
hj:Zﬁj,iTia j:17"'7m7
=1

where now §;; € Z, j = 1,...,m, i = 1,...,k. We set Fy; = 0,

i=1,...,k. Equation (4.8) can now be written as
m k
l’(t) = Z Ajl‘(t — Z ﬁjﬂ'?“i) . (4.9)
j=0 i=1

In case k > 2 we call the delays non-commensurate. If £ =1 the delays
are commensurate and (4.9) has the form

:C(t) = i ij(t — gjh) (4.10)
j=0

8K ={athi + -+ amhm | €Qand a; >0, i=1,...,m}.
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with 0 =4y < l1 < - <ty l; €N, i=1,...,m. It is not difficult to
see that

M) =\ — i Aj exp(—)\ zk:ﬂj,ﬂ”i)
=0 i=1

=\ — ZA —)\n Bj1 (e—)\'rk)ﬁj,k

=\ — ZA];L?JI- 6““,
where p; = e i i =1,... k. We define A € C""[u1,...,us] by
Alpas ooy ) = ZAJHfjl' T

Then we have
AN) = AT — A(e ™, ... e M)
and
det A(N) = xa (A, e ML, e_M’“).

In case of system (4.10) we have with y = e="

m
p) = A,
=0

A(N) = ):T — A(e™™") and
det A(X) = xa (A, e_)‘h).

In the following we shall treat A, 1, ..., ugx resp. A and p as indeter-
minates. However, occasionally we have to remember that j; = e ",
i=1,...,kresp. u = e ™. Our next goal is to prove Zverkin’s necessary
condition for degeneracy of systems of the form (4.10). We introduce
the notation

po(A, :U’) - XA(Aa :U’)v

g adi(AT = A(u)) " = (pr(\ 1), -, Pa(A 1))

This implies

q*()\I— A(N))_l _ (pl()"ﬂ)juwpn()‘aﬂ)))'
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We have the following claim:

If system (4.10) is degenerate with respect to ¢, then p;(X, ) # 0

for at least one j € {1,...,n}.
(4.11)

In order to prove the claim suppose that p; = --- = p,, = 0. This implies
¢*(AM — A(p))™' =0 and — taking u = e "

AT\ =0 inC.

This implies ¢ = 0, a contradiction.
We shall need the following lemma on greatest common divisors of
polynomials in C[A, p].

Lemma 4.8 Let p,q € C[A\, u] \ {0} and let d be a greatest common
divisor. We assume that

(i) g\, ) = A" 4+ q(\, u) with \-degree § < k,
(ii) Op(A, p)/Op # 0 and
..o DA 1)
il
(i) a(A, 1)
Then we have 0d/0u % 0, i.e., d really depends on p.

18 entire.

Proof. Because of assumption (i) the function q()\,e”‘h) has infi-
nitely many different zeros A1, Ag,... (see [2]). By assumption (ii) also
p()\,e*’\h) has at least the zeros A1, Ag,... . From Lemma D.1 with
m = 2 we see that there exist Ry, Ry € C[\, p] and a w € C[)] such that

(A, ) Ri(A, 1) 4+ g(A, ) Ra (A, ) = w(A)d(A, ).
If d does not depend on p, d = d()), then the last equation implies
wA)d(A\) =0, v=12,...,

which is not possible. Note that d # 0 because p # 0 and ¢ # 0. Then
d must depend on . MW

Theorem 4.9 (Zverkin [32]) Assume that system (4.10) is degener-
ate. Then there exists a monic polynomial sg € C[\| with degree sy > 1
such that

det(AT — A()) = so(N)s1(\, )

with some monic polynomial s; € C[\, p]. Consequently we also have

A(N) = so(N)s1(\, e ).
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Proof. We follow the algebraic proof given in [18]. If po(Ap) = det(A —
A(p)) does not depend on p, then there is nothing to be proved. Assume
that Opg/Opn # 0. According to the claim (4.11) we have p;, # 0 for
some jo € {1,...,n}. Since, by Theorem 4.4, ¢*A~1()) is entire for
some g € C™\ {0}, we can apply Lemma 4.8 and get

pO()‘a /’L) = d()‘v M)80<)‘7 :u’) and Pjo ()‘7 M) - d(A7 M)Sjo ()‘7 M)?
where d is a greatest common divisor of pg and pj;,. Moreover we have
od/ou # 0.

Since pj, (A, e M) /po(A, e M) = s, (N, e M) /so(\, e M) is entire,
Lemma 4.8 implies that in case dsq/( a,u ;é 0 there exists a greatest com-
mon divisor d of sj, and sg with dd/dp # 0. But then dd would be a
common divisor of p;, and pg, a contradiction with the definition of d

because d is non-constant. Thus we have dso/du = 0, ie., so € C[)].
|

4.3 Coordinate transformations with delays

Theorem D.5 states that corresponding to a factorization of the char-
acteristic polynomial x 4 (A, 1) of a matrix A(u) € C**™[u] we can trans-
form A by a similarity transform with a unimodular matrix to a block-
triangular form. In this section we want to investigate the meaning of
this transformation for the delay equation (4.10) corresponding to A.

Definition 4.10 Let S(p) = So+- - -+ Sp ¥ be a unimodular matriz in
C™ " [u] with inverse S™Y(u) = To+- - -+Tpu*. Forz,y € C(—o0,00;C")
we define the linear mappings ©, 7~ : C(—00, 00; C") — C(—00, 00; C")
by
(rx)(t) =To+ - + Tpax(t — kh) and
(7 'y)(t) = So + - + Swy(t —k'h), teR.
If we define the shift o : C(—o00, 00; C") — C(—00, 00; C") by (ox)(t) =
x(t —h), t € R, then(4.12) can also be written as

(4.12)

mx =S8 Yo)r, 7 ly=_S(a)y, =x,y&C(~00,00;C").

From this it is also clear that 7 and 7! are indeed inverses of each
other. B
Let A, A € C™"[u] be given with

A=5"148,

where S € C™*"[u] is unimodular and let 7, 7~! be the mappings defined
by (4.12) Furthermore let

i(t) = (A(o)z)(t) =: L(w) (4.13)



120 DELAY DIFFERENTIAL EQUATIONS

and
§(t) = (A(a)y) () = L(ys) (4.14)

be the delay systems corresponding to A resp. A. Then we have the
following result:

Proposition 4.11 a) If z € C(—o00,00;C") solves (4.13) for t > to,
then y = mx solves (4.14) at least for t > to + kh.

b) Let L1 resp. Lo denote the subspaces of C(—o00,00; C™) consisting of
all x resp. y which are solutions of (4.13) resp. (4.14) on R. Then w
maps L1 one-to-one onto Lo.

Proof. a) let z € C(—o0,00; C") be a solution of (4.13) for ¢ > to, i.e.,
x is differentiable for ¢ > tg and

i(t) = (A(o)z)(t), = to.
Set y(t) = Tox(t) + --- + Tpx(t — kh). Then it is easy to see that y is
differentiable at least for ¢ > ¢tg + kh and
§(t) = (571(0)2) (1) = (S (@) A(0)a) (1
= (57N (a)A(a)S(a)y) (1) = (Ala)y) (1), t>to+ kh.

b) In view of part a) of the theorem it is clear that £y C Lo. Fory € Lo
we have x =71 ly € L1 and mz =y, ie., 7L =Ly. N

In order to give more detailed information on the transformations =
and 7! we introduce some notation:

AN =M = A(e™) =57 (e M) AN)S (e,

]5>\0 ... generalized eigenspace of equation (4.14) corresponding to A,
A(N) %A/()\) %A(k)(/\)
Appi(2) = (_) E g E € Crkenk,
: %NA’()\)
0 e 0 A(N)
é]H_l:COl(CQ,...,Ck), CjECn, i=0,... k.

Lemma 4.12 Let \g € o(L) = o(L) be given and let, for some a € C",

Then we have

I
_ Aot —1/_—Xoh
(rx)(t) =e g ]—m'd)\ﬂ -5 (e )a, teR.
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Proof. Observing

the definition of 7w implies:

P
= St —thyert= T,
=0’
1 e
_ ot Z Te—AOEhTéaZ <J>t"“( onyi-
=0 J: k=0 R
. . , |
— e M (—ph) = Tya
< k! = 0 —K)!

—_ j—K
= Mo? Z t=n G=r) ';lAj_HS’_l(e_)‘oh)a, teR

Lemma 4.13 Choose \g € o(L) = o(L) and define the subspaces

k—1 4
{ekotsz ‘Ak(/\o bk—O}
Jj= OJ
X {eAOtZ c]\Ak()\o ck—O} k=1,2,....
j= 0

Then m maps Xi(Ao) one-to-one onto Xk()\o), k=1,2,... .

Proof. Let z(-) € X;(\o) be given, i.e.,

+
o(t) = e b Ao =0
=0
From Lemma 4.12 we get
Aot ‘ AR WA
—€°ZZ e AL
=0 k= 0
k=1, k—1

M — L A" aon
_60t2m2(9m)'dAJ NGl
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We set

1 @in

'd)\J NSil(e*)‘(’h)bj, k=0,...,k—1.
(j — k)

Mw

In order to prove that 7z € Xk()\o) we have to show that Ak()\g)ck =0.
It is easy to see that ¢, = Tk()\o)bk, where the matrix Tk()\o) is defined

S7Heh) s e ST (e
Ti(Xo) = 0 - . (4.15)
0 0 S-1(e=oh)

Lemma 2.6 applied to
AN) = ST e M) AN S (e M)
implies (see (2.3) for the definition of Sy(\o))
Ar(No) = Th(Xo) Ak (X0) Sk (o). (4.16)
From Ay (Xo)bx = 0 and (4.16) we get
Ar(M0)ék = Ti(A0) Ak(A0) Sk (A0) T (X0)b-

Lemma 2.6 applied to S(e*)‘h)S*I(e*)‘h) = I, which is satisfied in a
neighborhood of g, gives Sy.(Ao)Tj(No) = I € C"**"% 5o that

Ao)ér = Tr(Mo)Ar(Mo)bi = 0.

Thus we have shown that X} (A\o) C Xi(Xg). Taking 7! instead of
7 we obtain 771X (X)) C Xi(Ag). Consequently we have Xj(Xo) =
W(Tr_le()\o)) C Xk (Ao) C Xi(No), ie., 1Xk(No) = Xi(Xo). W
Remark. Let [—r,0] resp. [—7,0] denote the delay interval for sys-
tem (4.13) resp. (4.14). By Corollary 2.11 we see that ker(Aol — A) =
{z |[—rgl © € Xk(Ao)} and ker(Aol — A) = {y |—7 0| ¥ € Xk(Xo)}. We
also have seen in Section 7 that

Py, = ker(A\gl — .A)k, ]5)\0 = ker(Aol — .,Zl)k, k=~kro,ko+1,....

If we agree to extenc} functi9ns ¢ € Py, #(0) = eMo? Z?ial(ﬁj/j!)bj,
—r < 60 < 0, with A, (Ao)bk, = 0, to all of R by setting x(t;¢) =
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Mot Z?ial(tj/j!)bj,:chen we can dNeﬁne a mapping 7 : P — P, where
P = @)\OGU(L) P)\m P = ®A060(L) P/\()? as follows:

T =mx(:;0) =50 -

Then it is clear that 7 maps P one-to-one onto P. The result of
Lemma 4.13 implies that 7 also maps ker(AoI — A)* one-to-one onto
ker(Aol — A, k=1,2,... .

The next result states that a coordinate transform with delays given
by a unimodular matrix does not change the structure of the generalized
eigenspaces as given in Theorem 2.12.

Theorem 4.14 Let A(p) = S~ (1) A(u)S (1) with a unimodular matriz
S € CY™"[u]. For Ao € o(L) = o(L) denote by Py, resp. Py, the
generalized eigenspace of system (4.13) resp. of (4.14).

Then there exist uniquely determined numbers £ > 1, d,, m, with
m, >0, p=1,..., ¢, satisfying 0 < dy < --- < dy such that

L mp ~ L mp ~
Py =P EP 2,5 and P\, = PP 2,5, (4.17)

p=1 j=1 p=1 j=1
where the subspaces Z, j of Py, resp. Zp,j of 15,\0 satisfy
(i) dimZ,; =dimZ,; =d,, j=1,...,m,, p=1,...,¢,
(ii) Z,; is A-cyclic and ZM- is A-cyclic, j=1,. .. ymp, p=1,...,L.

Moreover, we can take

Zp,j:ﬁZp,ja j:17...,mp’p:17_"7£.

Proof. From Lemma 2.5 and the proof for part (iv) of Theorem 2.4 we
see that the numbers ¢, m,, d,, p = 1,...,¢, which exist according to
Theorem 2.4 for A(X) = A\ — A(e= ) resp. for A(\) = A — A(e= ™) at
Ao are the same. This establishes the decomposition (4.17).

Using the facts that the action of A and of A is differentiation, that =

and 7 commute with differentiation and that &(-; ¢) = z(-; ¢) for ¢ € Py,
(see Theorem 1.9) we get, for ¢ € Py,

TAp = 7o = (12(+ 9)) 0= (7(59)) |70

= (L2 9)) lra= T (72(:0) l1r)) = S50 = Ao,
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Set Z = Z,;, k =dimZ,; = d, and choose a basis ¢q,...,¢r_1 of Z
satisfying

Apo = Moo,
A¢J:AO¢]_¢]—17 jzla"'vk_17

(see the paragraph before Theorem 2.12). For
bj =Thj, j=0,....k—1,

we get A(JEO = .[lﬁgf)o = ﬁA@p = ~)\Of¢0 = )\05)0 and ./Nl(;;] :N./thqu =
W.Ad)j = ﬁ()\o(ﬁj — (f)j_~1) =X@; —¢j—1,j=1,....,k—1,ie., Z =72 is
also cyclic with dmZ =dimZ =%k. N

Remark. It is easy to see (but tedious to formulate) that all results
presented in this section hold also with appropriate notational changes
for the case of non-commensurate delays.

4.4 The structure of degenerate systems with
commensurate delays

The necessary condition for degeneracy of systems with commensurate
delays given in Zverkin’s theorem together with the triangularization
theorem for polynomial matrices over the ring C[u] (see Theorem D.5)
suggest that degenerate systems with commensurate delays can be trans-
formed to a system which consists of two coupled subsystems, where
one of these subsystems is degenerate and has a polynomial of A only as
its characteristic function. Loosely speaking, degenerate systems with
commensurate delays are those which are similar (under transformations
with delays) to ordinary differential equations. The precise statement is
the following:

Theorem 4.15 Assume that system (4.13) is degenerate with respect to
g € C"\ {0} and that in the factorization

XA, 1) = p1(A, w)p2(A)

with monic and relatively prime polynomials the polynomial p1 does not
contain a non-trivial factor independent of u. Then there exists a uni-
modular matriz S € C"*"[u] such that

~ A A
_o-lg0o_ 1 Ao
amsias (B 4
with Ay € C">™u], Ay € C™*™2[y], where ny = A—degreep;, ny =
degreeps > 0, and
XA = P1, XAy = DP2-
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Moreover, the delay system corresponding to As(p) is degenerate with
respect to a qo € C" \ {0}, whereas the delay system corresponding to
A1(u) is not degenerate.

Proof. Without restriction of generality we can assume that ¢ =
col(0, g2) with g2 = col(1,0,...,0) € C". Otherwise we choose a in-
vertible matrix 7" € C™*" such that ¢*T = (0,¢3) and replace A(u) by
T-YA(u)T.

By Zverkin’s result it is clear that na > 0. According to Theorem D.5
there exists a unimodular matrix S € C"*"[u| such that A(u) has the
properties given in the theorem. Since pi(\, ) does not contain a non-
trivial factor which depends in A only, the delay system corresponding
to Aq(p) cannot be degenerate.

It remains to prove that we can choose S such that the delay system
corresponding to Ag(u) is degenerate with respect to ¢g2. According to
Theorem 4.4 the function ¢*A~!()\) is entire. This implies that also

q*S(e_)‘h) st (e_Ah)A_l()\)S(e_)‘h’) = q*S(e_)‘h’)A_l()\) (4.18)

is entire. We set S = (U,V) where U € C"*™[u] and V € C™™"2[p].
The matrix (A — fl(u))_l is given by

o (M =Aw)T Biabaw)
(M~ A(p) ™ = ( 0 ()\I—Az(u))_l> '

Consequently we get
¢"S(e M)A ) = ¢ (Wi(h), Wa(V)),
where
Wi(A) = U(e M) (AT — Ay (e )7
Wa(A) = U (e ™) Bya(A, e ™) + V(e ) (AT — Aa(e™)) .

Since the matrix (4.18) is entire, we see that also ¢*Wj(\) is entire.
Suppose that ¢*U(p) # 0. Then we see that at least one 7, (A, ) in the
representation

1

q*U(:U') (AI - Al(lu'))_ (Tl ()" /J’)a ceey Ty ()‘7 M))

B 1
p1(As )
is not identically zero. As in the proof of Theorem 4.9 we see that

Tjo (A, 1) = 85 (A )d(A, p),
pl()‘a M) = SO(A)d()V 'u)'
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From A—degreer;, < A—degreep; we conclude that degreesy > 0. But
then p1 (A, 1) has a non-trivial factor depending on A only, which con-
tradicts the assumption made on p;. This proves that

q*U(e_)‘h) =0.
Consequently we get

¢ S(EMATIR) = (0,6°V () (M = Az (™) ). (419)

We have ¢*V (e=*") # 0. Otherwise we would have ¢*S(e *")A~1()\) =
0, which implies ¢ = 0, a contradiction.

Let v(p) be the (ny + 1)-st row of V(u), i.e., ¢*V () = v(p). This
and ¢*U(p) = 0 imply that (0,...,0,v(u)) is the (nq 4 1)-st row of S(u).
Set v(p) = (vi(p), ..., vny(p)) and let w be a greatest common divisor

of v1,...,vp,. Then S(p) = w(p)S(p) and det S(u) € C\ {0} imply
w=acC\{0}.

Under this condition we can find a unimodular matrix P € C"2*"2[y]
which has v as its first row,

Using the special form of ¢o we obtain

¢V (p) = v(n) = aP(p).
This implies

* -1 5 * -
G P(p) (M = Az(p)) ™ P71 (1) = ¢V () (M — Aa(p))
Since the vector (4.19) is entire, we see that also
* - — —1 _ —1
qu(e )‘h) (/\I — Ag(e ’\)) P(e )‘h)

is entire. Consequently (see Theorem 4.4) the delay system correspond-
ing to

P ().

Az () = P(u) Az (1) P~ (1)
is degenerate with respect to g2. If instead of S(u) we take the unimodu-
lar matrix T'(p) = S(u) diag(I, P~1(u)), then the matrix T () A(1) T (1)
is given by

T () A(w)T (1) = (Al(gu) pﬁ)’ﬁ(}f ;‘({L()MQ '
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Appendix: A
Laplace-Transforms

In this appendix we collect some results on Laplace-transforms. With a few excep-
tions we do not provide proofs, but refer to the standard literature (see for instance
7).

Let f be in L .(0,00;C) and A € C. Then the Laplace-integral of f at X is
defined by

/ooe*”f(t) dt = lim we*“f(t) dt. (A1)
0

w—00 0

We say that the Laplace-integral for f converges at A if the limit in (A.1) exists,
converges absolutely at A if limy, oo [, e " ®°*| ()| dt exists and converges uniformly
on a set D C C if the limit in (A.1) exists uniformly for A € D.

If the Laplace-integral for f converges absolutely at Ao, so it also does in Re A > Ao.
Therefore the domain of absolute convergence of the Laplace-integral is an open or
closed right half plane. We define the abscissa of absolute convergence by

0a(f) = inf{o € R |The Laplace-integral for f is

absolutely convergent at o}.
If the Laplace-integral converges at Ao, then it is uniformly convergent in any sector
{AeC| |arg(A—Xo)| <€}, 0<e<m/2

In particular it converges in Re A\ > Re Ag. Therefore the domain of convergence of
the Laplace-integral is an open right half plane plus a subset of the boundary. We
define the abscissa of convergence by

oc(f) = inf{o € R | The Laplace-integral for f converges at o}.
It is clear that
—00 < 0. < 0q < 00.

All cases, except equality everywhere, are possible for these inequalities. By the
uniform convergence of the Laplace-integral in sectors the function

fo) = /(;Oce*“f(t) dt, Rel > o.(f),

is holomorphic in the half plane Re A > o¢(f). We shall also use the notation L(f) =
f. The derivatives of f are given by

j £ . [ .
FL ) = (—1y / e () dt, Re > ool(f).
AN Jo
f is called the Laplace-transform of f. Frequently we shall denote by f or L(f)
also the function obtained by analytic continuation.
Of fundamental importance is the following uniqueness result:

Theorem A.1 Let f and g be Laplace-transforms of functions f and g, respectively.
If f = g in some right half plane, then f(t) = g(t) a.e. ont > 0.
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It is clear that taking Laplace-transforms is a linear operation. We next collect
results on the behavior of the Laplace-transform with respect to integration, differ-
entiation and convolution.

Theorem A.2 Let f € L},.(0,00;C) with o.(f) < oo and set g(t) = fOtf(T) dr, t >
0. Assume that the Laplace-integral for f is convergent at Ao € R. Then the Laplace-
integral for g converges in ReA > 0 if \o = 0 and in {\ € C | ReX > Ao} U { Ao} if
Ao > 0. Moreover,

60 = 1 FV
and
_fo)  ifx =0,
9(t) = {o(ekot) if Ao >0
ast — o0.

Theorem A.3 Let f be locally absolutely continuous on t > 0 and suppose that

oc(f) < oo. Then oc(f) < oc(f) and
LIHN) = AL(HHN) = £(0).

Moreover, for any real Ao, where the Laplace-integral forf converges, we have
fit) = o(eA“t) as t — oo.

Proposition A.4 Let f; € L (0,00;C), i = 1,2, be given. Then the integral
fotfl (t = 1) f2(7) d7 exists a.e. ont > 0 and the function f defined by this integral,
where it exists, and by f(t) = 0 otherwise is in Li,.(0, 00; C).

The function f whose existence is guaranteed by the above proposition is called the
convolution of fi and f2, f = f1 % fo. The operation “x” is commutative and
associative. We shall need the following results on smoothness of f1 * fa.

Theorem A.5 Let f; € Li,.(0,00;C), i = 1,2, be given. If f1 is bounded on bounded
intervals or if fi and fo are in L (0,00;C), then f = f1 * fo is continuous on t > 0.

Theorem A.6 Let f1 be locally absolutely continuous ont > 0 and f2 be in Li,(0, co; C).
Then f = fi % f2 is locally absolutely continuous on t > 0 and

f=fxf + f1(0)f2 a.e. ont>0.
Concerning Laplace-transforms of convolutions we have:

Theorem A.7 Let f; € Li.(0,00;C), i = 1,2, be given and suppose that o4 (f1) < xo
and oq(f2) < xo. Then oa(f1 * f2) < zo and

L(f1* f2) = L(f1)L(f2).

If a function f (M) is holomorphic in some right half plane, then it is of interest to
know if it is a Laplace-transform.

Theorem A.8 Let f be holomorphic in Re A > x1 and assume that
(i) for any e > 0 and any 6 > 0 there exists a K > 0 such that

If(N)| <& forReA>z1+40 and |\ > K,
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oo

(ii) and the integral / |f(x +dy)| dy exists for all x > x1.

— o0

Then f is the Laplace-transform of a function f which, for any x > x1 is given by

f@) = [ef(A)dr, t>0.
(=)

r—1

tained in the following theorem.

Here f(z) means limy_.o0 (2mi) ™" fxﬂyy. A result of more constructive nature is con-

Theorem A.9 Let f,, be the Laplace-transforms of f,, v =1,2,..., and assume that
there exists an xo € R such that

(i) zo>o0a(f), v=1,2,...,
(ii) Z/ 6_$0t|fu(t)‘ dt is convergent.
v=1 0

Then the series Y- | f. converges uniformly in Re A > zo and the series S fu(®)
absolutely a.e. on t > 0. If we define f(t) = Y 00, fu(t), then oo(f) < zo and
FO) =32, fu(N) for ReX > mo.

Finally we quote one version of the complex inversion formula for Laplace-trans-
forms:

Theorem A.10 Let f € Li,.(0,00;C) with oo(f) < oo be given. Then for any
v > oa(f) and any t > 0 where f is of bounded variation in a neighborhood of t the
following formula is valid:

/e“f(A) i = {é(f(tm) FE—0) ift>0,
(€ 3F(0+) Fto0

Fort <0 the integral is always zero.

Appendix: B
Entire Functions

In this appendix we quote some facts on entire functions, which are used in the
section on small solutions. As standard references we cite [5, 23].

Definition B.1 A function f : C — C is called an entire function of exponential
type if and only if f is holomorphic in C and there exist constants a,, 3 > 0 such that

IF (N < ae® for all X € C.

The number 1
T¢ = limsup - In M(p),

p—>00

where M (p) = max|x =, |f(N)|, is called the exponential type of f.
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It is trivial that the sum and the product of two entire functions of exponential
type are again such functions. Less trivial is the result on quotients:

Proposition B.2 If f and g are entire functions of exponential type, then f/g is
also an entire function of exponential type provided it is entire.

For a proof of this proposition see for instance [23, p. 24].
A detailed description of the growth behavior of an entire function of exponential
type at infinity given by the indicator function:

Definition B.3 Let f be an entire function of exponential type. The function hy :
[0,27] — R defined by

hy(0) = limsup % In | f(pe'®)]

p—00

is called the indicator function of f.

For a detailed representation of the general properties of indicator functions see
for instance [23, Ch. 1, Sect. 15] or [5, Ch. 5]. We just mention the following result:

Proposition B.4 Let f be an entire function of exponential type. If f #Z 0, then hy
is finite and continuous.

If we have information on the behavior of f on a vertical line, we obtain a very
precise information on the indicator function. For our purpose very useful is the
following result (cf. [23, p. 243] or [5, p. 116]):

Theorem B.5 Let f # 0 be a function of exponential type. If

< Int |f (i
/ %dw<oo, (B.1)

then
hf(0) = —kcosf, 6 € [n/2,3m/2],
and, for 0 in a dense subset of [w/2,37/2],
1 i
he(6) = lim L 1n|£(e).

p— 00 p

The function In™ is defined by InT ¢ = max(0,1n¢&), € > 0. Condition (B.1) can be
replaced by (see [23, p. 251])

/Oo |f(iw)dw < oo. (B.2)

—o0

Of fundamental importance for us is the following characterization of those entire
functions of exponential type which are two-sided Laplace-transforms of functions
with compact support.

Theorem B.6 (Paley-Wiener) Let f Z 0 be an entire function of exponential type.
Then the following two statements are equivalent:

(i) There exist constants H', H € R with —H' < H and a square-integrable F with
support in [—H', H| such that

f) :/_I;e—“F(t) dt, MeC.
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(i) [ (i) Pdw < oo,

Moreover, if we take H' = h(0) and H = hs(m), then the interval [—H', H] cannot
be replaced by a smaller one.

For a proof of this theorem see [23, p. 387], [5, p. 103] or [7, Vol. III, pp. 238, 241].
Finally, Hadamard’s factorization theorem assumes the following form for functions
of exponential type (see [23, p. 24] or [5, p. 22]):

Theorem B.7 Let f be an entire function of exponential type and let (an) be the
finite or infinite sequence of nonzero zeros of f. Moreover, assume that A = 0 is a
zero of multiplicity m. Then there exist numbers a, 3 € C such that

_ \m a+Bx _ A\ e
FO) =A"e 1:[(1 an)e, X €C,

where p=0 orp = 1.

Appendix: C

An Unsymmetric Fubini Theorem

For the convenience of the reader we state in this appendix the unsymmetric Fubini
theorem of [6]. In the following it is always assumed that functions which are of
bounded variation on bounded intervals are normalized by the requirement to be
right-hand continuous.

Theorem C.1 Assume that the functions k : R - R, s:R—>R andp: RxR — R
satisfy:

a) k is of bounded variation on bounded intervals.
b) s is Borel measurable on R.

¢) p is Borel measurable on R X R and, for k-almost all o € R, the function p(o,-) is
of bounded variation on bounded intervals.

Define
[l gorr =0,
Vo, 1) = (U
_/ |dvp(o,v)|  for T < 0.
If
(i) TV(UJ)\CUC(O'H <oo forallT

and

oo

(i) [ ls(mldr [Z,V(o,7)ldk(0)| < o0 or

T 1) [, 5] ldeplo )] < o0,
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then the other integral under (ii) also exists and

/::s(r)dT /j:op(a, T)dk(c) = /j:cdk(a) [Zs(T)dTp(a, 7).

Appendix: D

Results on Polynomial Rings and Modules
over Polynomial Rings

In this appendix we present the basic definitions and results concerning the theory
of polynomial rings and modules over polynomial rings. We give proofs for those
results where a proof is not available in the literature in the form needed here.

We denote by C[A1,...,An] the ring of polynomials in the indeterminates Aq,. ..
..oy Am, m > 1, over the field C. The ring C[)] is a Euclidean ring and consequently
also a principal ideal domain. The rings C[A1,...,An] with m > 2 are not even
principal ideal domains, but unique factorization domains. Therefore the concepts
”greatest common divisor” and ”least common multiple” are well defined in all of
these rings. If r1, ro are polynomial in C[\], then there exists a greatest common
divisor d € C[\] which can be computed by the Euclidean algorithm. Moreover there
exist polynomials R1, Ry € C[\] with

d=7r1R1 +7r2R>.
This result in C[\] has the following analogue in the rings C[A1, ..., An], m > 2:

Lemma D.1 Let r1,72 € C[A1,...,An], m > 2, be given and let d be a greatest
common divisor of r1, ro. Then there exist polynomials R1, Ro € C[A1,...,An] and
a polynomial w € C[A1, ..., Am—1] such that

'I“1()\17 .. -,)\m)Rl()\h .. .,)\m) —|—7"2()\1,. . .,)\m)RQ()\l,. . ~7)\m)
= w()\l,. . .,)\mfl)d()\l, .. -7>\m)~

A proof of this result can be found in [29].

Next we state some definitions and results concerning module theory. As general
references for module theory we quote [1], [3], [4], [16], [27].

Let M be an additive, commutative group and R a commutative ring with multi-
plicative unit 1. Then M (more precisely (M, R)) is called a module over R if and
only if there is a scalar multiplication (r,z) € R x M — rx € M satisfying

r(x1 +x2) =rx1 +rxe, rE€R, 1,22 €M,
(r1+re)z =rix+rox, ri,r2 € R, x € M, and
l-z=2, x€M.

The modules which are most similar to vector spaces are the free modules. A module

M over R is called a free module if and only if there exists a basis e1,...,e, € M
for M, i.e., every element x € M has a unique representation r = aie1 + - -+ + anén,
a; € R, i=1,...,n, and aie1 + -+ + ane, = 0 implies a3 = -+ = @, = 0 (linear

independence). The modules C"[A1,...,\,] are free modules, a basis being e; =
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col(1,0,...,0),...,c0l(0,...,0,1) (canonical basis). A set U is called a submodule
of M if and only if it is again a module over R, i.e., for a1, a2 € R and x1,x2 € U we
have also a1x1 + asxs € U.

We shall need results on the modules M = C"[A1,...,An] over the ring R =
C[A1,...,Am]. The module C™[\,...,\y] consists of all n-vectors col(z1,...,zn)
with z; € C[A1,...,An],72=1,...,n. The module C"[}] is special among the modules
C™[A1,...,Am] by the following property:

Lemma D.2 FEvery submodule of C[A] is a free module.

This result in fact is valid for free modules over principal ideal domains (see [16, p. 78]
or [27, p. 109]).

An important question in module theory is the following: If X is a submodule
of M, does there exist another submodule Y of M such that M = X @ Y7 We
know that the answer is "yes” for vector spaces. But even for the module C"[)\] the
answer in general is "no”. However we have also a positive result. In order to state
this result we need a definition. For ai,...,ar € C*[A] let S = span(aq,...,ar) =
{ara1 + -+ arar | a; € C[A], i =1,...,k}. Obviously S is a submodule of C"[A],
the submodule generated by aa,...,ak.

Proposition D.3 Let A € C**"[\] (i.e., A is an m X n-matriz with elements in
C[A]). Then there exists a submodule X of C"[A] such that

C"N] =kerA® X.

We can take X = span(zi,...,xk) for any elements z1,...,xx € C"[A] such that
Azx1,...,Axk is a basis for range A.

This result is a special case of the corresponding result for epimorphisms where the
range is a free submodule (see [27, p. 108]). Note that by Lemma D.2 the submodule
range A is a free module. Take a basis y1,...,yr of range A and elements z1,...,xx €
C"[A] with y; = Az, i =1,...,k. Observe that z1,...,z) are linearly independent,
because otherwise also y1,...,yr would be linearly dependent and could not be a
basis for range A.

For matrices A € C"*"[u1,..., m] we define the characteristic polynomial x4 €
CI\ p1y - -+ im] by

XA\ p1, - pim) = det (A — A(pa, .oy o))

For A € C"™"™[u1,...,um] and p € C[A p1,..., m] we set (with some abuse of
notation)
p(A) =p(A, i, pm) € C " [pa, o pim].
Then as in vector space theory we have (see for instance [27, p. 246])
Theorem D.4 (Cayley-Hamilton) For every matriz A € C™"*"[u1, ..., m], m >

1, we have -
xa(A)=0.

On the basis of Proposition D.3 we can prove the following result on block-
triangularization of matrices in C™*"[u]:

Theorem D.5 ([19, Theorem 2.1]) Let A € C™"*"[u] be given and assume that

XA = P1p2;,
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where p1,p2 € C[\, u] are relatively prime (i.e., 1 is a greatest common divisor) and
monic (i.e., the coefficient of the largest power of X is 1). Set n; = degreep; and
assume n; > 0, i = 1,2. Then there exists a unimodular matrix S € C"*"[u] (i.e.,
det S(u) = c € C\ {0} or, equivalently, also S~ (u) € C™*"[u]) such that

A:S”AS:<%1‘2;>66”"M7

XA; = DPi, 12172
In general we cannot find S such that A1,2 = 0.

Proof. We set C = pi(A) and choose a basis €é1,...,ér of kerC' (observe that
ker C' is a free module), where 0 < r < n. Choose é,41,...6, € C"[u] such that
Cért1,...,C¢, is a basis for range C'. Then according to Proposition D.3 we have

C"[u] = ker C @ span (&1, . .., én).

Note that as in vector space theory all bases of C"[u] have the same number of
elements.

Let x € ker C, i.e., we have Cx = 0. Since A and C' commute, this implies CAx =
ACz = 0, i.e., Az € kerC. Consequently ker C' is A-invariant. Let S € C™*"[y]
denote the matrix corresponding to the change of bases e1,...,e, — €1,...,é, and
denote by A the representation of the endomorphism x — Ax with respect to the
basis é1,...,én. Then we have A = S™'AS. In view of the invariance of ker C' with
respect to this endomorphism we see that A must have the form given in the theorem.

It remains to prove x4, = p1. Then x4 = xa, xa, automatically implies x4, = p2.
Let C(u) denote the field of rational functions of p with coefficients in C and C™(u)
the vector space of all n-vectors with elements in C(x). Then we can view A and C'
also as matrices in C"*"(u). Let x € C™(u) with Cz = 0 be given. We can write z as

1
@=-7, s€C(n), zeCu,

where s is the least common multiple of the denominators of the coordinates of x.
Then Cz = 0 also implies Cz = 0, i.e.,

i:Zaiéi, a; €ECly], i=1,...,r
i=1

This implies = >_, (e /s)é;. We conclude that éi,..., &, is also a basis for ker C
in C(p). But then vector space theory implies x4, = p1.
That in general we have A 2 # 0 is demonstrated by the following example. Let

_(n 1
= o)
with xa(A, p) = (A = )X, pr(A, ) = A — p, p2(\, p) = A From
i (A1 A
i=(v %)
and x4, = A — i, X4, = A we conclude that A; = (u) and A; = (0). Assume that
we can choose a unimodular S € C?[u] such that A1 2 = (0) and set

S1,1 S1,2 1 ti1 12
S = , ST = .
S2,1 82,2 to1  to22
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Then a simple calculation shows that

- Y

is equivalent to

t11(s1,2p0 + s22) =0, (D.1)
to1 (51,2M + 82,2) =0, (D.2)
toa(s10p+s21) =0, (D.3)
ti,1 (81,1M + 52,1) = U. (D.4)

Case 1: t1,1 = 0.
Equation (D.4) implies p = 0, a contradiction.

Case 2: s1ap+ 2,0 = 0.

Then equations (D.1) and (D.2) are satisfied. Assume that si,1u + s2,1 = 0. Then
(D.4) implies g = 0, which is impossible. Thus we have s1,1 + s2,1 # 0. From (D.3)
we then get t21 = 0, i.e., we have

1 (tiqa ti2
S o ( 0 tg,g) ’
Consequently we have so 1 = 0. But this and s1 21 + s2,2 = 0 imply s2.2 = 0, so that
det S(u) = 0.
Thus we have shown that neither case is possible, i.e., we never can get A; 2 = 0.
Analogously we can see that A cannot be transformed to diag(0, ). ®

The result of Theorem D.5 does not carry over to C"[u1, ..., um] in case m > 2.
The following example was given in [21]. Let

2
Ap,v) = (ZV lljg) € C2X2[H7V]

be given. Then we have xa (A, u,v) = /\(/\ —p? - 1/2) =: pr(\ p, v)p2 (A, p,v). We
have p1(A) = A and ker pi(A) = span(col(v, —p)). Assume that there exists a free
submodule X = span(col(a, 8)) such that

C?[p.v] = kerp1(A) @ X.
This implies that the vectors col(1,0) and col(0,1) (which constitute a basis for

C?[p.v]) are linear combinations of col(v, —u) and col(w, 3), i.e., there exist poly-
nomials p;, q¢; € Clu,v], i = 1,2, such that

1 =vp1 + apa, (D.5)
0= —pup1 + Bp, (D.6)
0=vrq1 + agqa, (D.7)
1= —uq1 + Bge. (D.8)

From (D.6) we see that p divides Sps.
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Case 1: u | p2.
This implies p2 = ups, p2 € Clu, v], and in view of (D.6) pu(—p1 + Bp2) = 0. Conse-
quently we have p1 = Op2. Then (D.5) implies

1 =p2(vB + pa),
which is impossible.

Case 2: u | B. o
In this case we have 3 = ug, 8 € Clu, ], and get from (D.8)

1= p(—q1 + Bgz),

which again is impossible.
Thus we have shown that ker p;(A) is not a direct summand in C*[u,v]. For ps

we have )
—v 117%
A) =
p2(A) (MV —H2>

and kerpy(A) = span(col(,u7 V)) Analogously as above we prove that also ker p2(A)
is not a direct summand of C*[u, v/].
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1. Introduction

The variation of constants formula for delay differential equations has
for some time been a puzzling part of the theory. For the general inho-
mogeneous linear equation

8 Ly + f(2) (1.1)

with initial value ¢y = 0, the solution reads

t
xp = / Tr(t — s)Xof(s)ds (1.2)
0
in which Xy is the matrix-valued function defined by
Xo(f) =0, for § < 0; Xo(0) = Idgn

and T7(t) is the semigroup associated with the homogeneous equation
on the space C = C([-r,0],R™). Formula (1.2) indicates that 77 (t)
is evaluated at X although this function (only considering the column
vectors) is not continuous and so is not in the space where the semigroup
is defined. In the literature, this odd fact is discretely overlooked by
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using the expression ”formal”. One should note that a rigorous variation
of constants formula exists: it is enough to use the fundamental solution
U(t) instead of T7,(t)Xo. In terms of U(t), the solution z reads

x(t) = /0 U(t—s)f(s)ds

The shortcoming of the above formula is that it is not expressed at the
level of the phase space of the equation, which makes it difficult to use
in the study of dynamical features of the solutions. The inconvenience
caused by this apparent inconsistency is particularly visible when deal-
ing with semilinear equations and stability or bifurcation issues. A first
step in the direction of resolving this inconsistency was made by Chow
and Mallet-Paret In a later work (1980, not published), Arino proposed
a solution close to the one proposed in , that is, to work in the space
C! instead of C. These approaches are in fact very close to one which
emerged a few years later, first, in a completely different context, that
is, the theory of integrated semigroups. We will come to this theory last
part of this chapter, it will be discussed and used in different context
by M.Adimy and K.Ezzinbi in the third part of this book . Recently,
Maniar, Rhandi et al .use extrapolation theory to discuss the same
problem. Another approach burgeoned in the mid-eighties (1984-85)
within a group of five people, Ph.Clement, O.Diekmann, M.Gyllenberg,
H.J.A.M.Heijmans and H.R.Thieme (1985), that is, the approach of em-
bedding the problem set in a larger space containing not only continuous
functions but also such functions as X, a space intermediary between
the space C and its bidual. This approach was not new, a thorough
study of the relationships between the dual and the adjoint semigroups
has been performed by E.Hille and R.S.Phillips(1957), and a number
of important results are to be found in their book. It seems that it had
been revivified by H.Amann in a completely different context. In the
next section, We will now give a very short summary of dual semigroups
and we will show how it can be used to provide a rigorous variation of
constants formula in the case of delay differential equations.The last sec-
tion of this chapter will be devoted to show how the theory of integrated
semigroups can be used to provide a rigorous variation of constants for-
mula. An important consequence of both of these theories is to give new
and interesting perspectives of DDE.
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2. Variation Of Constant Formula Using
Sun-Star Machinery

2.1 Duality and semigroups

Let A be the infinitesimal generator of a Cp-semi-group (7'(¢)):>0 in
a Banach space X.

T*(t) is a semigroup on the dual space X* of X. In the general case
T*(t) is not strongly continuous. It is strongly continuous when X is
reflexive. Following Hille and Phillips (1957)[21], we define

X© = {x € X" lim [T (t)a" — o] = 0} (2.3)

X @ (pronunciated as X — sun) is the space of strong continuity of T*(t).
It is a closed subspace of X*. One can determine X© in terms of A*. In
fact, we have ([21]):

X = D(A") (2.4)
(this is the closure with respect to the strong topology of X*, this result
shows that X® D D(A*)). The restriction of T*(t) to X, denoted
T (t), is a strongly continuous semigroup of linear bounded operators
on the space X©.
The infinitesimal generator of T®(t) is the operator denoted A®, which
is the restriction of A*, to the domain

D(A®) = {z* € D(A"): A*z* € X}

D(A®) is weak* dense in X*.One can repeat the construction starting
from X© and T®(t), that is, we can the space X ®* from thee injection of
X in X*, we have X®* contains X**, with continuous injection. Since
X** contains X , X can be considedred as subspace of X®* and, in
addition X is a closed subspace of X®*. By the same operations as above
we define X©©

x00 = {20 € X1 Jim [T (1) 2" =0} (25)
and T®®(t) is the restriction of T®*(¢) to X®®.

Definition: X is called sun-reflexive with respect to A if and only if
X = X909,

remark 1 This equality should be understood as identification : we no-
tice earlier that X can be identified to a closed subspace of X®*. In the
case of sun-reflexivity this space X©©.

In the sun-reflexive case, we have: A®® = A and T®®(t) = T(t).
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2.1.1 The variation of constant formula:. Given a Ba-
nach space X , an operator Ag which is the infinitesimal generator of a
Cp—semigroup Tp(t) We assume that X is sun reflexive with respect to
Ap.Let be B € £(X®%),
We consider the following equation

Z—? = Apx(t) + Bx(t). (2.6)
B is a perturbation of Ag. At first sight this pertubation doesnt make
sense since B takes values in a space bigger than X. The only way to
make it meaningful is to look for z(t) in a bigger space in fact in the
space X ©*. Assuming that x(t) lies in this space, one can write equation
(2.6) in the form

t

x(t) = To(t)zo + / T5*(t — s)Bx(s)ds (2.7)
0

where x(0) = xo.

Using a method of successive approximations, one can show that the
equation (2.7) has each initial value o one and only one z(t) defined
for all ¢t > 0. We denote T'(t)zg = x(t). T(t) is a semi-group strongly
continuous in X ®*.

We will now show that T'(t) is a Cp— semigroup on X. The proof goes
through the next lemma:

Lemma 18 Let f : [0, +oo[ — X©* be norm-continuous. Then,

t— /0 TE*(t — s)f(s)ds

is a norm-continuous X ©©- valued function

Theorem 1 Given a Banach space X , an operator Ay which is the
infinitesimal generator of a Cy—semigroup Ty(t) We assume that X is
sun reflexive with respect to Ag.Let be B € L(X®*). Then, equation2.7
has, for each xy in X, a unique solution defined on [0, +oo[ with values
in X, continuous and such that x(0) = xo. The map T(t)xo = =(t) is
continuous on X.

Theorem 2 Under the same assumptions as the above theorem, let A
be the infinitesimal generator of T(t). Then, we have

D(A)={z € D(AJ*): AJ"z+ Bz € X} (2.8)

Az = AY*2 + Bz (2.9)
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X is sun-reflexive with respect to A. Finally, D(A) = D(A$*) and
A= A"+ B.

We have all the ingredients necessary for the application to the delay
differential equations, which will be considered next.

2.2 Application to delay differential equations

2.2.1 The trivial equation:. In the sequel we present some
properties of the unperturbed semi-group {7y(t),t > 0} related to the

trivial equation:
{ d

which is given by

0 if t4+60>0,
(To(t))w(H)Z{ th)w) ifti@go.

The semi-group {Tp(t),t > 0} is generated by Agp = ¢ with

D(4o) = {¢ € C" ([-1,0], R) ,$(0) = 0} (¢

Let IE* be represented by BV ([0, 4o00[, R), with the pairing given by

+oo
< fip>= /0 df ()p(~7).

Most of the following results are borrowed from Diekmann and van Gils
(1990). We have just adapted them to the specific equation considered
here.

Lemma 19 [33] The semigroup T§(t) is given by the formula

(To (@) f)(1) = f(t+T) for 7 > 0.

Its generator Ay verifies,

D(Ap) = {f: f(t) = f(0+) +/0 g(T)dr fort>0,9 € NBV and g(1) :0},

and for
df

f € D(Ay), A(f) = g(=5

—)-
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Lemma 20 (Diekmann et al.)
t
IE® = {f c f(t) = f(0") +/ g()dr fort>0,g € L'(Ry) and g(o) =0 for o > 1}
0

The space IE® is isometrically isomorphic to R x L'([0,1], R) equipped
with the norm
(e, 9l = lel + llgll g -

Lemma 21 (Diekmann et al.) The semi-group Ty (t) is given by the for-
mula

t
9 ) (e, g9) = (c~|—/0 g(T)dr, g(t + )) .
Its generator ASJ verifies
D<A(<)D) = {(Cv 9)7 g e AC(R-F)}

and A§ (¢, 9) = (9(0),g), where AC(IR4.) is the space of absolutely con-
tinuous functions onRy. We represent IE®* by R x L*([-1,0], R)
equipped with the norm

(e, )| = sup(ev, [l o ),
and the pairing:

0

< (¢, 9), (o, ) >=ca+ /_1 g(T)e(T)dT.

Lemma 22 [33] The semi-group Ty *(t) is given by
I (1) (o, ) = (o, )

where ( )
ar ) et+s) ift+s<0,
‘Pt(s)_{a ift+s>0.

Its generator ABD* satisfies

D(A§") = {(e, ), ¢ € Lip(e)}
and
AG" (a,0) = (0, 9).
Here Lip(a) denotes the subset of L°(Ry, R) whose elements contain
as a class in L% a Lipschitz continuous function which assumes the

value o at T = 0. Taking the closure of D(AOQ*), we lose the Lipschitz
condition but continuity remains.

Lemma 23 [33/
E©® = {(a, @), ¢ continuous and p(0) = a}
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2.2.2 The general equation. We now consider the equation
dx
> L
o = L)

The equation leads to the following ”formal” equation

d(z+)
dt

= Aozt + XoL(z4)

The map Xy € [E®* so if t — x(t) is continuous, t — XoL(x;) is
continuous with values in IE®*. We can then write the following fixed
point problem in

¢
xr = To(t)zo + / TE*(t — s)XoL(zs)ds
0

The solution leads to a semigroup 7T'(t) whose generator A is defined by
Ap = Ao + XoL(p)

with
D(A) = {p € D(AF") : App + XoL(p) € IE}

This corresponds to

D(A)={peC, ¢(0)=L(p)}

3. Variation Of Constant Formula Using
Integrated Semigroups Theory

In [4], [5], and [8] an approach has been developed, based on the
theory of integrated semigroups, for establishing a variation of constants
formula for functional differential equations in finite dimensional spaces.
This approach will be discussed in this section to obtain the variation of
constant formula for the following delay differential equations:

dx

{ S =Lz + 1), 120, (310)
Lo =¥ :C([—T’,O],Rn),

where x; denotes, as usual, the function defined on [—r,0] by z:(f) =

z(t+60), —R < 6 < 0, L is a continuous linear functional from C :=

C ([-r,0],R™) into R™ and f is a function from [0, +oo[ into R™. The

initial value problem associated with equation (3.10) is : given ¢ € C,
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to find a continuous function z : [-R, h[ — R"™, h > 0, differentiable on
[0, h[, satisfying equation (3.10) on [0, A .

We know that the solutions of the linear autonomous retarded func-
tional differential equation

dx
{ %(t) = L(x;), t>0, (3.11)
To = ¥,

in R", define a strongly continuous translation semigroup (7'(t))>0 in
the space C := C ([—r,0],R™) . The initial value problem associated with
equation (3.10) can be written formally as an integral equation

t
xe =T(t)p + / T(t—s)Xof(s)ds, fort >0,
0

where Xy denotes the function defined by Xy(0) =0 if # < 0 and
Xo(0) = Idgn.

The expression T'(-)Xp in the integral is not strictly defined, since
Xo is not in C and T'(-) acts on C. In this paper, we prove that the
semigroup (7'(t)),~ associated to equation (3.10) can be extended to the
spaceC @ (Xp), where (Xg) = {Xoc, c € R" and (Xoc) (0) = Xo(0)c}
as an integrated semigroup of operators and we derive its consequences
regarding the nonhomogeneous linear equation (3.10) and the nonlinear
equation

dz
{ P = L) + flt.a), 120 (312)
Top =@ € C.

3.1 Notations and basic results

We start by giving some basic terminology, definitions, and results
that will be needed in the sequel. The following definitions are due to
Arendt.

Definition 20 /9] Let X be a Banach space. A family (S(t))i>0 of
bounded linear operators S(t) on X is called an integrated semigroup if
the following conditions are satisfied:
(i) S(0) =0;
(i1) for any x € X, S(t)z is a continuous function of t > 0 with values
m X; \
(i) for any t,s >0 S(s)S(t) = / (S(t+7) — S(r))dr.

0
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Definition 21 [9] An integrated semigroup (S(t))e>0 is called exponen-
tially bounded, if there exist constants M > 0 and w € IR such that
IS@)|| < Me*t for all t > 0.

Moreover (S(t))t>0 is called non-degenerate, if S(t)x =0, for all t > 0,
implies that x = 0.

If (S(t))+>0 is an integrated semigroup exponentially bounded, then
400
the Laplace transform R(\) := )\/ e MS(t)dt exists for all X with
0
Re(N) > w, but R(\) is injective if and only if (S(t))+>0 is non-degenerate.
In this case R(\) satisfies the following expression

R(A) = R(p) = (1 = M RN R(p),

and there exists a unique operator A satisfying (w,+o00) C p(A) (the
resolvent set of A) such that

R(\) = (AT — A)7!, for all Re(\) > w.

The operator A is called the generator of (S(t)):>o0.
We have the following definition.

Definition 22 [9] An operator A is called a generator of an integrated
semigroup, if there exists w € IR such that Jw, +00[ C p(A), cmd there ex-
ists a strongly continuous exponentially bounded famzly t>0 of lin-

ear bounded operators such that S(0) = 0 and (\[—A)~ )\/ e S
(t)dt for all X > w.

Proposition 26 [9] Let A be the generator of an integrated semigroup
(S(t))t>0. Then for allxz € X andt >0

/Ot S(s)xds € D(A) and S(t)x = A </Ot S(s)wds) + tx.

An important special case is when the integrated semigroup is locally
Lipschitz, continuous..

Definition 23 [9/An integrated semigroup (S(t))t>o is called locally Lip-
schitz continuous if, for all T > 0, there exists a constant k(1) > 0 such
that

1S() = S()| < k() [t — 8], for allt,s € [0,7].

From [9], we know that every locally Lipschitz continuous integrated
semigroup is exponentially bounded.
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Definition 24 [9] We say that a linear operator A satisfies the Hille-
Yosida (HY') condition, if there exists M > 0 and w € IR such that
|w, +o00[ C p(A) and

sup {(/\ —w)" H()\I —A)™"

,nEN,)\>w}§M.

The following theorem shows that the Hille-Yosida condition charac-
terizes generators of locally Lipschitz continuous integrated semigroups.

Theorem 3 [9] The following assertions are equivalent.

(i) A is the generator of a non-degenerate, locally Lipschitz continuous
integrated semigroup,

(i) A satisfies the (HY ) condition .

In the sequel, we give some results for the existence of particulars
solutions of the following Cauchy problem

du

{ ) = Au(t) + £(1), 20, 313
u(0) =z € X,

where A satisfies the (HY') condition.

Definition 25 [32/ Given f € L}, (0, +00; X) and x € X, we say that
u : [0,400] — X is an integral solution of the equation (3.13) if the
following assertions are true

(z)uEC[O oo X)
(u)/ s)ds € D(A), fort >0,

(iit) u —x+A/ ds+/f )ds, fort > 0.

From this definition, we deduce that for an integral solution u, we
. 1 t+h
have u(t) € D(A), for all t > 0, because u(t) = }llin%h/ u(s)ds and
t+h K
/ u(s)ds € D(A). In particular, x € D(A) is a necessary condition
t
for the existence of an integral solution of (3.13).

Theorem 4 [22/Suppose that A satisfies the (HY ) condition, x € D(A)
and f : [0,400[ — X is a continuous function. Then the problem (3.13)
has a unique integral solution which is given by

d t
u(t) = S'(t)r + dt/o S(t—s)f(s)ds, pourt >0,
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where S(t) is the integrated semigroup generated by A. Moreover u sat-
isfies

o) < Ml + [ e 17(6)1ds), for t 20
0

3.2 The variation of constant formula

Let L be a linear bounded operator from C into R™. We consider
the linear functional differential equation (3.11). The following result is
known.

Theorem 5 [4/8]The operator Ap = ¢' with domain
D(A) = {p € C'([-r,01;R"), ¢'(0) = L(¢)}

is the infinitesimal generator of a strongly continuous semigroup (T(t))¢>0
on C satisfying the translation property

(t+6)  ift+0<0
w0 O ={ G e o1 e e

t>0,0¢€[-r0],peC.
Furthermore, for each ¢ € C, define x : [—r,+o00[ — R™ by

_ (t) ift € [-r,0]
o(t) = { S(DT(ﬁ)cp) (0) if t > 0.

Then x is the unique solution of (3.11) and T (t)p = x4, fort > 0.

For each complex number A, we define the bounded linear operator
Ly :R® - R” by

Ly(c) = L(e*¢), for ¢ € R™,
where ec : [—r,0] — R is defined by
(e/\'c> 0) =eMe, 0e[-r0].
We know, from [48] that the resolvent set p(A) of A is given by
p(A)={xeC, AN exists in LR™)},
where L£(R™) is the space of linear bounded operators on R™ and

A(N) =M — Ly.
We now present our first main result.
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Theorem 6 The continuous extension A of the operator A to the space
C @ (X,), defined by

D(Z) = Cl ([—T', 0] a]Rn) ) and ZSD = QO/ + XO(L(QD) - 90,(0))7
generates a locally Lipschitz continuous integrated semigroup (S(t))t>0
t

on C @ (Xo) such that S(t)(C & (Xo)) C C and S(t)p = / T(s)eds, for
0
peC.

It suffices to show that A satisfies the (HY) condition .
By the Hille-Yosida theorem, there exists w € R, such that:

p(A) O (w, +0o0)
sup  {(A = w)"[[R(X, A)"[]} < 400
neN,A>w
where R(\, A) = (AI — A)~". In particular, for A > w, A()) is invertible
on L(R™).
We need the following lemma.

Lemma 24 For A\ > w,
(i) D(A) = D(A) & (e*), where (e) = {e¥¢; ceR"},

(i1) (w,+00) C p(A) and for n > 1
RO\ A (g + Xoc) = RO\, A + R(\, A)"L (e)"A_l()\)c) ,

for every (p,c) € C x R™.
Proof of lemma. We consider the following operator

l: D(A) — R"
¥ = 1(¥) = ¢'(0) — L(¥).

Let ¢ € D(A) and A > w. If we put ¢ = ¥ — eMA(X)"1(¢)), then we
deduce that ¢ € Ker(l) = D(A), and the decomposition 1 = ) + e*a,
with a € R", is unique. _ B

Let ¢ € C® (Xo), ¢ = ¢ + Xoc. We look for ¢ € D(A), such that
N-Af=5

1) can be written as 1) = 1 + eMa, where ) € D(A) and a €R™.
We have _

(M — A) (¢ + eVa) = ¢ + Xoe.

This equation splits into two

[ Q=
A(N)a = c.
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It follows that for A > w, (Al — A)~! exists and
(M — Ao+ Xoe) = (M — Ao+ AN e
Repeating this procedure, we have for every n > 1
RO\ A" (0 + Xoc) = RO\, A" + R(A, A" (e)“A_l()\)c) . (3.14)

This completes the proof of the lemma.
On the other hand, one has

1
A(A)—AI—L,\—)\<I—)\LA).

Without loss of generality, we can assume that A > 0, in this case, we
have

1 L
H)\L)\H < H)\H <1, for \>|L].

Hence the operator I — %L A is invertible and

1 \! 1
(I—)\LA> :ZFU;.

n>0
So,
1 \"! 1
I— L,\> < —
' ( ) 1)L
and )
AT < , for A > max(||L|| ,w).
1870 5=

Using the relation (3.14), we obtain

sup
neN,A>wq

(A= wo)" RO\, A)"|| < o0, where wy = max(||LI| ).

We conclude by theorem 3, that A is the generator of a locally Lipschitz
continuous integrated semigroup.

Now, consider the nonhomogeneous functional differential equation
(3.10)

dt

{ 90y = L(wy) + f(1), for t >0
Zo :QOGC,
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and the nonhomogeneous associated Cauchy problem

{ P4y = Ault) + Xof(£), for t > 0 (3.15)
(0) weC

Theorem 7 If f e C([0,+oo[,R™), then equation (3.10) has a unique
solution x on [—r,+oo[ which is given by

2= T(t)g + %( /0 S(t— $)Xof(s)ds), fort>0.  (3.16)

Proof. It suffices to show that the function u defined by
u(t) =z, fort >0, (3.17)

is an integral solution of equation (3.15).
Let x be the solution of (3.10), such that z¢ = ¢.

By using the relation

d t

70 (/0 x3d5> =z — ¢,
we deduce that

A </Ota:5ds> =2 — ¢+ Xo (L(/Otxsds) — x(t) +<p(0)> .

On the other hand, integrating equation (3.10) from 0 to ¢, we get

t t
2(t) = 0(0) + L /0 24ds) + /0 F(3)ds
It follows that

u(t) = o + A( /0 u(s)ds) + Xo /0 F(3)ds

We obtain that u is an integral solution of (3.15).
The operator A satisfies the (HY) condition. So this solution can be
written as

u(t) = <p+</5’t—sX0f s)d ),fortzo.

Consider the nonlinear equation

dt

{ T4 = L) + f(t2), for t >0 (3.18)
o = ¥,
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and the initial value problem associated

du ~

{ S8 () = Ault) + Xof (¢, u(t)), for t 2 0 (319)
u(0) = ¢,

where f : [0,400[ x C — R”™ is Lipschitz with respect to the second

variable and continuous.

We know that equation (3.18) has one and only one solution x which
is defined on [—r, +o0o[ by

x(t) = ¢(0) + L(/O zsds) +/O f(s,zs)ds, for t > 0.

Substituting f(¢,x¢) for f(¢) in formula 3.16, equation (3.18) can be
written as a fixed point equation.
We deduce the following result.

Theorem 8 Under the above conditions, the solution x of equation
(3.18) can be written as

xy=T(t <p+</ S(t—s)Xof(s,xs)d s>, fort>0.

Appendix

In this section, we prove that the integrated semigroup (S(t)),s, as-
sociated to the equation (3.11) can be written as a perturbation of the
integrated semigroup (So(t)),~, associated to the trivial equation

dt (3.20)

d
{ —x(t):(), for t > 0,
x9 =@ €C.

The generator Aj of the Cyp-semigroup associated to equation (3.20) is
given by

D(Ag) ={peCh ¢'(0)=0}, and Agp = ¢'.
By theorem 6, we obtain:

Corollary 9 The continuous extension ;16 of the operator Ag defined
on
C o (X,) by

D(Ag) = C ([~r,0],R™), and Agp = ¢’ — Xo¢'(0),
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generates a locally Lipschitz continuous integrated semigroup (So(t))e>0
on

¢
C @ (Xo) such that Sy(t)(C & (Xo)) C C and Sp(t)p = / To(s)eds, for
0
peC.

Theorem 10 The integrated semigroup (S(t))e>0 associated with equa-
tion (3.11) is given by
¢
S(t)p = So(t)p +/ So(t — 8)XoL(T(s)p)ds, t >0 and ¢ €C.
0

Proof. For every function ¢ € C, consider the nonhomogenuous
Cauchy problem

at (3.21)

u(0) =0,
where h : [0, +oo[ — C & (Xp) is given by

h(t) = ¢ + Xo(L(S(t)p).

{ du (t) = Agu(t) + h(t), for t >0

In view of corollary 9 , A satisfies the (HY) condition. Hence, by
theorem 4 the nonhomogeneous Cauchy problem (3.21) has an integral
solution u given by

t
u(t) = a4 (/ So(t — s)h(s)ds) , for t > 0.
dt \ Jo
On the other hand, we have
ot
S(t)p=A </ S(s)gpds) + to.
0
This implies that
d t
dé?(/ S(s)eds) = S(t)p — ty, for p € C.
0

By applying

A = Agyy + Xo(L(3)), for v € C,

we obtain

Ste = Au( [ S(0es) + Xo ([ LS0)ds) + 8
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S(t)p = Ao < /0 tS(s)gods) + /0 h(s)ds.

Hence, the function ¢t — S(t)¢ is an integral solution of (3.21). By
uniqueness, we conclude that S(t)p = u(t), for all ¢ > 0.
Consequently,

S0,

S(t)e = Solt)e + ( [ st =% L(s(5)0) ds) |

We deduce that

(000 = Su(00e+ 35 ([ Sl XolL(s (e - 9ho1ds).

and
S(t)p = Solt)p + /0 Solt — 5) Xo(L(T(s)¢)ds.

Remark: 1) All results of this section can be obtained if we consider
the following abstract functional differential equation

dx
{ 20 = Be(t) + L) + (1), t20, (3.22)
o = @,

where B is generator infinitesimal of Cy semigroup (7'(t)),~, on a Banach
space F.

2) The approach developed in the first section, based on a certain
class of weakly * continuous semigroups on a dual Banach space (see
Clement et al.) ([27]), for the study of delay differential equations in
finite dimensional spaces cannot be used in infinite dimensional spaces
because we do not have necessarily C®® ~ C.
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1. Introduction
1.1 Statement of the Problem:

Consider the family of equations:
G(a,z) =0 (1.1)
where z € X ,a € A, G: A x X — X ; X is a Banach space; A

is a topological space of parameters. Suppose that equation (1.1) has
for each «a, a root translated to the origin x = 0, qualified as a trivial
solution, that we have G(«,0) =0 for each « € A.

The problem here is to determine non trivial solutions of (1.1).

Definition 26 We say that (v, 0) is a bifurcating point of solutions of
(1.1) if each neighborhood of (c,0) in A x X contains a point (a,x)
satisfying © # 0 and G(a,z) = 0.

Definition 27 A bifurcation branch emanating from (ao,0) is a map
b defined from the interval I = [0,a] C IR into A x X such that b :
s — b(s) = (a(s),z(s)) satisfying x(s) # 0 for s # 0, ling:c(s) =0,
lin%a(s) = ap,and G(a(s),z(s)) = 0.

S—

- The graph of the map b is also called the bifurcating branch (or
branch of bifurcation).
- A x {0} is the trivial branch.
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- A bifurcation method is any method that could be used to exhibit
a branch of bifurcation for a family of equations.

Bifurcation theory studies persistence and exchange of qualitative
properties of dynamical systems under continuous perturbations. A typ-
ical case, which we will present here, is the case of systems depending
continuously on a single parameter. We will deal with retarded differ-
ential equations of the form

dx(t)
dt

with F : R x C — R", F of class C? and F(a,0) =0 VYa € R and C =
C([—=r,0],R™) the space of continuous functions from [—r, 0] into R™. As
usual, x; is the function defined from [—r, 0] into R™ by x+(0) = z(t+6)
, 7> 0 (r could be infinite ).

We will be concerned with the nature of the equilibrium point 0 (stable
or unstable) with respect to the values of the parameter cv. What happens
if at such a point ag, we observe a change in the stability (that is to say,
a transition from stability to instability when the system crosses the
value of the parameter «y).

Such a change may in fact correspond to important changes of the
dynamics.

Examples of systems depending on a parameter are abundant in physics,
chemistry, biology and...etc. Parameters can be the temperature, resis-
tance, reaction rate or the mortality rate, the birth rate, etc. Under
small variations of the parameter, such systems may lose stability, more
pecisely, the "trivial” equilibrium may lose stability, and restabilize near
another equilibrium or a closed orbit or a larger attractor. The tran-
sition can be continuous, gentle and smooth, with the new equilibrium
state emerging in the vicinity of the "trivial” one, or it can be of a dis-
continuous nature, with the new equilibrium being far from the ”trivial”
one. The first case corresponds to a local bifurcation, the second one is
a global bifurcation.

In local bifurcations, one can distinguish two types of bifurcations:

I) the system leaves its equilibrium state and reaches a new fixed
equilibrium state.

IT) the system goes from an equilibrium state to an invariant sub-
set made generally of several equilibriums and curves connecting them,
closed orbits, or tori, etc. The most elementary situation is the Hopf
bifurcation, characterized by the onset of a closed orbit, starting near
the trivial equilibrium, which is the phase portrait of a periodic solution
with period close to some fixed number (Hopf 1942).

In this course, we will restrict our attention to Hopf bifurcation.

= F(a,xy) (1.2)
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Definition 28 (ap,0) € R x C is said to be a Hopf bifurcation point
for equation (1.2) if every neighbourhood of this point in R x C' contains
a point (, @), with @ # 0 such that ¢ is the initial data of a periodic
solution, with period near a fixed positive number, of equation (1.2) for
the value of the parameter a.

We will now make the following assumptions:

(Hp) F is of class CF, for k > 2, F(a,0) = 0 for each «, and the map
(a, ) — DZZF(a, ¢) sends bounded sets into bounded sets.

(H7) The characteristic equation

detA(a, ) := Md — D,F(a,0)exp(A(.)Id) (1.3)
of the linearized equation of (1.2) around the equilibrium v =0 :

do(t)
dt

= D,F(a,0)vy (1.4)

has in @ = ap > 0 a simple imaginary root \g = A(ag) = i , all the
others roots A satisfy A £ mAg for m =0, +2,+3,+4, ...

((H7) implies notably that the root Ag lies on a branch of roots A =
A(@) of equation (1.3), of class C*~1)

(H2) A(«) being the branch of roots passing through Ay, we have

%?Re)\(a) la=ao# 0 (1.5)
Theorem 1 Under the assumptions (Hy), (H1) and (Hg), there exist
constants R, 6 > 0, and n > 0 and functions a(c), w(c) and a periodic
function with period w(c), u*(c), such that a) All of these functions are of
class C1 with respect to c, for ¢ € [0, R[,a(0) = ap, w(0) = wp, u*(0) =0
; b) u*(c) is a periodic solution of (1.2), for the parameter value equal
a(c) and period w(c); ¢) For | a —ap |< § and | w — 27 |[< n, any w—
periodic solution p, with ||p|| < R, of (1.2) for the parameter value «,
there ezists ¢ € [0, R[ such o = a(c), w = w(c) and p is, up to a phase
shift, equal to u*(c).

1.2 History of the problem

1.2.1 The Case of ODEs:. A Dbifurcation result similar to
theorem1 was first established by Hopf (Hopf (1942), Absweigung einer
periodischen 16sung eines differential systems. Berichen Math. Phys.
Ki. Séch. Akad. Wiss Leipzig 94, 1-22) in the case of ODE, assuming
that the function is analytic with respect to both the state variable and
the parameter. Hopf obtained a(c), w(c) and u*(c) analytic in ¢ at 0.
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In the seventies, Hsu and Kazarinoff, Poore, Marsden and McCracken
(1976) and others discuss in their works the computation of important
features of the Hopf bifurcation, especially the direction of bifurcation
and dynamical aspects (stability, attractiveness, etc), both from theo-
retical and numerical standpoints. A very important new achievement
was the proof by Alexander and Yorke of what is known as the global
Hopf bifurcation theorem, which roughly speaking describes the extent
of the branch. The theory was also extended towards allowing further
degeneracies (more than two eigenvalues crossing theimaginary axis, or
multiplicity higher than one, etc) leading notably to the development
of the generalized Hopf bifurcation theory (Bernfeld et al (1980, 1982),
Negrini and Salvadori (1978), M.L. Hbid (These de Doctorat 1987)).

After the work done in the seventies, one might consider that the
Hopf bifurcation theory for ODEs is essentially closed (proof of theorem
of existence of periodic solutions, computation of direction of bifurcation,
estimation of elements of bifurcation, stability of the bifurcating branch).

1.2.2 The case of Delay Equations:. - Chafee in 1971 was
the first to prove the local Hopf bifurcation theorem for DDE. Chafee’s
theorem gives both existence and stability: for this, it is necessary to
make further assumptions in addition to the extension of the conditions
stated in the Hopf bifurcation theorem for ODEs. The first proof of a
stricto sensu extension of the Hopf bifurcation theorem to DDE is at-
tributed, in historical notes of Hale’s book, to Chow and Mallet-Paret
(1974). It is probably right to say that the machinery, at the functional
analytic level, that was necessary for such an extension, was there, ready
to be used, by the beginning of the seventies, and was indeed used in-
dependently by several groups, here and there. I will now quote some
of the work done starting in the mid-seventies. This list should not be
considered exhaustive in whatever way:

- Hale in his book (1977) gives a proof of the theorem (1), based on
some of his earlier work in the case of ODE.

- Chow and Mallet-Paret (1978) use the averaging method to deter-
mine the stability and the amplitude of the bifurcating periodic orbit.

- Arino (1980 ) (not published) discusses one of the issues entailed
by DDEs, namely a lack of regularity when the parameter is the delay.
This problem shows up notably in the fixed point formulation for the
determination of periodic solutions. The method elaborated in Arino
(1980) goes through the adaptation of the implicit function theorem.

- Schumacher(1982) proves the Hopf bifurcation theorem for a strongly
continuous nonlinear semigroup defined in a closed subset of a Banach
space.
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- Stech (1985) uses the Lyapunov-Schmidt reduction method and gen-
eralizes a proof given by De Oliveira and Hale (1980) in the case of
ODEs to infinite delay differential equations. He also gives a compu-
tational scheme of bifurcation elements via an asymptotic expansion of
the bifurcation function.

- Staffans (1987) shows the theorem in a case analogous to Stech’s in
the case of neutral functional differential equations. His method is based
on the Lyapunov -Schmidt reduction method.

- Diekmann and van Gils (1990) reformulate the problem as an integral
equation. Using the theory of perturbation by duality, these authors
prove a centre manifold theorem for DDE and deduce the existence of
bifurcating periodic solutions via a reduction on centre manifold.

- Adimy (1991) proves the Hopf bifurcation theorem using the inte-
grated semigroup theory.

- Talibi (1992) uses an approximation method to obtain the existence
of periodic solutions.

- M.L. Hbid (1993) uses a reduction principle to a centre manifold,
the Lyapunov direct method and the Poincaré procedure to prove the
theorem.

- T.Faria and L.Magalhaes (1995) extend the normal form theory to
DDE and apply the theory to Hopf bifurcations of such equations.

In a more recent past, the Hopf bifurcation theory has been considered
in the case of functional partial differential equations, delay differential
equations in infinite dimensional spaces. This subject will be presented
in T.Faria’s lectures. The theory has also been extended to the case of
differential equations with state-dependent delay.

The following statement of the local Hopf bifurcation theorem is given
by J.Hale

Theorem 2 (J.K. Hale, Theory of functional differential equations, 1977)
Suppose F(a, ¢) has continuous first and second derivatives with respect
to a, ¢, F(a,0) = 0 for all o, and Hypothesis (Hy) and (Hz) are sat-
isfied. Then there are constants ag > 0, ag > 0, dg > 0, functions
ala) € R, w(a) € R, and an w(a)— periodic function z*(a), with all
functions being continuously differentiable in a for |a| < ag, such that
x*(a) s a solution of equation (1.2) with

w5 = ay*(a),  wg(a)? = z5(a) (1.6)
where y*(a) = (a,0)T + o(|al), z5(a) = o(|a]) as |a| — 0. Furthermore,

for |a| near 0 and |w — 27| < &y, every w— periodic solution of equation
(1.2) with |z¢| < dg must be of the type exact for a translation in phase.



166 DELAY DIFFERENTIAL EQUATIONS

The approach we want to illustrate is based on two steps: first, a
reduction to a centre manifold, where the DDE reduces to an ODE; then,
the study of the bifurcation of periodic solutions on the reduced system.
For the reduction, we have followed the approach of Diekmann and van
Gils (1991), which itself is an adaptation to DDE of a method originally
proposed by Vanderbauwhede in the context of ODE. Once reduction
has been obtained, one has the problem of investigating the dynamics
near a critical point: nonlinearities play a crucial role there, and the
difficulty lies in the fact that the nonlinearities are only known implicitly.
The method we present here consists in computing a Lyapunov function
using the Poincaré procedure.

2. The Lyapunov Direct Method And Hopf
Bifurcation: The Case Of Ode

Before discussing the behavior of the reduced ordinary differential
system (3.28), let us recall the framework of the generalized Hopf bifur-
cation and h-asymptotic stability related to the Poincaré procedure (see
[14],[21][20]). We consider the planar system of differential equations

% — Oé(,u/)xl — 5(/1)%’2 + Rl(,ua x17x2)

(2.7)
dxo
H — a(u)xQ — ﬂ('u)(lfl + RQ(,“’J Iy, .CUQ)

a(lu’)v /B(N) € Ck—i—l(]_ﬁvﬁ[ yRoand Ry, Ry € Ck+1((_ﬁ7 ﬁ)XB2(CL), ]R) with
da(0
k integer k > 3 such that «(0) = 0,3(0) = 1 and 2/& ) # 0, R1(p,0,0) =
Ro(p,0,0) = 0 and Dy R1(1,0,0) = DyRo(1,0,0) = 0
Introducing polar coordinates z1 = pcosf , o = psinf, we have

d
L= a(u)p + Ri (1, p. 0) cos 0 + R (1, p,0) sin
(2.8)

pdf « « :

ﬁ = ﬁ(#)ﬁ + RQ(:“? P, 9) cos 6 — Rl(:uv P, 6) sin 0

where RY 5(u, p,0) = Ri2(p, pcost, psin )
Let
R5(p, p,0)cos@ — Ry (s, p,0)sin 6
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For every po € [0,a],0p € R, the orbit of (2.7) passing through
(po, 0o) will be represented by the solution p(0, o, 0o, po) of the problem

d alp) + R (u, p,0) cosd — Ri(u, p,0)sin 6
dp _ a(p) + Ri(p, p, ) 5(1, p,0) — R(u, p.0)
do W, p,0)

p(k:60) = po
(2.10)
When the function p(6, uo, 0o, po) has been determined, complete in-
formation of the solution of (2.7) will be obtained by integrating the
following equation

do
= W (e, p(0, 110, 60, po), 0)
(2.11)

(#7[7’ 9) € ]_ﬁaﬁ[ X [0,(1[ X [07 27T]

Since «(0) = 0, it is easily seen by (2.9) and (2.10) that when
a € [0,a] and @ are sufficiently small, then for any p € |—f, [ and
¢ € [0,a[ the solution of (2.11) exists in[0,2x]. This solution will be
denoted by p(, i, c)

Definition 29 [21/The function V(u,c) = p(0,p,c) — c is called a dis-
placement function of (2.7).
For =0, system (2.7) can be written in the form:

dx
7;2—3324-161(%1,362)
(2.12)
@—x + fa(x1,22)
3 =t e

where fi(r1,22) = Ri(0,21,22) i = 1,2 (R1 and Ry are introduced in
formula (2.7).

Definition 30 [21] Let h be an integer, h > 3. The solution x1 = x2
=0 of (2.12) is said to be h-asymptotically stable (resp. h-completely
unstable) if

i) For every ©,% € C (Bz(a),R) of order greater than h in (x1,x3), the
solution x1 = x9 = 0 of the system

dx
ditl = —m2 + fia(w1, ¥2) + ... fin (@1, ¥2) + O(71, 72)

(2.13)
d:UQ

T + fao(z1,22) + ... fon (21, 22) + X(21, 22)
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is asymptotically stable (resp.completely unstable)
ii) Property i) not satisfied when h is replaced by any integer m €
{2,...,h—1}

Proposition 27 [21] Let h be an integer,h > 3. The following asser-
tions are equivalent:

1) The solution 1 = xo = 0 of (2.12) is h-asymptotically stable (resp.
h-completely unstable).

‘ h
Q)Oneha/sa‘/(co,;()) :0f07"1§1 < h—landL(%O) < 0

(resp.> 0), where V is the displacement function of (2.12)? defined in
definition 29.

3) There exists a Lyapunov function F such that the derivative of F
along the solution of (2.12) has the form:

Fuey=Gnll =z ||h+1—|—0(|| x ||h+1)with Gp < 0(resp. > 0),z = (x1,x2).

Remark 2 The Lyapunov function F is searched using the Poincaré
procedure in the form

h

F(z) = Y Fj(z),where the F;’s are homogeneous polynomials of
j=1
degree j in R2.

Theorem 3 [21](Generalized Hopf bifurcation theorem,)

Assume that the solution x1= xo = 0 of (2.12) is either 3-asymptotically
stable or 3-completely unstable. Then, there exists a real number @ > 0

such that for u € |—m, @[, pwnear 0, system (2.7) has exactly one peri-
odic solution if a(u)Gp, < 0 and no periodic solution if a(u)Gp > 0.

3. The Center Manifold Reduction Of DDE

Let us first very briefly draw the perspective of the center manifold
theorem. Consider a general nonlinear DDE

dzx

E = f(pu l't),

in which p represents a parameter (possibly, a vector). Assuming that

f(p,0)=0

for all p in a given region, the local behavior of the solutions near 0 is
dependent upon the type of the linearized equation

dx

E DWf(pv O)I‘t,
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which can itself be described in terms of the characteristic equation
(providing the eigenvalues of the infinitesimal generator of the linear
equation)

det(\I — Dy, f(p,0)(exp(\.) ® I)) = 0.

In the hyperbolic case, that is to say, as long as the equation has no
root with zero real part, solutions which remain close enough to the
origin either approach the origin at +o00 or escape from the origin. In
particular, no periodic solution can be found in the vicinity of the origin
in this situation. This scenario, well known in the case of ODE, has been
extended to many infinitely dimensional cases, including DDE. It is a
consequence of the so-called saddle-point theorem which can be found,
for example, in Hale’s books on DDE. We are concerned here with the
non hyperbolic case, that is, the situation that arises when for some
p = 7% the characteristic equation has a root with zero real part.
Amongst the rich variety of cases, we choose one of the two simplest
ones: we assume that at pg, the characteristic equation has a pair of
imaginary roots, each simple, and no other multiple of these numbers
(including 0) is a root of the equation.

To be more specific, we will consider the following example, the scalar
delay differential equation

dz
pri f(b,e,xy), (3.14)

where
Fb,e,0) = —bp(—1) +e(p(—1))® + o(%),

b and ¢ are two real parameters, b > 0, b >> |¢|. The vector of parame-
ters is p = (b,e). Equation (3.14) is an example of equations that has
been considered by many authors. An example of such an equation is
the logistic delay equation in the case of an odd nonlinearity

d 1—z(t—1

de _ itz l)

dt 1+a(t—1)
(Change the variable from x to y = In(z)).

3.1 The linear equation

The linear equation is

o = —ba(t=1), (3.15)
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There exists a scalar function 7(#) with bounded variation such that

0
—bip(~1) = / (dn(6)] 9(0).

-1

In fact, n(f) may be chosen as

n(6) = { (ib ifi? :—Il< 6 <0.
The characteristic equation is obtained by substitution of
z(t) = My (20 € C)
into the linear equation, that is

A+be ™ =0. (3.16)
Lemma 25 If we denote o(A) (resp. Po(A)) the spectrum (resp. the
point spectrum) of A, o(A) = Po(A)and N € o(A) if and only if
X satisfies A+ be ™ = 0.
Lemma 26 All the roots of equation (3.16) have negative real part if

and only if 0 < b < g

Lemma 27 The characteristic equation (3.16) has two purely imagi-

nary roots A2 = :I:ig and all other roots have negative real parts if
T

b= —.
2

The adjoint equation: The formal dual product

<o >= (0 //ws— )i (6)(s)ds
leads to
<, >=1(0 —b/zps+1 (3.17)
for every pair ¢ € E et C([-1,0;R), p € E* = = C([0,1]; R).
The adjoint equation is:
d 0
Ziz(:) - /1 y(s — 0)dn(0) = by(s + 1) (3.18)
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If y is a solution of (3.18) on an interval |—oo, o + 1[ then we let 3 for
eacht € (—oo, o) designate the element of E* defined by

y'(s) =y(s+1t) for0<s<1.

We know that if x is a solution of (3.15) on 7 — 1 < ¢t < +ocand y is a
solution of (3.18) on (—o0,0 + 1) with o > 7, then (y, z¢) is a constant
on [r,0].

Let A = {—ig, +zg} Then ¢1(0) = sin g@, w2(0) = cos g@ for—1 <

f < 0 are two independent solutions of (3.15) in the case b = g Simi-

larly, ¥} (s) = sin gs and 13 (s) = cos gs are two independent solutions
of (3.18).

® = (g1, p2) is a basis for the generalized eigenspace P = Py of (3.15)
and W* = (11,12) is a basis for the generalized eigenspace Py of (3.18)
associated with A. The bilinear form < ;, ¢ > j,k = 1,2 reads

0
< Y5, 06 >= ¥j(0)p1(0) — ;r/_l Vi(0 + 1)pr(0)d0; 5,k =1,2 (3.19)

By defining a new basis, still denoted ¥, for Py we can make (¥, ®) = I,
I is the identity matrix. We have: ¥ = col(1)1,92) where

Yi(s) = 2uo(sinms + ;rcos;s),
Ya(s) = 2up(cos §s~l— Esin 55).

1
with o = 5. Denote Q = Qp = {p :< 9,0 >=0, j=1,2}.
i
3
We have the decompositionE = P @ ). Hence any ¢ € E can be
written as ¢ = o + ¢ where " = ®ag, ag = col(a1, az), that is,

ar = pome(0) + pom ff)l(cos Ts— Tsin§s)o(s)ds
(3.20)

az = 2uome(0) + pom f?l(g cos 55 +sin Ts)p(s)ds

If A is the infinitesimal generator of T'(t), then we have A ® = ®B where

0 -~
B [ : ] .
70
Therefore T(t)® = ®e'B. Since @ = ¢ — P, I’ = dag, ag = (¥, p)
it follows that || T'(t) — ®ePlag || tends to 0 exponentially as ¢ tends to
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+00, for every ¢ € E. This means that any solution of (3.15) approaches
a periodic function given by

in Tt + Ty
al Ss1n — a9 COS —
L) 25909

where a; and ag are given by (3.20).

3.2 The center manifold theorem

Here, we go through the derivation of the centre manifold made by
Diekmann and van Gils. There is part of the method which is general
and follows in fact the approach by Vanderbauwhede, and part which
is implicated by the delay: essentially, the treatment of the variation of
constant formula using the sun-star extension. I will first state the basic
problem, taking a general equation:

@t o) (3.21)

We assume that F' is smooth, F'(0) = 0, DF(0) = 0. Moreover, I assume
that the linear part L has only a stable and a center part, which leads
to a decomposition of the state space

E=FEc®Eg
which corresponds to
I =70+ 7g.
Using the variation of constants formula, equation (3.21) reads as
t
x =T(t)p + / TO*(t — 8)F(xs)ds
0

which decomposes onto the subspaces E. and E; as follows

mo(xy) = To(t)eo + /Ot 7T (t — 8)F(z5)ds

ms(xe) = Ts(t)ps + /0 wsT*(t — ) F(x5)ds.

Looking for solutions defined on the whole real axis and uniformly bounded
on their domain, the second identity can be written starting from any
initial point o

t
rs(e0) = Ts(t — o) (z0)g + / rsTO (t — ) F(xs)ds.

[
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Letting 0 — —oo, the term Ts(t — o) (z,)g approaches 0, while the
integral has a limit, which yields an expression where the projection ¢g
has been eliminated

ms(xy) = / wsTO*(t — 8)F(z5)ds.

—o
This leads to the following expression for x;

t t
x = To(t)pc + / 7T (t — 8)F(x)ds + / 5T (t — 8)F(x5)ds.
0

—0o0
(3.22)
In fact, the above formulas are not correct, the projector m¢ is defined
on [E, thus it is necessary to extend it to the space E¢ in order to use it in
the above expressions. The fact that it can be done in some natural way
is proved in the paper by Diekmann and van Gils, who use the following

formula, (with the notation w5 used for the extension)

1
O O*\—1
ma =— [(z2[ - A dz
c 21 F( )
(T" is a contour enclosing the imaginary roots and no other root)
The following expression is established

0
TS (B, h) = QL / e (2 — L)~} [ﬂ + L {/ ez("_s)h(s)ds}] dz,
™ Jr n
(3.23)
with the same meaning for I', L, = L (¢*) and (8,h) € E®* 2 R" x
L> ([-1,0],R"). In terms of 7&*, (3.22) reads

t t

zy = Te(t)eco +/ & TO*(t — s)F(x5)ds +/ (I —7&") T (t — s)F(xs)ds

’ - (3.24)
Note that 778* is still a projection onto a finite dimensional subspace, in
fact, it has the same range as m¢. In order to set up the full equation for
the center manifold, there are still two steps: 1) localizing the equation
using a truncation; 2) choosing a suitable state space in which the fixed
point problem defined by (3.24) makes sense.

Proposition 28 7'('8* is an extension of o to the space and we have
TR =< 1P, ® > g1+ < P2, >y for any ® = (B, h) € EV*

Y and ¢; (j =1,2) are respectively the basis of the space E} and E..
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Proof. We first consider the case when h = 0. Then, formula (3.23)
reduces to

9%(3,0) = 271TZ/F(6Z9(2I—L) 1ﬂ>d —% Fezei((j))ﬂdz,

where A (z) is the cofactor matrix of the matrix zI — L, and p(z) =
det(zl — L,). Using the residue theorem, we obtain

£9*(6.0) = <ei24<z~’;>+ ZzA(ﬁ)’g))ﬁ.

P'(i3) p(=ig

T
In the case we are considering here, iz? are of multiplicity 1 and the

basis functlons pj and 1); ] = 1,2 of E. and E} may be written in the
formgpj—e v; and ¢; = € w],J—l 2, with

(igf ~ Liz ) v; =0 and u (zgl ~Liz) =0.

m
Since 25 is of multiplicity 1, we have

R(3(5) -
R(s7 ()= (o7)

which implies wiv; # 0. R (A (zg)) and R (AT (zg)) denotes the

and

range of the linear operators A <zg> and AT < 2) respectively.

Then, we deduce that A (zg) = vwi. So,

" e’%fulwl e_’%vgwg

P’(Zi) p'(—Z§
Hence,
W?*(ﬂ, 0) = (wlaﬂ)@l + (wg,ﬂ)QDQ, with Wi = 1/)](0) (324)

Let ¢ € E = C([-1,0],R) be such that ¢(0) = 0. Formula (3.23) yields

7% (0, ) = ;m/r [eze(zl L)L {eze /90 ezsgo(s)ds}] dz.
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We may observe that the right hand side of the above formula is equal
to Py, which, on the other hand, can be represented in terms of the
formal dual product using formula (3.23). Therefore, we have

70, 0) = (Y1, )1 + (P2, p)g2, such that p(0) = 0.

Since the space TE? = {p € E, p(0) = 0} is dense in L*([-1,0],R), the
above formula holds for any (0,¢) € E®*. Combining the above two
results, we deduce that for any (3, h) € E®* we have :

71—c®>k(/87 h) = (wla (/67 h))@l + (¢2, (ﬁvh»(p%

where <, > is the extension of the formal dual product given by formula
(3.17).The proof of Proposition 33 is complete. m

The spectrum o(A) is a pure point spectrum. E. is a two dimensional
space on which T®*(¢) can be extended to a group on R. Moreover the
decomposition is an exponential dichotomy on R, that is for any 8 > 0,
there exists a positive constant k = k() such that

IT(s)z|| < kexp(B|s|)||z], for s >0 and z € Ey,
|7 (5)2*|| < kexp((y + B) |s]) [|z®*||, for s > 0 and 2* € EY*,

where

v = sup { ReA, A € Po(A®") and ReX < 0}.

Observe that we have the same properties for the space R? x E®*, that is
R? x E®* = (R? xE.) ® EP* and (R? x E,) is a finite dimensional space
invariant by 7®*(¢t) ~ 7 (t). For a moment, let us consider the general
non homogeneous equation associated with (3.35), that is:

o(t) = T(t — s)o(s) + / TO*(t — 8)h(s)ds. (3.25)

The Center manifold theorem. Let us recall a few definitions

Definition 31 [33/BCY (R, IE) is the space of all continuous function f
from R into E  such that

sup (exp (=v)) || fB)]| < oc.
R

For v = 0,we write BC(R, E). BC”(R, E) is a Banach space when en-
dowed with the norm

1£1l,, = Sup (exp (=vt)) [|F ()] < oo.
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Definition 32 [33] We define K = BC"(R,R? x E®*) by:
t t
(Kh) (t) = / TO*(t — s)7P*h(s)ds —l—/ TO*(t — s)mP*h(s)ds, (3.26)
0 0

fort e R, v e [0,—[. In formula (3.26), 7&* and 7&* are, respectively,
the projections of (R? x E®*) on the subspaces (R? x IE.) and IE®*.

Proposition 29 [33] For each v € ]0, —v[

1) K is a bounded linear mapping from BC¥ (R, R?x IE®*) into BCY (R, R? x
IE). Kh is the unique solution of equation (3.25) in this space with van-
ishing IE. component at t = 0.

2) (I —79*)K is a bounded linear mapping from BCY (R, R? x [E®*) into
BCY(R,R? x IF).

Let € be a C*° —function defined from R, into Rsuch that
1)é(y)=1for0<y<1
2)0<&(y)<lfor1<y<2
3) {(y) =0fory >2

For § > 0, we denote by

hs = F(@)g (Hwéf;x!\> ¢ (H(f - ;r?*)x\l) '

hs is a map from R? x IE®* into itself. We still denote by hs the map
from BCY (R, R? x IF) into BCY(R,R? x E®*) defined by

(hs())(t) = hs(f (1)),

For v € ]0,—~[, we define G from BC”(R,R? x [E) x (R? x E,) into
BC”(R,R? x E) by

G(u,0) =T()p + Khs(u) (3.27)

Theorem 4 [33] Assume that ¢ is small enough. Then there exists a
C*-mapping u* defined from R? x E, into BC"(R,R? xE.) such that u =
u* () is the unique solution in BCY(R,R? x E) of equation u = G(u, ¢).

Definition 33 [33] The centre manifold W, is the image of the map
C:R? x Eg — R2 x E defined by C(p) = u*()(0).

In other words, we can define W, as the graph of the map C : R? x
E. — E®* defined by
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Now let
y(t) = (1" (u™ () (0)(1)-

Then y satisfies the equation:

WO = T0)+ [ T = hsClule))ds. (328)
Differentiating (3.28), we obtain
W Ayt) + 7 hs(C(1), y() € B x B (3.29)

We write
y(t) = (b,e,2(t)) € R? x E.

where z(t) € E.. Therefore
Cly(t)) e R* x E, @ EY*
Then we can write:

Cly(t)) = (b,e, z(t), M(b,e, 2(t))) where M(b, e, 2(t)) € R? x EY*,

3.3 Back to the nonlinear equation:

Now, consider the nonlinear delay equation:

da;(tt) = —bx(t—1)+ex(t—1)+o <(xt)3) . (3.30)
(3.30) may be written in the form:
" 0
ddSst) = /1d”(3)x(t— s) + g(e, 1), (3.31)

gle, ) =epd(=1) +o ((go)3> with the initial condition: z(0) = ¢(0) for
-1<0<0;, pc X =E.
Returning to the nonlinear delay equation (3.30) , we supplement

de
it with two trivial equations — = 0 and — = 0. Precisely, we are

concerned in the sequel with the system of delay equations

dz
&

dt
&

= Lxs + N(b,e,xt),
=0, (3.32)

=0,
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with

N(b,e,z) = —(b— g)x(t — 1)+ g(e, 1)

and -

Equation (3.32) may be interpreted as an evolution equation of the
form:

d

— (z¢) = Az +rO*N(b,e,xy),
i

g
dt

where A is the infinitesimal generator of the semi-group {7'(¢)}, solution

—0, (3.33)

=0,

d
of the linear equation & Lzyand r®* = (1,0).
We note that the map
Y — TG*N(ba €, .%'t)

is defined from E into E®*. If we identify ¢ € E with (¢(0), ) € E®®
then equation (3.33) may be written in the form:

du
g
g
dt

F is a continuous function defined from R3 x E into E®* and v = z; .
The variation of constant formula in this case is

o(t) = T(t — ) / TO(— 9 F(w(s))ds  (3.35)

= (A" +r* L) u+ F(b,e, xy),
~0. (3.34)

=0.

with
v(t) = (b,e,u(t)), F(v(t)) = (F(b,e,u(t)),0,0)
and
T(b,e,u(t)) = (b,e, T(t)p).

Hence, the ordinary equation (3.29) becomes, in our case,

dz(t) _ Bz(t) + 8 (P2 (1) + M(b,e ())( 1)+ (2 (1) +M(b,e, (1)) (-1)° +

dt 0(®z(t) + M(b,e,2(1)) (— )) ¥(0)

d
— 0
&
dt

0

(3.36)
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with

_( por _ 1 [ -1 ., T
w(o)_<2u0>7u2_1+ﬂ_27¢—< O)andﬂ—b 2

2

So we obtain:

= —Z22(8) + M(b,2,2(0)) (=1) + epom (=21 (1) + M(b e, 2(1))° +

dt™! 0 (=21 (t) + M(b, e, 2(1)))?

dow = R0~ 2uMee 1) () +

dt T 2upe (=2 (8) + M(b,e, 2() (—1))% + 0 (—21 (£) + M(b, e, 2(£)))*

4 - 0

151

E - O

(3.37)

Note that M(b,e,0) = 0, %M(b,e,())z =z and z — M(b,e,2) is

C* with k > 2, since g is a C™ function with respect to ¢, satisfying
g(¢,0) =0, Dg(e,0) = 0. From now on, we will be concerned with the
ordinary differential equation in R? parametrized by 3 and ¢ (8 and ¢
are in the neighborhood of 0). The next section will be devoted to the
existence of periodic solutions of the equation

4w = —522(t) + M(b, e, 2(t)) (1) + epom (=21 (1) + M(b, e, 2(1)))°
dt™? +o0 (=21 (t) + M(b, g, 2()))?

o = (5 + nomB)z1(t) — 2BuoM(b, €, 2(1)) (=1) +

dt~2 2p0 (—z (£) + M(b, e, 2(t)) (=1))> + 0 (—21 (t) + M(b, &, 2(1)))*

(3.38)

3.4 The reduced system

We are now in a position to discuss the behavior of the reduced ordi-
nary differential system.

We first concentrate on the case § = 0( fisdefined in section 3,
B = 0 corresponds to b = 7). In this case, our ODE is reduced to

G2 (t) = =Fza(t) + epor [~21(t) + M(e, 2())(~D]® + o0 [~z1(t) + M(e, z(0) (~1))°

Fza(t) = F21(t) + 2epo [—21(t) + M(e, 2(0)(=D)]* + o0 [~21(t) + M(e, () (-1)]°
(3.39)
where M(e, z(t)(—1)) = M(0,¢, z(t)(—1)).
Since M(f,¢,0) = 0 and ((W(gjo)z =z, M(B,e,2(t))(—1) is a
ofl| 2 |I) that is 2253 g ae . g

=
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A natural candidate to be the principal part of system (3.39) is the
system

%Zl(t) = —Zx(t) — epor [21(8) )
{ f%@(t) = gjl(t) — 2ep0 [~ (1) ] (3.40)

Proposition 30 The origin z = 0 of (3.40) is 3-asymptotically stable
if e > 0 (3-completely-unstable if ¢ < 0).

Before we proceed to the proof of proposition 4.2, let us derive its
consequences on equation (3.14).

Corollary 5 The origin of equation (3.14).is asymptotically stable if
e > 0 and unstable if ¢ < 0.

Proof of Corollary 5

Equation (3.39) is a perturbation of order o(|| z ||*) of equation (3.40).
Therefore, it enjoys the same stability properties as equation (3.40),
when the latter is either 3-asymptotically stable or 3-completely unsta-
ble. Since equation (3.39) is the reduced equation of equation (3.14) on
the centre manifold we deduce from the fundamental centre manifold
theorem that the two equations have the same stability properties, that
is the origin of (3.14).is asymptotically stable if & > 0 and unstable if
e < 0.
Proof of Proposition 4.2
Proving that the origin of (3.40) is 3-asymptotically stable (resp. 3-
completely-unstable) is equivalent to determining a Lyapunov function
F of the form

F(z1,29) = z% + zg + F5(z1,22) + Fu(z1,29)

such that

F(z1,22) = Gr(2f + 25)* +o (|| (21, 22) |I*) (3.41)

with G, < 0 (resp. Gy > 0), ( F3 and Fjare two homogeneous
polynomials of degree 3 and 4 respectively).

We have
. T oF T oF oF oF
F(z1,z :(——z>— (—z)——a 723) — — (2ep1023) —
(1,2) 2231 22822 (,UO 1)821 (M01)8227
that is
Flar,22) = (—522) 3% + (522) 95 — (epomad) 2 — (2ep028) 92 + (—%2) 22
+ 322) gf;‘ - (suowzi)’) gff - (Zspozf’) gf;‘ — 2epomzt — depot za.
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Let T denote the operator —28— + 21— and T} its restriction to
Z1 22
the space P; of homogeneous polynomials of degree j. We know from

[14] that T} is a bijection from P; to P; when j is odd. Then, equating
terms with the same degree on both sides of (3.41), we arrive at

gnﬁzqmmwgzu

T

§T4F4 =Gy (Z% + 23)2 + 2#087‘(’211 + 4#052’%2’2 (3.42)
and OF 7

3 4 3 2 2\ 2
o) 2 o) 28— ()

(5,uozl) 921 ( 5,uozl) B2 0 (zl + z2)

F4 is a homogeneous polynomial of degree 4,
Fy = alzi1 + CLQZ%ZQ + agz%zg + a4zlz§ + a5z§, (a; € R, for 1 <i <5).

Formula (3.42) yields a system of linear equations,

a9 = %Ga} + 4€,u0
az —2a1 = HoE
aq — a9 = %G;;
2@5 —az = 0
—ay = 2G4
from which we deduce
3
Gy(e) = — g HoeT, (3.43)
3 5 1 1 cR
as = — E, a9 = — E, a5—Q ay = —ag — — E. Q .
4 2#0,2 2#07523,1 2377M0’3

We know from [14] that the homogenous polynomials of even degree j are

determined up to the addition of constant terms (2} + z%)J . Therefore,
we can choose a3 = 0 and the Lyapunov function F' is

2 ) 3
F(z1,29) = 23 + 23 — ;,uoszf + iuoszij’zg + §uo€zlz§’.
We observe that G4 (¢) < 0if e > 0 and G4 (¢) > 0 if & < 0. This means
that system (3.40) is 3-asymptotically stable if £ > 0 and 3-completely
unstable if e < 0. m

Proposition 31 Suppose f (b, e, p) = —bp(—1)+e (p(—1))*+a (o (—1))°.
Fore =0,6=0 and a # 0, the origin x = 0 is 5-asymptotically stable
(respectively, 3-completely unstable) if a > 0 (resp. a <0).
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Proof. The reduced ordinary differential system associated to (3.14)
becomes

%m(t) = —Z2(t) + epor [—21(t) + M(B,¢,2
Fapor [~21(t) + M(B,e, 2(t)) (- 1)) (3.44)
Laolt) = Zau(t) + 2auo[ 1(t) + M(B, ,z@(—l)}?’ '

€
The candidate to be the principal part of (3.44) is the system:
{ %21 (t) = —=F2a(t) — apomz?(t) (3.45)
G22(t) = §z1(t) — 2apoz; (t)
Using once again the Poincaré procedure, we show that the function
given by

1 5 10 33, 9 5
—QUoz1 22 T — G212y + —apoTZ125

3 4 3 4

is a Lyapounov function of system (3.45). Its derivative along the solu-
tions of (3.45) is

2 .2 6
F(z1,22) = 2{ + 25 — s—apoz] —

. 5
F(z,2) = — 4 kT (z% + z§)3 +o ((z% + zg)g) )

Thus, near the origin, F' has the sign of —a, which gives the conclusion
of the proposition

Remark 4.2

System (3.39) is a perturbation of system (3.40). From Proposition
30 and generalized Hopf bifurcation theorem, Theorem 3, we can only
concude that system (3.39) has no more than one periodic solution.
Because the linear part of this system is independant of the parameter
g, the condition given in terms of the sign of a (u) G}, (see Theorem 3)
is not fulfiled.

4. Cases Where The Approximation Of Center
Manifold Is Needed

Let f be a real function defined on IR. Reconsider the delay equation
Zt)=f(x(t-1)). (4.46)
Assume that f satisfies the following assumptions

f e C*(IR) for some k£ > 3
LR s
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Equation (4.46) may be written as
/ o 2 3 3
g (t)=—yz(t-1)+ar?(t—1)+ex’(t—1)+o (2’ (t—1)), (4.47)

where v = —f/(0), a = 3f”(0) and e = £ " (0).

In the last section, f”(0) = 0.

If we use the method developed before. The presence of a quadratic
term in equation (4.47) creates an additional difficulty compared to the
situation dealt with in the last section, also in several other works where
it is assumed that the nonlinearity is odd. The determination of the
Lyapunov function leads us to give an explicit approximation of the
homogeneous part of degree two of the local center manifold near zero

associated to equation (4.47) for the value v = g

It is also possible to extend the procedure to compute a center mani-
fold for a general autonomous functional differential equation.

4.1 Approximation of a local center manifold

Let us now briefly describe what the local center manifold theorem
tells us. For the most recent and satisfactory presentation of this result,
we refer to Diekmann and van Gils [33]. So, equation (4.47) has a local
center manifold

M: UxV — X
(8,§) +— M(B,§),

where U (resp. V') is a neighborhood of zero in IR ( resp. IR?).
On this center manifold the delay equation (4.47) is reduced to an
ordinary differential one, given by

dZClit) = Bz(t)+ VU (0)[-B(®(=1)z(t)+ M (B,2(t) (-1))
Fa (@ (—1) 2 () + M (8,2 (1)) (—1))?
e (@ (—1) 2 () + M (8,2 () (=1))°
o ((®(~1)= (1) + M (8,2 (1)) (-1))*)]

dg (t)

& Y

(4.48)
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where

m
2
0

oy
Il
Ny o

Denote by
h(€§) =M (0,), for each £ € V.

h is a function with values in X . Under the regularity assumption made
on f, we know that one can assume that the center manifold to be C*.
We also know that the center manifold is tangent to X., which implies
that Dh(0) = 0, and of course h(0) = 0. The Taylor expansion of h near
& =0 yields

B (€) = o€} +bEr&a + €k + o (1€)

in which a, b, ¢ are elements of Xg. We denote by

ha (§) = a&f + b&1&e + 3, (4.49)

the homogeneous part of degree two of h. Even though center manifolds
are not unique, we know however that the Taylor expansion at any order
is unique. The following lemma provides us with an effective way to
determine the coefficients a, b and c.

Theorem 6 Let a,b,c € X, be the coefficients of ha. Then (a,b,c) is
a solution of the following system of equations:

(4 (6) = gb(&)+<1>(9)\11(0)a
V() = —ma(0)—+mc(d) (4.50)
dO) = —gb(e)
for 6 € [~1,0] and
’a'(0)+ga(—1) = a
b'(0)+gb(—1) = 0 (4.51)
() +5e(-1) = 0,

where ® and U are as in section 2 and « is the coefficient of (z(t —1))?
in equation (4.47).
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Proof : For every £ € V, denote by z () the solution of the ordinary
differential equation

dzdit) = Bz(t)+ P (0)g(®(—1)z(t)+h(z(t))(-1))
(4.52)
z(0) = &,

where g (x) = ga: + f(z)= gx + (—vz + az® + e2® 4+ 0 (27)) .

The first property of a center manifold is that it is invariant with respect
to the original semiflow. So, if z is a solution of equation (3.19), then,
the function ¢t — ®z (t)+h (2 (¢)) is a solution of equation (4.47). This,

in particular, implies that it verifies the translation property, for each

t€[0,1] and 0 € [-1,—t] (ie: t+ 60 <0),
Q@0)z(t)+h(z(t)O0)=2(t+60)E+h(E)(t+0). (4.53)

By differentiating equation (4.53) with respect to ¢ and rearranging

terms,

oh (¢) _ oh
St +E+0)BE = |2(0)+ 57 (1) ()

X [Bz(t)+ ¥ (0)g (P (-1)z(t) +h(z(t) (-1)].
(4.54)
So, letting t go to 0, from above , it follows that

P 0y = D)@ B+ v ©0) g (@ (-1 €+ h(E) (-1)
+2(O)V(0)g(2(=1)E+h(E)(-1)).
(4.55)
On the other hand, the local semi flow t — ®z (t) + h (2 (t)) generated

by the delay equation (4.47) with v = g on the center manifold is
differentiable at ¢ = 0. So,

869 (@€ +h (5] (0) = —g [@ (=1 E+h(E) (~D]+g (P (-1)E+h (&) (1)),
which implies
8]3925) (0)=-Zh(© (D +g(@(-DE+AE(-1).  (456)

The homogeneous part of degree two with respect to & of (4.55) and
(4.56)respectively, is given by
Ohsa (§) _ Ohy
00 ) = 0z (

€) (0) [BE + @ (0) ¥ (0) g2 (2 (-1)¢)  (457)
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and

oh T

20 )= T (Drm@DE. @5

Then, if we note that gs (x) = ax?, conditions (4.50) and (4.51) follow
respectively from (4.57) and (4.58). m

Remark We already know that (a, b, ¢) are unique as coefficients of

the quadratic part of the Taylor expansion of h. However, it is not ob-

vious from the beginning that the system of equations (4.50) and (4.51)

they satisfy determines these coefficients in a unique way. The following

proposition provides us with uniqueness of the solution of that system

of equations.

Proposition 32 The solution of the ordinary differential equation (4.50)
with the boundary conditions (4.51) is unique.

Proof : Put
T
0 5 0 a
H=| 77 0 = and X = | b
T
0O = 0
2

By the use of the variation of constant formula, the general solution of
(4.50) is given by

X (0) =exp(HO) X (0)+ S (0),
where
6
S(0) :/ exp (H (0 —s))col ((s)¥(0)a, 0, 0)ds.
0
The boundary condition (4.51) reads

[H n gexp <_H)] X (0)+col (@ (s) ¥ (0) e, O, 0)%5 (1) = col («,0,0).

(4.59)
Hence, if we notice that
1 +cos(md)] Ssin(md) 11— cos(nd)]
exp (HO) = — sin (70) cos (m0) sin (70) , (4.60)

$[1—cos(m0)] —2isin(m0) i[1+ cos ()]

then, by virtue of (4.59), it follows that X (0) is a solution of the linear

system
DX (0) =e, (4.61)
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where
0 1 1
D=| -2 -1 2
1 -1 0
and

e:—S(—1)+col<2a(1—2u0) , 0, 0).
T

Since the matrix D is invertible, hence, existence and uniqueness of
X (0) are ensured from (4.61). Therefore, existence and uniqueness of
the solution of (4.50) and (4.51) hold. m

Corollary 7 Let a,b,c € C. (a,b,c) are the coefficients of the quadratic
part of the Taylor expansion of h if and only if (a,b, c) is the solution of
the system of equations (4.50) and (4.51).

Corollary 8 Ifa,b,c € X, are the coefficients of ha, then

6a  daug
e
4o dapg
b(—l) — —§+ 3
4o Bauyg

Proof : By virtue of the expression (4.60) of exp (A#), it follows that

S(—l) — col dpoo B dppar dppo _ Suoar 2o B 8L1p0x
B 3 3r ' 3 31 3 3

Moreover, the inverse matrix of D is given by
2 -1 3

1
Dl=-1]2 -1 -2
513 1 2

Hence, from (4.61) it follows that

4 2 4 8 6 4
X(0) = col (A0 _20m0 Ao Sopy Go Ao
3 5T 3T 5r 3

So, by substituting the expressions of a (0) , b (0) and ¢ (0) in the equation
(4.51) , the result follows immediately . m
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4.2 The reduced system

We are now in position to study the reduced system (4.48). First,
suppose that 3 =0 (ie. v= g ). Then, equation (4.48) becomes

( dz1 s 2
_— e —_— —_ —1
7 222—1-,&0047'(( Zl+h(2)( ))

+gem (=21 + h(z) (-1))°

+o|(~a+h(z) (-D)’]

(4.62)
d

+2u0¢ (—21 + h (2) (-1))°

k to (=21 +h(2) (—1))3] .

In the sequel, we mainly deal with 3-asymptotic stability and 3-complete
unstability of the trivial solution z = 0 of (4.62). To this end, it is enough
to consider the system

dz T
ditl = _522 + poam (—z1 + h(2) (_1))2 _WMOEZ%
(4.63)
dz 7r
ditQ = §Z1 + 2poa (=21 + b (2) (_1))2 _Q,UOEZ%'

Proposition 33 Under the standing hypothesis (H), it follows that

i) If ¢ > 0 and o € IR , then the trivial solution z = 0 of (4.63) is
3-asymptotically stable .

i) If e < 0, then there is o (¢) € IRT such that the trivial solution z = 0
of (4.63) is 3-asymptotically stable for a € |—o0, —ap (¢)[ U Jag (g) , 00[
and 3-completely unstable for o € |—ay (€) , ap (¢)].

Proof: Coming back to proposition (27)[21] it suffices to prove the
existence of a map F' satisfying

F(’4.63) (21,22) = G3 (z% + 23)2 +o0 [(z% + 33)2} ) (4.64)



Introduction to Hopf Bifurcation theory DDE 189

with G3 € R\ {0}. In [14], the authors have proved that such a map
may be computed using the Poincaré procedure,

F(2) =) Fj(2), (4.65)

where Fj is a homogeneous polynomial of degree j.
Let F be a functional having the form (4.65). Then
™
2
o (22400 08

g4 _ 2 5
821 | Oz + 321) (NOOMT( z1 + h(z) (—1)) 7"'#0521)

™ T
F(l4.63) (21,22) = ToFo + §T3F3 + §T4F4

(L2400, om

0z2 ' 0z azg) (2”00‘( 21+ h(2)(=1)) 2p05z1),

where Tj is a linear operator defined on the space of homogeneous poly-
nomials of degree j by

The expression of F(’4'63) (21, 22) is desired to be of the form (4.64) , which

is equivalent to the three relations :
(i) ToF> = 0.

(iii)

F: F
ng% + Qng%Zg + ng% = zT4F4 + W% + ZQ (NOQZ%)
2 0z1 0z9

OF: OF:
+ (w—2 + 2—22) (—2uoaP (2) 21 — u082%> ;

where P (z) = ha(z)(—1). For notational convenience, we denote by
m1, mg and mg respectively a (=1),b(—1) and ¢(—1), where a, b, c € X,
denote the coefficients of hg (z). Now, we shall exploit relations (i), (i)

and (7i7) to derive a Lyapunov function F' :
Relation (i) implies that

By(z) =71 (2 +23), for r € IR.
Without loss of generality, we put » = 1. Relation (i) implies that
2

2
F3(2) = 4ppa gz% — 222 — gzg’
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Finally, if we define
Fy(2) = alzil + CLQZ%ZQ + angzg + a4zlz§ + CL5Z§,

then, the relation (iii) is equivalent to

gag — 27 (2upamy + €pp) = Gs
g (2a3 — 4ay) — dpoor (Tmag + 2my) — depg — 87 (poar)®> = 0
g (3a4 — 2az) — 4pocr (2mg 4+ mm3) — 16 (uoar)? = 2Gj3
T
5 (4as — 2a3) — 8maup =0
u G
T _
9 4 3
which implies that
2 2 3 3
Gs (g,0) = G3 = —2uga” + — 5 Hom1 = po (2mg + 7mms) | o — [ cHo-
(4.66)

So, by substituting the values of m; given in corollary 8 in (4.66), it

follows that 3
Gs (e, a) = Ma? — Z”euo, (4.67)

8

where A\ = % (5 — 13> < 0. Hence, from the study of the sign of
™

G3 (g,a) with respect to the parameters (e, ), the assertions of the

proposition follow immediately. m

Remarks: i) The map ag in the previous proposition 33 is defined by

3
ag (g) = d+/|e|, for e € IR™, where 6 = 4/ — Zﬁfo and \ is the constant

given above.

ii)By virtue of the previous proposition, we distinguish two main parts
S; and Sy of the parameter space IR? ( see Fig 1), such that G5 (g,a) < 0
for (e,a) € S1 and G3 (g,c) > 0 for (g, ) € Sa.

Theorem 9 Assume that hypothesis (H) is satisfied. Then, for each
(e,a) € S1U Sy, there exist 1o = ro(e,) > 0 and [y = Bo(e,a) > 0
such that for every B € |—fo, Bo[, the following assertions hold

i) Equation (4.47) has exactly one periodic solution in B (0,rp) if 5G3
(e,a) < 0.

it) Equation (4.47) has no periodic solution in B (0,79) if BG3 (¢, ) > 0.
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Proof : By virtue of proposition 33, it follows that, if 3 = 0, the
system (4.62) is 3-asymptotically stable if G5 (¢, @) < 0 ( in other words
if (¢,a) € S1). Hence, by the generalized Hopf bifurcation theorem 3,
there exists 79 = ro(¢,a) > 0 and [y = (o (e,0) > 0 such that the
system (4.48) has exactly one periodic solution in B (0,rp) if

Re)X (B, a,e) G (e,c0) < 0, (4.68)

where Re\ (3, a,¢) is the real part of the two eigenvalues of the linear
part of (4.62). However, Re\ (3, a,e) = %uorrﬂ, then, relation (4.68) is
equivalent to G35 (e, ) < 0,which completes the proof of the first asser-
tion .
The proof of the second assertion is similar. In fact, by theorem 3, there
exists rg = ro (e,a) > 0 and [y = Fp (e,a) > 0 such that the system
(4.48) has no periodic solution in B (0,rg) if ReA (S, a,e)Gs (e, a) >
0.However, sign (ReX (3, a,¢e)) = sign () ,which yields the second as-
sertion. m

In conclusion, we can state as a corollary the following immediate
consequences of theorem 9 regarding the direction of bifurcation.

Corollary 10 Assume that hypothesis (H) is satisfied. Then, the bifur-
cation of nontrivial periodic solutions of (4.47) arising from v = g is

i) subcritical if e < 0 and |a is small enough.
i) supercritical if either ¢ < 0 and |a| is larger than some value, or
€ < 0 and for dll a.

Thus, the quadratic term pushes the bifurcation to the right, no mat-
ter its sign is. Subcriticality is caused by the cubic term and occurs only
when the coefficient of this term is negative and large enough in absolute
value.

Similar computations have been performed in the case v < 0 (that is,
positive feedback). There is little change in the formulae, for example,

77
bifurcation occurs at v = —5 The results on the direction of bifurca-

tion are as follows : the quadratic term acts in the same way as in the
negative feedback case, while the cubic term has an opposite effect.
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1. Introduction

Normal forms theory is one of the most powerful tools in the study
of nonlinear dynamical systems, in particular, for stability and bifurca-
tion analysis. In the context of finite-dimensional ordinary differential
equations (ODEs), this theory can be traced back to the work done a
hundred years ago by Poincaré [14]. The basic idea of normal form con-
sists of employing successive, near-identity, nonlinear transformations,
which leads us to a differential equation in a simpler form, qualitatively
equivalent to the original system in the vicinity of a fixed equilibrium
point, thus hopefully greatly simplifying the dynamical analysis.

Concerning functional differential equations (FDEs), the principal dif-
ficulty in developing normal form theory is the fact that the phase space
is not finite dimensional. The first work in this direction, in such a way
to overcome this difficulty, is due to T. Faria et al. [44]. In that paper,
the authors have considered an FDE as an abstract ODE in an adequate
infinite-dimensional phase space which was first presented in the work
of Chow and Mallet-Paret [30]. This infinite dimensional ODE is then
handled in a similar way as in the finite dimensional case, and through
a recursive process of nonlinear transformations, the authors in [44] suc-
ceeded to a simpler infinite dimensional ODE so defined as normal form
of the original FDE. One of [44]’s proposal is that, for fear of loosing
the explicit relationships between the coefficients in the normal form ob-
tained and the coefficients in the original FDE, their method provides
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us an efficient algorithm for approximating normal forms for an FDE
directly without computing beforehand a local center manifold near the
singularity. However, by expliciting steps of the algorithm given in [4],
we will show that the known of Taylor coefficients of the center mani-
fold is necessary for the algorithm to go on. This point of view will be
presented in detail later.

The issue of this chapter is to present a new, efficient and algorithmic
formulation of the problem of computing local center manifolds and nor-
mal forms associated to an FDE. The problem have been considered in
the previous papers [2] and [1], but only in approximating local center
manifold associated to an FDE with special singularities (namely Hopf
and Bogdanov-Takens singularities). In this work, we are concerned with
FDEs having a general singularity. We assume that the existence of a
local center manifold is ensured by finitely many eigenvalues with zero
real part.The result generalizes singularities considered in both of the
works [2] and [1]. Our motivations for this work are two folds. First, we
derive an algorithmic scheme which allows us, by means of a recursive
procedure, to compute at each step the term of order & > 2 of the Taylor
expansion of a local center manifold : In fact, we prove that the coef-
ficients of the homogeneous part of degree k of a local center manifold
satisfy an initial value problem in finite dimension, whose parameters
depend only on terms of the same order in the considered FDE and the
terms of lower order of a local center manifold already computed. Note
that the computation of Taylor expansion is, in most cases, the only in-
formation that can be extracted at the expense of nontrivial algorithmic
procedures. Secondly, we present an algorithm which provides us, in a
recursive way, with the normal form of an FDE. This is accomplished in
three steps. In the first step we consider the reduced system on a known
local center manifold for which an algorithmic scheme is developed. This
gives us idea about information needed from a local center manifold in
order to compute terms of the normal form for the reduced system. This
allows, in the second step, a simpler scheme that greatly saves compu-
tational times and computation memory. Finally, in the third step we
present a direct computing scheme of normal forms for FDEs (in the
sense of the definition given in [44]).

The chapter is organized as follows: The preliminary section 2 pro-
vides us with elementary notions and a background about the theory of
FDEs (for more details see [58]). In section 3, we state a result which
gives us an analytic characterization of a local center manifold. This
characterization is then explored to derive a computational scheme of a
local center manifold, and we consider some applications of the compu-
tation of center manifolds to the special cases of the Hopf singularity and
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Bogdanov Takens singularity respectively.We reminder the reader that
a concrete example relatedb to the Hopf singularity had been discussed
in the last chapter. An example related to the Bogdanov Taknes singu-
larity is given in the end of this section.. Section 4 details the normal
form construction for both of the reduced system and the original FDE.

2. Notations and background

In this section, we refer the reader to [53] for notations and general
results on the theory of FDEs in finite dimension spaces. Let » > 0
and n € N. We denote by C = C (|-r,0],R") the Banach space of
continuous functions from [—r,0] to R" endowed with the supremum
norm |¢|| = sup |¢(0)], for ¢ € C. If u is a continuous function

0e[—r,0]
taking [ —r,0 + a] into R", then we denote by u; the element of C
defined by u; (#) = u(t+0), for every § € [—r,0] and t € [0,0 +a].
Our main concern throughout this paper is with the autonomous FDE
of the form
du (t)
dt

where L is a bounded linear operator from C into R"and f is a suf-
ficiently smooth function mapping C' into R™ such that f(0) = 0 and
Df(0) = 0 (Df denotes the Fréchet derivative of f). A solution u =
u(¢p) of (1) through a point ¢ in C is a continuous function taking
[—7,a), into R™ such that xo = ¢ and satisfying (1) for ¢ in (0, a) . Note
that the Riesz representation allows us to represent the operator L as

0
L(6) =/ an (6) 6 (0)

-r
where 77 is an n X n matrix valued function of bounded variation in
6 € [-r,0].

Together with (1), we consider the linearized equation near zero
du (t)
dt

= Lu (2.2)

If we denote by u (., ¢) the unique solution of equation (2.2) with initial
function ¢ at zero, then equation (2.2) determines a Cy-semigroup of
bounded linear operators given by

Tt)p=u(.,¢), fort>0

where u is the solution of (2.2) with up = ¢. Denote by A the infinites-
imal generator of (7 (t));>q - It is known that the spectrum o (A) of A
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coincides with its point spectrum o, (A) and it consists of those A € C
which satisfy the characteristic equation

p(A) = detA(N) =0 (2.3)

where A (\) = Mpgn — fBT eMdn (6) .

Let m € N be the number of solutions of (2.3) with zero real part,
counting their multiplicities. Denote by A = {\;,7 =1,...,m} this set
of eigenvalues. Throughout this paper, we assume that the following
hypothesis holds:

(H) A#0.

Using the formal adjoint theory of Hale [53], the phase space C is de-
composed by A as
C= PA @ QA)

where P, is the m dimensional generalized eigenspace associated to ele-
ments of A and @ is its unique T (¢) invariant complement subspace in
C'. If we denote by ® = (¢1, @2, ...., o) a basis of Py, the subspace Py
is then written as

Py ={®zx:2€ R"}.
Moreover, according to the hypothesis (H), there exists a matrix B of
the form

A o1 0 - 0 7
0 A
: i Om—1
L 0 0 )\m ]

with o; € {0,1} such that the semi-flow generated by (2.2) restricted to
Py is a linear ODE whose matrix is exactly B. To explicit the subspace
QA and the projection operator associated with the above decomposition
of C we need to define the so called adjoint bilinear form as

0 40
W) =0 ¢ [ [Tw=0d@)p@)ds for geCand v ect
' (2.5)
where C* = C([0,7],R™) and R™ is the n-dimensional space of
row vectors. With the this bilinear form we can compute the basis
U = col (11,2, ....,¢m) of the dual space P§ in C* such that (¥, @) =
(<¢’ia¢j>)0<i7j<m = Ipn. and, the subspace (), is given in a compact
form:

Qr={¢ € C: (¥,9) = col({Y1,9) , es (Ym, ) = 0}
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Now consider the nonlinear equation (2.1). Using the variation of con-
stants formula given in [53], a solution of (2.1) is given by

t
ut:T(t)u0+/T(t—s)Xof(uS)ds, fort >0
0

where Xy = X (0) is defined by

| Ipn for =0
Xo(0) = { 0 for 0 € [—r,0]

According to the decomposition of C' endowed by the set A of eigen-
values, the solution u; given above may be decomposed as uy = ®x () +
y (t), where z (¢) is an element of R™ and y () € Qa. It is important
to observe that in general y (t) does not satisfy the translation property
(ie y () (6) = y (¢ + ) (0)).

By the use of a fixed point theorem, the authors in [53] have considered
equation (2.1) for which they proved that, under hypothesis (H), we
have the existence of a local center manifold. This tool allows us to
give a complete description of the local dynamics of equation (2.1) near
the steady state: more precisely, the behavior of orbits of (2.1) in C
can be completely described by the restriction of the flow to a local
center manifold associated with A, which is necessarily an m-dimensional
ODE. Note that the lack of uniqueness makes local center manifolds
hard to determine. However, fortunately, the uniqueness of the Taylor
expansion of these manifolds is ensured. After computing the Taylor
expansion of a center manifold up to an order k, the nonlinear term of
the reduced system can be explicitly computed up to the order k + 1.
The classical definition of a local center manifold associated with the set
A of eigenvalues in the imaginary axis is given as:

Definition 34 : Given a C'map h from R™ into Qya, the graph of h is
said to be a local center manifold associated with equation (1) if and only
if h (0) =0, Dh (0) = 0 and there exists a neighborhood V' of zero in R™
such that, for each z € V, there exists 6 = § (§) > 0 and the solution x
of (2.1) with initial data ®z+ h(z) exists on the interval |—§ — r, o[ and
it 1is given by

up = ®x (t) + h(x(t)), fortel0,d],

where x (t) is the unique solution of the ordinary differential equation

da:iit) = Bz (t)+ ¥ (0) f (Dz () + h(z (1))
(2.6)

z(0) = z,
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with B is the matriz defined in (2.4). The ODE (2.6) is said to be the
reduced system of (2.1).

Geometrically speaking, a local center manifold is the graph of a given
function mapping a neighborhood of zero in Py into Q4 which is tangent
to Pp and locally invariant under the semi-flow generated by equation
(2.1).

In [44], the authors have presented a method for computing normal
forms for FDEs. To develop a normal form theory for FDEs, it was
necessary, in the first step, to enlarge the phase space C in such a way
that (2.1) is written as an abstract ODE. The adequate phase space
for this situation is the one introduced in [55] and used in [28] for the
application of averaging methods to FDEs. It is exactly the space BC
of the functions from [—r,0] into R™ uniformly continuous on [—r,0[
and with a jump discontinuity at 0. In terms of the function Xy defined
previously, an element ¢ € BC can be written as ¥ = ¢ + Xoa where
¢ € C'and a € R™. Also, if we identify the space BC to C x R" then it
can be endowed with the norm

16 + Xoallge = [[dlle + [l gn

to be a Banach space. The abstract ODE in BC' associated with the
FDE (2.1) can be written in the form

du (t)
dt

= Au (1) + Xof (u (1)) (2.7)

where A¢ = ¢/ + X [Lé — ¢/ (0)] with D (Z) — C'. The bilinear form in
C* x C defined in (2.5) can be extended in a natural way to C* x BC' by

(U, Xo) = ¥ (0), and consequently, we can define the projection operator
7 : BC — Py such that

(¢ + Xoa) =P [(V,0) + ¥ (0)a]  for every ¢ € C and a € R"
leading to the decomposition

BC = P\ @ Ker ()

Let u be a solution of (2.7). According to the above decomposition of
BC, the solution u can be written

u(t) =@z (t) +y(t)
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where z (t) € R™ and y (t) € Ker (r) N D <Z> =QANC' 2 QY As 7

commutes with A in C1, the equation (2.7) is equivalent to the system
d
—
dt

%y(t) = A+ (I —m) Xof (Bz (1) +y (1))

(t) = Bx(t)+¥(0)f(Pz(t)+y(t))
(2.8)

where A; is the restriction of A to Q! interpreted as an operator acting
in the Banach space Ker (7).

In applications, we are particularly interested in obtaining normal
forms for equations giving the flow on local center manifolds. In the
context of FDESs, typical equations to be considered for the computation
of normal forms read as

2= Bx+U(0) f(®x+ h(z)), (2.9)

where h is a local center manifold.

3. Computational scheme of a local center
manifold

In this section, we derive, at first, necessary and sufficient analytic
conditions on a given function h under which its graph is a local center
manifold of (2.1). This will be exploited in the second step to develop
the computational scheme of terms in the Taylor expansion of h.

Theorem 1 Let h be a map from R™ into Qn with h(0) = 0 and
Dh(0) = 0. A necessary and sufficient conditions on the graph of h to
be a local center manifold of equation (2.1) is that there exists a neigh-
borhood V' of zero in R™ such that, for each z € V, we have

) (8h (2)

O = (%52 0) B+ w0 @ hio)

(3.10)
+® (0) U (0) f (P2 + h(2)).

and
oh (z)
00

where z (t) is the unique solution of (2.6).

(0) = Lh(2) + f (®z+ h(2)), (3.11)

Proof. Necessity : If h is a local center manifold of equation (2.1),
then, there exists a neighborhood V of zero in R? such that, for each
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¢ € V, there exists 6 = 0 (£) > 0 such that the solution of (2.1) with
initial data @&+ h (€) exists on the interval |—d — r,d[ and it is given by

xy =Pz (t)+h(z(t)), for t €]-9,4].

The relations

DO)z(t)+h(z(t)(0)=Dt+0)E+h(E)(t+0), fort+0<0and0<¢t <4,
(3.12)
and

D) z(t)+h(z(t)(0)=20)z(t+0)+h(z(t+6))(0),
fort+0>0and 0<t<d (3.13)

are immediately deduced from the translation property of the semi-flow
t— x; = ®z(t)+ h(z(t)) generated by equation (2.1) in a local center
manifold. Moreover, this semi-flow has a backward extension to |—d,0].
Then, it follows from (3.13) that

L@E+h(©) +f@e+h(e) = o8+ To o) @y
so, by using the proporety L®E = PBE, the relation (3.11) follows

immediately.
On the other hand, for ¢ > 0, by differentiating relation (3.12) with
respect to ¢, we get

Oh (2 (1))

e

(I)(t—l—G)Bg—i—ge(h(f))(t—i—H)—[@(0)—1—

X [Bz (t) + ¥ (0) f (P2 (t) + h (2 (1))

Let t go to zero. Then,

0 _ <ah ()

5@ = (%L w)me+v0) s @e+n©)

(3.15)
+@(0) [ (0) f (R€+ R (£))]-

Sufficiency : From the formulae (3.12) and (3.13), one can see that
there exists a continuous function y : |0 — r, [ — R" such that

yr = Pz (t) + h(z(t)), for t € ]-4,9].
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So, it remains to prove that y is a solution of (2.1). In fact,

Lytt) = (cb(o) 42 E;g(t))m)) =

(3.16)

Letting £ = 2z (¢t) and 6 = 0 in (3.15) and substituting 6;99 (h(2(t))) ()
for the right hand side of (3.15) into (3.16), we obtain

%y(t) = <I>(0)Bz(t)+ah’(z(t)>

50 0)

= Ly + 1 (ye),

which completes the proof of the theorem. m
And in the case of neutral functional differential equations of the form

d

dt
where L and D are bounded linear operators from C into R"; F and G
are sufficiently smooth functions mapping C into R™ such that F' (0) =
G(0) = 0 and F'(0) = G'(0) = 0 ( F' and G’ denote the Frechet
derivative of F' and G respectively ), the analytic characterization of a
local center manifold is given in the following corollary:

[D (..’L‘t) -G (.TL‘t)] = LCL’t + F (.It) 5 (317)

Corollary 2 Let h be a map from R™ into Qp with h(0) = 0 and
Dh(0) = 0. A necessary and sufficient conditions on the graph of h
to be a local center manifold of equation (3.17) is that there ezists a
neighborhood V' of zero in R™ such that, for each z € V, we have

0 <ah (2)

- (9)) [Bz+ W (0) F (2 + h (2)) + BU (0) G (®z + h ()]

£ (8) [ (0) f (®2 + () + BY (0) G (2 + h (2))].
and

D <3’;é5)) = Lh(€)+ F(®E+h(E))

+G' (PE+ R (E)) (<I>B§ + 8%?)
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3.1 Formulation of the scheme

Now we are in position to derive our algorithmic scheme for approxi-
mating a local center manifold associated with (2.1) . To this end consider
the analytic characterization given in the above Theorem. Without loss
of generality we can assume that h and f can be written respectively in
the form:

h(z) =Y h;(2) (3.18)

j>2

and

F@)=> 1) (3.19)

j=2

The term h; (z) denotes the homogeneous part of degree j with respect
to z of h.

In the sequel of this work we adopt the following notation : for j € N
and Y a normed space, ij (Y') denotes the space of homogeneous poly-
nomials of degree j in m variables z = (z1, 29, ..., zi,) with coefficients
in Y. In other words

Vin(y) = Zcqzq:qum,cqu

lgl=j

where |g| = > ¢;. Moreover, we denote by DT the set of parameters
defined as

m
D" = { =(q1,92,---:qm) € N™ : [q :ZQi}
=1

endowed with the following order : for ¢ = (q1,92,...,q¢n) and p =
(p1,p2y -, Pm) In D7, we have p < g if the first non-zero difference
P1—q1,P2 — @2, ..., Pm — q¢m 1S positive. Hence, the space D7 reads

DI = {q(m,j,z') L= 13}

where j = card (D;”) and ¢ < ¢(md2) < ... < q<m’j’3).
The goal now is to develop our algorithmic scheme for computing, in
a recursive way, the polynomial (h;) j>o- We will show that at the step

k > 2, the term hy € V™ (Q,) is computed from the terms of lower

orders already computed (ie (hj)y< ;1 ) and from the terms of lower
order of f. o
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Fix k € N. Assume that steps of order 2,.....k — 1 are already per-
formed (ie the terms (h;), <j<k_1 are known). By dropping the parame-
ters k and m in the above notation for simplicity of formulae, the space
Di" is written as

={¢:i=1,...,k}

and as a consequence the space V" (Y') can be written

E .

1
g czl i ey
i=1

The homogeneous part of degree k with respect to z of equation (3.10)
is given by

00 B 0z
where F¥ (z) is an element of V;™ (C') given by

Bz + F¥ (2), (3.20)

k—1
2 = S g ) g, () 4 0w (0) i (2)

0z
i=2

where H; € V" (R"™) is the homogeneous part of degree i with respect
toz of H(z) = f(®z+ h(2)). An exact formula of H; is given by the
following proposition :

Proposition 34 Under the standing hypothesis (H), it follows that

H;(2)=f; (22) + Y\ Dfj (®2) hit1; (2)

E S S D1 @) S i gy P ) (2)
(3.21)
for all i > 2.

Proof. Using the Taylor expansion of H (z) = f(®z+ h(z)) near
h = 0 results in

H(z) = f(®2) + Df (®2)h +Z Dif (z)[h(2)].

i>2 !

So, according to the representations (3.18) and (3.19), the above equa-
tion reads

Dme i (2) = Yina fi(P2) + 2500 550 D (®2) hi(2)

+ ZiZQ 117 ijg Difj (P2) [2122 hlr ' (3.22)
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Finally comparing the same order terms of (3.22) yields us the result of
the proposition. mm

Remark 3 F¥ (2)(0) is an element of V;™ (R™). So, according to the
above notation, the homogenous polynomial F* (2) can be written as

k
FE(2)(0) = Y FF ()27, (3.23)
=1

where sz are elements of C. The above proposition provides us with a
clear relationship between F () and the terms of h (already computed)
as well as the terms of the nonlinearity f of the original FED

In the same way as above, by comparing the k-order terms of (3.11),

we obtain

o0
In the sequel of this section we will be concerned only with the equations
(3.20) and (3.24) . By identifying coefficients of the both sides of (3.20)

and (3.24) in the basis (zqi L<icr BB adequate formulation of computing
Z_

the term hy, (z) € V™ (Qa) will be derived

(0) = Lhy (2) + Hg (2) . (3.24)

Remark 4 Letl(z) = 24" with ¢ = (qi,qg, ,qﬁn) an element of D}".
If we denote by I; = {j eEN: pé- =q + ejy1 — e € Dz‘} , then it is easy
to see that o ' _
Dl(z) Bz = 2% + ) qjo;z".
Jjel;

where ;¢ = (qi,X) = E]E':1 q§Aj. Moreover we have

p§ >qi, for all 7 € {1,...,%} and j € I;.

First, we put

k

1
hi (z) = E a¥z% and X* = col [alf,ag,...,a%} ,
i=1

where the af are elements of QA. So according to the above remark and
by identifying the two members of (3.20) in the space of homogeneous
polynomial in z = (z1, 22, ...., 2;,) of degree k with coefficients in @, it
leads
dX* ()
de

= A3 X" (0) + F* (), for 6 € [-r,0] (3.25)
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where
i p Ign 0 0o --- .. 0 ]
* /,LQIRn :
* x T ;
Ay = ) (3.26)
: P 0 0
* ,U,E_IIRVL 70
| * * % * pFIgn ]
and

F* () = col [Ff 8), F§ (6) ..., FE(8)] , for 6 € [—r,0].

Secondly, consider the second equation (3.24). If we put
E .
Hy (2) = ZMfqu, for M]k e R",
i=1

then, in a vector representation, the equation (3.24) reads

dX* (0)

o LX* = M*, (3.27)

where
M* = col | MY, Mj, ..., My| .

The variation of constants formula applied to the ordinary differential
equation (3.25) yields

X*(0) = exp (0A41) X" (0) + S* (), for 6 € [-r,0] (3.28)
where

0
S¥(0) = /0 exp ((0 — 5) Ay) F¥ (s) ds.

So, by substituting the above expression of X* into the relation (3.27),
it follows that the vector X% (0) is a solution of the linear system

B X" (0) = EF, (3.29)

where,

By = Ay — L (exp (-A)) (3.30)

and
EF = M* — F*(0) — LS*. (3.31)
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Then, Substituting (3.26) into (3.30) yields the matrix By in the form:

_A(,ul) 0 0 --. 0 1
A :
* * A " :
By, = f 0 0 (3.32)
* A(/ﬁfl) 0
| x * ok * A(/ﬁ)_

where A (.) is the characteristic matrix defined in the preliminary sec-
tion.

Summarizing, we have shown that the part of degree k of the function
h satisfies the following initial value problem :

dX* (0
d0( ) = A X*(0)+ Fk(0), for 6 € [-r,0]
(3.33)
BLX* (0) = E* with X% € (Qa)".
In which F* and E* are determined in terms hg,- - - - - - ,hg_1 of h and
the terms fo,------ o fr of f.

Remark 5 It is noted that the matrix By need not to be nonsingular.
So, in order to compute the initial data X* (0) of the problem (2.1), we

should take into account the abstract condition X* € (QA)k. The only
way to do that is the formal adjoint theory defined in the preliminary
section. More precisely, a solution of (3.33) must satisfy <\I/,Xk> =0.

As a consequence, the vector X¥ (0) should be a solution of a system of
two systems

CpX*(0)=N* and BiX"(0) = EF
where N¥ = — (U, S*) and Cy, = (¥, exp (.Ay)) is then (k + 1)xm (k + 1)

matriz given by

[ <\Il,exp (~u1) IRn> 0 (N 0
* <\Il,exp (4p2> I]Rn>
Ch = * *
0
i * * * <\Il,exp ~ME I]Rn> |
(3.34)
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According to the above remark, the system (3.33) reads

k
dX” (9) — 4,X(0) + F*(6), for 0 € [~r,0]

do (3.35)
BLX*(0) = E* and C,X¥(0) = N*.

Finally, one can see that equation (3.35) is all what can be extracted
from the coefficients of hi. That’s why, our interest will be focused in
the well posedness of problem (3.35). The following result provides us
with the complete scheme of computing the homogeneous part of degree
k of a local center manifold.

Theorem 3 Let (af)izl .. 3 be the family of the coefficients of the graph
representation of any local center manifold associated with equation (2.1),

in the basis (zqi) _ of the polynomials of degree k with coefficient

i=1,- .k

in Qa. Then, the (af)i:h_’% are uniquely determined by the equation

(3.35), in which the F* are given by (3.23), E¥ by (3.31) and By, by
(3.30).

Proof. In view of the above computations, one can see that if
(af)i:Lm’E is such a family of coefficients then, it satisfies equation
(3.35). What remains to be seen is that equation (3.35) leads to a
unique set of coefficients that is, no additional information or equation
is necessary for the computation the k-th term in the Taylor expansion
of h. To this end, it is sufficient to prove that Y* = 0 is the unique

solution of the problem

k
v (9) = ALYk (), for 0 € [-r 0]

do (3.36)
BrY*(0)=0 and CpY*(0)=0.

In other words, it suffices to prove that Y* (0) = 0 is the unique solution
of the two systems

BiY*(0)=0 and C,Y*(0)=0. (3.37)

. By | .
So, we have to prove that the kernel of the bloc matrix k ] is exactly

Ck
zero. To this end, we distinguish two cases: In the first case we assume
that ' ¢ A for all i € {1,2,...,k}. Fixi € {1,2,...,k} . Since Re (') =
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0, then, the characteristic matrix A (;ﬂ) is nonsingular. So, in view of
the form (3.30) of the matrix By, it follows that Ker (By) = {0}. Or

Ker <[ g’; D — Ker (By) N Ker (Cy) = {0}

This implies that Y* (0) = 0 and thus Y* = 0 is the unique solution
of the problem (3.36) . In the second case we assume that for all ¢ in a
subset Ji C {1, 2, ,E} , the value p’ coincides with an element of A.
To conclude the proof of the theorem we need the following lemma. m

Lemma 28 Assume that fori € J; C {1, 2, ...,E}, u' coincides with an
element of A. Then, there exist a nonsingular nk x nk matriz Dy, such
that the boundary condition (3.37) can be written as

DyY*(0) =0,

where Dy, is a matriz that can be constructed by mizing terms of By and
those of Cp.

Proof. Consider the mapping a : J; 2 i — a (i) € {1,2,....,m},
such that )‘a(z’) = u*. Then d’a(i) (0) = exp (G/ﬂ) and <1;Z)a(i)a ¢a(z)> =1.
When n = 1 (the scalar case), we have A (u’) = 0 for i € Jg. So, if
we denote by Dy the matrix obtained from By and Cj by replacing
the rows i € Ji of By, with the rows (i 4+ a (i) € {1,2,....,mk} of Cy
respectively. Then it is easy to see that Dj is invertible. Thus, the
boundary conditions (3.37) is equivalent to DY * (0) = 0. In the non-
scalar case (n > 1), it is difficult to guess exactly the rows that we should
eliminate from the matrix By and the ones that we can bring from the
matrix C}, in order to build the invertible matrix Djy. But it is easy to

prove that the kernel of the block matrix [ gk
2

fact, let b = col (bl, b2, ..., bE> an element of C"* such that Bib =0 and

Ckb = 0. In an induction procedure, we will show that b' = 0 for all
i€{1,2,....,k}. In view of (3.32) and (3.34), it follows that b' satisfies

A 1 bl =0
{ <‘I’(féx)p (-pt) oty =0 (3.38)

Note that u’ is a complex element with zero real part. So, by virtue
of (3.38), if u* ¢ A then A (u') is non-singular and b* = 0 and if not
(ie.ul € A) then A (,ul) b' = 0 implies that exp (',ul) bl is an eigenfunc-
tion A associated to the eigenvalues p! = Aa(1)-Or, <\11, exp (~u1) b1> =0

} is reduced to zero. In
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leads to <wa(i), exp (-)\a(i)) bl> = 0 which is not true except if b* = 0. Let
j e {1,2, ek — 1}. If we assume that b* = 0 for i € {1,....,j}, then,
in view of (3.32) and (3.34) , we have

Attt =0
(W, exp (p/ ) BT =0

and in the same spirit as above, we can prove that ¥*!1 = 0. Summariz-

ing, we have shown that Ker(By)NKer(Cy)={0}. Thus Rank ([?ﬁ])
k

=nk and consequently, by the use of elementary linear algebra tools, one
can build a matrix Dy, satisfying the lemma. This achieves the proof. m

Remark 6 In the same way as above, one can prove that the problem
(3.35) can be written as

dx* (9) — ALX®(0) + FE(6), for 6 € [—r,0]
a0 (3.39)

Dy X* (0) = RF

where Dy, is the matriz given in the above lemma and RF is a complex
vector whose components are a mizing of those of the vectors E* and
N*. In conclusion, the problem of computing terms of a local center
manifold can be formulated in resolving a sequence of finite dimensional
ODEs. This formulation makes the problem of computing coefficients of
a local center manifold in suitable form easy to manipulate in symbolic
or numerical computations.

3.2 Special cases.

3.2.1 Case of Hopf singularity. In this case, we suppose
that A = {fwi}, where w # 0 By virtue of assumption (H), it follows
that dim Py = 2.

If we put

k
hi(z) = Z ak 27128 and X* = col (alg, ------ ,allz) ,
=0

where the af are elements of ()5, we prove that for § € [—r, 0] ,we have

k
dX*(0)  _ xk) + F¥(8), for 6 € [-r,0]
- (3.40)

BpXk(0) = E* and CxX*(0) = NF.
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where
[ —kiwlpn 0 0 0 1
0 —(k = 2)iwIgn 0
Ak _ ? 0 ., ., .. : ,
. '.‘ '.‘ '.. *. 0
: e (k= 2)iwIgn 0
i 0 . o0 0 kiwlgn |
Bk:Dzag(A(_(k_23)>Zw)77]6 {07 7k})
and

Cy = Diag ((T,exp(—(k - 2]))ZW)IR”> i J € {07 e 7k}) :

3.2.2 The case of Bogdanov -Takens singularity.. In this
case, we assume that zero is a double eigenvalue: A = {0,0}, which
ensures the existence of a center manifold associated with (2.1). By
virtue of assumption (H), it follows that dim Py = 2.

If we put

k
hi (z) = Zafzfﬂzé and X* = col (alg, ------ ,aﬁ) ,
=0

where the a¥ are elements of Q,then for € [~r,0], we have

dxX* (0)

70 = A XF(0)+ Fk(0), for 6 € [-r,0]

BiLXk(0) = E*and CxX*(0) = N*.

where
0 0 0 0 7
kIgn 0 0
Ay = 0 (k—1)Ign 0O 7
. . 0
0
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and By is a consequence of the following lemma:

Lemma 29 The exponential matriz exp(0Ay) is given by

[ C’é‘“‘IRn 0 0 ]
OCHIRn  CF 'gn :
exp(0Ay) = : pCk—1
f f . 0
| 0FCFIpn 0RO gn oo oo COIpn |
Proof : The matrix Ay is nilpotent. So, it is easy to verify that
k
0™ (Ap)™
exp(0Ay) = ﬂ
= m!

In a recursive way, one can easily prove that (A;)"™ = (aijIRn)lgijgn(k+1) ,
where
mlCE It it — =k
Oéij =
0 ,ifi—j # k.
which completes the proof of the lemma m.
By using the above lemma, one can see that

C’(’)“A(O) 0 0
CFAM (0)  CEIA(0) :
By, = : CE1AM (0)
: : - 0
| CFAW (0) Gy {ARTD(0) o oo CRA(0) |

Example.

In this section we consider as an application of our computational
scheme an example treated by Hale and Huang [56], where, in view of
the study of qualitative structure of the flow on the center manifold,
the authors need more precise information about a center manifold. In
particular, they need to know its Taylor expansion up to the second
order terms. It is a singularly perturbed delay equation given by

e’ (t)=—z(t)+ f(z(t—1),N), (3.41)

where € is a real positive number assumed to be small, A is a real para-
meter and f is an element of C* (R,R), k > 3, more specifically

f(@A)=—(1+Nz+ar*+bz®+o0(z*), for some a,b € R.
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With the change of variables
wy (t) = x (—ert) and we (t) =z (—ert + 1 +er),

the equation (3.41) reads

% = rwi(t) —rf(w(t—1),A)
d (3.42)
% = rwy(t)—rf(w(t—1),A).

If r =1 and A = 0, then, the characteristic equation associated to (3.42)
is

(p—1)*—e 20 =0, for peC.

The above equation has zero as a double root and the remaining roots
have a negative real part. This ensures the existence of a two dimensional
center manifold associated to the equation (3.42) with (r,A) = (1,0)

Throughout this section we use the notation presented in section 2
for the equation (3.42) with » = 1 and A = 0. Base of Py and Qp are
respectively

-1 —i-90 s =5
— 3 — _
@—[ 1 Yhg } abnd\lf—[_1 1 ],for (0,s) € [-1,0]x[0,1].

It is easy to verify that (¥, ®) = Ip2, and

. 01
Ad = B, wth_[O 0}.

In view of the assumed smoothness on the function f, equation (3.42)
has a local center manifold, at least of class C?, and

h () = abeirata a3 x (€), for some a? € Qa and x (€) = o (Igf)

Put X? = col (a3, a?,a3) . We showed in subsubsection 3.2.1 that the
computation of X2 can be obtained by solving the differential equation

ax? (9) — A, X2 (0) + F2 (0), for 6 € [—r,0]
70 (3.43)

BX?(0) = E?and C2X?%(0) = N?,
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where Bj is the 6 x 6 real matrix given by

[ -1 -1 0 0 0
-1 -1 0 0 0
2 2 -1 -1 0
2 2 -1 -1 0
0 -1 1 1 -1 -1
-1 0 1 1 -1 -1

By

o O OO

Now, we will consider the computation of the parameters of the above
system. According to relation (3.23) we have F2(£)(0) = 0, for 0 €
[~1,0]. So, F2(#) = 0, for # € [~1,0] and as a consequence, we have
N? = —<\II,SQ> = 0. Moreover, the relation (3.30) leads to E? =
] 4a 4a —4a —4a
CO( “Th3 3Ty Ty
is easy to see that the 6 x 6 real matrix Gg is given by

. On the other hand, by Lemma 29, it

Cy = (¥, exp (-A2)) =

odlooc oo
S N E=E=)

gL L e oL
ool gl el S
“llom vl o o
pi—o|l cvi- o o

then by replacing the first (resp, the third) line of By by the first (resp, by

the third) line of the matrix Cs, the boundary condition CoX? (0) = N2

and B2 X? (0) = E? imply that X?2(0) is given in the unique way by
X2 (0) = col (a @ aalla Ha)

and for 6 € [—1,0], we have

2
d0=5| 1| do-a(oe3) | 1] do-a(5545) 1]

This confirms the result established Hale and Huang in [56].

4. Computational scheme of Normal Forms

In this section, we present an algorithm for computing normal forms
for FDEs. In the context of ODEs, the key idea is based on comput-
ing a change of variables that allows us to transform the original ODE
into an equation with a simpler analytic expression. In this section, we
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will be concerned with developing, in an algorithmic way, the notion of
normal forms for FDEs of the form (2.1). Our approach is shared out
in two shutters. In the first subsection, we assume that a local center
manifold is known and we deal with developing, in conventional way, a
computational scheme of normal form for the ODE (2.9) representing
the restriction of the semi-flow generated by (2.1). In the second subsec-
tion, we deal with the equation (2.1) as an abstract infinite dimensional
ODE of the form (2.8); our method consists in elaborating a scheme
of computing nonlinear transformations that greatly simplify the (2.8),
and we will show that this scheme leads us to simpler infinite dimen-
sional ODE which coincides with the normal form of (2.1) (in the sense
of definition presented in [44]).

4.1 Normal form construction of the reduced
system

Let h be a mapping from R™ into Qx whose graph is a local center
manifold associated with the equation (2.1). In the previous section, we
have elaborated an algorithmic procedure allowing us to compute at any
order k the terms of the Taylor expansion of h. Note that, in general, it is
the most information that can extracted from A with the impossibility of
obtaining the closed form. Without loss of generality h may be assumed

in the form
h=> hi
i>2
The flow of the FDE (2.1), on this local center manifold is described by
the following m-dimensional ODE

&= Bz +G(z), (4.44)

where G (z) = ¥ (0) H (). If we assume that (h;),~, are already com-
puted, then terms of the ODE (4.44) are known at any order. In other
words, if G = ),5, G; then G; is known for all i > 2 once (h;),~, are
founded.

Consider a nonlinear transformation of the form
r=T+V () (4.45)

where V' be a mapping from R™ into R™ such that V (0) =0, DV (0) =
0. Assume that the effects of the above change of variables on the reduced
system (4.46) is of the form

T =B+ F(T). (4.46)
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Our main goal now is to develop an algorithmic scheme providing us
with adequate nonlinear transformations V' that transform (2.6) into
a simpler equation (4.46) (ie. the nonlinearity F' is simpler than H).
Without loss of generality, we put

V=) Viand F=) F,.
i>2 1>2

In the sequel, we will deal with developing a the recursive efficient ap-
proach for computing the kth order normal form Fj and the kth order
nonlinear transformation Vj, in terms of (G;),,<, as well as the terms
(Fi)oei<p_q already computed. We start by the following Definition:

Definition 35 Let j > 2. We denote by Mj1 the operator defined by

(M;p) () = Dp (z) Bz — Bp(x),
for allp e VI (R™).
The operators M jl, defined above, are exactly the Lie brackets that

appear in computing normal forms for finite dimensional ODEs. It is
well known that the space V™ (R™) may be decomposed as

V" (R™) = Im (M}) & Im (M})° (4.47)

where the complementary space I'm (M jl>c is not uniquely determined.
Let PJ be the projection associated with the above decomposition. If
we choose bases for Im <Mj1> and Im (M})C, then, each element ¢ of
v (R™) can be split into two parts P/q and (I - Pj) q: PJq can be
spanned by the basis of Im (Mjl) and (I — Pj) q by that of I'm (]\4,%)C .
Theorem 4 Fix k > 2. Then, the recursive formula for computing the

coefficients of the normal form associated to the decomposition (4.47) is
given by

Fy, (f) = Gy (E) — (M,%Vk) (f)
+ 30 {DGy1i (T) Vi (F) — DV (T) Frsr—i (3)}
+Z][ ]QJ' S DG (z ){Zl1+l2+,..+lj:k7(ifj) VllVlz...Vlj} (7).
(4.48)

Proof. Substituting the change of variables (4.45) into (4.44) results
in

Bx+Y Gy(z)=[+DV (@) B+ F (@],
E>2 E>2
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which can be rearranged as

Do Fi (@) = Do Ge(T+V(T)) + 3450 BV (T)
- Zk>2 DVj, (z) Bz — [Zk>2 DV, (fﬂ)} [21@2 Fy (f)}

Then we use Taylor expansion of G (Z + V (Z)) near V = 0 to rewrite
the above equation as

Y2 e (@) = 2o Gk (@) + X0 DG (T) (2322 Vi (@)
+ Yoz (MVA) (@) = [Lzz DV (7)) [Z’@? B (7)]
+ 2 k>2 <ij2 4 DIGy (7) (lez Vi (55))]) -

Finally comparing terms degree k in the above equation yields the for-
mula (4.48). This achieves the proof of the Theorem. m
The formula (3.23) given in the above theorem can be rewritten in a
compact form B
Fy = G — M Vj, (4.49)

where

Gr(@) = Gr(@)+ XI5 {DGr1 i (7) Vi (7) = DV; (7) Fiyr (7))
+2J2].zk+]paa<>{zh+b+ (o) Vi ViaVs, | ()

Then, by virtue of (4.49) and (4.47), one can compute an adequate
nonlinear transformation Vj, such that

M}V, = P*G,, (4.50)
and which leads us to
F, = (I — Pk) G (4.51)

In other words, we can find a change of variables that affect the reduced
system by taking away nonlinear terms (called non resonant terms) that
are in the range subspaces I'm (M ,%) and conserving only terms (called
resonant terms) that are in the complementary subspace I'm (M é)c

Remark 7 It has been observed that the subspace Im (M,}:)C s not
uniquely determined. Moreover, according to the equations (4.50) and
(4.51), one can note that the nonlinear transformation Vi depends on
the choice of Im (M,i)c Consequently the normal forms are not unique.

In applications, we choose a suitable complementary space to the situa-
tion to be handled.
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Remark 8 In view of the above Theorem, it is noted that the kth order
term Fy, of the normal form depends upon the known of (Fj)2<j<k—1 and

the results (Vj)ye iy, as well as (G;) Howewver, it has observed

2<j<k—1"
from the Proposition (34) that the ho_rizageneous polynomial G; can be
given in terms of (hi)2<i<j—1‘ Hence, in order to present the complete
scheme for computing normal forms for (2.6), we must take into ac-
count the algorithm developed in section 8 and which provides us with
homogeneous parts of the mapping h. As a consequence, the complete

scheme for computing normal forms for (2.6) should be a combination

of the formulae (3.21), (3.39) and (3.23).

In order to save computational time and computer memory, the follow-
ing Theorem illustrates another approach that combines center manifold
and normal forms schemes into one step to simultaneously obtain a com-
pact form illustrating the close relationship between the normal forms
F, the associated nonlinear transformations V, a local center manifold h
and the coefficients of the original FDE (2.1).

Theorem 5 Effect the reduced system (2.9) with a nonlinear transfor-
mation of the form (4.45). So, if T is a solution of the equation (2.1)
then F and V' satisfy

DV (z)Bxz—BV () =¥ (0) f (<1> [Z+V (Z)]+h (E)) —DV (z) F (z)— F (%) (4.52)
and
Dh (@) B—A1h (7) = (I — 1) Xof (cp T4+ V(@) +h (f)) _Dh(@) F (7)),

) (4.53)
where h (T) = h (T+V (7)) .

Proof. Substituting the nonlinear transformation (4.45) into (2.6)
results in

[+ DV (z)|7 = BT + BV (7) + f1 (T),

where f; () = U (0) f (<1> T+ V@)]+h (E)) . So, in view of (FN1) it
follows that

I+ DV (z)][Bx+ F (z)] = BT+ BV (T) + f (T),
which can be rearranged as
DV () Bz — BV (z) = f1 () - DV (2) F (%) — F (z).

This gives the relation (4.52). To prove (4.53), we need the following
lemma: m
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Lemma 30 Let h be a map from R™ into Qp with h(0) = 0 and
Dh(0) = 0. A necessary and sufficient conditions on the graph of h to
be a local center manifold of equation (2.1) is that there exists a neigh-
borhood V' of zero in R™ such that

Dh(2) Bz — A1h(2) = (I — ) Xof (®2z + h (2)) — Dh(2) ¥ (0) f (®z + h (2))
forzeV (4.54)

Proof. Substituting the nonlinear transformation (4.45) into the
equation (4.54) satisfied by h results in

Dh(z+V (@) [Bz+ BV (@) + fi (@] - Ak (@ +V (@) = J2 (@)

with fo () = (I — ) Xof (cp 4+ V(@) +h (T)) . So, by the aid of the
formula (4.52) already proved, the above equation reads
Dh(Z+V (z))[I+ DV (&) [BT+ F ()] — Aih (Z+ V (7)) = f2 (T),
which is equivalent to
Dh(Z) B — Ah(T) = f2 (Z) — Dh(z) F (T).
This achieves the proof of the theorem. m

In general, the closed form solutions of (4.53) cannot be founded.
Thus, approximate solutions may be assumed in the form of

=S
i>2

where El is an element of V™ (Q}\) . If we denote by M ]2 the operators
defined as

(szp) (z) = Dp(z) Bz — Ayp(z) forallpe Vi (Qh)

then, comparing the same order in the equations (4.52) and (4.53) in the
above theorem results in

Fy (7) = Hy (7) — (M Vi) (@) (4.55)
and

(M2 (@) = HE (@) (4.56)

where H} (%) and H? (T) are homogeneous polynomial of degree k. More
exactly, H} (Z) and H? (T) are respectively the kth homogenous part of
the functions

H (2) = f! (cp Z+V (@) +h (E)) — DV (z) F (7) (4.57)
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and

H? (7) = f? ((I) T+ V()] +7;,(f)) — Dh(7)F (), (4.58)

where f'(¢) = W (0) f (¢) and f?(¢) = (I —m) Xof (¢), for all ¢ € C.
It is easy to see that H} = Hy, for all k > 2. An exact formula of H} (7)
and H? () is given in the following result.

Theorem 6 The recursive formula deriving H} (Z) and H? (T) is given
by

Hi@) = fi(@7)+ Xk {ka+1 (97) Wi (7) — DV; () Fie s (7) }
+Z£ ]2 & Zk J D] ( :):) {Zl1+l2+...+lj:k—(i—j) Wh ng“-le} (f)

and

HE (@) = f2(2)+ X0 {kaﬂ i (9F) W; (&) + Dhy (%) Fip1 i (7)}
+Z£ ]2 I Zk ]DJ ( :C) {Zl1+l2+...+lj=k—(i—j) W11Wl2"'le}(f)

’

where W; = ®V, —l—f~u for all 1 > 2.

Proof. In the same spirit of the the proof of the theorem (), one can
easily obtain the above relations. m
The above result illustrates clearly how the elements H} (z) and H? ()

depend into the terms (V;)y; 1, and (ﬁz> et So if we assume
== 2<i<k—1

that the lower order terms in V and h are already computed, then, in
order to compute an adequate nonlinear transformation Vj that greatly
simplifies the reduced system, we proceed in the following way: We con-
sider the equation (4.55), then, by the aid of a decomposition of the
form (4.47) of the space V™ (R™), the homogeneous polynomial H L)
is spliced into two parts the resonant and the non resonant one. Remov-
ing non resonant terms and letting resonant terms results in

MMV, = P*H} and F, = (I - P’“) HL.
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Remark 9 One can ask a question about the usefulness of the second
equation (4.56) of the scheme. In fact, once H,i s known, the equation

(4.56) will be needed for computing the kth order term hy which allows
us to pass to the next step k + 1 where the computation of the (k + 1)th
order normal form Fj11 and the (k+ 1)th order nonlinear transforma-

tion as well as hi11. In conclusion, solving equation (4.56) is necessary
for passing from a step to step.

Let us now consider the equation (4.56). In view of the definition of

h and the formula (4.57) one can easily observe that hy and H 2 are
respectively elements of V;™ (Q}) and V™ (Ker (m)). So, according to

the notation presented in section 3, polynomials h; and H,g are written
as

T ( Zbkxq and HZ (T Zc z¢ +X02a 7

=1

where the coefficients (b§)1<z‘<E’ (c k)1<2<E and (o )1< <%

tively elements of Q}, Ker (7) and R™. It is noted that, from the fact
that H? € V;" (Ker (m)), the coefficients ¢¥ and of should satisfy the

relation ¢f = ®V (0) a¥ for i = 1,.., k. Put X* = col (b’f,bg, bE) and

are respec-

F* = col (C’f, cg, e k:) Identifying the two sides of the equation (4.56)

according the canonical basis {Eq =1, .., k:} leads us to

dX* (0 - ~
d0( ) = A X*(0)+ FF(0), for 6 € [-r,0]
dx* (0) ANy Tk %
= —L(X)__M Xk e (Qa)
where M* = col ok ok, ... aE) Then, if we combine the adjoint bilin-

ear form (cf. section 2) and the variation of constant formula tools, The
above problem reads

Xk - -
d de(e) = A XF(0)+ Fk(0), for 6 € [-r,0]
By X" (0) = EF and  C,X* (0) = N*

where
Nk=—<@§@ (4.59)
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and B . B _
EF = M* — F*(0) — LS* (4.60)
with ;
g+ :/ exp (0 — 5) Ay) F* () ds
0

Finally, we have the following result which provides us with the algorithm

of computing coefficients (bf)1<i<E in terms of (Cf)1<i<E and (O‘f)1<i<E'
Proposition 35 Let A, and Dy are the matrices appearing in the al-
gorithm of approzimation of a local center manifold (cf. section 8). The

equation (3.38) is equivalent to

dX* () = AXF(0) + F* (6), for 6 € [-r,0]
7 (4.61)

D X* (0) = R*

where Eﬁ is a vector whose components are a mizing of the ones of the
vectors E¥ and N* respectively defined in (4.60) and (4.59).

In conclusion, we claim that the sequence of equations (4.55) and
(4.61) is all what we need for computing normal formes for the reduced
system (2.6) at any order.

Remark 10 In the work [44], the authors have been concerned with
solving, at each step, equations similar to (4.55) and (4.56). In view of
the difficulties entailed by the operator At in the definition offwj2 (1>22),
the authors in [44] have been restricted to the study of the spectrum of
AL, And under non resonance conditions, the authors in [44] proved that
Mj2 is nonsingular for all j > 2. However, their derivation does mot
allow them to compute or at least approximate the inverse of M]2 In
contrast, the previous result provides us with a suitable form of (4.56)
which lends itself to numerical or symbolic computations by means of a
recursive process.

4.2 Normal form construction for FDEs

In this subsection, we will be concerned with equation (2.1) , for which
an algorithmic scheme for computing normal forms is derived. In view
of the preliminary section, it is known that equation (2.1) can viewed as
an infinite dimensional ODE given by

{

Bz + ' (2,y)

- 2 _ 4.62
= A+ 71 (z,y) (462

e Se
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where 7' (2,y) = ¥ (0) f (%2 +y) and T (2.y) = (I =) Xof (B2 +).
Effecting the equation (4.62) with nonlinear transformations of the form

r = z+V(T)
{ y = 54V (@) (4.63)
results in .
{ T = Bf+gl (,7) (4.64)
y = Ay+g*(TY)

Our goal in the sequel is to develop an iterative procedure for find-
ing adequate transformations V! and V2 that greatly simplify equation
(4.62) . As has been defined in [44], the transformed equation (4.64) as-
sociated to that change of variables is called normal form of (2.1). We
first start by stating the following Theorem that illustrates us how, the
above change of variables (4.63) , affects equation (4.62) .

Theorem 7 Effecting the equation (4.62) with the change of variables
(4.45) results in equation of the form(4.64) with g* and g* satisfying

g @y =T @+ V' @5+ V@)DV @)¢ (@9 -~ [DV' @) BT~ BV (7))
(4.65)
and

¢ @y =F @E+V' @9+ V@)DV @' @)~ |DV: (@) BT - AV @)
(4.66)

Proof. First, differentiating the relations of (4.63) results in

o= [[+DVi@)]z
J = 7+DV2(@)T

So, assuming that the change of variables (4.45) transforms equation

(4.62) into equation of the form (F'N2) yields

Ui -

Finally combining the above formula with (4.62) and (4.63) yields equa-
tions (4.65) and (4.66) . This ends the proof of the Theorem. m

A conventional approach for computing normal forms consists in find-
ing adequate nonlinear transformations V! and V? that provide us, by
substituting them into equation (4.62), with a simpler form of the both

[+ DV (2)] [BT +¢' (z.7)]
A+ g* @.)| + DV? (2) [Bz +g' (z.7)]
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of g and ¢2. In general, however, the closed form of V! and V? respec-
tively solutions of (4.65) and (4.66) cannot be founded. Thus, approxi-
mate solutions may be assumed in the form of

VI=) V6iand V=) V7
i>2 i>2
Our task is then reduced only to the computation terms of the Taylor
~1 ~2
expansion respectively of V! and V2. Denote by f (Z,7) and f (Z,7) re-
spectively the function fQ (z+ Vi (@), 7+ V(7)) and

?2 (f + V@), y+V? (E)) . So, expanding and comparing the both sides
of equations (4.65) and (4.66) results in

~1

g @79 = Fu @7 — (M) @) (4.67)
and -
0 (@7) = Fro @) — (MEV?) (@) (4.68)
~1 ~2

where f, (Z,7) and f} (T,7) are respectively the kth order term (with

=1 ~
respect to the arguments T and %) of the functions f (Z,7) = f (Z,7)—
~2

DV!(z)g" (z,7) and f (,9) =f (z,9) - DV*(@)g" (7,7). More pre-
cisely, we have the following proposition:

=l =2
Theorem 8 The recursive expression of f. (T,y) and f, (T,7) is given
by

~1

@D = @T+9)+ T (D (@F+9) Wasi—i (@) + DV @) g1y, @.7) )
+Z£§2 % i;]?' DI fl (2T +7) {Zlﬁlﬁmw:k,(iﬁ) WZIWZQ...WZJ.} (%)
(4.69)
and
~2
Fe@m = 2T+ + L {DrF (074 9) Wi (@) + DV} @) gb,,_, @)}
k . .
+ 02 S DI 2 07 49 {1y ity i) Wi Wi W} @)
(4.70)

where Wy (T) is the homogeneous part of degree | of W (%) = @V (z) +
V2(z).

Fix y = 0 in formulae (4.67) and (4.68) . Refereing to the results stated
in the previous subsection, one can find adequate nonlinear transforma-
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tions Vk]L and Vk2 satisfying

1

(M) (@) = P*Jy (2,0) (4.71)
~1
gt (@.0) = (1= P*) Fi (2.0) (4.72)
and .
(MEV?) (@) = Jy (,0). (4.73)

And thus g7 (z,0) = 0. To be explicit, we state the following definition,
similar to the one given in [44], of normal forms for (2.1):

Definition 36 The normal form for (2.1) (or equation (2.7)) relative
to the decomposition (4.47) is an equation of the form

= BT+ > g (T,7)
= A+ ZkZQ g/% (,7)

e Rle

with gi and gi satisfying (4.71), (4.72) and (4.73) for all k > 2.

Now, with the aid of the previous Definition, we are in position to
state the following Theorem summarizing the results for the new recur-
sive and computationally efficient approach, providing us with terms of
the normal form for FDEs at any order and the associated nonlinear
transformations:

Theorem 9 Consider an FDE of the form (2.1) with non hyperbolic
steady state satisfying the hypothesis (H). If we consider (2.1) as an
infinite dimensional ODE of the form (2.8), then there exists formal
nonlinear transformations x == + V1 (%) and y =y + V2 (y) such that

= BT+ > g (T,7)

i (4.74)
= MY+ 2506 (7,7)

e Rfe

with g, and g3 satisfying (4.71), (4.65), (4.73) and g (%,0) =0 for T,y
small and k > 2. Moreover, a local center manifold satisfies y = 0 and
the normal form (in the usual sense for ODEs) of the reduced system of
(2.1) on this invariant manifold is given by the m-dimensional ODE

7 =BT+ ¢ (z,0). (4.75)
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Proof: After what was done before the statement, one can see that
the first part of the Theorem is a direct consequence of properties of the
operators M ,i and M ,? stated in the previous subsection combined with
the equations (4.71), (4.65), (4.73). Let us to prove the second part of
the Theorem. This will be done in two steps: First, substituting y = 0
into (4.69) results in

F.@0) = fl@m) -+ 2 {DfH (9T) Wis1—i () + DVi' (T) g1 () }

+Z[2}2 3! Zk J D7f7, ( ) {le+l2+m+lj:k,(i,j) Wl1le~~~le} (E) .
So, if we observe that
HY (%) =T (0) f; (D7) fori > 2

then, it follows that

9% (7,0) = Fy. (7).
As a consequence, the equation (4.75) is exactly the normal form of the
reduced system of (2.1) in the local center manifold considered. In the

second step, we need to show that 3 = 0 provides us with this center
manifold. To this end we need the following lemma:

Lemma 31 The equation y = 0 yields the equation of a local invariant
center manifold of (2.1) .

Proof: Substituting 7 = 0 in the change of variables (4.63) yields

So, by applying the implicit functions Theorem to the above equation,
one can prove the existence of a function h mapping a neighborhood V'
of zero in R™ into Ker (m) such that y = (x). This implies that

Vi@ =1@=1F+V'@). (4.77)

In the other hand, it is known that V2 (%) is a solution of (4.66). This
reads

DV? (%) BT — A4,V? (f)} P E+V'@,Vi@)-DVI@F(T).
So, by virtue of (4.77), the above equation can be written as

[D’z“(f) BT — (,117) (f)} =G @), (4.78)



226 DELAY DIFFERENTIAL EQUATIONS

where G (T) = (I —7) Xof ((I) Z+ V(@) ,T(E)) — DI(Z) F (z). To
achieve the proof of the Lemma, we should prove that the kth parts lNk (7)
and hy, (T) respectively of [ (%) and & (Z) coincide for all k& > 2. This will
be done is a recursive way: In one hand, for k = 2, it is noted that I (T)
and hy (T) are respectively solutions of (M;%) (Z) = (I —m) Xof2(T)
and (Mglvg) (Z) = (I —7) Xof2(T), and since the operator is nonsingu-
lar then it follows that I3 (Z) = hs (Z) . In the other hand, Assuming that
l; () = h; (T) for 2 <i <k — 1 results in
HE (z) = Gy, (7),

where Gy, (Z) is the homogeneous part of degree k of the function G ()
defined above. Thus, combining (4.78) and (4.56) leads to Iy (z) =
hi () . This ends the proof of the Theorem.
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1. Introduction

The key idea of the normal form (n.f.) technique is to transform a
nonlinear differential equation into an equation with a simpler analytic
expression, called a normal form, which has the same qualitative behav-
iour of the original equation. In the framework of ordinary differential
equations (ODEs), this idea is very old, going back to the late XIX
century with the works of Poincaré on Celestial Mechanics, and early
XX century with the works of Liapunov and Birkhoff. More recently
(1970’s), Bibikov and Br’juno gave significant contributions to the field.

Before developing a normal form theory for delay differential equa-
tions (DDEs), a brief explanation of the method for ODEs is given.

Consider an autonomous nonlinear ODE in R" with an equilibrium
at zero,

#(t) = Bx + f(x) (1.1)

where B is an n x n constant matrix, f(0) = 0,Df(0) = 0 and f €
C*(k > 2). The application of the method of n.f. is of interest mostly
in the case of a non-hyperbolic equilibrium « = 0. In fact, if x = 0
is a hyperbolic equilibrium, i.e., all the eigenvalues of B have nonzero
real parts, the theorem of Hartman-Grobman assures that, around the
origin, Eq. (1.1) is topologically equivalent to the linearization & = Bzx.
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Write the Taylor formula for f,

k

F@) = 3 5 @) + o),

J=2

where f; € V/'(R") is the j-th Fréchet derivative of f at zero. Here, we
use the notation V;"(Y) to denote the space of homogeneous polynomials
of degree j in n variables x = (x1,...,2z,) € R", with coefficients in Y,
for Y a Banach space.

The method of n.f. consists of a recursive process of changes of
variables, such that, at each step j,2 < j < k, all the nonrelevant terms
of order j are eliminated from the equation. At a step j, assume that
steps of orders 2,...,j — 1 have already been performed, leading to

. 1 1 1 -

& =Br+5g2(z) +--- + mgﬂ(az) + ﬁfj($) + h.o.t,

where % f](x) are the terms of order j obtained after the changes of
7!

variables in previous steps, and h.o.t stands for higher order terms. A
change of variables of the form

_ 1 _ :
r=71+ ﬁUj(x)’ with U; € V"(R"), (1.2)
is then applied to the above equation, transforming it into

1 1
=B+ 502(7) -+ ﬁgj(:z) + h.ot, TcR", (1.3)

I8

with the new terms of order j given by
g9i=1J;— [B.Uj],
where [B,Uj] is the Lie bracket
[B,Uj](x) = DU;j(x)Bx — BUj(x).
The operators associated with these changes of variables,
M;: VIR — VAR, MU = [B,U), (1.4)

permit to write g; = fj — M;U;. Hence, one can choose U; in such a way
that
g; € Im (M;)¢,
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where I'm (Mj;)¢ is a complementary space (in general not uniquely de-
termined) of Im (M;). Let P; : V]'(R") — Im (M;) be the canonical
projection associated with a decomposition

VIH(R") = Im (M;) & Im (M;)“. (1.5)
In order to have
gj = Projr, (Mj)c'fj =(I - Pj)fj, (1.6)
U; must be chosen so that M;U; = ijj, thus
Uj = (Mj)"'P; i, (1.7)

where (M;)~! is a right inverse of M, associated with a decomposition
VI(R") = Ker (M) & Ker (M;)°. For g;,U; defined by (1.6), (1.7),
Eq. (1.3) is called a normal form for Eq. (1.1), up to j order terms.
The terms %gj(a;) € I'm (M;)¢ that cannot be eliminated from (1.1) are
called resonant terms of order j.

Consider now an equation (1.1) in the form

& = Bx+ f'(z,y) (1.8)
gy =Cy+f(zy), v€R,yeR™, '

where B is a p X p matrix, C'is an m x m matrix, p+m =n, Re \(B) =
0, ReA(C) #0, fl : R* — RP, f2: R" — R™ are C* functions (k > 2)
such that f1(0,0) = 0, f2(0,0) = 0,Df'(0,0) = 0,Df?(0,0) = 0. The
centre manifold theorem tells us that there is a centre manifold W¢ =
{(z,y) : y = h(z),z € V}, where V is a neighbourhood of 0 € RP,
tangent at zero to the centre space RP for the linearization of (1.8), and
that the qualitative behaviour of the flow near zero is determined by its
behaviour on the centre manifold.

In order to apply the normal form procedure to the equation for the
flow on the centre manifold of (1.8), there are two possible approaches.
We can actually compute recursively the function h(z) = Lha(z) + -
giving the equation of W€ (see e.g. [24]), and therefore write the equation
for the flow on such manifold:

i = Bz + f(x, h(z)). (1.9)

After this first step, the method of n.f. described above is applied to
compute a n.f. for (1.9). This approach is not very efficient, since it
requires to compute the centre manifold beforehand.
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Another procedure ([29, Chapter 12]) is based on the idea that,
at each step j, a change of variables is used to project the original
equation (1.8) on the centre manifold and, simultaneously, to eliminate
the non-resonant terms of order j from the equation giving the flow
on the centre manifold. This is achieved by considering a sequence of
change of variables

33:$+;!Uj1(x), y:y+j1!
where U} € VF(RP),U? € VF(R™). Following the procedure described
above, where now the change of variables (1.2) is replaced by (1.10),
after steps j = 2,...,k Eq. (1.8) is transformed into an equation in the
form

+ EQZ xT

U? (z), (1.10)

y :Cy+g§(x7y)+ k( 7y)+h'0't7 7$€Rpuy€Rmv
(1.11)
where the new terms g; = (g]l,gjz) of orders j, j =2,...,k, are given by

R R R )
with the operators M jl defined as before, M le = [B,U], and

M?: VP(R™) — VF(R™), (M;U)(z) = DU(z)Bz — CU(x). (1.12)

Remark 1.1. This latter procedure provides a general setting to be
naturally extended to infinite-dimensional spaces, such as the natural
phase space for a retarded functional differential equation (FDE) in R™.
However, some difficulties arise in working in an infinite-dimensional
phase space. First of all, it is not clear how to decompose the linear part
of an FDE in R™ so that it can be written as (1.8), where z € RP = P, for
P the centre space for its linearization at zero, and y in a complementary
space P¢ for P. Note that the linearization of (1.8) is given by the system

= Bz (1.13)
y= Cuy, r € RP y e R™. )

Clearly, a complementary space P¢ for P can be obtained by using the
formal adjoint theory for linear DDEs in R™ (cf. [58]), although this
is not sufficient to decompose a linear DDE into a decoupled system of
linear DDEs similar to (1.13). A second difficulty comes from the fact
that the operator M ]2 in (1.12) will be defined in an infinite-dimensional

space Vf (P°¢). Hence a decomposition similar to (1.5) is not obvious.
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Remark 1.2. For the sake of exposition, in general formal Taylor series
will be considered. Even if f is analytic, the function g = % ga+ % gz+---
in the n.f. is not necessarily analytic. However, in applications this is not
a problem, since we are mainly interested in applying n.f. to the study of
singularities with possible bifurcations that are generically determined
up to a finite jet.

2. Normal Forms for FDEs in Finite
Dimensional Spaces

In the next sections, we refer the reader to [58] for notation and
general results on the theory of retarded FDEs in finite dimensional
spaces.

Consider autonomous semilinear FDEs of retarded type in R™ (or
C™) and with an equilibrium point at the origin,

u(t) = L(ug) + F(ue) (£>0), (2.1)

where r > 0, C' := C([-r,0];R") is the Banach space of continuous

mappings from [—7,0] to R™ equipped with the sup norm, u; € C is

defined by u;(0) = u(t+0) for 6 € [—r,0], L : C — R™is a bounded linear

operator, and F is a C* function (k > 2), with F(0) = 0, DF(0) = 0.
Consider also the linearized equation at zero,

a(t) = L(uy), (2.2)
and its characteristic equation
detA(N) =0, AN := L(eMT) — M,

where [ is the n x n identity matrix. Let A be the infinitesimal generator
for the Cy-semigroup defined by the flow of (2.2),

A:DA)cC—C, Ap = ¢,

where D(A) ={p € C: ¢ € C,9(0) = L(p)}. We recall that A has only
the point spectrum, and

o(A) =op(A) ={X € C: detA(\) = 0}.
2.1 Preliminaries

For R™ the n-dimensional vector space of row vectors, define C* =
C([0,r];R™), and the formal duality (-,-) in C* x C,

0 0
(1, ) = $(0)2(0) — / /O B(E— 0)dn(B)p(&)de, e peC,
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where 7 : [-r,0] — R"™ x R" is a function of bounded variation such that

0
szjimwwwy

=T

The formal adjoint operator A* of A is defined as the infinitesimal gen-
erator for the solution operator of the adjoint equation in C*,

0
i) = [ (e~ opane), <o,
T
Fix a nonempty finite set A = {A1,...,As} C o(A4). Using the
formal adjoint theory of Hale (see [58, Chapter 7]), the phase space C
is decomposed by A as
C=PaQ,
where P is the generalized eigenspace associated with the eigenvalues
inA,Q={peC : (,p) =0 for all v € P*}, and the dual space
P* is the generalized eigenspace for A* associated with the eigenvalues
in A. For dual bases ® and ¥ of P and P* respectively, such that
(¥, ®) = I, p=dim P, there exists a pxp real matrix B with o(B) = A,
that satisfies simultaneously ® = ®B and —¥ = BU.

2.2 The enlarged phase space

To develop a normal form theory for FDEs, first it is necessary to
enlarge the phase space C' in such a way that (2.1) is written as an
abstract ODE. An adequate phase space to accomplish this is the space
BC (see [30, 44, 45]) defined by

BC :={¢ : [-r,0] = R" | ¢ is continuous on [—r,0), Heli%{ P(0) € R™},
with the sup norm. The elements of BC have the form ¥ = ¢+ Xga, ¢ €
C,a € R™, where

0, —r<6<0
I, =0, (Iisthen xn identity matrix),

Xo(0) = {

so that BC' is identified with C' x R™ with the norm |¢ + Xoo| = |p|c +
|OZ|R7L.
Let v(t) =u¢ € C. In BC, Eq. (2.1) takes the form

{%@
d (9)

L(v) + F(v)
0(0), for 0 € [-r,0),
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with the notation 2¢(¢) = ¥(0),0 € [—r,0]. Define an extension of the
infinitesimal generator A, denoted by A,

A:C'CBC — BC, Ap=¢+ Xo[L(¢) — ¢(0)],
where D(A) = C' := {p € C' | p € C}. We then write (2.1) as

L XoF(v), (2.3)
dt
which is the abstract ODE in BC associated with (2.1). In a natural
way, we also extend the duality (-, )=« to a bilinear form on C* x BC
by defining
(¥, Xoa) = ¥(0)e, el aeR"

The canonical projection of C onto P associated with the decomposition
C=PaQ, ¢ +— o = &V, ), is therefore extended to a canonical
projection

T:BC — P, 7(p+Xoa) =2[(V,9)+¥(0)a], p € C,a € R". (2.4)

By using the definition of = and A, and integration by parts, it is easy
to prove the following lemma.
Lemma 2.1. 7 is a continuous projection on BC that commutes with
Aon D(A) =C".

Since 7 is a continuous projection, the decomposition C = P @
yields a decomposition of BC' by A as the topological direct sum

BC =P & Kerm. (2.5)

Writing v € C! according to the above decomposition, v = ®x + y,
with € RP (p = dim P), y € C'NnKerm=C'NnQ := Q" and since
1A = Ar in C', (2.3) becomes
dr dy ~ ~
= dz + Ay + dU(0)F(Px +y) + (I — )Xo F (P + y).

Therefore, Eq. (2.3) is decomposed as a system of abstract ODEs in
RP x Kerm = BC, as

{ & = Bx + U(0)F(dx + y) (2.6)

y=Aqy+ U —m)XoF(Pr+y), zcRPyc QL

where Ag: is the restriction of A to Q! interpreted as an operator acting
in the Banach space Ker .
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Note that the linear part of system (2.6) looks like (1.13), i.e., the
finite dimensional variable x and the infinite dimensional variable y are
decoupled in the linear part of the equation. We also point out that
the enlarged phase space BC was used by Chow and Mallet-Paret [30]
to derive system (2.6). However, since the decomposition (2.5) was not
explicitly given in [30], the definition of the linear operator Ag: in the
second equation of (2.6) was not adequate. In fact, the spectrum of
Agr plays an important role in the construction of normal forms, so it
is crucial to restrict A to a linear operator in the Banach space Ker .
In this setting, we can prove [44] that
Lemma 2.2. 0(Ag1) = op(Ag1) = o(A) \ A.

2.3 Normal form construction

In applications, we are particularly interested in obtaining n.f. for
equations giving the flow on centre manifolds. Therefore, and for the
sake of exposition, we turn our attention to the case where A is the set of
eigenvalues of A on the imaginary axis, A = {\ € 6(A) : Re A =0} # 0.
The centre manifold theorem ([58, Chapter 10] and references therein)
assures that there is a p-dimensional invariant manifold for (2.1),

We={peC:p=>x+h(x), forzeV}, (2.7)

where V' is a neighbourhood of 0 € RP, which is tangent to the centre
space P for (2.2) at zero. From Eq. (2.6), we write the ODE for the
flow on W€ as

& = Bx +V(0)F(®x + h(z)), x€V. (2.8)

The goal now is to develop an algorithm of n.f. which affects si-
multaneously the linearization of the centre manifold and reduces the
ODE (2.8) to a n.f., up to a finite order k. In fact, as we will mention,
we can consider any nonempty finite set A C o(A) for which there is
an invariant manifold tangent to P at zero, where P is the generalized
eigenspace of (2.2) associated with the eigenvalues in A. In this case, the
method described here is applied to compute a n.f. for the ODE giving
the flow on such manifold.

Consider the formal Taylor expansion of F',

Flv)=>" ! F;(v), veC,

A
i>2



Normal Forms And Bifurcations For DDE 235

where F}j is jth Fréchet derivative of F. Eq. (2.6) becomes

&=Br+) 5, %f]‘l(%y)
J=Aqy+2ie %ff(ﬂfay)a r€RPy € QY

with f; = ( jl,sz),j > 2, defined by

(2.9)

fi(@,y) = 00)F;(@x +y), [fi(,y) =T —m)XoF;(®x +y). (2.10)

As for autonomous ODEs in R", n.f. are obtained by a recursive
process of changes of variables. At a step j, the terms of order j > 2 are
computed from the terms of the same order and from the terms of lower
orders already computed in previous steps. Assume that steps of orders
2,...,7 — 1 have already been performed, leading to

{l’—BJZ—I—Z %}( y) + %f}(m,y}—l—h.o.t.

where we denote by f; = ( le, sz) the terms of order j in (x,y) obtained
after the previous transformations of variables. At step j, effect a change
of variables that has the form

(@) = (@9) + (U} (@), U3 (@) (2.11))
where z,Z7 € RP, y,5 € Q' and Uj1 : RP — R”,Uj2 :RP — Q' are ho-
mogeneous polynomials of degree j in . That is, Uj1 € V;p (Rp),Uj2 €
Vjp (Q'), where we adopt the following notation (cf. Section 1): for
j,p € N and Y a normed space, Vjp (Y') denotes the space of homo-
geneous polynomials of degree j in p variables, x = (z1,...,zp), with
coefficients in Y, Vp( ) = {Z|q\:j cqr?:q € N ¢, € Y}, with the norm

|Z|q\ cqrl| = Zm—] |cqly-

Th1s recursive process transforms (2.9) into the normal form

&= BT+ 597195 (Z,9) 2.1
gj:Ang+2j22 %9]2‘(@7?)7 .

where g; := (g}, gJQ) are the new terms of order j, given by

9j(z.y) = [} (,y) — [DU} () Bx — BU; (x)]
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Define the operators M; = (Mjl, M]-Q),j > 2, by

Mj :VP(RP) = VP(RP), M :VP(Q') C VP(Kerm) — VP(Kerr)

(M} h1)(z) = Dhy(z)Bz — Bhi(z), (M;hs)(zx) = Dyha(x)Bz — Agr (ha(z)).
(2.13)
With U; = (U}, U?), it is clear that

gj(z,y) = fi(z,y) — M;Uj(2),

so for y = 0 one can define

gj(xvo) = (I - Pj)fj($,0), (2'14)

where I is the identity operator on VJ(RP) x V/(Kern) and P; =
(P}, P?) is the canonical projection of V(R?) x V(Ker m) onto I'm Mj.
The operators Mjl, defined by the Lie brackets, are the operators
that appear in Section 1 for computing n.f. for finite-dimensional ODEs.
The infinite-dimensional part in the transformation formulas is handled
through the operators Mf Clearly, the ranges of Mjl, M ]2 contain ex-
actly the terms that can be removed from the equation, called non-
resonant terms. The remaining terms (resonant terms) are in general
not determined in a unique way, depending on the choices of comple-
mentary spaces Im (M;)¢ for I'm (M;). We are particularly interested in
the situation of M 32 surjective and one-to-one, j > 2.
Theorem 2.3. Assume that the operators MJZ, 2 < j <k, are one-
to-one and onto. Let (z,y) = O(z,7) = (z,7) + O(|z|*) be the change
of variables obtained after the sequence of transformations (2.11;), 2 <
j < k. Then, the local centre manifold W€ for (2.1) defined in (2.7) is
transformed into

W={peC:p=9T+h(), for T eV},
where V is a neighbourhood of 0 € RP, with
h(@) = offal*).
Consequently the flow on W* is given by (after dropping the bars)

k
T :Bﬂv—l—Zg}(x,O) + o(|z|*), reV, (2.15)
j=2
and the change (x,y) = O(Z,y) can be chosen so that (2.15) is in n.f.
(in the usual sense of n.f. for ODEs).
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Proof. Let Eq. (2.6) be transformed into
& =BT+, 49}(Z,7) + hot,
{ J=Aqi+ Y5y 793 (Z,9) + hot.,

through the change (z,y) = ©(z, ). Write h(z) = $ha(z) + o(|z|?). For
y = h(z), from (2.16) we get

(2.16)

. 1
Dh(x)i = Ag(h(x)) + 593 (x, h(z)) + O(||*).
Using again (2.16), we have

5 Dho(@)[Bz + O(Ja)] + O(lal®) = 5 Ags (ha()) + 33 (,0) + O((a).

From (2.14), we conclude that g3(z,0) = 0, because M3 is onto. Hence
Dha(x)Bx — Agi(ha(x)) = 0,

that is, MZhy = 0. Since M2 is one-to-one, this implies that hy = 0, and
thus y = o(|z|?). On the other hand, since the operators M]]-L coincide
with the operators in the algorithm for computing n.f. for ODEs in R?,
equation

. 1
i = BI+ igé(j, 0) + h.o.t

is a n.f. for (2.8) up to second order terms. The rest of the proof follows
by induction. u

Since A is the infinitesimal generator of a Cp-semigroup, it is a
closed operator. This implies that the extension A is also a closed oper-
ator. Note that the restriction Ag1 = 121|Q1 is an operator acting in the
Banach space Ker 7, therefore Ag: is also closed. Thus, it is straightfor-
ward to prove that M ]-2, j > 2, are closed operators in the Banach space
Vjp(Ker ), SO MJ2 are one-to-one and onto if and only if 0 ¢ J(Mf).
The spectra of the operators M ]2 are given in the theorem below.
Theorem 2.4. With the above notations,

(i) op(M7) = {(q,\) —p: p € 9(Ap), q € Dj};

(ii) o(M7) = op(M3),

_ where: Dj ={q €Ny : |g| =j}; gl = a1+ +agpfor g=(q1,....qp);
A = (A1,...,Ap) where Aq,...,\, are the eigenvalues in A, counting
multiplicities; (¢, A\) = @1 A1 + -+ + @A

Proof. The complete proof of this theorem can be found in [44]. (See
also [45] for the situation of DDEs with parameters.) Here we give only
a sketch of the proof.
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By adapting the algebraic arguments for finite ODEs in [29, Chap-
ter 12], one can prove (i). To prove (ii), it is sufficient to show that if
aé O’p(MjQ), then the operator af — MJ2 is surjective. In order to prove
this, consider the set D; with the following order: for ¢ = (¢1,...,¢p)
and ¢ = (¢1,...,¢,) in Dj, we say that ¢ < { if the first non-zero differ-
ence q1 — {1,...,q, — £y is positive. In this order, (4,0,...,0) is the first
element in Dj, and (0,...,0,7) is the last element.

Let o & O'p(sz). From (i), we deduce that 1 := (¢, \)—a € p(Agr)
for all ¢ € D;. Fix g =3 cp, 9427 € VP (Kerm). By induction in D;
ordered as above, for any ¢ € D; it is possible to construct

RO =" hyat

KED]'

such that

[(al — Mf)h(‘n]g =gy for (<q.
For g the last element of D;, we get (al — M]-Q)h(q) = g, proving that
al — Mf is surjective. u
Corollary 2.5. The operators M JQ defined in (2.13) are one-to-one and
onto if and only if

(q,\) # p, forall peo(A)\Aand g€ D;. (2.175)

Proof. From Theorem 2.4 and Lemma 2.2 it follows immediately that
0¢ O’p(sz) = O'(MJ-Q) if and only if (2.17;) holds. u

Conditions (2.17;) are called non-resonance conditions of order j,
relative to the set A.
Theorem 2.6. Let A = {\ € o(A4) : ReX = 0} # 0, and BC be
decomposed by A, BC = RP x Ker w. Then, there is a formal change of
variables of the form

(z,y) = (z,9) + O(|z[*),

such that:
(i) Eq. (2.9) is transformed into Eq. (2.12) where g]z(:i, 0)=0,7>2;
(ii) a local centre manifold for this system at zero satisfies y = 0;
(iii) the flow on it is given by the ODE in RP

: 1
&=Br+)» —gj(z,0), (2.18)

which is in normal form (in the usual sense of n.f. for ODEs).
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Proof. For the choice A = {\ € o(A) : ReX = 0}, clearly the non-
resonance conditions (2.17;) hold for any j > 2. Therefore, Im (MJZ) =
VP (Kerm) and Ker (Mf) = {0},7 > 2. From (2.14), we can choose Uj2
such that gjz(m,()) = f]?(a:,()) - (MjQsz)(a:) = 0. Theorem 2.3 implies
that the centre manifold is given by equation § = 0 (up to a certain
order k, if F is C*-smooth), and that the flow on this manifold is given
by (2.18), which is an ODE in n.f.. u

For other choices of finite nonempty sets A C o(A), this n.f. proce-
dure is justified if the non-resonance conditions hold.
Theorem 2.7. Let A C 0(A) be a nonempty finite set. If the nonres-
onance conditions (2.17;) hold for j > 2, the statements in the above
theorem are valid for the invariant manifold for (2.1) associated with A,
provided that this manifold exists.

Definition 2.8. If the nonresonance conditions (2.17;),j5 > 2, are
satisfied, Eq. (2.12) is said to be a normal form for Eq. (2.9) (or Eq.
(2.1)) relative to A if g; = (g},g?) are defined by

g9i(z,y) = fi(z,y) — M;Uj(x),
with U; = (U1, U?),

Uf(z) = (M7) ™ £} (,0)

and U jl (j > 2) are chosen according to the method of n. f. for finite
dimensional ODEs: i.e.,

9} (2,0) = (I — P))f}(2,0), Uj(x)=(M})"'P}f}(z,0),j > 2,

where le : Vjp (RP) — Im(M jl) is the canonical projection associated
with a decomposition V/(RP) = Im(M}) @ Im(M;)°, and (Mj)~" :
I m(Mjl) — Ker (Mjl)c is the right inverse of Mj1 for a decomposition
VI(RP) = Ker (M}) ® Ker (M})°.

Remark 2.9. Note that le and (M jl)_1 depend on the choices of com-
plementary spaces for I'm (M ]»1) and Ker (M jl) in Vf (RP), respectively.
On the other hand, if F € C* for some k > 2, and the nonresonance
conditions of order j, 2 < j < k, hold, one can compute Eq. (2.16), a
n.f. relative to A up to k-order terms.

Remark 2.10. The terms 9]1 (,0) in the n.f. are recursively computed
in terms of the coefficients of the original FDE, according to the following
scheme: in the first step (j = 2), we have fi = fi, from which we
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compute gi(x,0) = (I — P3)f5(x,0); in the second step (j = 3), we must
compute Uy () = (M3) "' Py f3(2,0), U3 (z) = (M3) ™" f3(x,0), and

J3@,0) = 13(0,0)+ 3 (D2 f3) (@, 00U (@) + (D, £3) (@, 00U (2) — (D2U3) (@)gh 0],
) (2.19)
from which we finally obtain gi(z,0) = (I — P})fi(z,0); etc.

2.4 Equations with parameters

For studying bifurcation problems, we need to consider situations
with parameters:

u(t) = L(a)(ug) + F(ug, o), (2.20)
where o € V, V is a neighbourhood of zero in R™, and L : V —
L(C;R™), F: C x V. — R" are respectively C*~1 and C* functions,
k>2F(0,a) =0,D1F(0,0) = 0, for all « € V. As usual, L(C;R")
denotes the space of bounded linear operators from C to R, with the
operator norm. Introducing the parameter o as a variable by adding
& = 0, we write (2.20) as

(t) = Lo(ut) + (L(a) — Lo)(ug) + F(ug, o)
(a(t) =0),

where Lo := L(0). Clearly the phase space for (2.21) is C([—r, 0]; R"t™).
Its linearization around the origin is

() (4)

Note that the term (L(«) — Lo)(u¢) is no longer of the first order, since
o is taken as a variable.

Consider a finite nonempty set A C o(A) such that 0 € A if 0 €
o(A), and let C = P @& @ be decomposed by A. Writing the Taylor
expansions

(2.21)

L(a)(u) = Lou + Li(a)u + %Lz(a)u 4.

1 1
F(u,a)) = §FQ(U,OZ) + gFg(u,a) +--, welCacV,
the term of order j in the variables (u, «) for (2.21) is given by
1

ij_l(a)u—i— jl!Fj(u, Q).
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Therefore, the terms (2.10) for the equation (2.6) in BC read now as

fi (@,y,0) = W(0)[jLj—1(a) (P + y) + Fj(Pz + y, )],

A i , (2.22)
file,y,0) = (I —m)Xo[jLj—1(a) (P +y) + Fj(Pz +y, a)].

The above procedure can now be applied to compute n.f. for (2.11). See
[45] for details.

2.5 More about normal forms for FDEs in R"

In [99], the n.f. theory presented here was generalized to construct
n.f. for neutral FDEs of the form
d
= [D(ut) ~ Gu)| = L(w) + Fluy), (2.23)

where u; € C, D, L are bounded linear operators from C' to R", with
D¢ = ¢(0) — fET d[pu(0)]¢(0) and p is non-atomic at zero, u(0) = 0,
and G, F are C* functions , k > 2. Following the ideas above, in [99]
the infinitesimal generator general A for the semigroup defined by the
solutions of the linear equation

d
%D(ut) = L(Ut)

was naturally extended to
A:C'c BC — BC, Ap= ¢+ Xo[L(p) — Dy, (2.24)

where D(A) = C'. Fix e.g. A as the set of eigenvalues of A on the
imaginary axis, and consider C = P & @ and BC = P & Ker m decom-
posed by A. Since the projection 7 in (2.4) still commutes in C! with
the operator A given by (2.24), in BC' (2.23) is written as the abstract
ODE ]

v = Av + Xo[F(v) + G’ (v)7],

and decomposition (2.5) yields

{a'c = Bz 4 U(0)[F(®z +y) + G (Px + y)(Pi + 7))
§=Agiy+ (I — m)Xo[F(®z +y) + G’ (Pz +y) (P +9)], z €RP,yeQl,

where Ag is the restriction of A to Q! interpreted as an operator acting
in the Banach space Kerw. Define again the operators M jl, M ]2 by the

formal expression (2.13), where now A is as in (2.24). Lemmas 2.1 and
2.2 are true in this framework. The method for computing n.f. on centre
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manifolds (or other invariant manifolds) for neutral equations (2.23) is
then developed in [99] along the lines of the method for FDEs (2.1).

It would also be very important to generalize the above method to
construct n.f. around periodic orbits for autonomous retarded FDEs on
C = C([=r,0;R")

u(t) = f(w), (2.25)

with f € C¥(k > 2). Suppose that p(t) is an w-periodic solution of
(2.25). Through the change u(t) = p(t) + x(t), (2.25) becomes

#(t) = L)z, + F(t,z0), (2.26)

where L(t) = Df(p:) and F(t,¢) = f(pt + ¢) — f(pt) — Df(pt) are
w-periodic functions in ¢.

The major difficulty when trying to generalize the theory of n.f. to
an FDE of the form (2.26) is that its linear part is non-autonomous. In
[35], the theory was developed for the particular case of equations (2.26)
with autonomous linear part,

#(t) = Loy + F(t, ). (2.27)

Clearly, condition L(t) = L is very restrictive. However, in this case, the
work in [35] provides a strong result.

Theorem 2.11. With the above notations, let A ={\ € 0(A) : Re A =
0} and assume A is nonempty. If the nonresonance conditions

(g, \) +ik #p, foralueo(A)\A, k€Z, g€ Dj, j>2

are satisfied, the normal form on the centre manifold for (2.27) coincides
with the normal form for the averaged equation

x(t) = Ll‘t + F()(xt),

where

Fop) = & /O F(t,0)dt, ¢ € C.

To treat the general periodic case (2.26), it may be useful to use
the work of Hale and Weedermann [59], where a suitable system of co-
ordinates was established, and used to deduce a natural decomposition
of C'. If the new coordinates allow us to decompose also the enlarged
phase space BC, then (2.26) can be written as an abstract ODE in BC'
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3. Normal forms and Bifurcation Problems

In this section we illustrate the application of the method of n.f. to
the study of Bogdanov-Takens and Hopf bifurcations for general scalar
FDEs. In the framework of FDEs in R™, n > 2, with one or two discrete
delays, for other examples of applications of n.f. to bifurcation problems
see e.g. [38, 40, 41, 47, 57, 102, 103].

3.1 The Bogdanov-Takens bifurcation

We start by studying the Bogdanov-Takens singularity for a general
scalar FDE. In C' = C([—r,0];R), consider

u(t) = L(a)uy + F(ug, o), (3.1)

where a = (ai,az) € V. C R% V a neighbourhood of zero, L : V —
LIC;R)is CL, F:CxV — Ris C? F(0,a) = 0,D1F(0,a) = 0 for
acV.

Let L(0) = Lg. For the linearization at v = 0, « = 0, we assume:

(H1) A =0 is a double characteristic value of u(t) = Louy:

Lo(1) =0, Lo() = 1, Lo(6°) # 0;

(H2) all other characteristic values of 4(t) = Lou; have non-zero real
parts

Above and throughout this section, we often abuse the notation and
write Lo(p(8)) for Lo(p), ¢ € C.

With the notations in Section 2, fix A = {0}, and let C = P & Q,
BC = P @ Kern be decomposed by A. Choose bases ® and V¥ for the
the centre space P of u(t) = Lou, and for its dual P* :

P =span®, ®(0)=(1,0), 0¢€[-r0],

P* =spanV, W(s)= <¢1(02b2—(§;ﬁ2<0)> , s€0,r],

with (U, ®) = 1 if
P1(0) = Lo(6%/2) 2 Lo(6°/31), 1b2(0) = —Lo(67/2) " (3.2)
Also, ® = ®B, —¥ = BV for

5-(2 1),
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Thus, for a = 0 the 2-dimensional ODE on the centre manifold has a
Bogdanov-Takens singularity. Consequently its dynamics around v = 0
are generically determined by its quadratic terms [24, 29].

Consider the Taylor expansions

L(a) = Lo + L1(a) + O(lal?),
Flu,0) = 2 Fa(u,0) + O(fuf® + faflul).

From Theorem 2.6 (see also Remark 2.9), we deduce that the n.f. up to
quadratic terms on the centre manifold of the origin near oo = 0 is given
by

1
&= Bx+ ig%(x,o, a) + h.o.t.,
where z = (71, 22) € R?, and (conf. (2.22))

g% (.’L‘, 0, Oé) = P?“Oj[m (M%)Cf%(w7 0, Oé),
fa(z,0,a) = U(0)[2L; (a)(Pz) + Fa(Pz, )]

From the definition of M} in (2.13), we have

9p1
1(P1 T2 — P2 n 42
M, ( > = | 97, , ( > € V5 (R?).
b2 87:)31:62 D2

Decomposing V3t(R?) = Im (M3) @ Im (MJ)¢, a possible choice for
Im (MJ}) is

s = (1) (o) () (o) (i) (i)
7 1T T10q T Too] Toan

Note that
1 0 1
§f21(95, 0,a) = CEEO;) {L1(a) (121 + @2x2) + §F2(8019€1 + pax2,0)}.
Write
Fy(®x, o) = Fo(Px,0) = A(270)$% + A nzire + A(O,Q)xg.

On the other hand, from the definition of M21 and the choice of S, we
deduce that the projection on S of the elements of the canonical basis
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for V;H(R?),

(ag%) | <x10x2> | <a§) | (xloai> , <$20ai) .
(%) ’ <w10fcz> ’ (a%) ! (961()&) : <x20a) , (i=12)

are, respectively,

(o)-0)-0)-(2) () -

Hence
1 2x,0,a) = 0 + 0
992\ Y= A Ny + Agws Bi2? + Bozyao )
with
*7!)2( )A(2,0)
(3.3)
By = ¢1(0) A0y + §¢2(0)A(1,1)
and \
=15(0)L 1
| =a(0)a(a)(1) o

A2 =11 (0) L1 (a) (1) + 12(0) L1 (e)(0).
We remark that the bifurcation parameters A1, Ao and the coefficients
By, By are explicitly computed in terms of the coefficients in the original
equation (3.1). Also, the new bifurcating parameters A1, Ay are linearly
independent. We summarize the above computations in the following
result:
Theorem 3.1. For a small, the flow on the centre manifold for (3.1) is
given by the n. f. (up to quadratic terms)

1= x9 + h.ot
{ e (3.5)

To= Ax1 + Aoxo + le% + Bsx1x9 + h.o.t,

where the coefficients By, By and the new bifurcating parameters A\i, Ay
are as in (3.3) and (3.4). Furthermore, if B;Bs # 0, (3.5) exhibits a
generic Bogdanov-Takens bifurcation from v = 0, « = 0.

The bifurcation diagram for the flow on the centre manifold depends
on the signs of Bi, Bs. For instance, let By < 0 and Bs > 0. Then in
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the (A1, A2)-bifurcation diagram, the Hopf bifurcation curve H and the
homoclinic bifurcation curve H L lie in the region Ay > 0, Ao < 0, with H
to the left of HL, and both the homoclinic loop and the periodic orbit
are asymptotically stable. (See e.g. [24, 29]).

Example 3.2. Consider the scalar DDE
a(t) = aru(t) — agu(t — 1) + au?(t) + bu(t)u(t — 1) + cu(t — 1), (3.6)

where a1, a2, a,b, c € R. The characteristic equation for its linearization
at zero, u(t) = aju(t) — agu(t — 1), is given by

AN := X —ay +aze™ =0.

One can check that A = 0 is a double characteristic value, i.e., A(0) =
0, A’(0) =0 and A”(0) # 0, if and only if a1 = az = 1.

Rescaling the parameters by setting oy = a1 — 1, ags = a2 — 1, a =
(a1, a2) € R?, (3.6) becomes

a(t) = u(t)—u(t—1)+aju(t) —agu(t—1)+au?(t)+bu(t)u(t—1)+cu?(t—1),

so it has the form (2.21), with the linear terms in (u;,a) € C x R?
given by Lo(u¢), and non-linear terms Lj(«)(ut) + F (uy), where Lo(p) =
2(0) — 9(~1), Li(0)(p) = a1p(0) — asp(~1) and F(g) = ag?(0) +
bo(0)p(—1) + ep(—1)%, for ¢ € C = C(|-1,0]; R).

Fix A = {0}, and consider dual basis ®, U as above. We get ¢ (0) =
2/3,12(0) = 2 from (3.2), and Fy(®x,0)/2 = (a+b+c)z?—(b+2c)r 20+
cx3. Applying formulas (3.3)-(3.4), we deduce that the ODE on the
centre manifold of the origin near a = 0 is given in n.f. by (3.5) with

2
Bi=2(a+b+c), B2:§(2a—b—4c)

2
Al = 2(0&1 — 012), Ay = g(al + 20[2).

3.2 Hopf bifurcation

We study the generic Hopf bifurcation for the general scalar case.
In the phase space C' = C([—r,0]; R), consider
u(t) = L(a)uy + F(uyg, @), (3.7)

where o € V, V a neighbourhood of zero in R, L : V — L(C;R) is C?,
and F:C xV —Ris C3 F(0,a) =0,D1F(0,a) =0 for a € V.
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For 4(t) = L(«)(ut), assume that:

(H1) there is a pair of simple characteristic roots (o) & iw(«) for u(t) =
L(a)uy crossing transversely the imaginary axis at a = 0:

7(0) =0, w:=w(0)>0, 4(0)#0 (Hopf condition);

(H2) for a = 0, there are no other characteristic roots with zero real
parts.

With the notations above, and using complex coordinates, C' is
decomposed by A = {iw, —iw} as C' = P ® @, where the dual bases ®, U
for P, P* can be chosen as

P =span®, ®(0) = (¢1(0),p2(0)) = (¢’
P* = span¥, U(s)= ( 3):(@) _:> 0<s<r,

with (U, ®) =T if

$1(0) = (1= Lo(0e™?)) ™", 42(0) = 11(0). (3.8)
Note that ® = ®B, —¥ = BV for

w 0
b= (0 —iw)’

Since B is a diagonal matrix, because of the use of complex coordinates,
the operators M jl have a diagonal matrix representation in the canonical

basis of Vj3 (C?); in particular,
3/2) _ 1 1y
V2(C%) =Im (M;) @ Ker (Mj), j > 2.

Write the Taylor expansions

2
a 1 1
L(a) = Lo—i—aLl—i—?Lg—i—h.o.t., F(p,a) = §F2(g0,a)+§F3(g0, a)+h.o.t..
The Hopf condition assures that a Hopf bifurcation occurs on a two
dimensional centre manifold of the origin. The generic Hopf bifurcation
is determined up to cubic terms. Applying the method of n.f., we have
the n.f. on the center manifold up to third order terms given by

1
—'ggl, (z,0,a) + h.o.t.,

. 1
i = Bz + 595(:6,0, a) + 3l
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where g3, g3 are the second and third order terms in (z, «), respectively:

1 1 .
59%(%,0,@) = iprojKeT(M%)fél(vava)a

1 1 . 5
ggi’l)(x7 0,a) = gPTOJKer(MP})f?sl(xv 0, ).
The operators M jl are defined by

Mjl(ozlxqek) =iw(q1 — @ + (=1)F)alzley,

forl+q +q = 5,k = 1,2, =23, ¢ = (q1,q2) € Ng, Il € Ny,

el = <(1)) ,69 = <(1)) . Hence,

ot =] (59).(2) )
ey (5). (). (2 (2}

Note that

g2 (x,0,a) = ProjKer(Mé)f:}(az, 0,a) = Projgf?}(x,(], 0) + O(|z]a?),

2229 0 . .
for S := spcm{ 10 , 9 } For the present situation,

S, 0) = WO)aLy(@z +4) + S (@ + y,0)]

2

S y,0) = (T~ m)XoloLa(®z +y) + L Fr(@x +,0)],
2

SR E.0) = WO % La(@r 4 y) + - Fy(@r 1 y.0)]

Since F(0,a) = 0,D1F(0,) = 0 for all o € R, we write

FQ(@Z, 04) = FQ((I)QE, 0) = A(Zo)x% + A(Ll)xlxg + A((]’Q)x%
F3(®z,0) = Aoz} + Apnrize + A gyzias + Az s

where A, ) = 4y Thus, the second order terms in («,z) of the

q1,92)"
n.f. are given by

1
jobla.0.0) = (F1e)

Biraa
with
By = 1(0)L1(¢p1)- (3.9)
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Now we determine the cubic terms for « = 0. From (2.19), we have
g3(2,0,0) = Projsfi(z,0,0)

42 Projs| (D) (,0,0)U3 2,0) + (Dy13) (2,0, 003w, 0)],

(3.10)
where

Uz (2,0) = U (@, @)|a=0
= (My) " Projpmy) f2 (2,0,0) = (My) ™" f3(2,0,0)
and U2(x,0) = U2(x, @)|a=0 is determined by the equation
(MEUZ)(2,0) = f3(2,0,0).

The elements of the canonical basis for V3}(C?) are
x% 122 1’% 1 Tox 042
0/’ 0 J2\O0/J"L 0 /)7L 0 /’\0
0 0 0 0 0 0
x% "\Nxixo )’ ﬂ:% "Nzpa ) \xsa) 2\ a2 )
with images under %MQI given respectively by
iL'% _[x1x2 _3 x% 0 _9 AN a?
0)’ 0o )’ 0/)’\0)’ 0 )’ 0
3 0 0 (0 9 0 0 0
x% "\zix9 )’ x% “\za)\0) a2 )
Hence,

UL(z,0) = 1 (@/)1(0)(14(2,0):16% — Aq Tz — },)A(Og)z:%)) |
o iw \¥2(0) (540,07 + Aqnz122 — A 2)23)

A few computations show that

Projs i(0.0) = (100712 511
and a2
Projsl(Daf(e. 0,003 0 = (E172) . (312
with

i 2
C) = w <¢%(0)A(2,0)A(1,1) - |¢1(0)|2(§|A(2,0)|2 + A%Ll)))
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It remains to determine Projs[(Dyf1)(z,0,0)U3(x,0)]. Let Hy : C x
C' — C be the bilinear symmetric form such that

Fy(u, ) = Fo(u,0) = Ha(u,u), ueC
(i.e., Fa(u,0) is the quadratic form associated with Ha(u,v)). Then,
(Dyf2)ly=0,a=0(h) = 29 (0) Hz(®x, h).
Define h = h(x)(0) by h(z) = U3(z,0), and write
h(x) = hoox? + h11z129 + hoat3,

where hog, hi1,ho2 € Q'. Using the definition of MQQ,AQI and 7w, we
deduce that equation

(MZh)(z) = f3(x,0,0)
is equivalent to
Dyh(z)Bx — Agi (h(2)) = (I — 7)XoFa(®,0),
or, in other words, to
h(z) — Dyh(z) Bz = ®U(0)Fy(Px,0)
{ h(x)(0) = Loh(x) = Fy(®x,0),

where we use the notation h = d%h. From this system, we deduce
hoa = hog, h11 = hi1, and two initial value problems (IVPs),

{ hao — 2iwhag = A(2,0)P¥(0)
h2o(0) — Lo(hao) = A2,0)
and ]
hi1 = An1)®¥(0)
{ h11(0) = Lo(h11) = A y).-
Thus, we obtain

. Cox3x
Projs|(Dyf3)h](x,0,0) = <sz1x§) : (3.13)
with

Cy = 2¢1(0)[H2(p1, ha1) + Ha(pz, hao)]-
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Hence, from (3.10)-(3.13) we get

1 1 o BQCElfL'Q
593(‘%7070) - (BQ$1$2>
with ]
7/’1( JA@2,1) Z(Cl + Cs). (3.14)
Therefore, the n.f. reads as
Birio nglmg
&= Bzx+ (le2a> + <B o122 ) + O(|z]a? + |z|Y), (3.15)

with By, B2 given by (3.9), (3.14). Changing to real coordinates w,
where 1 = wy — tw9, x93 = wi + two, and then to polar coordinates
(p, &), w1 = pcos&, we = psing, Eq. (3.15) becomes

{ p=Kiap + Kop> + O(a?p + | (p, a)[*)
{&=—w+0((p,a))),

with the coefficients K71, K5 explicitly given in terms of the original FDE
as K1 = Re By, K9 = Re By. Recall that the generic Hopf bifurcation
corresponds to the situation Ky # 0, the direction of the bifurcation
is determined by the sign of K;K5, and the stability of the nontrivial
periodic orbits is determined by the sign of Ks (see e.g. [30]).  Solving
the two IVPs above, we obtain

(2iwh 1(0)e™? )y (0)e 0
hao(0) = A2,0) <2iw — Lo(e2%9)  jw Jiw >

hi1(0) = A ( - Lol(l) + i(lﬂl( )e? — 4y (0)e M))-

Theorem 3.3. A Hopf bifurcation occurs from o« = 0 on a 2-dimensional
local centre manifold of the origin. On this manifold, the flow is given
in polar coordinates by Eq. (3.16), with

(3.16)

— Re (¢1(0) Ly (¢7)) (3.17)
A |
Ky = 5 Re[41(0)A o] = gy Re W10 Ha(e ', 1)
A o
+%Re 21,;”1_(020((6252309)1{2(6w9,62w9)]. (3.18)
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Example 3.4. Consider the well-known Wright equation

a(t) = —au(t — D1 +u(t)], (3.19)

which has been studied by many authors (see [30, 45] and references
therein). The characteristic equation for the linearization around zero,
u(t) = —au(t — 1), is

A4 ae ™ =0. (3.20)
There is a pair of (simple) imaginary roots +iw for (3.20) if and only if

a = ayny and w = wpy, where

anN = (—1)NwN, WN = g—l-Nﬂ', N € Ng.

With a = a — ay, (3.19) is written as
u(t) = —anu(t — 1) + au(t — 1) + F(u, o), (3.21)

where F'(v, o) = —(any + a)v(0)v(—1). Set A = {iwy, —iwn}. For 1(0)

as in (3.8), ¥1(0) = i’i:j]z]: Write the Taylor formulas

1 1
L(a)v = Lov+ Li(a)v, F(v,a) = §F2(v, a) + gFg(U, a),

where Lo(v) = —anv(—1), L1(a)v = —av(—1) and 1 F5(v, @) = —anv(0)
v(—=1), F3(v,a) = —awv(0)v(—1). Applying Theorem 3.3, we obtain the
n.f. on the center manifold of the origin near a = ay given in polar
coordinates by Eq. (3.16), with

an
K =—2N_
! 1+ a3’
WN N
Ko=———[(-1)" —3w,] <0, f N € Np.
2 5(1+a?\[)[( ) w] or 0

Thus, a generic Hopf bifurcation for (3.19) occurs from u = 0,a = ay.
Since K5 < 0 for all N € Ny, the bifurcating periodic orbits are always
stable inside the centre manifold. On the other hand, K; > 0 if N
even, thus K71 Ko < 0, and the Hopf bifurcation is supercritical. If N is
odd, K; < 0, thus the Hopf bifurcation is subcritical. E.g., at the first
bifurcating point a = ag = /2 (N = 0), we have A = {in/2,—in/2},
and
2 (2 — 3m)

Ki=—/—7—>0, Ky=—1—2<0. 3.22
Y42 27 B4+ m2) (3.22)
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4. Normal Forms for FDEs in Hilbert Spaces

In the following, X is a real or complex Hilbert space with inner
product < -,- > and C = C([-r,0];X) (r > 0) is the Banach space
of continuous maps from [—r,0] to X with the sup norm. In order
to simplify the notation, fix R as the scalar field. Write u; € C for
ut(0) = u(t +6),—r <0 <0, and consider FDEs in X given in abstract
form as

a(t) = Aru(t) + L(ug) + F(ug) (£ >0), (4.1)

where A7 : D(Ar) C X — X is a linear operator, L € L(C; X)), i.e.,
L : C — X is a bounded linear operator, and F : C — X is a CF
function (k > 2) such that F(0) =0, DF(0) = 0.

We are particularly interested in equations (4.1), since they include
reaction-diffusion (RD) equations with delays appearing in the reaction
terms. Equations involving both time delays and spatial diffusion have
been increasingly used in population dynamics, neural networks, disease
modelling, and other fields.

A typical example of a RD-equation with delays is the so-called
logistic equation with delays and spatial diffusion. In the framework of
ODEs, consider the logistic equation & = ax(1 — bzx), where a is the
growth rate of the population and K = 1/b the “carrying capacity”.
Taking into account the maturation period r» > 0 of the population, the
model becomes

z(t) = ax(t)[1 — bx(t — r)],

known as the Hutchinson equation. Translating the positive equilibrium
1/b to the origin and effecting a scaling, y(¢) = bx(t) — 1, we get the
Wright equation (conf. Example 3.4)

y(t) = —ay(t —r)[1 +y(1)].

Considering also a spatial variable z € [0, 1], and diffusion terms, we
obtain the model

ov 0%

5 —av(t —rz)1+o(tz)], t>02€(0,1),

to which boundary conditions, such as Neumann or Dirichlet conditions,
should be added. This RD-equation is often used as a model in popula-
tion dynamics, where v stands for the density of the population spread
over the interval [0,1], d is the diffusion rate that measures the internal
migration of the population, and a, b, r have the same meaning as before.
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4.1 Linear FDEs

For the linearized equation about the equilibrium zero
u(t) = Apu(t) + L(uy), (4.2)
we assume in this section the following hypotheses (see [73, 77, 101, 104)):

(H1) Ar generates a Cp-semigroup of linear operators {T'(t) }+>0 on X;
(H2) T'(t) is a compact operator for ¢ > 0;

(H3) the eigenfunctions {8}, of A7, with corresponding eigenvalues
{ux}32, form an orthonormal basis for X;

(H4) the subspaces By of C, B := {¢fk|¢ € C(|-r,0;R)}, satisfy
L(By) C span{fx}, k € N.

For a straightforward generalization of these assumptions to equa-
tions (4.2) in Banach spaces see [101, Chapter 3]. For a weaker version
of (H4) see [36].

Hypothesis (H4) roughly requires that the operator L does not mix
the spatial variations described by eigenvectors G of A7. This condition
is very restrictive in terms of applications, since it almost imposes that
L is a scalar multiplication. In Section 5 of the present text, normal
forms are developed for FDEs in Banach spaces without imposing (H3)-
(H4). Nevertheless, the situation where (H1)-(H4) hold will be studied
separately in this section since it provides a strong result: eventually
under additional conditions, for (4.1) it is possible to associate an FDE
in R, whose n.f. on invariant manifolds coincide with n.f. on invariant
manifolds for (4.1), up to some order. This allows us to apply to (4.1)
the n.f. method for FDEs in R” described in Section 2 without further
computations.

As for retarded FDEs in R™, we start by looking for solutions of the
linear equation (4.2) of the exponential type,

u(t) = eMy, ye D(Ar).

Clearly u(t) as above is a non-trivial solution of (4.2) if and only if A,y
satisfy the characteristic equation

ANy =0, XeC, ye D(Ar)\ {0}, (4.3)
where the characteristic operator A()) is defined by
AN :D(Ar) C X — X, ANy =y — Ary — L(eMy).
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Let A be the infinitesimal generator associated with the semiflow
of the linearized equation (4.2). It is well-known ([73, 77, 92, 101, 104])
that its eigenvalues are exactly the roots of the characteristic equation
(4.3), that the spectrum of A is reduced to the point spectrum and that,
for each @ € R, the set o(A) N{A € C: Re A > a} is finite.

Since (H4) states that L does not mix the modes of eigenvalues
of Ap, and from (H3) X can be decomposed by {B}72,, we deduce
that equation A(A)y = 0 is equivalent to the sequence of characteristic
equations

A—pp—Lp(e™) =0 (keN), (4.4;,)

where Ly : C([—r,0];R) — R are defined by L(v)8r = L(¢fk), for
kEeN.

Again, for the sake of applications, we fix A = {\ € 60(A) : Re ) =
0} # 0, and let P be the centre space for (4.2). Since A is a finite set,
there exists N € N, such that A = {A € C : X\ is a solution of (4.4)
with Re A = 0, for some k € {1,...,N}}.

We describe briefly an adjoint theory for FDEs (4.2) as in [73, 77],
assuming the above hypotheses. The main idea is to relate the eigenval-
ues of the infinitesimal generator A (in this case, only the elements of A)
with the eigenvalues of certain scalar FDEs. On By, the linear equation
u(t) = Apu(t) + L(uy) is equivalent to the FDE on R

Z"(t) = ,ukz(t) + Lpz (4'5/&)

with characteristic equation given by (4.4;),k € N. With this identifi-
cation, the standard adjoint theory for retarded FDEs can be used to
decompose C, in the following way. For 1 < k < N, define (-,-); as
the adjoint bilinear form on C([0,7]; R*) x C([—r,0]; R) associated with
(4.5%), and decompose C([—r,0];R) by Ay := {X € C: X satisfies (4.4y)
and Re A = 0} as in Section 2.1 (see [58]):

C([-r0;R) =P, ®Qr, P,=span®,, P, =spanVy ,
(U, @) =1, dimP, = dimP} := my, , Dy = OBy, ,

where Py is the centre space for (4.5x) and By is an my X my, constant
matrix. For each k € N, the projection Py ® Qr — Px,u +— Pp(Vg, u)g
induces a projection

C — Pef, @ = Pp(We, < 9(), B >) k-

We use the above decompositions to decompose C by A:

C=PaQ, P=Imn, Q=Kerm,
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where dim P = Zi\fﬂ myg = M and m : C — P is the canonical
projection defined by
N
o= Pp(Tr, < ¢(-), B )b -
k=1
4.2 Normal forms

As for retarded FDEs in R", we first enlarge the phase space so
that (4.1) can be written as an abstract ODE, along the lines of Section
2. Denote by X the function defined by Xo(0) =1, Xo(0) =0, —r <
0 < 0, where I is the identity operator on X, and let

BC=CxX={¢+Xoa:9p€C,ac X}.
In BC, (4.1) reads as an abstract ODE,

d ~
V= Av + XoF (v), (4.6)

where A is the extension of the infinitesimal generator A defined by
A:C} c BC — BC
D(A) = Cj = {¢€C:¢€C,¢0) € D(Ar)}
A = ¢+ Xo[L() + Ar¢(0) — $(0))-

We further consider the extension of the projection 7 : C' — P to BC,
still denoted by m, by defining

N
TI'(X[)a) = Z(I)klllk(o) < Oé,ﬂk > ﬂk, a € X.
k=1

By using 7, the enlarged space BC' is decomposed by A as
BC =P ®Kerm,

with @ C Kerm and P C C}. One can prove that 7 is continuous and
commutes with A in C§. For v € C}, using the above decomposition,
we write

N
v(t) = Z Prpa(t) +y(t), withazp(t) ER,1<E<N, yeCinKern:=Q.
k=1
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Hence, Eq. (4.6) is decomposed as a system of abstract ODEs on
RM x Ker 7, with linear and nonlinear parts separated and with finite
and infinite dimensional variables also separated in the linear term:

N
':bk :kak’ + \Ijk(O) < F(Z q)pxp/gp + y)7ﬁk > ﬁ]ﬂ k= 17 v 7N7
p=1
d N
ay :AQ1y + (I - 7T)X0F( Z Q2,0 + y),
p=1

where Ag: is the restriction of A to Q1 Agt : Q' ¢ Kerm — Kerm.
Defining B = diag (Bi,...,By), ® = diag (P1,...,Py) and ¥ =

diag (U1, ..., ¥y), the above system is written in a simpler form as
B1 N
& :Bx+\IJ(O)( <F(@a)" | ¢ | +y).8 > )k 1
BN
B1
%y :AQly‘i’(I*TF)X@F((‘I}fB)T : +y), x:(xl,...,xN)eRM,yte.
BN
(4.7)

Recall that the existence of a local centre manifold for (4.1) tangent
to P at zero was proven under (H1)-(H4) in [73], following the approach
in [77].

For (4.1) written in the form (4.7), it is possible to develop a normal
form theory for FDEs in X based on the theory in Section 2. Formally,
the operators M jl, M JQ associated with the sequence of changes of vari-
ables are still given by (2.13), but now Ay and 7 are as defined above
in this subsection. On the other hand, writing the Taylor expansion for
F?

1
Fw) =Y 1B . vec
=

where F}j is the jth Fréchet derivative of F', (4.7) reads as

& =Br+3 59 %fjl (z,y)
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with the terms f;(x,y),i =1,2,j > 2, given here by

/81 N
fam =v0)(<m(@a”| | 1o)o )
BN h=t
b
fay) = U-mXeF;((@) | 1 | +y). ceRMyeq"
BN

The main results in Section 2 are still valid in this setting. Details and
examples of applications can be found in [37].

4.3 The associated FDE on RY

If we compare Eq. (4.7) with Eq. (2.6), it is natural to associate
an FDE in RY with the original FDE (4.1). In fact, formally we relate
(4.7) with the DDE in RY

{:t:Bx—i—\I/(O)G((I)x—i-y) (4.8)
§=Agqy+ (I — ) XoG(Pz + ), '
for the nonlinearity G : Cy := C([—r,0]; RY) — R" defined by
ﬂl N
6o) = (<r(e7| : |)m>) (4.9
On h=l

However, the operators A and 7 are defined differently in (4.7) and (4.8).
On the other hand, in order to derive the linear terms in (4.8) from the
procedure in Section 2.2, the linearization of the original FDE in RY
(2.1) should have the form u(t) = R(u;), with R € £L(Cn;RY) defined
by

R(¢) = (row(0) + Li(x))ila, (4.10)
for ¢ = (¢1,...,¢n) € C([—r, 0 RY) (cf. (4.5;),k=1,...,N).

Definition 4.1. The following FDE in Cy := C([~r,0]; RY) is said to
be the FDE in RY associated with Eq. (4.1) by A at zero:

(t) = R(ze) + G(ay), (4.11)

where z(t) = (mk(t))gzl,xt = (xm)kN:l, and G, R are defined by (4.9),
(4.10).
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The relevance of this associated FDE in RY is summarized in the
next theorem.
Theorem 4.2. [37] Consider Eq. (4.1), and assume (H1)-(H4).

(i) if F is of class C2, then, for a suitable change of variables, the
n.f. on the centre manifold for both (4.1) and (4.11) is the same, up to
second order terms;

(ii) if F is of class C3, F(v) = %Fz(v) + %Fg(’l)) + o(|v[?), and

Proj sp,m{ﬁl,_uﬂN}DFg(u)((ﬁﬂj) =0, forj>N+1,ue P, ¢ € C([-r,0;R), (H5)

then, for a suitable change of variables, the n.f. on the centre manifold
for both (4.1) and (4.11) are the same, up to third order terms.
Note that assumption (H5) can also be written as

< DF>(u)($8;),8p >=0, for 1 <p< N,j > N and all u € P, ¢ € C([-r,0];R).

The proof of this theorem is based on the possibility of identifying
the operators ]\4[]-1,]\4[]-2 of the n.f. algorithm for (4.1) with the corre-
sponding operators appearing in the computation of n.f. relative to A
for (4.11). The above result is not completely surprising. In fact, note
that (H4) can be interpreted as nonresonance conditions of first order,
in the sense that it imposes nonresonances inside the linear part of the
equation, between L and the operator Ap. Now recall that second or-
der terms of n.f. are computed by looking at second order terms in the
equation for z € RY. The cubic terms of n.f. are obtained by using not
only second and third order terms in the equation for x € RY, but also
second order terms in the equation for y € Kernw. Therefore, it is not
surprising to expect the quadratic terms in the n.f. for the flow on the
centre manifold for both equations (4.1) and (4.11) to be the same. On
the other hand, it is natural to expect that additional nonresonance con-
ditions of second order should be imposed, in order to derive the same
result for cubic terms. The role of (H5) is to impose such nonresonance
conditions, between the second order terms of F' and the eigenspaces for
Ap. Of course, we could derive other nonresonance conditions between
the j-order terms (j < k — 1) of F' and the eigenspaces for Ay, in order
to conclude that the n.f. on the centre manifold for both (4.1) and (4.11)
are the same up to k order terms. In the present framework, Theorem
4.2 is particularly relevant, since it enables us to reduce the computation
of n.f. for FDEs in Hilbert spaces X to the computation of n.f. for FDEs
in finite dimensional spaces. Moreover, even if (H5) fails, one can prove
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[37] that the associated FDE by A (4.11) still carries much information
that can be used when computing n.f. for (4.1).

4.4 Applications to bifurcation problems

Population dynamics models involving memory and diffusion in one
spatial variable are often given by equations of the form

Oou(t,r) d82u(t,x)

ot 0z
+ Co($)u(t,$)u(t - 1‘), > Oa T e (61762%

+a(x)u(t, ) + b(x)u(t —r, x)

with either Neumann or Dirichlet boundary conditions on [¢1, /2] C R,
and initial condition

up=¢ € C =C([-r,0;X).

For the choice e.g. X = L2[{1, /5] , the problem is not well-posed,
since L2[(1, /5] is not a Banach algebra. However, the question of exis-
tence of solutions will not be addressed here, since that is not the aim
of the n.f. theory. In order to guarantee existence of solutions, there
are several approaches. One can restrict the state space to an appro-
priate space of functions invariant under products, e.g. X = C[ly, (3]
or X = W22[{y,45] [73, 77, 101]. Another possibility is to consider
a fractional power (A7)? of A7 (0 < B < 1), and take as the Ba-
nach state space the fractional power space Xz = D(Aﬁ), with norm
|vllg = ||(Ar)Pv]|; and C = C([~1,0]; X3) as the phase space. This
theory is well established since the work of Henry [63]. See also [
[46, 54, 93, 94]. Another procedure is to consider X = L2[¢1, f5], and re-
strict the space of initial conditions that are chosen in a natural “initial-
history” space [85, 86].

As an application, we shall consider the Wright equation with dif-
fusion. For an application of the n.f. theory to a 2-dimensional RD-
equation with two delays, see [40].

Example 4.3. Consider the Wright equation with diffusion and Neu-
mann conditions ([37, 73, 77, 104)):

u(t,z) 0%u(t,x)
5 =d 52 —au(t —1,2)[1 +u(t,z)], t>0,2€ (0,
ou(t,0)  Ju(t, )
= p— >
oz oz 0, t=20,

(4.12)



Normal Forms And Bifurcations For DDE 261

where d > 0,a > 0. Let X = W?2(0,7) and C = C([-1,0};X). In
abstract form in C, (4.12) is given by

%u(t) — dAu() + L(a)(u) + f(ur, a) (4.13)

where A = 8‘9—;2, D(A) = {v e W?3(0,7) : % =0atz = 0,7} and
L(a)(v) = —av(-1), f(v,a) = —av(0)v(-1).
The eigenvalues of Ap = dA are u, = —dk? k > 0, with corre-

sponding normalized eigenfunctions (i (z) = % One can easily

check that (H1)-(H4) hold. For the linearization of (4.13) about the equi-
librium w = 0, the characteristic equation is equivalent to the sequence
of characteristic equations

Aae ™ +dk?> =0, (k=0,1,...). (4.14;,)

Yoshida [104] showed that for a < /2, all roots have negative real
parts, thus the zero solution is asymptotically stable; for a = 7/2 and
k = 0, there exists a unique pair of characteristic values on the imaginary
axis, +im/2, that are simple roots, and that all the other characteristic
values of (4.14;), k € Ng, have negative real parts. At the critical point
a = 7/2, rescale the parameter by setting a = 7/2 + a. Since the
Hopf condition holds [104], i.e., there is a pair of eigenvalues crossing
transversely the imaginary axis at o = 0, a Hopf bifurcation occurs on
a 2-dimensional centre manifold.

Let A = {in/2,—im/2}. With the above notations (except that
here k € Ny instead of £ € N), N = 0, uygp = 0, By = ﬁ Since
L(¥By) = —5¢(—1)po, the operator Ly : C([~1,0;R) — R in (4.49),
corresponding to the eigenvalue pg = 0, is defined by

Lo(¥) = 5 (-1).

The associated FDE (on R) by A at the equilibrium point u = 0,a = 0
is

i(t) = Lo(zt)+ < F(zB0, ), Bo >, (4.15)
where F(v,a) = —av(—1) — (§ + a)v(0)v(—1). We have

< F(ztfo, ), B0 > = — < az(t — 1)% + (g + a)x(t)%m(t — 1)%, % >
= ot = Do+ (5 + ) Za(t)
Thus, (4.15) becomes
o T 1
() = —(5 +a)z{t — 1)L + N )], (4.16)
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i.e., (4.16) is the Wright equation (3.19) for the scaling z — #x

We prove now that hypothesis (H5) is satisfied. He have
Fy(v,a) = —av(-1) — gv(O)v(—l), veC,aeR.

For u € P, write u = ®ycfy, where ¢ € C? and ® is a basis for the centre
space P for the linear FDE in R (4.5¢), i.e., @(t) = Lo(z:). Then,

L D Py, a) (480, Bo >

2
=~ <Y~ fo > —5 < (u(0)p(=1) + u(=1)(0)) By, fo >
=~ [a(-1) + T (@(0)eri(~1) + T~ Dev(0))] < B oy >= 0.

for all k > 1,¢c € C?,9 € C([~1,0];R). This implies (H5).

For (3.19), the n.f. on the centre manifold is given in polar coordi-

nates (p,¢) by (3.16), where K, Ko are given by (3.22). Effecting the
scaling x — ﬁx, from Theorem 4.2 we deduce the n.f. on the centre

manifold for (4.12) without further computations:

1
p=Kiap+ —Izp° + O(a?p + |(p,0)[)
. T
¢=— 2100 .

with K1, Ky as in (3.22). Thus, a generic supercritical Hopf bifurcation
occurs on the centre manifold for (4.12), with stable nontrivial bifurcat-
ing periodic solutions.

5. Normal Forms for FDEs in General Banach
Spaces

Consider again a semilinear FDE (4.1) in the phase space C' :=
C([-r,0]; X),
u(t) = Apu(t) + L(u) + F(uy), (5.1)

where now X is a general Banach space, Ay : D(A7) C X — X is linear,
and F: C — X is C* (k > 2) with F(0) = 0, DF(0) = 0.

Before developing a normal form theory on an invariant manifold for
FDEs (5.1), it is necessary to establish two necessary technical tools: a
formal adjoint theory for linear equations, and the existence and smooth-
ness of centre manifolds for nonlinearly perturbed equations (5.1) ([43]).
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5.1 Adjoint theory
Consider a linear FDE in C of the form

u(t) = Aru(t) + L(uy), (5.2)

where Ap, L are as in (5.1). In this section, we shall assume only the
following hypotheses:

(H1) Ar generates a Cp semigroup of linear operators {T'(t) };>0 on X;
(H2) T'(t) is a compact operator for ¢ > 0;

(H3) there exists a function 7 : [-r,0] — L(X, X) of bounded variation

such that o

Lip)= [ dn(@)e(0), ¢ecC.

-

Under (H1)-(H3), a complete formal adjoint theory was developed
in [43], and will be presented here, following some ideas in [16] and [92].
The adjoint theory for abstract FDEs was initiated in [92]. However, the
theory in [92] was quite incomplete and more hypotheses were assumed.
On the other hand, Arino and Sanchez [16] developed a complete formal
adjoint theory for equations u(t) = L(u;). From the point of view of
the applications we have in mind, equations in the form (5.1) are more
interesting, since they include RD-equations with delays. In [16], the
authors worked only with characteristic values that are not in the es-
sential spectrum in order to obtain Fredholm operators, whereas in our
setting we will be dealing with compact operators. Note that, contrary
to the situation studied in Section 4, we are not imposing any conditions
which relate L with the eigenvalues for Ar.

Consider the characteristic equation (4.3) for (5.2),

ANz =0, x € D(Ar) \ {0} (5.3)
where the characteristic operator A(\) : D(Ar) C X — X is defined by
ANz = Apz + L(eMz) — Az

We start by recalling the results in [92]. Consider the Cy-semigroup
of linear operators {U () }+>0, defined by the mild solutions of (5.2) with

initial condition ¢ € C, U(t) : C — C,U(t)¢ = u(p), and its infinitesi-
mal generator A,

Ap =@, D(A)={peC:¢eCp(0)e D(Ar),¢(0) = Are(0) + L(p)}.
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Travis and Webb [92] proved that U(t) is a compact operator for each
t > r and 0(A) = op(A). From general results on Cy-semigroups and
compact operators (see e.g. [84]), it follows that, for A € o(A),

C = Ker[(A— )™ @ Im|[(A— )™, (5.4)

where Im [(A — AI)™] is a closed subspace of C and Ker [(A — \I)™]
is the generalized eigenspace for A associated with A, denoted as usual
by M(A), with M)(A) finite dimensional. In particular, the ascent
and descent of A — Al are both equal to m, where m is the order of
A as a pole of the resolvent R(A; A) [90]. Our purpose now is to write
Im[(A — AI)™] in terms of a (formal) adjoint theory, in the sense that
a Fredholm alternative result should be established.

As seen in Section 4.1, A is a characteristic value if and only A is
an eigenvalue of A, and, in this case, there is x € D(Ar) \ {0} such that
u(t) = eMx is a solution of (5.2). Thus,

Ker (A— M) ={e¥z:z e Ker A(\)}. (5.5)

We use the formal duality << -, >> in C* x C introduced in [92]
as the bilinear form

0 0
<<ap>>=<a.pl0)> = [ [ <ale=0).an0)e(6) > dt

where C* := C([0,7]; X*), X* is the dual of X, and < -,- > is the usual
duality in X* x X. Define the formal adjoint equation to (5.2) as

a(t) = —Ara(t) — L*(ah), t<0, (5.6)

where of € C*, of(s) = a(t+s) for s € [0,7], A% is the adjoint operator
for Ap, L* : C* — X* is given by L*(«a) = ff)r dn*(0)a(—0), and n*(6)
is the adjoint for n(@), n* : [-r,0] — L(X™*, X*). Let A* be the infini-
tesimal generator associated with the flow for (5.6). The operator A* is
called the formal adjoint of A, since

<< A'a,p >>=<< a,Ap >> , for a € D(A"), p € D(A).

Inspired by the work of Hale [58, Chapter 7] and [16], we now
introduce some auxiliary operators, that will be used first of all to get an
explicit characterization of the null spaces and ranges for the operators
(A= A" and (A* — AI)™. Let A € C,j € Nyo,m € N, and define the
operators

. . Q7
1 X = X, () = L(5eVa),
4!
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AN Li-1 13 ... Ly
0 AN Li-1 ... Lp?
£ xm o xm o= | : :
0 0 o AN LY -1
0 0 0 AN

and
L ff A0 CoOT Ly ()

() B L( [T A= — £)p(¢)de
50) - D 2 0-0c)ie).

Theorem 5.1. Let A € C,m € N. Then:
U

(i) Ker [(A— )™ = {z;” o BNy, 6 [-r,0), with | i | e
Um—1
Ker (L'E\m))};

(ii) ¢ € Im[(A — A1)™] iff RU™ () € Im (£{™);

(i) Ker[(A* — AD)™] = {Z;" o E e dean s € [0,r], with
g

... | € Ker ((Eg\m))*)}

Ty g

The proof of this theorem follows from direct computations, so it is
omitted. See [16, 58] for similar proofs.

We now establish some preliminary lemmas.
Lemma 5.2. The characteristic operator A(\) generates a compact
Cy-semigroup of linear operators on X. Moreover, A € o(A) if and only
if 0 € o(A(N)).

Proof. From (5.4), clearly A € p(A) if and only if 0 is not an eigenvalue
of A(X\). On the other hand, A()\) is the sum of Ay, which generates
a compact Cp-semigroup, with the bounded linear operator Lg — Al
Hence, A()) generates a compact semigroup of linear operators on X
[84, p. 79]. This also implies that 0 € p(A(X)) iff 0 ¢ op(A(N)). Hence
A€ p(A) iff 0 € p(A(N)). u
Lemma 5.3. Let A € C and m € N. Then:

(i) if p € p(A(N)), then p € p(ﬁf\m)) and (E( ™ pl)~!is a compact
operator;
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(ii) Im (Eg\m)) is a closed subspace of X™.

Proof. Let p € p(A(N)). For m = 1, we have L',E\l) = A()), and from
Lemma 5.2 we conclude that this operator generates a compact Cp-
semigroup. Thus, its resolvent R(A(N); 1) = [A(A) — uI] ™t is a compact
operator. The rest of the proof of (i) follows by induction. For the proof
of (ii), we use (i) and general spectral properties of compact operators.
See [43] for details. u

Lemma 5.4. Let A € C,m € N. Then,
dim Ker (Eg\m)) = dim Ker (([&m))*) (5.7)

Proof. Let A € 0(A). From Lemma 5.2, 0 € o(A())). Fix any
€ p(A(N)). From Lemma 5.3 we deduce that pu € p(ﬁg\m)). One can
prove that

I
Ker (Ef\m)) = Ker ((Ef\m) — D)7t + ;),

, (5.8)
Ker (L)) = Ker (L) — pl] ™" + )

where [(Eg\m))* —ul]7t = [(Eg\m) — uI)71*. Also from Lemma 5.3, we
have that (Eg\m) — uI)~! is a compact operator, and from Schauder’s

theorem we conclude that its adjoint [(Ef\m) — puI)7Y* is also a compact
operator. In particular,

dim Ker (L™ — uI) 1+;) = dim Ker (L™ — uI) 1]*+;). (5.9)

From (5.8) and (5.9), we obtain (5.7). u

As an immediate consequence of Theorem 5.1 and Lemma 5.4, we
can now state the following:
Theorem 5.5. Let A € C,m € N. Then,

dim Ker [(A— X)™] = dim Ker [(A* — AXI)™].
In particular, op(A) = op(A*), and for A € op(A),
dim M (A) = dim M»(A"),
and the ascents of both operators A — A\l and A* — Al are equal. That

is, if M)(A) = Ker [(A— A)™], then M(A*) = Ker [(A* — AI)™].
We are now in the position to state a “Fredholm alternative” result.
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Theorem 5.6. Let A € 0(A), m € N. Then ¢ € Im[(A — AI)™] if and
only if
<< a,p >>=0 forall a € Ker[(A® — AI)™].

Proof. From Lemma 5.3, the ranges of Eg\m) are closed subspaces,

hence they coincide with the annihilator of the adjoint operator (Ef\m))*,
Im (™) = Ker (£M)")*.

From Theorem 5.1, ¢ € Im[(A — AI)™] iff Rf\m) () € Im (Ef\m)), thus
b€ Im[(A — \)™] ift

<vV* R () >=0 forall Y* € Ker (L)),

By using the formal duality, for Y* = (y3,...,v5_1)7 € (X*)™ one
proves that

< Y*,R(Am) () >

m—1 0 g — ym—i—1
-3 <upr( [ X0 ) > 4 <u ) >
=0

(m—j—1)!
m—1 (*S)m_j_l
= Z << 67/\87,‘(7;;?,1/1 >> .
= (m—7—1)!

Using again Theorem 5.1, we deduce that o € Ker [(A* — AI)™] if and
only if

J

with Y* = (y&,...,y5_ )7 € Ker ((L’g\m))*) The above arguments im-
ply that ¢ € Ker[(A — AI)™] if and only if << a,¢ >>= 0 for all
a € Ker [(A* — XI)™]. ]

From the Fredholm alternative result in Theorem 5.6, we denote
Im[(A— X" = Ker[(A* — A\I)™] L, where the orthogonality “L1” is
relative to the formal duality << -,- >>. For the particular case of m
being the ascent of A — I, i.e., Ker[(A — AI)™] = M(A), from (5.4)
we obtain the decomposition of the phase space C by A\ € o(A) given as

C=PaQx, (5.10)

where Py := M) (A) and Q) := [M(A*)] T Ttis straightforward to gen-
eralize this decomposition to a nonempty finite set A = {A1,...,As} C
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o(A). For applications to bifurcation problems, we will as usual fix
A={Ne€o(A): ReX =0}. The decompositions (5.10), A € A, yield a
decomposition of C by A as

C=PaQ, (5.11)
where
P=M (A)® &My, (A)
Q= [PﬂL ={peC << a,p>>=0, for all € P*}
and

Pr =M, (A7) @ - & My (47).
Clearly P, @ are invariant subspaces under A and (5.2). One also proves
that for any m,r € N, if A, u € 0(A) and A # p, then << a,p >>=0
for all o € Ker[(A* — AXI)™] and ¢ € Ker[(A — ul)"]. By using the
Fredholm alternative result, it is therefore possible to choose normalized
bases @, ¥ for P, P*,

O = (Dy,,...,Dy,), P = span ®
W,

v=1... ], P* = span ¥
U,

where p = dim P = dim P*, such that << ¥, ® >>= I,

5.2 Normal forms on centre manifolds

Consider now Eq. (5.1), which can be interpreted as a perturbation

of (5.2), and assume that A = {\ € 0(A4) : Re\ = 0} is nonempty. With
the above notations, P is the centre space for (5.2), and p = dim P.
Assuming F is a C'! function, in [69], the existence of a C'-smooth p-
dimensional centre manifold for (5.2) tangent to P at zero was proven.
The following centre manifold theorem states that actually the centre
manifold is C*-smooth.
Theorem 5.7. [43, 69] For (5.1) with F' a C* (k > 1) function, there is
a centre manifold W, ={¢p € C: p = ®z + h(z), v € V}, where V is a
neighbourhood of 0 € R, and h: V — Q is a C*-smooth function such
that h(0) = 0, Dh(0) = 0.

By using the decomposition (5.11), on W, the flow is given by the
ODE

& = Bx+ < V(0), F(®zx + h(z)) >, z€V,

where ®, ¥ are normalized dual bases for bases of P, P*, and B is the
p X p matrix such that ® = ®B, -V = BV,
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Let Eq. (5.1) be written as the abstract ODE (4.6) in the enlarged
phase space BC' introduced in Section 4. Recall the definition of the
extension A of the infinitesimal generator A. Define now an extension
of the canonical projection C =P & Q — P,

T:BC — P, 7(p+ Xoa) =0( << ¥, p>>+ <U(0),a>).

Again, m commutes with A on C} = D(A). Hence BC is decomposed
by A as
BC =P ® Kerm. (5.12)
For v(t) € C} decomposed according to (5.12), v(t) = ®x(t) + y(t) with
z(t) =<< W, o(t) >>e RP, y(t) = (I —7m)v(t) € KernNCE = QNC} =
Q', Eq. (4.6) is equivalent to the system
{a’: = Bx+ < ¥(0), F(®x +y) >

5.13
y=Aqy+ (I —7m)XoF(®zx +y) (5.13)

where A1 = A’Ql is as in Section 4.
The algorithm of n.f. now follows along lines similar to the ones in
Section 2. Writing the formal Taylor expansion of F',

Fo) =Y +Fw), ve,
Jj=2

system (5.13) becomes

&= Br + ijz %fjl(x7y)

{ =AY+ >0 %f;(%y)
where now the terms of order j are given by
fj =< V(0),F(®x+y) >, f;=1—-m)XoF(®z+y). (5.14)

At each step j > 2, a change of variables of the form

(@) = (@9) + (U} (@) U3 (@)
(Uj1 € Vjp(Rp), U]-2 € Vjp(Ker 7)) is performed, so that all the non-
resonant terms of degree j vanish in the transformed equation. Formally,
the operators appearing in the n.f. process are still given by (2.13); how-
ever the operators m and Ag: are as defined in this subsection. Of course,
for these operators, results similar to the ones proven for the case of n.f.
for FDEs in R™ must be established. See [39] for complete proofs.
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5.3 A reaction-diffusion equation with delay
and Dirichlet conditions

For the Hutchinson equation with diffusion,

oU(t,x) _ 0°U(t,x)

at 8$2 + kU(t7x)[1 - U<t - x)], t> 0, T e (O,TI’),

(5.15)

where k > 0 and r > 0, we consider now Dirichlet conditions
U(t,0)=U(t,m) =0, t>0. (5.16)

For (5.15) with Neumann conditions 97 (0,¢) = 9Z(m,t) = 0, t > 0,
U(z,t) = 1 is the unique positive steady state. In this case, the transla-
tion w = U — 1 transforms (5.15) into
2
Qulest) _ TV gt - )1+ ule b)), t2 0.0 € (0,7,
already studied in Example 4.3.

Model (5.15)-(5.16) was first studied by Green and Stech [50]. In
[50], it was proven that the equilibrium U = 0 is a global attractor of
all positive solutions if k¥ < 1; for £ > 1, U = 0 becomes unstable, and
there is a unique positive spatially nonconstant equilibrium Uy, which is
locally stable if rk max{Uy(x) : x € [0,7]} < 1. This stability criterion
was improved to rkmax{Uy(z) : x € [0,7]} < w/2 in [65]. In [23], the
authors showed that for £ —1 > 0 small, there exists r(k) > 0 such
that Uy is locally stable if the delay r is less than r(k), and unstable for
r > r(k). They also proved that there is a sequence (7, )ney, of Hopf
bifurcation points, where 7, = r(k) is the first bifurcation point.

The study of (5.15) is particularly difficult when Dirichlet condi-
tions (5.16) are assumed. The main problem derives from the fact that,
since the equilibria Ug(z) are spatially nonconstant, the characteristic
equation associated with the linearization about U (z) is a second order
differential equation with nonconstant coefficients, subject to constraints
given by the boundary conditions. In fact, the characteristic equation is
given by

Ak, A\ )y =0, yeH;\{0}, (5.17)
where
Ak, \7) = D* + k(1 — Uy) — ke U, — A,
with D2 = 2 X = L[2[0,7], and H2 = H2[0,7] = {y € X | 4, €

9z2°
X,y(0) = y(w) = 0}. In the next statement, we summarize the results

in [23].
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Theorem 5.8. [23] There exists a k* > 1 such that for each fixed
k € (1,k*), the eigenvalue problem (5.17) has a solution (iv,r,y), with
v>0,r >0,y € H3\ {0}, if and only if

v=uyg, r=rk,Yy=cyr (c#0), n e Ny,

where
vy = (k—1)hg, with hy —1 as k— 17,
O + 2
rkn:M’ gkﬁf as k— 1T,
Vi 2

yr — sin(-) in L?[0,7] as k— 1T.

Furthermore, the characteristic values A = ivy are simple roots of (5.17)
for r = ry,, and for k € (1,k*) a Hopf bifurcation arises from the
equilibrium Uy as the delay r increases and crosses the critical points
r=7rg,, NE Np.

In the above theorem, we emphasize that the stationary solutions
Uy, the eingenvalues ivy, —ivg, the eigenvectors y, i, and the critical
values r, , n € Ny, are all known only implicitly.

The aim now is to determine the stability of the periodic solutions
near the positive steady state Uy arising from Hopf, as the delay crosses
rk,, n € Ng. In [23] it was stated without proof that these periodic
solutions are stable on the centre manifold. The proof of this statement
was given in [42] by using n.f. techniques, where details of the results
below can be found.

Fix k > 1. Since we want to use the delay r as the bifurcating
parameter, it is convenient to normalize the delay by the time-scaling,

U(t,z) = U(rt,x), and choose C := C([—1,0]; X) as the phase space.

After translating Uy to the origin, for u(t) = U(t,-) — U € X, (5.15)-
(5.16) are written in C' as

w(t) = rD?*u(t) + Ly (ug) + f(ug,7), (t>0) (5.18)
where for k£ > 1 fixed we denote
Ly() = rk[(1-Up)p(0)~Up(~1)],  f(,7) = —rk(0)p(—1), @ € C.
The linearized equation around the equilibrium Uy, is given by
u(t) = rD?*u(t) + Ly (uy), (5.19)
whose solution operator has infinitesimal generator A, defined by

Ar¢ = (i)7
D(Ay) = {¢ € C'([~,0];X) : $(0) € Hj, $(0) = r[D? + k(1 — Ux)]$(0) — rkUp(—7)}.
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Due to the time-scaling, the characteristic equation for (5.19) becomes

Ak, A\ r)y =0, ye Hi\{0}

Ak, \7) = r[D% + k(1 — Uy) — ke Uj] — . (5.20)

We now describe briefly the framework for the application of the
n.f. method. One must compute the n.f. for the 2-dimensional ODE
giving the flow on the centre manifold for (5.18) at the bifurcating points
r="Tk,,NE Np.

Let £ > 1 and n € Ny be fixed. For r = ry,, set A = Ay, as the set
of eigenvalues on the imaginary axis,

A ={i\g,, —i g, },

and decompose C' = P ® @ and BC = P ® Kerw by A via the formal
adjoint theory in Section 5.1. Consider the scaling r = 1, + «, and
write (5.18) as

a(t) = rg, D*u(t) + Ly, up + F(ug, @), (5.21)
where
ern ((P) = rknk[(l - Uk)(P(O) - Uk@(_l)]y
F(p,a) = aD*¢(0) + La(p) + f (¢, 7k, + ),

For the Taylor expansion F(us, o) = §Fy(us, ) + 31 F3(uy, @), we have
Fy(ug, o) = 2a[D?u(t) + k(1 — Up)u(t) — kUpu(t — 1)] — krg, u(t)u(t — 1),
F3(ug, o) = —3kau(t)u(t — 1). For the linearization u(t) = ry, D*u(t) +
L;, ut, we can choose normalized dual bases ®, ¥ for P, P* as

P =span®, ®(0) = [¢1(6) $2(0)] = [ype™n’ Gre” ] (1 <6 <0)

1 —i)\k S
5, Yk n

P s, we) = (1)) - (% ykk> 0<s<1),
Skn

where

Sy, = / [1 — krg, e O Uy (x))y2 (z)d.
0
With the usual notations, in BC' decomposed by A, (5.21) is written as

{i — Ba+ < W(0), F(®x +y,0) > (5.22)

g=Agiy+ I — 1) XoF(2z + y, @),

where x(t) € C?,y(t) € Q' = QN C}, and B = <Z)\Ok" —i(/)\k ) .
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The application of the n.f. method to (5.22) leads to the following
result:

Theorem 5.9. [42] Let k, n be fixed, with k£ € (1,k*) and n € Ny. The
n.f. up to cubic terms for the flow on the centre manifold of the origin
near o = 0 is given in polar coordinates (p, &) by

SZ —0n + O(|(pv a)|)a

where a =r — 1y, K1 = Re A1, Ko = Re A,

{ p= Kiap+ Kop® + O(a*p + |(p, ) |*)

. 1
Ay = Ay (k,n) = Whg— < Yks Yo >

n

Ay = Ag(k,n) = i[Cl(k,n) + Co(k,n)]

and
8]€2Tk i 1 i0.\ —if 2 2
C1 = Ci(k,n) = o [STRe(el Me 7 <k, Y >< uks lukl” >
on

1 05\ 2 22,1 2 2
oz (2™ < el > 4 31 < i > )|

rikn
Sk,

+ < yg, (hgo(—l) + hgo(O)eigk)gk > },

Cy = Calkyn) = = = | < s (hr (1) + hur (0)e ™)y >

and hog, h11 € Q' are the solutions of the IVPs, respectively,

] . —1 1 2 1 — — =1
b — 200, han = ~2krs, e g < st > e + = <t > e M)
n kn

h20(0) — 71, {D?hao(0) + k(1 — Ur)hao(0) — kUrhoo(—1)} = —2krg, e OFy7,

and

. ; 1 . 1 ~ .
han = —dkre, Re(e' ™ ){g— < ye lyel” > yue™n” + 35, <Yk [y > gre™ "}
k

n kn

h11(0) — 7%, {D*h11(0) 4+ k(1 — Up)h11(0) — kUgh11(—1)} = —4kry, Re(e")|y|°.

Note that the coefficients K1 = K1(k,n) and K9 = Ks(k,n) depend
on k,n and are given in terms of the coefficients of the original equation.
The first equation of the system for both hgg, h11 is a linear ODE that can
be easily solved. However, the second equation requires the resolution of
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a PDE with non-constant coefficients and Dirichlet boundary conditions
on [0,7]. Since the solutions cannot be explicitly computed, the signs
of the meaningful constants K; and K» have to determined by indirect
methods. This requires hard computations, whose conclusions we give
in the next theorem. Note that these results hold for £ > 1 close to 1.
An interesting question is whether the results persist for large k > 1.
Theorem 5.10. [42] Fix k € (1,k*) and n € Ng. Then for 0 < k —
1 << 1, K1(k,n) > 0 and Ks(k,n) < 0. Therefore a supercritical Hopf
bifurcations occurs at r = ry,, , with stable non-trivial periodic solutions
on the centre manifold.
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1. Introduction

This section is intended to motivate the interest in abstract differ-
ential delay equations (DDE) by means of examples. When thinking
about extending functional differential equations from finite to infinite
dimensions, one of the first and main examples which comes to mind is
the case of evolution equations combining diffusion and delayed reaction.
This is the situation in the first example that we are going to present,
which is a model proposed by A. Calsina and O. El Idrissi ([11]), which
joins spatial diffusion with demographic reaction.

But it is not the only situation one can think of: we also present
a second example which arises from a model of cell proliferation first
introduced by M. Kimmel et al. in [24]. Several modified versions of
this model were proposed and studied later. In most treatments, it
is viewed as an integro-difference equation and solved using a step-by-
step procedure ([2], [3], [36]). While this technique offers the advantage
of allowing explicit integration in terms of the initial function, it has
also some deficiencies specially when looking at nonlinear perturbations
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and dynamical features, which are better studied in the framework of
differential equations than in the one of integral equations.

1.1 A model of fish population dynamics with
spatial diffusion ([11])

Let us consider a fish population divided into two stages, young and
adults, distributed within the water column, which is represented by an
interval of the real line. A crucial assumption is that only the young-
sters may move in the water column randomly, their movement being
described by a diffusion coefficient. The adults are structured by the
position they had when turning adult.

We introduce the following variables: ¢t € R is the chronological time,
a € [0,1] is the age, where [ < +0c0 is the age of maturity, and z € [0, z*]
is the position in the water column, where z* is the depth, oriented
positively from the water surface to the bottom. Then, the model is
formulated in terms of the following state variables:

i) wu(a,t,z) is the density of young fish of age a, at depth z, at time
t.

ii) v(t,z) is the density of the adult population at depth z at time t.

iii) r(t) is the maximum available resource at time t.

The system of equations satisfied by u, v, r, reads as:

gZ(a,t, z) + ?;Z(a t,z) = Efz {k(z)gZ(a,t, z)] —my(r(t))u(a,t, 2)
ov t,z) = wu(l,t,z) —mo(r(t
o) = 2\

r(t) = <g( [ (// u(a, t, ) dadz, v(t, ))D r(t)

*

u(0.t,2) = /0 bz ot €) de

—(a,t,0) = 0
u(a,0,2) = wupla,z) ; v(0,2)=v9(z) ; r(0)=ro.

(1.1)
In the above system:

» The function k(z) represents the mixing coefficient due to water
turbulence. It is continuous, positive on [0, z*) and k(z*) =

» The functions m;(r) are mortality rates for the young fish (i = 1)
and the adults (i = 2). They are smooth and decreasing with a
positive infimum.
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»  The function b = b(z, &) is the fertility rate of the adults combined
with a mixing process of the newborns throughout the water col-
umn: it can be for example that, for some physiological reason,
the eggs produced at any level have a density lower than the water
and go to the surface as a result of Archimedes law.

»  The function g(r) is smooth and decreasing and changes signs at
some critical value r.. It may be interpreted as the logistic which
would govern the dynamics of the resource in the absence of con-
sumption by fish.

m [ is a positive linear functional which gives the total potential pres-
sure of the fish on the resource, while the function h is a bounded
smooth and increasing function, with h(0) = 0, which models a
limiting effect on resource accessibility caused by overcrowding.

By concentrating on age cohorts, i.e. groups of individuals born at the
same time, and using the representation of the solution to the Cauchy
problem for the parabolic equation

ow 0
%02 = Lirtayue, )
ow
E(tv 0) = O
w(0,2) = wo(z)

in terms of the fundamental solution of the problem, namely ([89]):

w(t,z) = /OZ K(t,z,&)wo() d

system (1.1) leads to the following

Gts) = e [T g ( | wecnt-1.0 d<> s
—ma(r(t))v(t,z) , fort>1
r'(t) = (g(r(t)) = h[L(p(t), v(t, )))r(t) , fort>1
v(t,z) = wolt,z) , for0<¢<I
r(t) = ro(t) , for0<t<l]

(1.2)
where p(t) is given by

p(t) = /Ol /Oz effgl'ﬂn(rt(S))ds |:/OZ K(a,z,§) (/Oz b(&, Qv(t —a,() dC) d§:| dzda.



288 DELAY DIFFERENTIAL EQUATIONS

Looking at the right hand side of the two equations in system (1.2), we

can see that each of them is made up of a combination of expressions
involving the values of the unknown functions v or r either at time ¢ or
at some earlier time: the integral in the exponential term is expressed in
terms of the values of r over the interval [t — [, ¢] while the other integral
uses v(t — [, (). Under some reasonable assumptions on the coefficients,
these quantities are smooth functions of v(¢,.) or v(t —.,.) and r(t — .).
It is in fact a delay differential equation defined on a space of functions.
The difference with the initial formulation is that system (1.1) involves
partial derivatives with respect to z and so requires additional regularity
on the functions v and r to make sense.

Notice that (1.1) has been formulated from ¢ = 0 while (1.2) only
holds for ¢t > [. This means that if we were to solve the equation with
initial value given at ¢ = 0, we could not do it using system (1.2). We
would have to use (1.1) to build up the solution on the interval [0,] and
we would then be able to solve the equation for ¢ > [ by using (1.2).
On the other hand, we can always solve (1.2) directly, choosing a pair
of functions vy, rg arbitrarily. Of course, in most cases, what we will
obtain is not a solution of (1.1). Only some of the solutions of (1.2) are
also solutions of (1.1).

So what is the point of looking at (1.2) when the problem to be solved
is (1.1)7 There are at least two reasons: first of all, the Cauchy problem
associated with system (1.2) is much simpler than the one for (1.1). It
is a system of delay differential equations: even if it is formulated in a
space of infinite dimensions, it does not involve an unbounded opera-
tor and can be solved, at least theoretically, by setting up a fixed point
problem which can be shown to be a strict contraction for time small
enough. The second and main reason is that real systems are normally
expected to converge asymptotically towards their attractor where the
transients entailed by a particular initial condition vanish: in this re-
spect, systems (1.1) and (1.2) are indistinguishable, while the study of
qualitative properties of (1.2) is, at least conceptually, easier than that
of a system of partial differential equations.

1.2 An abstract differential equation arising
from cell population dynamics

In the model elaborated by M. Kimmel et al. and reported in [24],
cells are classified according to some constituent which, after division
(by mitosis) is divided in some stochastic way between the two daughter
cells. The model considers the cells only at two distinct stages:
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a) At mitosis, the number of cells going through mitosis (that is, the
mother cells), in some time interval [¢1,%2], with a size in some
size interval [x1,x2], is determined in terms of a density function

m(t, z):
/ / m(t,z) dtdz.
t1

b) At the beginning of the cycle, just after division, the number of
cells born during the time interval [t1, 2], with a size in some size
interval [z1, x2] is determined in terms of a density function n(t, x):

to X2
/ / n(t,x) dtdz.
t1 xr1

The distribution of sizes from mother to daughter is modelled by a con-
ditional probability density, a function f(x,y) such that:

/ f(z,y)dz = probability for a daughter cell born from a mother cell

of size y to have size between x; and zs.

Other conditions on f include a support property: it is assumed that
there exist dy, d2, 0 < dy < 1/2 < dy < 1, such that

f(z,y) >0 if and only if diy < z < day.
The model is completed by two functions describing respectively:
1) The duration of a cycle in terms of the initial size
T =),

where W is positive, decreasing, V(+o00) > 0, continuously differ-
entiable and such that inf,<,<; |¥’(2)] > 0 on each interval [a, b],
0<a<b< +oo.

2) The size at division in terms of the initial size
y = o(z),

where @ is increasing, ®(z) > x for z > 0, ® is continuously
differentiable and such that inf,<,<; ®'(x) > 0 on each interval
[a,b], 0 < a<b< 4o0.
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From these basic assumptions, one can derive two fundamental equa-
tions relating the state functions n and m (see [24]). Eliminating m from
the two equations leads to

+oo
n(t,z) = 2 /0 £ (@, () n (t — U (y),y) dy. (1.3)

The assumption on the support of f induces a support property for n;
that is, if we assume that n(s,z) = 0 for all x outside an interval [A;, As],
0 < A; < Ay < 400, and s < t, then equation (1.3) yields:

n(t,z) =0 for x <di®(A1) or x> da®(Asg).

Assuming that

P
d1®'(0) >1 and dslimsup (z)

r—400 X

<1,

we deduce from the above remark that for any A; > 0 small enough,
and Ag < +o0, large enough, the size interval [A;, Ao] is invariant, that
is, all generations of cells born from cells with initial size in [A;, A will
have size at birth in the same interval. Note that for such cells the cell
cycle length is bounded above by the number

r=U(A). (1.4)

Assuming all the above conditions hold, choosing A1, A, as we just said,
r being given by formula (1.4), it was proved in [24] that equation (1.3)
yields a positive semigroup in the space

E=L'"((-r,0) x (A, As)),

that is, the one parameter family of maps which to any initial function
p € E associates the function denoted ng, t > 0:

ne(0,x) :==nt+0,z) , —r<0<0 , xe(A,A),

with ng = p, where n verifies equation (1.3)) for all ¢ > 0, determines a
strongly continuous semigroup of positive operators on E ([84]) which,
moreover, are compact for ¢ large enough.

As a brief comment on the original proof of this result, let us point
out that the right-hand side of (1.3) is explicitly determined in terms
of the initial function p, for all 0 < ¢t < W(Az). So, the solution can
be computed on the set (0, ¥(Ag)) x (A1, A2) by a straight integration
of the initial function. Then, taking n,4,) as a new initial function,
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the solution can be computed on (V(Asg),2¥(Az)) x (A1, A2); then, by
induction, it can be computed on each set (k¥ (Asz),(k+ 1)¥(Ag)) X
(A, Ay) for each k > 1.

Note that the principle of integration of such equations is the same
as in the case of difference equations. Thus, computing the solutions is
almost a trivial task, the only not completely obvious thing being that
the function defined by putting end to end the pieces corresponding to
each set (kW(Az), (k+ 1)U (Az)) x (A1, Ag) verifies equation (1.3) for all
t>0.

In [3], [4], [5], nonlinear extensions of equation (1.3) were introduced.
We will mention only one such model ([5]):

+oo
n(t, ) = 200 (N(t — 7)) /0 f @ @)t — v,y dy,  (15)

where

N(t) :/O+°° </ttw) n(s, ) ds) dz, (1.6)

N(t) represents the number of cells present at time t. The expression
Ao (N(t — 7)) models a control mechanism which can be interpreted as a
rate of defective division. This rate is shaped by the function o, assumed
to be C!, and decreasing, 0 < o(x) < 1; A is a coefficient of magnitude
0 < A < 1. As X increases from 0 to 1, o being unchanged, stability
properties of equilibria of equation (1.5) may change. In [3], the case
7 = 0 was studied. It was proved that for A less than some value, the
solutions converge to zero, while, above this value, zero loses its stability
and a new global equilibrium arises. In the case 7 > 0, the problem is
far more complicated. In [5] some global results regarding the existence
of slowly oscillating periodic solutions were obtained, in very restricted
situations.

A reasonable conjecture is that these large oscillations are preceded
by small periodic oscillations taking place in the vicinity of the nontrivial
equilibrium, due to a local Hopf bifurcation.

One of the main motivations of our effort in the direction of abstract
delay equations lies in the fact that we aimed at investigating the above
conjecture. For this purpose, the difference equation approach is not
well-suited.
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1.3 From integro-difference to abstract delay
differential equations ([8])

1.3.1 The linear equation. We will now derive two differ-
ential equations from equation (1.3). The first one leads to a partial
differential equation with retarded arguments, a retarded version of the
Lotka-Volterra equation of demography ([42]). The theory underlying
such an equation is the theory of abstract delay differential equations
with unbounded operators. Although it is probably the best framework
in the sense that it leads to the same semigroup as equation (1.3), it
involves a theory that is not available yet. The second one is a differ-
ential equation with retarded arguments and a bounded operator. It
fits into the framework within which the extension of the theory of de-
lay differential equations will be developed later ([58], [7]). The main
shortcoming of the second equation is that it leads to a dynamical sys-
tem much bigger than the one under study, one in which the solutions
of interest determine a proper subset. However, some of the dynamical
properties of the larger system also hold for the smaller one, for example,
stability and bifurcation of equilibria in the larger system reflect similar
properties for the smaller one. This fact amply justifies in our view the
study of this system which, on the other hand, is much simpler than the
smaller one.

Retarded partial differential equation formulation of equa-
tion (1.3).— Consider a solution n of equation (1.3). Assume that n can
be differentiated with respect to time and size. We will use the notations
O1n (resp. Oon) to denote the function obtained by taking the partial
derivative of n with respect to its first variable (resp. the second one).
The computations we will perform are mostly formal. They could be
justified afterwards.

Taking the derivative with respect to ¢ on both sides of equation (1.3),
we arrive at

n +eo
gt i /0 f (@, 2(y)) (0rn) (t — T(y).y) dy.
We have

0

% [n(t =T (y),y)] = =V (y)0in (t — V(y),y) + dan (t — ¥(y),y),

from which we deduce the following expression for din:

L [o
V'(y) L9y

(O1n) (t = ¥(y),y) = — [n(t =¥ (y),y)] — On(t — ¥(y),y)
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Inserting the right-hand side of the above in the expression of On/0t, we
obtain

@ a) 9
(t,z) = 2/0

o Viy) oy
IR 0))
w2 [ LG o = wiy).0) dy

At this point, we remind the reader that we work with functions n(t, z)
whose support in x is contained in [A;, Ao, that is, n(¢,z) = 0 for x < 43

or x > As.
If we assume further that
8 f (‘Ta ®(y)) . . 1 2
— | = ts inL" ((Aq, A 1.7
By [ () exists in (( 1, A2) ), (1.7)

then we can use integration by parts on the first integral in the above
expression of dn/dt, which yields the following

g [0 [TEOW],
G = 2 [T LGSO ) ay

0 f(z,2(y))
—I—2/ e = 0n (t— Y (y),y) dy. 1.8
e v Ay (Y
If, conversely, we start from equation (1.7), and integrate it to get back
to equation (1.3), then, in fact, we obtain:

—+00

n(t, x) —n(0,z) = 2 o (z, @(y)) [n (t = V(y),y) —n(=V(y),y)] dy.

So, in order to come back to equation (1.3), it is necessary to complement
the partial differential equation with the boundary condition

+oo
n(0,z) = 2 /0 £ (2, () n (— (), y) dy. (1.9)

Equation (1.7) is a sort of functional transport equation, an extension
of the Lotka-von Foerster equation for age-dependent populations ([42]),
or the Bell-Anderson equation ([13]) for size-dependent cell populations.

The term oo f( ()
z, ®(y
2 [ LG o (1 - w(w).0) dy

corresponds to 9l/da(t,a) in the classical Sharpe-Lotka model of de-
mography, or 9/9z (g(x)p(t,x)) in the cell population model ([13]). The

ntit
quantity _2/+oo ) [f(x,@(y))
0

| e v
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accounts for the mortality term.
We summarize the relationship between the integro-difference equa-
tion and the P.D.E. as follows:

Proposition 36 Assume all the above stated conditions on f, ® and
U, including condition given by formula (1.7). Then, equation (1.3) is
equivalent to the system (1.7)-(1.9).

Delay differential equation formulation of equation (1.3).— If
in equation (1.3) we let ¢ > r, we can express n (t — ¥(y),y) in integral
form. This leads to the equation

+oo  ptoo
n(t,x) = 4/0 /0 [, @) [ (y, @(2)) n (t = U(y) — ¥(2),2) dzdy.
(1.10)

Assuming that n can be differentiated with respect to ¢, and taking the
derivative of (1.10) on both sides, we arrive at

+oo o0
—4/ /+ (2, ®(y)) f (v, B(2)) yn (t — W(y) — B(2), 2) dzdy.

The quantity o1n (t — ¥(y) — ¥(z), z) can be interpreted as the deriva-
tive with respect to y:

Lo
V' (y) Oy

Once again, integration by parts using the fact that n(t,-) has support
in [A1, Ag], yields the desired equation:

O (t = U(y) — ¥(2),2) = — [n(t = V(y) - ¥(2),2)].

L[ [ S 0D L g we ) d
May=a [ [ 2Lt 00 g - u) i

provided that we assume

9 [z, ®(y)) f(y, ©(2)) exists in L1 3
i | g R s in 1 (G Ao,

Denoting £ the linear operator:
L:C ([—27", 0];L1(A1,A2)) — Ll(Al,A2>

defined by the right-hand side of equation (1.11):

@nwy=a [ [0 LRI o) - w2 azan
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equation (1.11) reads

T — Liny). (1.12)

Equation (1.12) is an example of what we call abstract linear delay dif-
ferential equations. If, conversely, n is a solution of (1.12), integrating
the equation on both sides from 0 to ¢ we obtain, after integration by
parts:

+oo +oo
n(t,z) —n(0,z) = / / (z,®(y)) f (y, ®(2)) n (t — V(y) — ¥(2),2) dzdy

+oo pto0
_4/0 /0 F @ ®W) £ (y, (=) n (—(y) — W(2), 2) dzdy.

If we assume that

+o0 +oo
n(0,z) = 4/0 /0 f(z,@(y)) f(y, @(2)) n (=W(y) = ¥(2),2) dzdy ,

(1.13)
then the same equality holds for all ¢ > 0, that is

+00 “+o0o
n(t,r) = 4/0 /0 [, @(y) [y, ®(2))n (t = V(y) = U(2),2) dzdy .

(1.14)
Equation (1.14) is strictly more general, however, than equation (1.3),
and leads to a much bigger set of solutions than the one determined by
(1.3).
A very partial converse result in this respect is the following: if n is a
solution of equation (1.14) and, for some ¢y, n satisfies (1.3) for all ¢ in
(to,to + 1), then n satisfies (1.3) for all ¢ > ¢.

1.3.2 Delay differential equation formulation of system (1.5)-
(1.6) . Note that in the case of system (1.5)-(1.6), the maxi-
mum delay is 7 4+ 7. If; in equation (1.5) we let ¢ > r, we can express
n(t — ¥(y),y) in integral form. This leads to the equation:

+0o0 +00
n(t,z) = 4X0(N(t—1)) / / fz, @) f (y,P(2)) x
xo (N (t —U(2),2) dzdy(1.15)
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Assuming that n can be differentiated with respect to ¢, and taking the
derivative with respect to t on both sides of (1.14), we obtain:

on o n(t,x)
Srta) = o (Nt —m)N(t—7 )W
2 _7. e +OO I
+4X%0 (N(t /0 / PW) f (v, ®(z)) x

X% [c(Nt—=T(y)—7)n(t—Y(y) —¥(z),2)] dzdy. (1.16)

We point out the fact that N can indeed be differentiated, and:

. too
N () :/0 It 2) — n (t — U(x), 2)] da. (1.17)

We note the same property as in the previous computation:

2 [0 (NG~ W) — Tt — W(y) ~ ¥(:), 2)]
1 0
— i 5y 7 (N (= W) = ) 0t = W) - ().

Integration by parts with respect to y of the last integral on the right-
hand side of (1.15) transforms this integral into

o (N(t— 1) /+°° /*way[ (2201 :20)]

xo (N (t=¥(y) —7))n(t—Y(y) — ¥(z),2) dzdy.
Using the above expression and formula (1.17), equation (1.15) yields
the following

n o' -7 +oo

Gn) = TEEE D) [ - ny) === )] dy
+4)\2 Nt - 1) /+oo/+oo ) { fz, ®(y \Iy(f)(y,@(z)) y
o (N (W)~ P ¥(0) 9021, 2) iy, (118)

Assume that n(t, ) is defined on R (for example, n is a periodic solution
of (1.5)). In this case, n satisfies equation (1.14). Assuming f bounded
on bounded rectangles, we conclude that n is bounded and continuous
on each set [T, T] x R, (T > 0), which in particular implies that N
is locally Lipschitz continuous. Assuming moreover that f is C!, it is
possible to write the integral in equation (1.14) in the following way:

t—0( Al)
/ / O (Ut —5))) f(TTHE—5),8(2)) x
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xo (N(s—7))n(s—U(2),2) (T (t - s)|dsdz ,

which implies that n is locally Lipschitz in ¢, uniformly in z, in other
words, there exists A, a negligible set of t-values, such that n(t,z) is
differentiable for all ¢ not in A/, and all z € (A1, A2). In conclusion, we
have the following

Lemma 32 If n is a solution of (1.5), defined for every t in R, then n
is differentiable in t with On/0t continuous in R xR, satisfying equation
(1.17).

Equation (1.17) is a nonlinear delay differential equation on the space
LY(Ay, Ay), with maximum delay equal to 2r + 7. As in the linear case,
it is obvious, by construction, that the solutions of the system (1.5)-(1.6)
are solutions of equation (1.17), but equation (1.17) has a much bigger
set of solutions than system (1.5)-(1.6). The motivation for embedding
the latter system into a bigger one is that the framework of differential
equations seems to be more suited to the study of dynamical features
such as stability than the framework of integral equations.

1.4 The linearized equation of equation (1.17)
near nontrivial steady-states

Equation (1.17) is the most complete of all the equations considered
here. It can be reduced to equation (1.11) by assuming that 2Ao(N) =
1. If the delay 7 = 0, we obtain the equation studied in [3]. Our
program regarding equation (1.17) is to start from the steady-states and
investigate their stability and the loss of stability in terms of A. While
we already know from [3] that stability passes from a constant steady-
state to another one when 7 = 0, we expect that in the delay case stable
oscillations may take place. This fact has been shown under several
restrictions in [5]: existence of periodic slowly oscillating solutions has
been demonstrated for a range of values of the parameters. However, the
result is not explicitly related to any bifurcation of steady-state periodic
solution. We believe however that there is a strong possibility that such
a bifurcation occurs at these values of A where some eigenvalues of the
linearized equation cross the imaginary axis (away from zero).

1.4.1 The steady-state equation. Note that any function
n(z) of x only verifies equation (1.17) trivially. If n = @, we have

+oo
N(t) =N = /0 U (2)7(x) dz.
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From them we will only retain those which are non-negative solutions of
the system (1.5)-(1.6). Equation (1.5) leads to

- +oo
A(z) = 220 (W) /0 f (2, ®() () dy.

Integrating the above equation on both sides and using the fact that
f (-, ®(y)) is a probability density, we obtain

2X\0(N) =1

and .
A(z) = / f (. ®(y) (y) dy. (1.19)

Equation (1.19) is, notably, dealt with in detail in [2]. It is a typical ex-
ample of application of the Perron-Frobenius theory of positive operators
on ordered Banach spaces.

Equation (1.19) has a unique positive solution n; such that f0+oo nyi(z)de = 1.
In terms of nq, m = knq, where k is a constant. The constant k satisfies
the relation

220 (k /0 " (@) (2) dx) _1 (1.20)

Assuming that
o(400) =0,

equation (1.20) has, for each A > one and only one root k = k().

1
20(0)’
The function k is increasing.

1.4.2 Linearization of equation (1.17) near (7, N) . The
linearization is obtained by formally differentiating equation (1.17) with
respect to every occurrence of n as if it were an independent variable

and multiplying the result by the same occurrence of the variation An.
This yields the following:

G/* “+o00
g = T [ (A - ) - (-7 ¥, 0)] dy
£ 0 1 (@, b)) £ (1, 9(:))
HXo(V / / { v(y) *

X [U (N)AN(t — ¥(y) —T)n(z)
+o(N)An (t = W(y) — ¥(2), 2)] dzdy.
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The equation can be simplified a little bit. In view of relation (1.19),
we have

[ B o= [

This, in turn, leads to

/m/w P { @, @(z@)(y)( @(z))}AN(t—\Il(y)_T) n(z) dady

a /()+Oo c?ay {%} AN (t=(y) —7) dy

—+oo
/O £ (@, ®() T(): (AN) (t — U(y) — 7) dy

+oo
/0 f (2, 0 () (y) X

X

“+oo
/0 [(An) (t = W(y) = 7,2) = (An) (¢t = W(y) = ¥(2) = 7,2)] dz| dy.

We arrive at the following equation

P CO(N)_, [t
Giomm) = T [ (an) (= 9) ~ (&) (¢~ 7 = W), )] dy
+oo

+oo
x / [(An) (£ — U(y) — 7,2) — (An) (t — U(y) — U(z) — 7,2)] d=| dy

Foo o0 g [ f (2, 9(y)) f (v, @(2))
/ / { ' (y) (An) (t — ¥(y) — ¥(z), 2) dzdy.

(1.21)

1.4.3 Exponential solutions of (1.20) . The study of the
stability of 7 as a solution of equation (1.17) amounts to the study of
the growth rate of the semigroup associated to equation (1.20). In the
case of a compact or eventually compact semigroup, this amounts to
determining exponential solutions (exp zt)x. Then, the growth rate is
negative if supRe z < 0, and it is positive if sup Rez > 0. Bifurcation
of equilibria occurs at the values of parameters where the growth rate
changes signs. It can be shown that the semigroup associated to equation
(1.20) is not eventually compact, but its restriction to the elements of



300 DELAY DIFFERENTIAL EQUATIONS

C ([-r,0]; X) satisfying (1.13) is. This remark motivates the study of
exponential solutions of equation (1.20).

Let v(t,z) = e*'p(z) be a solution of equation (1.20). Substituting
e*!p(z) for An in (1.20) yields

L d M) [ )
zp(x) = e (V) n(x)/Al <1*€ Wy)l’(y)dy
Az
+2x0’ (N) . f(z, @(y))nly) x

A
X / ’ e 2(Y@W+7) (1 — e_zw(u)) p(u) du| dy
Ay

+/ /A2 9 [ z, ®(y \I))(j;)(y,@(u))} =P Ly,

(1.22)

To abbreviate, we will call such an equation a spectral equation. Note
that the right-hand side of the above equation vanishes for z = 0. For
this value of z, every function p satisfies the equation. Equation (1.21)
is quite complicated. We will not study it directly. Instead, we will
now introduce the eigenvalue equation associated with the linearization
of equation (1.5). Then, we will show that both equations are partially
equivalent to each other.

Ideally, one could expect that this part of the spectrum is the part
brought up by the passage from the integral to the differential formu-
lation, and the remaining part of the spectrum reflects the spectrum
of the integral equation only. The spectral equation associated to the
linearization of equation (1.5) near 7 is

L As _e—leI()
pe) = e T) ( /| nw <1) dy) ()

Ao

+ ] f@ew) e " Wp(y) dy. (1.23)

One can easily verify that every solution of equation (1.22) is also a
solution of equation (1.21). In the following Lemma, we state a partial
converse of this result.

Lemma 33 Denote o (resp. o2 ) the set of complex numbers z, z # 0,
Rez > 0, such that equation (1.21) (resp.) (1.22) ) has a nonzero
solution for the value z. Then, o1 = 3.
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Moreover, for each z € o, let N*, (i =1,2) be the space of functions
p such that p is a solution of (1.21) (resp. (1.22) ) for the value z.
Then, N'', = N2,.

Proof.— For each z # 0, we introduce the operators

A — e 2¥()
B.(p) := 2X\do'(N) /A »(y) [1Z] dy,

Az

(Lep) (@)= | f (@, 2()) e "' Wp(y) dy.

Then equation (1.22) is

p(x) = e "n(x)B:(p) + (L2p) (),
and equation (1.21) reads

p(x) = e *n(x)B:(p) + (L2q) (x),

where
q(x) = e *"n(x)B.(p) + (L:p) (2).
We need only prove that p, a solution of (1.21) for some z # 0, with

Rez > 0, satisfies (1.22) for the same value of z. But this is equivalent
to proving p = ¢. Since we have

p(z) —q(x) = (Ls(p — ) (z),

and the equation
p(z) = (L2p) (z)
can be satisfied with p # 0 only if Re z < 0, the Lemma follows.

We will now briefly discuss equation (1.22).
For z = 0, equation (1.22) reduces to

pa) = 20'(W) ( / /fp(y)\v(y) dy) ()
Ao

+ A f(z,@(y)) p(y) dy,

which has p = 0 as the only solution.
In fact, integrating the above equation on both sides on (A1, Ag), we
obtain

200’ (N) < / AQP(y)‘P(y) dy) =0,

A
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which implies that

Az

p(x) = A f(z,2(y)) p(y) dy,

and therefore, in view of (1.19):
p(z) = kn(x).
So,
AQ AQ
0= [ sy =k [ nt)vi)dy

A1 Al
This, with the fact @ > 0, implies that k = 0, that is p = 0.
For z # 0, integrating equation (1.22) on both sides on (A;, Az2), we
obtain

[/1:21)@) <1 - e*qu(y)) dy] [2)\0’(N)ezT (/1:2 () dy) B z] o

(1.24)
Equation (1.24) breaks down into two equations
As
/ p(y) <1 - 6‘““”) dy =0, (1.25)
Ay
J— A2
ze*T = 2)\0/(]\7)/ n(y) dy. (1.26)
Ay
Assuming (1.25) holds, equation (1.22) yields, with z # 0:
As v
p@)= | (@2 e ply)dy,
1

which can be satisfied with p # 0 only if Rez < 0.

So, instability from nonzero roots crossing the imaginary axis can only
come from roots of equation (1.26). We have the following result:

For each A > 0, equation (1.24) has a pair of nonzero roots crossing
the imaginary axis at each value 7 = 73, where

w2+ 2k

Tk = — A, k € N.
200" (N [4] (y) dy

Once equation (1.24) has been solved for z # 0, in order to have a full
solution of equation (1.21), it remains to solve equation (1.22) for p.
The equation can be written in the form

(I =K)p =0,
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where K is a compact operator. The fact that

Ao
[ - rp @ds =0

Aq

for every p € X, implies that Im (I — K) is a proper subspace of X, and
therefore, by virtue of a well known property of compact operators, the
null set of I — K is not reduced to 0.

1.5 Conclusion

The construction of a theory of delay differential equations in infinite
dimensional spaces is motivated by the study of some integro-difference
equations arising in some models of cell population dynamics. The in-
troduction of a nonlinearity in these models to account for possible self-
regulating control mechanism of cell number suggested possible oscilla-
tions. The integro-difference nature of the model did not allow the use
of any known standard techniques to exhibit such oscillations.The ob-
servation that was made that this system (and its solutions) can in fact
be viewed as solutions of a larger system of delay differential equations
in an infinite dimensional space led to the idea to extend this frame the
machinery for the study of stability that has been developed for delay
differential equations in finite dimensional spaces.

Let us conclude with a few comments about oscillations. Oscillation
with respect to time of the number of cells is a recognized fact in several
examples, among which is the production of red blood cells ([4], [17]).
This phenomenon can also be observed in cultured cells. It used to be a
common belief that such oscillations reflect the role of delays at various
stages of the life of cells. A lot of efforts were made during the seventies
in the study of homogeneous nonstructured models with the goals of
first proving existence of periodic oscillations, after that counting them
and looking at their stability and other properties. Amongst those who
contributed to these works let us mention [12], [22] and [41]. In contrast
to this, very little has been done in the case of structured models. One of
the reasons is that there is no general theory for the study of dynamical
properties of such equations. The theory on abstract D.D.E. that we
present here is a step in this direction.

2. The Cauchy Problem For An Abstract Linear
Delay Differential Equation

Our interest in functional differential equations in infinite dimensions
stemmed from the study of the dynamical properties of such equations
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and the remark we made at some point that it is possible to associate
to any of them a delay differential equation on an infinite dimensional
vector space. We start with this theory for the linear and autonomous
case and this section is devoted to the resolution of the Cauchy problem.

We start setting up the general framework of the equations under
study. The notation C stands for the space C([—r,0]; E) (r > 0) of the
continuous functions from the interval [—r,0] into E, E being a real
Banach space, endowed with the sup norm

lellc:= sup |lp(0)| -
0c[—r,0]

Let L : C — E be a bounded linear operator. We are considering the
following Cauchy problem for the delay equation defined by the operator
L:

For each ¢ € C, to find a function x € C([—r,+oo[; E), z € C1([0,+
ool; E) such that the following relations hold

/ —
(CP) { z'(t) = L(z), forallt>0
To = ¢
As usual, x; denotes the section at ¢ of the function x, namely x4(0) :=

xz(t+6), 8 € [-r,0]. The Cauchy problem is well-posed if it has one and
only one solution for each initial value .

2.1 Resolution of the Cauchy problem

There are several ways to solve problem (CP). The most elementary
one is to write the equation in integral form

x(t) = z(0) + /OtL(.Z‘S) ds , t>0. (2.1)

Define the function ¢° : [—r, +00[— E by

o (t) if te[-r0
A(0) '_{ gf(()) if tz[o. |

The change of « by the unknown function

y(t) = (t) = (1)

transforms equation (2.1) into

y(t) = /0 L(ys) ds + /0 L(¢) ds (2.2)
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which can be formulated as an abstract equation in a suitable framework.
To this end, for each a > 0 let us define

& ={y € C([0,+00); E) 5 y(0) =0, [lylla := jgge_at\ly(t)HE < 400}

which is a Banach space with respect to the norm || - |4.
Let @@ be the bounded linear operator defined by

Q& — el @MWz/Mw%
0

where ¢ is the extension by zero of function y to [—r,0]. In terms of this
operator, equation (2.2) reads as:

(M—Q@w—AL@%m

The norm of @ on & satisfies the following estimate

L]

1Qylla < —lylla
[0

so, for a > ||L]|, @ is a strict contraction. This implies that equation
(2.1) has one and only one solution defined on [—r,+o0o[. This proves
that the Cauchy problem (CP) is well-posed.

As usual, bearing in mind that the initial state is the function ¢ and
the state at time ¢ is the function z;, we introduce the solution operator
T'(t) defined by

Tt)p =z, , t>0.

It is easy to check that the family {7'(¢)}+>0 is a strongly continuous
semigroup of linear bounded operators on C. An obvious property of
this semigroup is that

(t+0) if t+6<0
[T(t)@](g):{%(t—i—ﬁ)@](()) it t460>0

that is, {T'(¢) }+>0 is a translation semigroup.

Straightforward computation leads to the following operator as the
infinitesimal generator of the semigroup:

Ap = ¢ (2.3)

with domain
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2.2 Semigroup approach to the problem (CP)

Semigroups defined on some functional space of the type F(J; E),
where J is an interval and F is some class of functions (continuous
functions, LP functions, etc) and with infinitesimal generator A defined
by the derivative on J, have been investigated by several authors after
a pioneering work by A. Plant [34]. Extension of Plant’s results to
abstract delay differential equations can be found in [16] and in [73].
The following result is borrowed from [73].

Theorem 1 The operator A defined by (2.3) with domain given by
(2.4) is the infinitesimal generator of a strongly continuous semigroup
{S(t)}t>0 on C satisfying the translation property

B (t+6) if t+60<0
(S®)p)(0) = { fg(t+g)¢)(o) if t+6>0

, 0 € [-r,0], ¢ € C. Furthermore, for each ¢ € C, define x :

R (t) if te [—7", 0]
o(t) = { ((pS(t)cp)(O) if t>0.

Then x is the unique solution of (CP) and S(t)p =z, t > 0.

Remark 1.— The last part of the theorem states that in fact S(t) =
T(t), t > 0, which we can assert as soon as we know that {S(¢)};>0 and
{T'(t)}+>0 are both associated with the same infinitesimal generator.

Proof.— In order to illustrate the type of computations and ideas in-
volved in delay equations, we will briefly sketch the proof of the theorem.

First of all, we will check that A is the infinitesimal generator of a
strongly continuous semigroup. Using the Lumer-Phillips version of the
Hille-Yosida theorem, we have to prove that:

i) A is a closed operator with a dense domain.
ii) The resolvent operator
R\ A) = (M — At

exists, for all real X large enough and there exists a real constant
w such that

1
M=) < = A>w
— W
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We skip (i), which is obvious. In order to prove (ii), given f € C we have
to solve
M —-Ap=f ; ¢eDA). (2.5)

The resolution of (2.5), which is straightforward, leads to

©(0) = eMp(0) + / i 079 f(s) ds. (2.6)
0

In order to verify that ¢ € D(A), we have to check the boundary condi-
tion for ¢:

0
Ap(0) — £(0) = L (e*go(O) + / A3 f(s) ds> . (2.7)
Let us introduce the following bounded linear operators
Ly:E—FE ; Lx(2):=LE\x®2)
where €\ ® z € C([—r,0]; E) is defined by
(ex®2)(0) :=eM2 | 0e[-r0]

and S) : C — FE defined by

S0 =10+1( [ A p6as). 28)

Lemma 34 For each A € C, the operator Sy, is onto.
Proof.—

Let us consider the family of bounded linear operators {¥y j}r=1,2

defined by

yeen

E)\7k<z) = S)\ (Xk (= Z)

where
(Xk b2y Z)(e) = Xk(e)z ) 0 e [_Ta 0]
and {xx}xr=12,. is the family of real functions defined by

0
Xk(ﬁ)::max(i—l-l?O) , 0¢e[-r0].

It is easily seen that for each A, the sequence of operators X j, converges
in operator norm towards the identity. Therefore X j, is invertible for k
large enough.
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In terms of X i, we can build a right inverse of Sy. To this end, let
us define T, € L(E,C) by
VoeE , Tai(b) = xx ® X} (b). (2.9)
It holds that
S)\ o} T)\,k = [E
where [ is the identity operator on E. This proves our claim.

In terms of operators L) and S, we have the following characteriza-
tion for A to belong in the resolvent set of the operator A:

Proposition 37 A necessary and sufficient condition for A € p(A) (re-
solvent set of A) is that the operator A(N) defined by

A(N) := M — Ly
be invertible. Assuming that A € p(A), it holds that

p(0) = AN TISA(f)
and, for 0 € [—r,0]:

0
ROADN() = AN S\ + [ AOf(s)ds. (2.10)
0
To complete the proof of the first part of the theorem it only remains
to obtain a convenient estimate for the norm of R(\, A).

Straightforward computation shows that the operator Ly is uniformly
bounded on each right half-plane of C (that is, on any set of the type
Q, :={z € C; Rez > a} for some a). So, there exists ag € R such that
A()) is invertible all over regions of the complex plane Q, with a > ay.

Let us define

Mi= swp L.
Rex>aq

For any a > ag, we have
ReA>a = ||L)\|| < M.

So, if we take a > 0 and a > ag large enough, we will have

and then
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We can also readily check the following estimate for Sy(f)

s < (1+ L) s

Combining these estimates in formula (2.10) we obtain, for 6 € [—r,0]:

1E0 A Ol < [ (14 L) s (1-07) sl

Since the quantity inside brackets is a convex combination of two fixed
values, it is bounded by the maximum of both quantities, from which

we deduce
L] 1 1
< -— — .
\|R()\,A)||_max<[1+ DT

To conclude, if we choose w so that
w > max(ag , || L]+ M)

we will have the desired inequality:

for A > w.

R(MA) <
1RO A) <

Translation semigroup property.— It remains to check that the
semigroup {S(¢)}+>0 enjoys the translation property. To this end, for
each ¢ given in C, let us define the function

Sl (0) if £>0
m(t>—{£0(t) g it tel—r0]

What we have to verify is that
Stp=xr , t>0.

Note that the evaluation map ¢ — [S(t)¢] (0) is continuous and even
locally uniformly continuous with respect to t, so the map ¢ — x; is
continuous for each ¢t > 0, and in fact it is also locally uniformly contin-
uous with respect to t. From this remark it follows that we only have to
prove the property on a dense subset of initial values. It will extend by
continuity to all initial values.

So, from this point on, we assume that ¢ € D(A). Then, a basic
semigroup property ensures that S(t)p € D(A) for all t > 0. Therefore



310 DELAY DIFFERENTIAL EQUATIONS

we have that both ¢t — [S(t)¢] (f) and 0 — [S(t)y] (0) are differentiable.
Given a pair (¢,0), t > 0, 6 € [—r,0], the function
h — [S(t+ h)p] (0 — h)

makes sense as long as t +h > 0 and § — h < 0, that is, h > max(—t, )
and can be differentiated on this domain. The derivative is equal to

L;ltsu + h)go] 0 —h)— d% S(t + h)g] (6 — B) = 0.

This implies that [S(t+ h)p] (0 — h) is a constant for each fixed pair
(t,0) and h > max(—t,@).
We now consider two situations:

i) t+60<0.
In this case, max(—t,0) = —t. Giving h the values —t and 0, we
obtain
[S(t)p] (0) = p(t+0) for t+6<D0.
i) t+6>0.

This time, we give h the values 6 and 0, which leads to
[S(t)p] (0) =[S(t+0)p] (0) for t+6>0.

In both cases, we have [S(t)¢] (6) = x(t + 6), according to the definition
of x, therefore, S(t)¢ = x4, as desired.

2.3 Some results about the range of A\I — A

In line with Proposition 37, we have the following results.

Lemma 35 For any A € C, we have that f € R (A — A) if and only if
Sx(f) € R(AI — Ly).

Proof.— It follows immediately from (2.6) and (2.7) combined. For-
mula (2.6) shows that the determination of ¢ such that (A — A)p = f
amounts to determining ¢(0) and formula (2.7) gives a necessary and
sufficient condition for existence of ¢(0) which is precisely the condition
stated in the lemma.

Lemma 36 The subspace R (A — A) is closed in C if and only if the
subspace R (M — Ly) is closed in E.

Proof.— First we suppose that R (Al — L)) is a closed subspace of
E and let {¢p}n=12.. C R(A — A) be a convergent sequence with
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From Lemma 35, we have that Sy (1,,) € R (A[—L)) and then S)(¢) €
R (M —L)). Again Lemma 35 enables us to conclude that 1) € R (AI—A)
and so R(A — A) is closed in C.

Now we are going to demonstrate the converse. We assume that
R (M — A) is closed and we want to show that it implies that R (A — L))
is closed.

To this end, we recall that Sy is surjective and that in Lemma 34 we
have exhibited a family of right inverses. Select one such map T) ; as
defined by (2.9).

Let {b,}n=12,. be a sequence in E such that the sequence {(A —
Ly)(bp)}n=12,.. converges to some element e € E. Define the sequence

Fo=Tan (M= L)(ba)] . n=12,...

By construction, we have Sy(f,) € R (A — Ly). Therefore, in view of
Lemma 35, we have f,, € R (A — A) and S)(fn) = (M — Ly)(b,). We
have also

lim S\(fn) =e ; lim f, =Ty x(e).
R (A — A) being closed yields that Ty y(e) € R(A — A). Lemma 35
again can be invoked to conclude that e = Sy [Ty x(e)] € R(A — Ly).
The proof is complete.

3. Formal Duality

In this section we present an extension of the formal duality theory
to D.D.E. in infinite dimensional spaces. The presentation follows the
work made in [58].

Let us consider the space C* := C([0,r]; E*) where E* is the topolog-
ical dual space of E. We are going to define a continuous bilinear form
denoted << a, ¢ >> on the product C([0,r]; E*) x C([—r,0]; E) which
will be interpreted as a formal duality.

A function f : [0,7] — E* is called simple if there exist two finite
collections 7,...,z; € E* and Ay,..., A, € ¥ with [JI_, 4; = [0,7],
A;(NA; =0 such that

p
f= Z J:rXAz‘
=1

where x4 is the characteristic function of A and X is the Borel algebra
on [0,r]. Denote S([0,r]; E*) the space of simple functions.
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Definition 37 For any o € S([0,r]; E*) and ¢ € C([0,7]; E) we define
the bilinear form

P 0
<<, >>=< a(0), (0) > —i—Z <uzj,L </0 xa; (€ = 0)p(&) df) >

i=1

where oo = Y% x¥xa, and < -,- > denote the usual duality between E*
and E.

The value << «, ¢ >> is independent of the representation chosen for
« as a linear combination of characteristic functions.
Since

| <<, >> | < (@ +r|L]) [lalllel
there exists a unique continuous extension of this bilinear form to the
completion of S([0, r]; E*)x C([—r,0]; E') where both spaces are equipped
with the sup norm.
We restrict our extension to the product C([0,7] : E*) x C([-r,0]; E)

and we call this the formal duality associated with the operator L.
It is interesting to specify the formal duality for o € C([0,r]) @ E*.

Lemma 37 Let f € C([0,7]) and u* € E*. We consider the function
f@u* e C([0,r]; E*) defined by (f @ u*) (s) :== f(s)u*, s € [0,7]. Then

0
<< feu',p>>=<u’, f(0)p(0) > + < u*, L </€ f(E—=0)p(&) dg) > .
(3.1)

Proof.— The function f is representable as the limit of a uniformly
convergent sequence of simple real functions defined in [0, r|:

Pn
F= Jim 2 A
1=

and therefore the sequence of functions in S([0,7]; E*),

Pn
{zﬁw . X}
n=1,2

i=1

ghyenn

converges to f ® u*.
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By continuity of the formal duality, we obtain
<< fRu*, o >>

Pn 0
=< (f@u)(0),0(0) > + lim > < 5", L ( /0 X a4, (€ = 0)p(€) ds) >

i=1

n— 00 4
=1

Pn 0
=< (f®u")(0),9(0) > + lim Y <u*,L < /9 B x 4,0 (€ = 0)(6) dg) >
0
=<u", f(0)p(0) > + < u’, L ( /9 F(E—0)p(6) ds) >

p\

In particular, introducing the notation €)(0) := e, we have

0
<<er®ut,p >>=<u*,p(0) >+ <u,L (/ M8 dé) >
%

In terms of the operator Sy defined in (2.8) the above formula reads as
<< e_y@u,p>>=<u”, S\(p) > . (3.2)

3.1 The formal adjoint equation

Before proceeding to the construction of this equation let us remind
some well known results about the integral representation of bounded
linear operators defined on C([—r,0]; E'). We refer to [14] for the general
theory.

Any bounded linear operator L : C([-r,0]; F) — E determines a

unique vector measure m : 3 — L(E; E**) of bounded semivariation
and such that for all f € C([—r,0]; E) we have

= [ gam

where L(E; E**) is the space of the bounded linear operators defined
on E with values in E**, E** being the bidual of E, and ¥ the Borel
algebra on [—7,0].

For each x* € E*, there exists a vector measure mg« : ¥ — FE*
defined by

<mgx(A),z >=<z"*,m(A)(x) > ; A€ S,z2€E

which satisfies

/ fdmg =<a*,L(f) > ; Va*eE".
[77'70}
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Next we define the linear operator L : S([0,r]; E*) — E* for any f €
S([0,7]; E*), f = 3201 wixa, by

L(f) = mgr(—4).
i=1

Lemma 38 If the vector measure m is of bounded variation, then L is
continuous with respect to the sup norm in S([0,r]; E*).

Proof— Let f = Y7 | 2¥x4, be a simple function with ||z}|| < 1,
i=1,...,p. Then

ILHII = Hzmxg(—fli)”SZmeg(—Ai)H
=1 =1

< Z lm(=Ai)[ < v(m) ([=r,0]) < +o0

where v(m) means the variation of m and we have used that
[mex(=A)|| = sup | < mgr(—4;),z > |
]| <1

= S | <xi,m(=Ai)(x) > | < [Im(=A)]].
z||<1

Under this hypothesis, there exists a unique continuous extension L
of the operator L to the completion of S([0,r]; E*) equipped with the
sup norm and we are able to define the formal adjoint operator of the
operator L.

Definition 38 The operator L* is the restriction to the space C* of the

extension operator L.

Just as we did in the case of the formal duality, it is convenient to ob-
tain the expression of L* for the elements in C'([0,r]) ® E*. Calculations
very similar to the ones above for Lemma 37 show that

Lemma 39 For each f @ u* € C([0,7]) ® E*, L*(f ® u*) € E* is the
linear form defined by

<L (feu')u>=<u’L(fou)> ; uckE (3.3)

where f(0) := f(—0).
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For each f € C([-r,0]), u € E, we have denoted by f ® u the element
of C([—r,0]; E) defined by

(f@u)(0):= f(Ou , 0€[-r0]

In particular, for the functions 5(;) defined by

4 97
e9)(9) := ﬁew . fe[-r0,j=12,... (3.4)
we reach the result
< L*(ég\j) Qu),u> = < u*,L(eE\j) ®u) >
= < u*,ng)(u) >=< (Lg\j))*(u*),u > ; ueklk
and then

LY @ ur) = (LY ().
The existence of the operator L* allows us to define a new linear
functional differential equation associated with problem (CP).

Definition 39 The formal adjoint equation associated to (CP) is
a(s) =—L"(as) ; s<0. (3.5)

A function o € C(] — oo, 7]; E*) is a solution to the formal adjoint
equation if a« € C*(] — o0, 0]; E*) and satisfies (3.5) for all s < 0.

It is easy to check that a(s) := e ® z*, s < 0 is a solution of (3.5)
for all z* € N (L} — AI). Suppose that a(t) := f(t)z* is a solution of
(3.5) on | — 0o, b] and that x(t) is a solution of (CP) on [a,+o0[, a < b.
Then << ay,x¢ >> is constant for all ¢ € [a, b].

Indeed

0
<< ap x> = < oy(0),x4(0) > + < z¥, L </€ fir(& —0)x (&) dg) >

= <a(t),x(t)>+<x*,L< f(w—@)x(w)dw) > .

t+6
Therefore
d
o Sanw > = < o (t), x(t) >+ < at),2'(t) >
+ <z L(f(t—0)x(t) >— <z, L(f(t)x(t+0)) >.
But since

< oz(t),m/(t) >—<z" L(f()z(t+0)) >=< oz(t),m/(t) >— < at),L(xt) >=0
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we have
% << apre>> = <d{t),xt) >+ <z L(f(t—0)x(t)) >
<d(t),x(t) >+ < L*(fr@a"),x(t) >
= <d(t),z(t) >+ < L*(ow), z(t) >= 0.
3.2 The operator A* formal adjoint of A

In the sequel we assume that the vector measure m associated to L is
of bounded variation and L* has been defined.

Definition 40 We call the formal adjoint operator of A relative to the
formal duality, the operator A* defined by

A¥(a) := =&
with domain
D(A%) = {a € CL([0,7]; E) ; 6(0) = —L*(a)}.

A* is linear and closed, with a dense domain contained in C*.
From Lemma 37 and after an adequate integration by parts we obtain

for o := f@a* € D(A*):
<< a,Ap >=<< A%a,p >> ; Vy e D(A).

Proposition 38 The spectra o(A) and o(A*) of operators A and A*
satisfy the equality
o(A) =o(A).

Proof.— The solution of (Al — A*)p = ¢ with ¢ €C* is

p(0) = e p(0) + /0 ee“s—”ws)ds ; 0e0,r]

where ¢(0) is to be determined so that ¢ € D(A*). We get to

0
O = 13 (0(0) = w(0) + 2 ([ XD as).

The right hand side of the above formula is similar to the operator S
defined in (2.8), but let us notice that it is not the adjoint of Sy. We

will denote it S \, that is,

Sa(1) = v(0) + L* ( / 9 ey (s) ds) :

0
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Since S is onto, we conclude that A € o(A*) if and only if A € o/(Ly*).
We have seen above that A € o(A) if and only if A € o(Ly) and it is
well known that o(Ly) = o(L,*) ([39]). Therefore the result follows.

Notice that
NA -A)={ex®@z; ze N(A\ - L))}

Npl—A")={e_,@2"; 2" e N (ul — L,")}.

Also, let us mention that if A\, u are eigenvalues of A, A* respectively,
and \ # p, then << o, p >>=0forall« € N (ul —A*), p € N (A A).
Indeed,

<< A, >>=p << a,p >S>=<< a, Ap >>= \ << a, p >>
therefore the condition A # p implies that << a, ¢ >>= 0.

Proposition 39 The subspace R (AN — A*) is closed in C* if and only
if R(M — A) is closed in C.

Proof.— Arguments similar to the ones used in the proofs of Lemmas
35 and 36 lead to

a) For any A € C we have that a € R (A — A*) if and only if
Sx(a) € R(A — Ly").

b) The subspace R (A — A*) is closed in C* if and only if R (A] —Ly*)
is closed in E*.

The proof is concluded by recalling the known result that R (A — L))
is a closed subspace in E if and only if R (A — L)) is closed in E*.

3.3 Application to the model of cell population
dynamics

We will now see how the theory developped in this section applies to
equation (1.20). To this end, it is convenient to express the equation
in a more general setting. First of all, there is a support property for
solutions of (1.5), namely, both the functions 7 and An(t,-) have their
support contained in some compact interval [Aj, As]. Therefore, the
integrals on the right-hand side of (1.20) are restricted to this interval.

With the notations

r:=20(0)+71 ; E:=L'Y(A],A))
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equation (1.20) is of the form

v Ag Aa
) = [ Cu@w s [ @ - v

+/ / (z,u, y)v(t + u,y) dydu, (3.6)

where b and ¢ belong to L'(A1, As), g is in LY((A1, A2) x (—7,0) x
(A17A2)>-
The assumptions on f yield the following for g:

There exist 0 < v’ < r, M > 0, such that

g(z,y,u) =0, 0<u<r, forae (z,y)€ (A1, A)?,

Az 0
/ / lg(z,u,y)| dudx < M, for a.e. y € (Ay, A2).
A1 —r

The map L : C ([-r,0]; E) — E associated with equation (3.5) is given
by

Ao As
(Le)x) = ba) / (=) dy + c(z) / (7 — W(y),y) dy

Ay

—|—// g(z,u,y)o(u,y) dydu.

Here, E* = L*>(A1,A). L* is determined using formula (3.3). In fact,
for p € C'([0,7]), v € E, v* € E*, we have

< L' (p@v"),v>=<v",L(pQv) >

Ao Aa
L(p®v) (@) = ba)e(r) / v(y) dy + (z) / o7+ U(y))o(y) dy

Ay

+/_/ (z,u,y)p(—u)v(y) dydu,
<V, L(p®v) > = / (/ b(z ><p(7)v(y)dy
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Identifying the right hand side with the product of L*(¢ ® v*) and v
yields

Ao

Ao
L(p®v)u) = o) / b(a)o* (x) de + (7 + T(y)) / ()" (z) da

Aq

/ / o (2)(u) duda.

The above formula can be extended to the space C ([0,r]; E*) as

Ag Az
(L") (y) = /A (o)™ () e + / (@)™ (7 + V(y), 7) da

Ay

Ao r
+/ / g(z, —u,y)p*(u, z) dudz.
Aq 0

We will now determine the formal dual product. Using formula (3.1),
we have

< (o> = 4<0>/A2 W) (0y)dy+/j‘2v*<y)L(/9%(5—9»(&-)@)(y)dy

+/ vy ( /A ( Ik T<<f+v>w(s,x>ds) dw) dy
[ camoueona
1~A2 . Ay 10
+/A1 v W)ew) ('/Al /_\I,(“)_T CE+ 7+ T(w)p(&, v) dédu) dy
+ /:2 v* () { /70 /j 9(y,u,z) < /:]((5 — u)p(€,2) dg) dzdu} dy.

Here, the formula extends to C ([0, r]; E*) x C ([-r,0], E).
Substituting ¢* € C ([0, r]; E*) for (®v* in the above formula, we obtain

Ag

KLphe> = / ©"(0,)¢(0,y) dy
A

RGN
oL
ol

oy, 2) ( / " (£—u7y)90(572)d£> dzdudy

/T E+7,0)p )dgdx]

/w) (E+ W) + 7 y) o€, )dfdu] dy
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3.4 Conclusion

The material presented in this section is mainly preparatory. We
have now a formal dual product as well as a formal adjoint equation. In
the next section, we will use these notions in the study of the spectral
decomposition associated to abstract D.D.E. In as much as possible,
we follow the method elaborated by J. Hale in [74], [75] and others for
D.D.E. in finite dimensions. One of the problems when going from finite
to infinite dimensions is that the representation of a linear functional
in the infinite dimensional framework is not always possible, or at least
not at all as easy to use as in finite dimensions. First of all, it is in
general necessary to embed the equation in a much larger space with
no nice way to identify the original problem in the larger one. As a
result, it is in general impossible to describe the dual product to a large
extent. For most computations, however, it is sufficient to use it for
special functions in the formal dual space for which such a description
is feasible. A second crucial difference which will appear when dealing
with spectral decomposition is the lack of compactness in general D.D.E.

4. Linear Theory Of Abstract Functional
Differential Equations Of Retarded Type

Let us recall that the subject of this section is the abstract D.D.E.:
2(t)=Lxy) , t>0 (4.1)

where L : C — F is a bounded linear operator and F is a Banach space.

We know that the Cauchy problem for (4.1) is well posed and the
general solution gives rise to a strongly continuous semigroup of bounded
linear operators. We have associated to the problem a dual product
between C and C* := C([0,r], E*) and an adjoint equation.

One way to look at the dual product is to consider that it provides
a dynamic system of coordinates which allows, for example, to better
investigate the asymptotic behavior of solutions and the stability of the
system. This goes through a decomposition of the state space C into the
sum of a stable and an unstable part, or more generally, the sum of the
most unstable and a more stable part.

Since we are in the infinite dimensional case, there is a basic feature of
the semigroup in finite dimensions which will generally be lacking: the
eventual compactness of the semigroup. Eventual compactness reduces
the problem to the study of the eigenvalues and eigenvectors of the
generator, and in many situations all amounts to looking at the real
part of the roots of a characteristic equation. In the general situation,
not much could be said. However, in the applications we have in view,
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it happens often that the most unstable part of the spectrum leads to
a decomposition of the state space and allows the same study as in
the case of eventual compactness. This is when the most unstable part
of the spectrum of the semigroup is non essential, a situation that has
been encountered by several authors in the study of population dynamics
models in the eighties ([42]).

The notion of essential/non essential spectrum however is a general
one which was introduced in the sixties in connection with the study of
partial differential equations. The next section presents a short survey
of the subject. It is based on a review paper [1].

4.1 Some spectral properties of Cy-semigroups

We start considering a linear closed operator A with dense domain
D(A) C E, E being a Banach space. The spectrum of A, denoted o(A),
is the set of A € C, such that Al — A is not boundedly invertible. The
complementary set in C, p(A) := C/o(A) is the resolvent set. We refer
the reader to [15], [21], [77], [35], [37] for the general theory.

The spectrum of A can be subdivided into three disjoint subsets
0(A)=o0p(A)Uoc(A)Uogr(A)
where

i) op(A) is the point spectrum, that is, the set of A € C such that
Al — A is not injective;

ii) oc(A) is the continuous spectrum, that is, the set of A € C such
that Al — A is injective and the range of A\l — A, denoted by
R (M — A), is not E, but is dense in E;

iii) or(A) is the residual spectrum, that is, the set of A € C such that
A — A is injective and R (A — A) is not dense in E.

There are other ways to divide the spectrum. We will in fact consider
another one, in addition to the one we have just given ([10]):

The essential spectrum of A, o.(A), is the set of A\ € g(A) such that
at least one of the following holds:

i) R(AI — A) is not closed.

ii) The generalized eigenspace associated to A\, N (AN —A) := USS_, Ker
(M — A)™ is infinite dimensional.

iii) A is a limit point of o(A).
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The complementary set, (o\oe) (A) is called the non-essential spec-
trum.

There are relationships between the two partitions of o(A). We refer
to Theorem 3 in [1] for some results on this issue.

Let B be a bounded linear operator on some Banach space E, i.e.
E € L(E) and let f: 2 C C — C be an holomorphic function with
o(B) C .

The spectral theorem states that f(B) can be defined as a bounded
linear operator on E and also:

o(f(B)) = f(a(B)).

This theorem extends partially to the case of an unbounded linear op-
erator. If A is the infinitesimal generator of a strongly continuous linear
semigroup {7T'(t)}+>0 (that can be, with some abuse, viewed as a gen-
eralized exponential operator exp(tA)), then the point spectrum, the
residual spectrum as well as the non essential spectrum of A and T'(t)
correspond to each other in the simplest way possible, namely,

oH(T(E) = {e* s Aeay(a)}

where J can be either P (the point spectrum) or R (the residual spec-
trum) or N E (the non-essential spectrum), and the notation o* indicates
that we are not counting 0 which might be a spectral value of T'(t) (and
is indeed for ¢t > 0 in the case of compact semigroups), while obviously
it cannot arise from the spectrum of A.

But no such relationship can be asserted in general for the continuous
spectrum or the essential spectrum. Examples of spectral values of the
semigroup (other than 0) which do not arise from the spectrum of the
generator can be found in the literature ([21]). In this direction the
following partial result can be shown:

exp(toe(A)) C oo(T(t)) , t>0.

This fact can be used if some information about the essential spec-
trum of the semigroup is avalaible. For example, if we know that it
is contained in the interior of the unit disk, for some ¢ > 0. In this
case, either the whole spectrum of 7'(t) is located in the interior of the
unit disk, which provides exponential stability of the semigroup, or there
are spectral values of T'(t) which exceed in magnitude, the ones in the
essential spectrum. These values are the ones which matter regarding
the stability issue: they are non essential and thus emanate from the
generator.
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This result shows that it is important to have means to estimate
the essential spectrum of an operator and possibly also of a semigroup
of operators. We will now quote the few results known on this issue.
The crucial point here is that the generator does not help at all at this
point. Then we will proceed to the next step, that is to say, the spectral
decomposition associated with the non essential spectrum. We will see
that it works much the same as in finite dimensions.

We will end this section providing some estimates of the essential
spectrum.

Let B be a linear bounded operator defined on the Banach space E.
The spectral radius of B is the number

r(B):= sup |\
Aeo(B)

There is a formula for the computation of the spectral radius which does
not use the spectrum:

r(B) = lim ||B™|"/".
n—oo
Accordingly, the essential spectral radius of B is defined by:

re(B) := sup [\l
AEoe(B)

The computation of the essential spectral radius is a little more involved,
it has in fact to do with the distance of the operator to the set of compact
operators. Notice that for compact operators, the essential spectrum
reduces to {0}, thus the essential spectral radius is equal to 0. The
following formula was proved by R. Nussbaum ([32]). It uses the notion
of measure of noncompactness for sets and operators, which we recall in
the following.

Let U be a bounded subset of E. The measure of noncompactness of
U is the number a(U) defined by:

o(U) := inf {E S0, U can be covered by a finite number of }

subsets of E of diameter less than e.

In particular, the following is obvious: a(U) = 0 if and only if U has a
compact closure.

The above definition of measure of noncompactness can be extended
to bounded operators B € L(E):

a(B(U))

a(B) := sup{ o(0) ; U C E bounded and a(U) # O} .
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We can now state the formula for the essential spectral radius ([32]):

re(B) = lim a(B™)/™.

n—oo

Finally, the following quantity may also be of interest. The spectral
bound of a linear closed operator A, denoted s(A), is defined by:

s(A) :=sup{ReX; A€ a(A)}.

Corresponding to the spectral radius of an operator is the growth
bound of a semigroup {7'(t)}+>0. It is the quantity wg defined by:

wo = lim_log | T(®)].

The connection between the growth bound and the spectral radius is
what the intuition suggests it should be, that is:

Vi>0 , r(T(t) = e

Accordingly we can define the essential growth bound of the semigroup.
It is the quantity w; defined by:
wy = lim loga[T(t)].

t—+o00

We also have the expected relationship
re(T(t)) = e,

The potential interest of the theory that will be presented next lies in
the following formula ([42]):

wo = max <w1 , sup Re A) .
Ae(o\oe)(A)

If we can compute or at least estimate w; and show that wi; < wgy or
w1 < $(A), then the growth bound will be determined by the non-
essential spectrum of the generator.

4.2 Decomposition of the state space
C([-r,0]; E)

Let 0(A), 0c(A) be the spectrum and the essential spectrum respec-
tively of the infinitesimal generator A of the semigroup {7'(¢)}:>0 de-
fined by the solutions to (4.1). From the general theory about operator
reduction for isolated points of the spectrum ([77], [42]), we obtain the
following theorem which yields the decomposition of C into a direct sum:
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Theorem 2 Let A € (o\o.) (A). Then X is an eigenvalue of A and for
some positive integer m we have

C=N A\ —A"&R A — A"

where N (A — A)™ is the generalized eigenspace of A with respect to A
and dim N (A — A)™ = ¢ < +0o0.

Moreover A is completely reduced by this decomposition, A restricted
to N (A —A)™ is bounded with spectrum {\} and the subspaces N (A —
A)™ R (A — A)™ are invariant under the semigroup {T'(t) }+>0-

The description of the fundamental solution matrix associated with
a finite dimensional invariant subspace done in [74] for problem (4.1) in
finite-dimensional spaces remains valid without essential modifications.
Some of the properties owe to translation semigroup features enjoyed by
abstract D.D.E. and are valid in a much more general context.

Let @) = (¢1,...,¢4) be a basis for N (A — A)™. There is a ¢ X ¢
constant matrix By such that &) = ®, B, and \ is the unique eigenvalue
of By. Therefore

Dy (0) = 2, (0P | 0 e [—r 0

and also
T(t)(I),\ = CI))\GBAt , t>0.

Furthermore, if the initial value ¢ of (4.1) belongs to N (A — \I)™,
we have ¢ = ®)a for some g-vector a and the solution is defined by

zp = T(t)p = T(t)Pra = ®rePra | t>0.

The same theory applies for a finite subset of (o\o.) (A) and gives
a very clear description of the geometric behaviour of the solutions of
(4.1). We summarize these results in the following theorem.

Theorem 3 Suppose A = {A1...\s} is any finite subset of the non-
essential spectrum of A, (o0\oe) (A), and let Dy := (Py,,...,Py,), Ba =
diag(By,,...,By,), where P, is a basis of the generalized eigenspace
associated to N\j, N (NI — A)"™, with dim N (AT — A)™ = gq; < +oo,
and By, is a constant matriz such that A®y, = @ ;By;. The only
eigenvalue of By; is A\j, j =1,...,s.

Moreover, let

Py=NMI-A)"™M @ - &N NI —-A)™.

Then there ezists a subspace Qa of C invariant under A and {T(t) }+>0,
such that

C=Py®Qn
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and the operator A is completely reduced by this decomposition. Fur-
thermore, for any initial value p = ®pa where a is a constant vector of
dimension q1 + --- + qs, the solution of the Cauchy problem associated

to (4.1) is defined by
zy =T(t)p = T(t)Pra = dpePrla | t>0.
We say that A is reduced by A.

4.3 A Fredholm alternative principle

What we want to do next is to use the formal duality presented in the
previous section to obtain an explicit characterization for the projection
operator on the subspace QQp. The first result is a Fredholm alternative
principle for the characterization of the range of AI — A.

Proposition 40 Let A € (o\o¢) (A). Then, f € R(A — A) if and only
if << a, f>>=0 for alla =¢e_\ ® z*, with z* € N'(A\I — (Ly)") where
(Ly)" is the adjoint of operator L.

Proof— Since A\ € (o\o¢) (A), we have that R (A — A) is closed,
so Lemma 36 gives that R (A — L)) is closed in E. Therefore we can
identify an element in the range of AI — Ly in terms of the null space
of the natural adjoint of this operator. Now, given f in C, Lemma 35
tells us that f € R (A — A) if and only if S\(f) € R (Al — Ly), which
holds if and only if < z*,S\(f) >= 0 for all 2* € N'(AI — (L))"). But,
according to formula (3.2), we have < z*,S)\(f) >=<< e_\ @ a*, f >>,
which completes the proof of the proposition.

We can state Proposition 40 in a Fredholm alternative principle form:

Let A € (0\o.) (A). Then, the equation (A — A)Y = ¢ has a solution
if and only if << e\ @ z*,p >>=0 for all z* € N (A — (Ly)*).

4.4 Characterization of the subspace
R (A — A)™ for X in (o\o.) (A)

The fact that A is non essential ensures that R (A —A)™ is closed with
a finite codimension, and there is an integer mg such that R (A\I — A)™
is the same for all m > mg. The computations we are going to present
now are similar to the ones performed in finite dimensions. In fact, those
computations are in some sense valid in general. But, in the case when
A is an essential spectral value, the computation will not be conclusive.
The main point is that the equation which is originally set up in C will
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reduce to an equation in the product space E™. In fact, the solution to
(M — A)"™p = f is given by:

(Y O oo —0)m
¢(9)—§<ﬂ6 )UjJr/e e Wf(f)df , 0€[-r0]
(4.2)
where ug, ..., un—1 are arbitrary elements of E which must be deter-

mined so that ¢ € D (A — A)™).
Introducing the notation

k
o) = ()\I— jg) o0) . 0¢[-r0]

we have that ¢ € D ((AM — A)™) if and only if ¢4y € D(A), k =
0,...,m — 1, which, in view of the expression (4.2) amounts to prov-
ing that each ;) satifies the boundary condition ¢;)(0) = L(p()). By
direct calculation, the problem reduces to an algebraic equation to be
satisfied by the ug,

‘C)\(m) (u07 v 7um71)T = ‘S‘)\(m) (f)

where (...)7 means the transpose vector and we have introduced the
operators £,(™ € L(E™) defined by:

N —Ly, I-L,W ... —p,m2 _p,(m=-17
0 M—Ly ... —Ly™3 _p,(m=2)
e z z ;
0 0 oo M-—L, I1-1L,®
0 0 0 M — L,

in which L) e £(E), L\ (u) := LAY @ u), u € E and )19 are
defined in (3.4). The operators Sy(™ : C — E are defined by

[ I3 (/90 €>\(9—€)wﬂg) d§> ]

(m —1)!
s L ( /9 0 ex(e@%f ) dg)
S :
L </006A(0—£)(§_9)f(€) dg)

—p(0) + L ( / "0 fg) d&) |

0
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One can check readily that

, j
0w =5 (1) @ w.

4!
Therefore, we have proved the following result

Lemma 40 f € R (M — A)™ if and only if S\™(f) € R (LA(m)).

We wish to locate R (E,\(m)> by means of the adjoint operator <£§\m)> B

In order to achieve this, we need to see that R (L 2™ is a closed sub-

space of E™. No other result similar to the one stated in Lemma 35 is
known.

-1
Since R (M — A)™ = (S,\(m)) (R (E,\(m)>>, one obtains that if
R ( EA(m)) is a closed subspace in E™, then R (A — A)™ is closed in C.

However, the converse statement is of a bigger interest to us. We begin
its analysis proving the following proposition.

Proposition 41 Let A € (0\o.) (A4). Then £, is a Fredholm opera-
tor for each m =1,2,...

The proof is an immediate consequence of the two next lemmas.
Lemma 41 If )\ € (o\oe) (A), then A\I — Ly is a Fredholm operator.

Proof.— Since A € (o\o¢) (A), from Lemma 36 we infer that R (A —
L)) is a closed subspace in E. On the other hand, using Lemma 34
and Lemma 35, we can see that Sy (R(AM — A)) = R(AM — L)) and
SyM (R (M = Ly)) = R (M — A). Select a finite dimension vector space
M complementing R (A — A) in C, which can be done since, by assump-
tion, R (AI — A) has a finite codimension.

From what precedes we deduce that Sy(M)NR (M — Ly) = {0} and
SA(M)+R (M —Ly) = E. So, we have proved that R (A — L) is closed
with a finite codimension.

Finally, N (A — A) is spanned by the functions €y ® u with u €
N (M — L), then dim N (A — L)) < +oc.

Therefore, A\I — Ly is a Fredholm operator.

Lemma 42 Let Ay ...A,, be Fredholm operators on E. The operator
A defined on the product space E™ by

A1 *
A =
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where the operators x are in L(E), is a Fredholm operator.

Proof.— Fredholm operators can be characterized as follows: let F' €
L(E). Then, F is Fredholm if and only there exist two operators D and
G in L(E) such that FoD =1+ ¢ and Go F = I 4+ ~, where ¢ and ~
are finite rank operators.

Assuming that the A;, 1 < j < m, are Fredholm operators, we can
determine Dj, §; (resp. Gj, v;) in L(E) such that AjoD; = I40; (resp.
Gjo Aj = I+ ), with the 6; and the v; having a finite rank. Define
the following operator on E"*:

D1 k
D .= .. .

0 D,
Accordingly, we may define G. The product A D can be decomposed
as follows

I * 51 0

AMD = + =U+ A
0 1 0 Om

The first matrix & in the right-hand side is invertible and the second
one, -, is a finite rank operator. Multiplying the above expression on
both sides by ¢ ~! leads to

AMDy—t =14+ Ay

Obviously, AU~! has a finite rank. Proceeding exactly the same way on
the left, we can also determine an operator G in L(E™) such that

GA™ =T+ A

where A is a finite rank operator.
Therefore, A™ is a Fredholm operator.

We return to the problem set before the statement of Proposition 41
and we conclude that R <[,)\(m)) is closed, so S )\(m)( f) € R

(mm)) if and only if < X*, S\™(f) >= 0 forall X* = (zf,...,z5 _,)T €

2 ((E)) o

Notice that

. y 0 j
<< &P @u o >>=<u, e (0)p(0) > + <u’, L (/ 2P0 - e(€) df) >

[4
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where the notation f stands, as usual, for f(—s). Therefore

m—1
< X RAM(f) >=<< Y eV @at, iy, f>>=0.
=0

Let us consider the subspace
m—1 ) «
oA = {a =3 e @ah s (@b ah) N ((£4) )} .
=0

Since E)\(m) is a Fredholm operator, the same is true for its adjoint,
thus we have that dim N ((ﬁx(m)y) = p for some p < 400 and then,
dim IC,\(m)* =p.

We summarize the results achieved up to now in the following propo-

sition.

Proposition 42 Let A € (o\oe) (A) and let m be a positive integer.
Then f € R (AI—A)™ if and only if << a, f >>=0 for each o € Ky ()
Moreover

m—1
N =A™ = {‘P_ SoaPeu (o, sum1) €N <£/\(m))}

Jj=0

and then dim N (A — A)"™ = dim N <E,\(m)) < +o0.

m—1

0,25, ...,z e N ((EA(m))*> and then it is easy to prove by

Notice that (zf,...,z5 )T € N ((E)\(m)) ) also implies that

m—2
direct calculation that the subspace K A™* s differentiation invariant.
This fact implies that elements of this subspace are solutions of a
linear O.D.E. In fact, choosing a basis ®3 := (¢7,.. .,@;)T of K, (m)*,

we have

&3 = (&1, 9p)" = Bi(ei,....¢)" = Bi®}

where BY is a constant p x p matrix and A is the only eigenvalue of this
matrix. Therefore

®3(0) = P05 (0) . €07l
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4.5 Characterization of the projection operator
onto the subspace Q,

We recall the conclusion of Theorem 2, that is, for A € (o\o¢) (A4),
there exists a positive integer m for which a direct sum decomposition
of the following type holds:

C=NOAI—A" &R — A)™

with dim N (M — A)™ = g < 400 and ¢ € R (A — A)™ if and only if
<< a,p>=0forall a e K™% Also dim Ky, (™)* = p < 4o0.

We wish to find a suitable coordinate system which serves in char-
acterizing the projection operator onto the subspace R (A — A)™. To
this end, it is first convenient to investigate the relationship between the
numbers p, q.

*

Recall that p = dim N ((ﬁk(m)) ), g =dimN (ﬁ,\(m)) but in gen-
eral, even for Fredholm operators, we have p # ¢q. We now show that
q < p and next we will obtain some sufficient conditions for p = q.

Let Wy = (¢1,...,%q) be a basis for the subspace N' (A — A)™ and
Ul = (of,..., a;‘,)T a basis for ,"™*, and make up the constant p x ¢
matrix M:

M =<< U3, W) >>:= [<< aj, ¥j >>ij=1,..pq- (4.3)

If (A\1,...,0)T € N (M), then << a*, Mt + -+ + Ay >>= 0 for
all o* in K,™* and Proposition 42 implies that MY+ -+ Agtg €
R (M — A)™. But we also have A1 + -+ - + A\gtpg € N (A — A)™ and
then \j¢1 +---+Ag¢q = 0. Therefore \; =0,i=1,...,¢q, N (M) = {0}.
Thus we conclude that M has rank ¢, implying that ¢ < p.

In particular we can choose two new bases ®y := (¢1,...,¢q), ®3 =
(7 ,@;)T such that the constant p x ¢ matrix satisfies

<< B, Py >>= [045lij=1,...pq

where 0;; is the Kronecker symbol.
We summarize all of this in a theorem:

Theorem 4 If A € (0\o.) (A), then dimN (A — A)™ < dim K, (™*
and there exist two bases @y = (¢1,...,94), ®3 = (¢7,- - ,goZ)T of the
subspaces N (M — A)™ and K\™* respectively such that

<< B3, @) >>= [<< ¢f, 5 >>ij=1...pg = [0i5lij=1,..p.q-
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Moreover, for each ¢ € C([—r,0]; E) we have a unique decomposition
¢ = or + @1 with o € N(A — A)"™, o1 € R(A — A)™ and <<
i pr>=0,7=1,...,p.

Also o = Y1 Nigi with << ¢, o >>= N if i < q and <<
ei o >>=01ifi>q.

Next we relate the matrices By, B} defined by = ), B,, <I>§ =
B,

It is easy to check that for o = f @ u*, f € C1([0,7]), u* € E* and
for all p € D(A), we have

<L a,p>>+ << a,p>>=<u’, L (f@ @(0)) >4+ < u”, f(0)p(0) >

where f(0) = f(—6).
Thus, for a € K,™* and ¢ € D(A),
<<, p>> 4 << dyp >>=0.

Therefore

<< B}, By >> = Bl << 0,0y >>= — << 5, D) >>
— << @3, D)\ >> By.

Since

<< DY, D) >>= [ qu ]

where I, is the identity ¢ x ¢ matrix, we obtain

. _B, N
BA‘[ 0A P]

where N and P are two matrices of the adequate dimensions and 0 is a
zero submatrix.
Notice that for p = ¢ the last relation reduces to

Next we state some sufficient conditions to have p = q.

Lemma 43 If the formal duality is non degenerate then p = q.

Proof.— As usual, we say that the formal duality is non degenerate if
the equality << a, ¢ >>= 0, for all ¢ € C, implies that a = 0.
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With the above notations, let (p1, ... ,,u,p)T eN (MT) (M defined in
(4.3) ). Then, << praf + -+ + ppag, ¢ >>= 0 for all ¢ € R (A — A)™
and also for all ¢ € C. Since the formal duality is non degenerate, we
must have pyaj +- -+ ppay = 0 and then N (MT) = {0}. This implies
that p < ¢, sop=gq.

The converse is not true in general. There are examples for finite di-
mensional spaces E such that p = ¢ and the formal duality is degenerate.

Finally we relate the equality p = ¢ with some compactness properties
on the operator £ 1™ Introduce the operators

0 I 0 ... 0 0]
00171 ..00
J(m) = . . .
00 0 0 I
0 0 0 0 0 |
(1) (m=2) (m—1)
b b L?m 3) L(m 2)
m— m—
o 0 Iy Ll Ll
H = : :
A : : : :
0 0 ... I L
0 0 ... 0 Ly |

If X\ # 0, the operator \I + J(™) is invertible and then

L3 = A1+ 00— B = (A 4+ 1) (1= (A4 7))

The operators J™ and H >(\m) conmute and from well known general
results about the spectrum of compact operators ([35], Th. 4.25) we
have

Lemma 44 Let A\ € (0\oe) (A) be an eigenvalue of A, X # 0. If the
operator H)(\m) or some of its iterates is compact, then p = q.

Lemma 45 Let A\, be given in (o\oe) (A), A # p. For any positive
integers m,r and o € Ka"™*, o € N (ul — A)", it holds that << o, p >
>=0.

Proof.— Given that the two polynomials in z, (x — A)"™ and (z — u)"
are relatively prime, the Bezout identity ensures the existence of two
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polynomials P(x), Q(z) such that

(o 82 (8)+ -5 o(2)

where d/df is the differentiation operator, so that

Ka,p> = <<a,(A[—=d/do)™ P(d/d0)p >> + << a, (u] —d/do)" Q (d/db) ¢ >>
= << (d/d0+X)™ «, P (d/df) ¢ >> + << a,Q (d/db) (uI — d/dO)" ¢ >>
= 0.

Let A = {\1,...,As} be a finite subset of non essential points of
o(A) and consider the decomposition of the space C([—r,0]; E) stated
in Theorem 3. We are now able to characterize the subspace Q5 by an
orthogonality relation associated with the formal duality.

To this end, we define

Prim Ky, % @ @ Ky, (),

Next, let ®;, @7 be bases of the subspaces N (\;I — A)™, IC,\j(mJ')*
respectively, 7 = 1,...,s. From the results stated above we know that
each constant p; X ¢; matrix J; :=<< <I>;f,<1>j >>, q; < pj, has rank
equal to ¢; and also the matrix << ®;,®; >> is zero for k¥ # [. Then
the matrix J of order (p1 + -+ +ps) X (g1 + -+ qs),

J = [<< 7, Py >>]j k=1,...,s

has rank equal to g1 + - - - + ¢s.
Therefore there exist two bases ®,, ®} of the subspaces Py, P} re-
spectively such that the constant matrix << ®}, ® > satisfies
<< CI)T\, Py >>= [5ij]i,j:17---7p1+~"+p5,q1+'“+qs‘

Finally we have found a characterization of the projection onto the sub-
space Q4. Keeping all the above notations, we have proved the following;:

Theorem 5 Consider the direct sum decomposition
C =Py ®Qa.

Then,
Qr={peC; << P},p >=0}.

Moreover, any ¢ € C may be written as ¢ = pp, + g, with <<
L, 00, >>= 0 and pp, = Pra where a is a constant vector of di-
mension q + - - - + qs such that

<K PR, >>=<< D), pp, >>=<< D}, Py >a = [ 8 }
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and 0 is the zero vector of dimension p1 + -+ ps — (q1 + -+ + ¢s) -
Notice that if p; = ¢q;, 7 =1,...,s, then
op, = Ppra =Py << PR, >> .

4.6 Conclusion

Several extensions of Hale’s theory of functional differential equations
to infinite dimensions exist in the literature, starting from the one given
by C.C. Travis and G.F. Webb [94]. The main motivation is the study of
partial differential equations with finite or infinite delay. In most cases,
the equation is of the form

0
2(t) = Ax(t) + [ dn(s)z(t+s)

b

where A generates a Cp-semigroup on a Banach space X and dn is a
suitable restricted Stieltjes measure with values in £(X) (see [78], [79],
[38], to quote a few). Another important motivation is related to control
theory. Increasingly elaborate extensions of earlier work by C. Bernier
and A. Manitius, [9], [27], on attainability completeness or degeneracy,
to the case of partial differential equations with delays have been given
by S. Nakagiri [29], [30], [31]. The work done by S. Nakagiri includes
results on the spectral theory of such equations and the characterization
of some generalized eigenspaces in terms of the solutions of an adjoint
equation. Many of the considerations of this author are similar to ours.
The results differ in that some restrictions are imposed by Nakagiri on
the measure, which takes the form

0 0
[ dntsrets) = S asgt-m + [ Dls)o(s)ds
—r —r
with A; € L(X), D € L' ((—r,0); £L(X)). Moreover, it is assumed that
the space X is reflexive. In contrast, we make no hypotheses on the
functional term or on the space.

5. A Variation Of Constants Formula For An
Abstract Functional Differential Equation Of
Retarded Type

The aim of this section is to obtain a variation of constants formula
for an abstract linear nonhomogeneous retarded functional differential
equation. We will follow the work made in [7].
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5.1 The nonhomogeneous problem

Let us consider the Cauchy problem for the nonhomogeneous retarded
functional equation:

a'(t) = L(z)+ f(t), t=0
o = @

i)

where L : C([-r,0]; E) — E, (r > 0), is a bounded linear operator, E
is a Banach space, f : [0, 7*[— E (7" > 0) is a continuous function and
pelC:=C(-r0];E).

A solution of this problem is a function z € C([-r,7*[; E), © €
C*([0,7*[; E) which satisfies (NH) for ¢ > 0.

Uniqueness of solution for (NH) follows immediately from that of the
homogeneous problem. Regarding the existence we observe that if 2 is
a solution of (CP) and z* is a solution of the particular nonhomogeneous
problem

{x’(t) = L(z)+f(t) ; t>0 (5.1)

{L‘OZO

then z = 2 + 2% satisfies (NH). But we already know existence and
uniqueness of 1 for each initial value ¢ € C([-r,0]; E). Then it is
enough to prove the existence of ' .

Proposition 43 Given f € C([0,+oc[; E), there exists a unique func-
tion x¥ € O([—r,+oo[; E) N CY([0,+oc[; E) which satisfies (5.1) on
[0, 4o00].

Proof.— For each fixed T' > 0, let us consider the space
Co([0,T]; E) :={p € C([0, T E) 5 ¢(0) = 0}
and the operator II : [0, T] x Cy([0,T]; E) — C([—r,0]; E') defined by

_J o, it t+60<0
H(t,w)-—{go(pre), if t+6>0.

If we extend ¢ by zero to the interval [—r, T, it is easy to see that
I1(t, ¢) = ¢¢ and then (5.1) is equivalent to the integral problem

x(t):/o L(H(s,az))ds—i—/o f(s)ds ; t>0

and also

x(t):IC:U(t)+/0f(s)ds  1el0T]
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where K is the bounded linear operator defined on Cy([0,7T]; E') by

t
Ku(t) = / L(T1(s, u)) ds.
0
It is enough to prove that I — K is invertible. Since

I ulleqom:z) < TILIulleqo,m;E)
we obtain the following estimations for the iterates of K:

|
n! ’

Ik < n=1,2,...

and the result follows easily.

5.2 Semigroup defined in L(FE)

For each ® € C([-r,0]; L(E)), be E, let P®b e C([—r,0]; E) be the
function defined by

(®@b) () = DO)b) 3 0€[-r0)
and then consider the bounded linear operator
L:C([-r,0};L(E)) — L(E) L(®)(b) := L(® ® ).
Theorem 1 can be used to conclude that the Cauchy problem

{V’(t) = L(V}) ; t>0

Vo = @ (5.2)

has a unique solution for each initial value ® € C([—r,0]; L(E)). Also,
this solution defines on C([—r,0]; £L(E)) a strongly continuous transla-
tion semigroup {7'(¢)}+>0 such that T'(t)® = V;, t > 0.

The infinitesimal generator of this semigroup is
Abi=d ; D(A) = {® € Cl—r,05L(E)) ; $(0) = L(®)}.
Proposition 44 The semigroup {T(t)}i>0 associated to the solution of
(CP) is related to the semigroup {T'(t)}+>0 by
(T(t)cp) O)(b) =T@)(@Rb)(0) ; YoeE ; 6¢cl-r0.

Proof.— Let {U(t) }+>0 be the family of bounded linear operators defined
in E by:
U#)b):=T(t)(P®b)(0) ; t>0.
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Since {T'(t) }+>0 is a translation semigroup, for t > 0, 6 € [—r,0], t +6 >
0, we have:

Uy(0)(0) =T(t+0) (2 ®0b) (0) =T(t) (2 @D) (0)
and U = ® in [—r,0].
Also, for t > 0,0 € [-r,0], t+6 <0,
U(0)(b) =@(t+0)(b) =(P®0b) (t+6)=T(t) (P ®Db) ().
Next, we look at the equation. We have

LU)b) = LU;@b) = L(TEt)(®®b) ; t>0.

Now, let & € D(A) be the initial value in problem (5.2) . It is easy to
prove that ® ® b € D(A) for all b € E, and then

U'()(0) = T()A (@ ®b) (0) = AT(t) (2 @ 1) (0) = L (T(t) (2 ® b)) = L(Us)(b).

That is, the function U € C([0, +oo[; L(E)) satisfies (5.2). So, U; =

T(t)®, by definition of the semigroup {T'(t)}+>¢ and uniqueness of the so-

lution of equation (5.2). Finally, by density of D(A) in C([—r,0]; £L(E)),
equality extends to all ®.

The proof of the proposition is complete.

5.3 The fundamental solution

Let e € E be given. We denote by z¢(¢) the unique solution of the
problem

Z(t) = Lly)+e; t>0
rg = 0,

which, in integral form, reads as:
t
(z°)(t) = / L(zl)ds+et , t>0. (5.3)
0

We now define the fundamental solution of (NH).

Definition 41 The fundamental solution of problem (NH) is the family
of operators {U(t) }1>0, U(t) : E — E, defined by

U(t)e:= (z°)'(t) ; t>0.

Observe that U(0) = I and U(t)e = L(x:¢) + e. Also, it is easy to prove
that for each e € E fixed, the function ¢ — U(t)e is continuous in R.
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Lemma 46 For allt > 0, we have U(t) € L(E).

Proof.— Given e € E, from (5.3) we have:

IN

|zl

t+0
. (HLH /0 o/l ds + <t+6>||e||)

0e[—t,0
t
1L /0 el ds + tle].

This implies that ([74]):

t
|zl < t|le]lexp </ IL]| ds) — t]|e]|etI
0

Therefore
[U@)ell < [[Lll[lzellc + llel| < el (1 +tHLH€t”L”) :

We are now going to prove the continuity in Ry of the function t —
U(t) and to this end we need to introduce another family of operators
which is related to the fundamental solution by integration.

More precisely, let {V(t)}+>0 be the family of operators defined by:

V(t): E— E ; V(t)e:=z(t).
We have . .
V(t)e = /0 (z°) () ds = /0 U(s)eds

and also
t t L
VOl < lell [ aGs)lds < el [ (14 sl121e1) as

which proves that V(t) € L(E) , t > 0.

Proposition 45 The function t — V(t) is continuously differentiable
from Ry into L(E).

Proof.— Let t1,t5 € Ry:

ta
V() = V)l =  sup [V(t)e —V(t)l| = sup / Us)e ds
[lel|<1 llell<1 11/t
to
< sup |lel / U(s)]| ds
[le]|<1 t1
to
< / <1+s||LHeS”LH> ds — 0 (|t1 — ta] — 0).
ty
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The above inequality yields local Lipschitz continuity.

We extend V to the interval [—r,0] by 0. Since V(0) = 0, local Lip-
schitz continuity is preserved. It also holds for the map ¢ — V} from R.;
into C([—r,0]; L(E)). Therefore, the same holds for the map ¢t — L(V}).

Observe that
zo(0) =2°(s+0) =V(s+0)(e) =Vs(0)e = (Vs ®e) ()

hence

L(x5) = L (Vs @ e) = L(Vs) (e)-

Substituting the right-hand side of the above formula for L(z¢) in (5.3),
we arrive at

V(t):/oti(vs)dsﬂl c >0 (5.4)

from which, in view of local Lipschitz continuity of L(V;), we can con-
clude that V(t) is continuously differentiable for ¢ > 0 and it holds:

Vt)=LWV)+1 ; t>0. (5.5)

An immediate consequence of Proposition 45 is the continuity of the
fundamental solution:

Corollary 6 The functiont — U(t) is continuous from Ry into L(E).

The fundamental solution satisfies a retarded equation which is for-
mally similar to (5.2). To see this, we extend by zero the fundamental
solution to the interval [—r,0[. Since U(0) = I, the extension is not
continuous but we can define the sections of U(t).

These sections are related to V(t) by:

t+6 0, if t+6<0
U(s)ds =

vt(e)zv(t+9):/ /t Ur(O)dr, if t+6>0
-6

JO

and therefore we can easily show:
t
Vi(0) = / U:0)dr 5 t>0 ; 6€l—r0].
0

From (5.5) we conclude that the fundamental solution satisfies the Cauchy

problem:
t
u) L</Z/1Td7'>—|—l >0
0

U = Xo



A theory of linear DDE in infinite dimensional spaces 341

where X(0) :=0if 6 € [-r,0[; Xo(0) :=I.
This retarded functional equation can be written formally in the in-
tegral form:
t ~
Uy - / EU)dr+1 ; t>0
0
Uuwo) = X

and also formally in the differential form:

{L{’(t) = LUy ; t>0
Uy = Xo.

Using the semigroup {T(t)}+>0 with some abuse, we may write formally:

5.4 The fundamental solution and the
nonhomogeneous problem

We keep the above notations and we are going to express the solu-
tion of the particular nonhomogeneous problem (5.1) in terms of the
fundamental solution.

Theorem 7 Let ¥ be the solution of (5.1). Then we have:

.’Z‘P = t — S S S N .
(t) Auu V(f(s) ds 5 t>0

Proof.— By arguments similar to those employed in Lemma 46, we can
prove the continuous dependence of 2 upon the function f. Hence it
is enough to choose f € C1([0,T]; E), T > 0.

In this case we have

G D=9 G = (V0= 9) (76 + V= 5) (£1(5).

We define

and y(t) = 0 in [—r,0].
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Observe that y is continuous in [—r, +oo[, since y(0) = 0, but we do
not assure the differentiability of y in ¢ = 0.

We now prove that y satisfies the same equation as z*:

1) = Vi) (F(0) + /0 V(t—s) (f(s)) ds

— W) (f(0) + /0 L) (f'(s)) ds + £(2)
= L (Vt ® f(0) + ; Vies @ f(s) ds> + f(1).

On the other hand, from the definition of y for ¢ > 0 and the fact that
both y and V are identically for ¢ < 0, we can easily check that

t
Vt®f(0)—|—/0 Vies @ f'(s)ds = y;.

Substituting y; for the left-hand side of the above expression in the
formula of y/(t) we obtain:

y'(t) = Lye) + £(t)

together with y(t) = 0 for t < 0, so y(t) = x¥(t), which completes the
proof of the theorem.

Lemma 47 The sections of the solution x¥

fundamental solution by

are given in terms of the

(xp)t:/tut8®f(5)ds ; t>0.
0

Proof.— We do not carry out the details of the calculations which are
based on

Uo(0) (f(s)) ds = | U(t+6—5)(f(s)) ds = 0.
t+60 t+60

We recall that the solution of (NH) is = xf + 2 and so we obtain for
each initial value ¢ € C([—r,0]; E) the following formula:

o) = TR0 + [ Ut=5)(F) ds 120

and also .
Ty = T(t)cp—{—/ U—s @ f(s)ds ; t>0.
0
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Formally:
t
2= T(t)p + / (T(t - s)Xo) ® f(s)ds.
0

Finally, we can also express the solution of the homogeneous equation,
H

', in terms of the fundamental solution U(t).
Given ¢ € C([—r,0]; E), let us define ¢ € C([—r, +oo[; E):

e i te[-r0]
() '_{i(o) if ¢>0.

Changing the unknown function z into y, defined by

z(t) = y(t) + &(t)

we have that y satisfies the nonhomogeneous problem:

{ y'(t) = L(y)+L(@), t>0
yo = 0.

Theorem 7 applies and yields the following expression
t
o) = [(Ule=s)(Lp)ds . >0,
0

Coming back to the original unknown function x, we obtain:

t
z(t) = ¢(0) +/ Ut —s)(Lps)ds , t>0.
0
Rewriting ¢ in the form
¢(t) =2(t) +¢(0) , —r<t<+oo

and using this expression in the quantity under the integral, we arrive
at

t min(¢,r)
z(t) = »(0) —i—/o Ut —s) (Ly(0)) ds —i—/o Ut —s)(Lp,) ds

where (0) after L in the first integral is to be considered as a constant
function.

Finally we can write

z(t) = [I+ /0 tU(s)f,(i) ds] (0(0)) + /0 mm(t’r)uu—s) (Lp,) ds
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with I : [-r,0] — L(E) defined by () := I.

Comparing this representation with the solution of the homogeneous
Cauchy problem associated with a constant initial data, we conclude
that the first term is the restriction of the semigroup {7'(¢)}+>0 to the
constant functions.

5.5 Decomposition of the nonhomogeneous
problem
in C([—r,0; E)

We keep the notations of sections 3 and 4. In what follows we ac-
cept that the measure m associated with the operator L is of bounded
variation and therefore the operator L*, formally adjoint to L, is defined.

Lemma 48 Let x(t) be a solution to (NH) defined in [a,+oo] and let
y(t) = g(t)u* be a solution of the formally adjoint equation

y(t)=—L"(y;) ; t<0

defined in | — 0o, b], with a < b. Then, for all t € [a,b] we have:
t
<LK Y, T S>=<< Yo, Tg >> +/ <y(s), f(s) > ds.
0

Proof.— This can be done by calculations quite similar to those employed
for the homogeneous problem. Hence we don’t carry out the details.
We have

0
<< gpae S>=< y(t),2(t) > + <, L ( [ ste+e=ate+e) dg) 5
and then

d
7 Sypae>> = <gt),x(t) >+ <y(t),&(t) >
+ <uh LG ®@a(t) > — <u’, L(g(t)z) >

= <y(), f(t) >.
Integrating, the lemma follows.

Proposition 46 Let x; be the section of the solution to (NH) corre-
sponding to the initial value ¢ € C([—r,0]; E). Then

t
<< %, 1y >>=e B << B o >> +/ < eBAETD®Y (0, f(s) > ds
0
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where By = diag(B},,..., B} )

Proof— We apply Lemma 48 to y; = er*\tCDZ and then
t
<< BNDY 1y >>=<< B}, g >> +/ < eBR3®%(0), f(s) > ds.
0

Also, if we define
Z(t) =<< ", 2y >>

by differentiation we obtain
Z(t) = —BrZ(t)+ < ®1(0), f(t) > .

Let us suppose that that p; = ¢;, j = 1,...,s and hence B} = —B). We
apply the decomposition of the space C([—r,0]; E') stated in theorems of
section 4 and for z, section of the solution of (NH), we have

P P
xp = a8 + 1@ ;ow € P CUtQGQA

where ;¥ = ®a and
* t *
a = << B,z >>=e P << Y, >> +/ < ePATD®Y (0), f(s) >ds
0
t
= B DY o >> +/ < PrAt=I9% (0), f(s) > ds.
0

From this we can obtain the projection of the solution x; on the subspace
Py in terms of the semigroup {T'(¢) }+>o0:

t
ol = ®pePM << @Y, 0 >> —i—/ PprePrE=3) < §%(0), f(s) > ds
0

= T(t)p" + /Ot T(t—s)®y < PR(0), f(s) > ds.

Let Xof € C([~7,0]; £L(E)) be the operator defined by
Xo¥ = ®y < ®3(0),- >

XoP(0)(b) := ®r(0) < ®1(0),b> ; bEE ; 6Hec[-r0.

(T&X") O)B) = T(t) (X" @) () = T(t) (Xo” (9)(1)
= T(t) (®A(6) < ®4(0),b >)
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P

we finally obtain the characterization of the projection z; in terms of

the semigroups {T'(t)}s>0, {T(t)}+>0 and the operator Xo':

=T )pf + /Ot (T(t - s)XOP) ® f(s)ds.

Notice that if the measure m is not of bounded variation, the formal
adjoint operator L* is not defined but the last decomposition formula
remains still valid. In fact, Proposition 46 can be proved directly, so
that the last decomposition formulas are also valid.
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1. Introduction

Let (X, |-|) be an infinite dimensional Banach space and £(X) be the
space of bounded linear operators from X into X. Suppose that r > 0
is a given real number. C ([—r,0],X) denotes the space of continuous
functions from [—r,0] to X with the uniform convergence topology and
we will use simply Cx for C ([-r,0],X). For v € C([-r,0],X), b >0
and t € [0, b], let u; denote the element of Cx defined by u.(6) = u(t +
0), —r <6 <0.

By an abstract semilinear functional differential equation on the space
X, we mean an evolution equation of the type

dt

{ D)~ Agult) + Fityur), ¢ 0, 1)
up = @,

where Ay : D(Ap) € X — X is a linear operator, F' is a function
from [0,+00) x Cx into X and ¢ € Cx are given. The initial value
problem associated with (1.1) is the following : given ¢ € Cx, to find a
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continuous function u : [—r,h) — X, h > 0, differentiable on [0, h) such
that u(t) € D(Ap), for t € [0,h) and u satisfies the evolution equation
of (1.1) for t € [0, h) and ug = ¢.

It is well-known (see for example [94] and [96]) that the classical semi-
group theory ensures the well posedness of Problem (1.1) when Ay is the
infinitesimal generator of a Cy-semigroup of bounded linear operators
(To(t))s>( in X or, equivalently when
(i) D(Ao) =
(ii) there exist My,wo € IR such that if A > wy (M — Ag)~! € L(X)
and

[N —wo) (AL — Ag) ™| < My, VYneN,

In this case one can prove existence and uniqueness of a solution of (1.1),
for example by using the variation-of-constants formula ([94], [96])

ult) = {T(E(l)t)w(O)+fJTo<t—s>F<s,us>ds, lﬁiz[o )
s 1 S -, s

for every ¢ € Cx.

For related results, see for example Travis and Webb [94], Webb [95],
Fitzgibbon [72], Kunish and Schappacher ([78], [79]), Memory ([82],
[83]), Wu [96], and the references therein. In all of the quoted papers,
Ay is an operator verifying (i) and (ii). In the applications, it is some-
times convenient to take initial functions with more restrictions. There
are many examples in concrete situations where evolution equations are
not densely defined. Only hypothesis (ii) holds. One can refer for this

o [64] for more details. Non-density occurs, in many situations, from
restrictions made on the space where the equation is considered (for ex-
ample, periodic continuous functions, Hélder continuous functions) or
from boundary conditions (e.g., the space C! with null value on the
boundary is non-dense in the space of continuous functions. Let us now
briefly discuss the use of integrated semigroups. In the case where the
mapping F' in Equation (1.1) is equal to zero, the problem can still be
handled by using the classical semigroups theory because Ag generates
a strongly continuous semigroup in the space D(Ap). But, if F' # 0, it
is necessary to impose additional restrictions. A case which is easily
handled is when F' takes their values in D(Ap). On the other hand, the
integrated semigroups theory allows the range of the operators F' to be
any subset of X.
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Example 3 Consider the model of population dynamics with delay de-
scribed by

ou ou

a(t,a) + %(t, a) = f(t,a,u(-,a)), (t,a) €[0,T],x[0,1],
u(t,0) = 0, teo,1],
u(f,a) = ¢(0,a), (0,a) € [-r,0] x [0,],

(1.2)
where @ is a given function on Cx = C ([—r,0], X), with X = C([0,1], R).
By setting V (t) = u(t,-), we can reformulate the partial differential prob-
lem (1.2) as an abstract semilinear functional differential equation

{ VI(t) = AoV (t) + F(t,Vs),  te€[0,T], (1.3)

‘/():(pECXa

where

{ D(AO) = {u ec! ([Oal]7R)§ u(O) = 0}7
Agu = —/,

and F : [0,T] x Cx — X is defined by F(t,p)(a) = f(t,a,9(-,a)) for
t€[0,7], ¢ € Cx and a € [0,1].

Example 4 Consider the reaction-diffusion equation with delay described

by
ou
E(t,x):Au(t,x)—l—f(t,x,ut(-,x)), tel0,7], x €Q,
u(t,x) =0, te0,T], x € 09,
U(H,.%') = QO(H,.%), 0 c [—?”, 0} , x €8,

(1.4)
where @ C IR™ is a bounded open set with regular boundary 0, A is
the Laplace operator in the sense of distributions on  and ¢ is a given
function on Cx :=C([-r,0],X), with X =C (Q, R).

The problem (1.4) can be reformulated as the abstract semilinear func-
tional differential equation (1.3), with

D(Ao):{UGC(ﬁ,JR); AuEC(ﬁ,]R) and u =0 onaﬂ},
Aou:Au,

and F : [0,T] x Cx — X 1is defined by F(t,p)(z) = f(t,z,¢(-,x)) for
te[0,T], p €Cx and x € Q.

In the two examples given here, the operator Ag satisfies (ii) but
the domain D(Ap) is not dense in X and so, Ay does not generate a
Cy—semigroup. Of course, there are many other examples encountered
in the applications in which the operator A satisfies only (ii) (see [64]).
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We will study here the abstract semilinear functional differential equa-
tion (1.1) in the case when the operator Ay satisfies only the Hille-Yosida
condition (ii). After providing some background materials in Section 2,
we proceed to establish the main results. A natural generalized notion
of solutions is provided in Section 3 by integral solutions. We derive a
variation-of-constants formula which allows us to transform the integral
solutions of the general equation to solutions of an abstract Volterra
integral equation. We prove the existence, uniqueness, regularity and
continuous dependence on the initial condition. These results give nat-
ural generalizations of results in [94] and [96]. In Section 4, we consider
the autonomous case. We prove that the solutions generate a nonlinear
strongly continuous semigroup, which satisfies a compactness property.
In the linear case, the solutions are shown to generate a locally Lipschitz
continuous integrated semigroup. In Section 5, we use a principle of lin-
earized stability for strongly continuous semigroups given by Desh and
Schappacher [65] (see also [87], [88] and [90]) to study, in the nonlin-
ear autonomous case, the stability of Equation (1.1). In Section 6, we
show in the linear autonomous case, the existence of a direct sum de-
composition of a state space into three subspaces : stable, unstable and
center, which are semigroup invariants. As a consequence of the results
established in Section 6, the existence of bounded, periodic and almost
periodic solutions is established in the sections 7 and 8. In the end, we
give some examples.

2. Basic results

In this section, we give a short review of the theory of integrated
semigroups and differential operators with non-dense domain. We start
with a few definitions.

Definition 42 [56] Let X be a Banach space. A family (S(t))i>0 C
L(X) is called an integrated semigroup if the following conditions are
satisfied :
(i) 5(0) = 0;
(ii) for any z € X, S(t)x is a continuous function of t > 0 with values
m X; \
(iii) for any t,s >0 S(s)S(t) = / (S(t+71)—S(r))dr.

0

Definition 43 [56] An integrated semigroup (S(t))i>0 is called expo-
nentially bounded, if there exist constants M > 0 and w € IR such that

IS(t)]| < Me“t  for t > 0.
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Moreover (S(t))t>0 is called non-degenerate if S(t)x = 0, for all t > 0,
implies that x = 0.

If (S(t))t>0 is an integrated semigroup, exponentially bounded, then

+oo
the Laplace transform R(\) := A / e MS(t)dt exists for all X with

0
Re(A) > w. R()\) is injective if and only if (S(¢))i>0 is non-degenerate.
R()) satisfies the following expression

R(A) = R(p) = (b = M R(A) R(p),

and in the case when (S(t)):>0 is non-degenerate, there exists a unique
operator A satisfying (w, +00) C p(A) (the resolvent set of A) such that

R(\) = (M — A7, for all Re(N) > w.

This operator A is called the generator of (S(¢)):>0.
We have the following definition.

Definition 44 [56] An operator A is called a generator of an inte-
grated semigroup, if there exists w € IR such that (w,+o0) C p(A), and
there exists a strongly continuous exponentially bounded family (S(t))i>0
of linear bounded operators such that S(0) = 0 and (A — A)™! =

+o00
A / e MS(t)dt, for all X > w.
0

remark 2 If an operator A is the generator of an integrated semigroup
(S(t))e=0, then VA € IR, A — Ml is the generator of the integrated semi-
group (Sx(t))t>0 given by

Sy(t) = e MS(t) + )\/t e S (s) ds.
0

Proposition 47 [56] Let A be the generator of an integrated semigroup
(S(t)t>0. Then for allz € X and t > 0,

/t S(s)xds € D(A) and S(t)zr = A </t S(s)mds) + t.
0 0
Moreover, for all x € D(A), t >0

S(t)x € D(A) and  AS(t)x = S(t)Ax,

and

S(t)r =tz + /t S(s)Axds.
0
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Corollary 1 [56] Let A be the generator of an integrated semigroup
(S(t))e>0. Then for all x € X and t > 0 one has S(t)x € D(A).
Moreover, for x € X, S(-)z is right-sided differentiable in t > 0 if and
only if S(t)x € D(A). In that case

S'(t)yx = AS(t)x + .

An important special case is when the integrated semigroup is locally
Lipschitz continuous (with respect to time).

Definition 45 [81] An integrated semigroup (S(t))i>o0 is called locally
Lipschitz continuous, if for all T > 0 there exists a constant k(1) > 0
such that

15() = S| < k() |t — sl for allt,s € [0,7].
In this case, we know from [81], that (S(t)):>0 is exponentially bounded.

Definition 46 [81] We say that a linear operator A satisfies the Hille-
Yosida condition (HY) if there exist M > 0 and w € IR such that
(w,4+00) C p(A) and

sup {(A—w)" [[(AM = A)7"|[, neN, A>w} <M, (HY)

The following theorem shows that the Hille-Yosida condition charac-
terizes generators of locally Lipschitz continuous integrated semigroups.

Theorem 2 [81] The following assertions are equivalent.
(i) A is the generator of a locally Lipschitz continuous integrated semi-

group,
(ii) A satisfies the condition (HY).

In the sequel, we give some results for the existence of solutions of the
following Cauchy problem

du
{ Wy = au) + ), £20, @2.1)
u(0) =z € X,

where A satisfies the condition (HY), without being densely defined.
By a solution of Problem (2.1) on [0,7] where T' > 0, we understand
a function u € C! ([0, T, X) satisfying u(t) € D(A) (¢ € [0,T]) such that
the two relations in (2.1) hold.
The following result is due to Da Prato and Sinestrari.
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Theorem 3 [6/] Let A : D(A) C X — X be a linear operator, f :
[0,T] — X, x € D(A) such that

(a) A satisﬁes the condition (HY).

(b) f(t) )+ fo s)ds for some Bochner-integrable function g.

(c) AI+f( ) D(A).

Then there exists a unique solution u of Problem (2.1) on the interval
[0,T], and for each t € [0, T

wio) < 3e (jol + [ e (o) as)

In the case where z is not sufficiently regular (that is, = is just in
D(A)) there may not exist a strong solution u(t) € X but, following the
work of Da Prato and Sinestrari [64], Problem (2.1) may still have an
integral solution.

Definition 47 [64] Given f € L}, (0, +00; X) and x € X, we say that
: [0,400) — X is an integral solution of (2.1) if the following asser-
tions are true

()UGC([O 00); X),
(ii)/0 w(s)ds € D(A), fort >0,

(iii)u(t):x+A/ ds+/f fort > 0.

,From this definition, we deduce that for an mtegral solution u, we

t+h
have u(t) € D(A), for all t > 0, because u(t) = hm / s)ds and

t+h
/ u(s)ds € D(A). In particular, 2 € D(A) is a necessary condition
t

for the existence of an integral solution of (2.1).

Theorem 4 [61] Suppose that A satisfies the condition (HY), z= €

D(A) and f :[0,400) — X is a continuous function. Then the problem
(2.1) has a unique integral solution which is given by

d t
u(t) =S (t)x + dt/o S(t—s)f(s)ds, pourt>0,

where S(t) is the integrated semigroup generated by A.
Furthermore, the function u satisfies the inequality

lu(t)] < Me“* <|33| + /t e “1f(s)] ds) , fort>0.
0
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Note that Theorem 4 also says that fg S(t—s)f(s)ds is differentiable
with respect to t.

3. Existence, uniqueness and regularity of
solutions

We restate the problem

du
{ E2 ) = Agu(t) + F(t, ), t>0, a1
uyg = @ € C)(,

where F': [0,T] x Cx — X is a continuous function.

Throughout this work, we assume that A( satisfies the Hille-Yosida con-
dition on X :

(HY) there exist My > 0 and wg € IR such that (wg, +00) C p(Ap) and

sup {(A = wo)" [[(AT = 49)™"

,nEN,)\>w0}§M0.

We know from Theorem 2 that Ag is the generator of a locally Lip-
schitz continuous integrated semigroup (Sp (t)),~, on X, (and (So (t));>¢
is exponentially bounded). N B

In view of the remark following Definition 44, we will sometimes as-
sume without loss of generality that wg = 0.

Consider first the linear Cauchy problem

u'(t) = Aoul(t), t >0,
up = @ € Cx.

This problem can be reformulated as a special case of an abstract semi-
linear functional differential equation with delay. This is

{ ' (t) = (Auy) (0), t>0,
up = ¢,
where
D(A) = {90 € Cl ([_Ta 0] aX) ; 90(0) € D(AO)v SO,(O) = AO‘P(O)} )
Ap = .
We can show, by using the next result and Theorem 2, that the op-
erator A satisfies the condition (HY).

Proposition 48 The operator A is the generator of a locally Lipschitz
continuous integrated semigroup on Cx given by

| ) e(s)ds + So(t + 0)p(0), t+60>0,
(S(t)p) () { ZH%(S) ds. fr 00
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fort >0, 6 ¢€[—r0] and ¢ €Cx.

Proof. It is easy to see that (S(t)),~, is an integrated semigroup on
Cx. -

Consider 7 > 0, t,s € [0, 7] and ¢ €Cx.

Ift+6>0and s+ 60 >0, we have

(S(t) @) (0) — (S(s)p)(0) = So(t + 0)p(0) — So(s + 0)p(0).

It follows immediately that there exists a constant k := k(7) > 0 such

that
(S5(t) @) (0) = (S(s5)p) (O)] < K [t — 5[ [p(0)],

|
because (So(t))¢>0 is Lipschitz continuous on [0, 7].
Ift+60 <0and s+ 6 <0, we have

[(S () p) (0) — (S(s)e) (B)] = 0.
Ift4+60>0and s+ 6 <0, we obtain

0
<swwﬂm—w@mww—&m+mwm+/ () du,

s+6
then

[(5(2) @) (0) = (S(s)p) (0)] < K (t+6)[0(0)] — (s +0) [l ,
This implies that
15 () = S(s)l < (k+ 1)t — 5.

It may be concluded that (S(t)):>¢ is locally Lipschitz continuous.

In order to prove that A is the generator of (S(t))i>0, we calculate
the spectrum and the resolvent operator of A.

Consider the equation

(A= A)p =,

where 1) is given in Cx , and we are looking for ¢ € D(A). The above
equation reads

Ap(0) = ¢'(0) = v(0), 0 €[-r0].

Whose solutions are such that

() = eMp(0) + /6 ' AM0=3)p(s)ds, 0 e [—r,0].
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¢ isin D(A) if p(0) € D(Ap) and ¢'(0) = App(0), that is
p(0) € D(Ag)  and (A = Ag) ¢(0) = ¢(0).

By assumption on Ag, we know that (0,+o00) C p(Ap). So, for A > 0,
the above equation has a solution ¢(0) = (A — Ag) ™" 1(0).
Therefore, (0,4+00) C p(4) and

(()\I — ) 1/;) (0) = X (AT — Ag) L (0) + /90 eM0=9)4)(5)ds,

for 6 € [—r,0] and A > 0.

On the other hand, from the formula stated in Proposition 48, it is
clear that ¢ — (S(t)¢) (0) has at most exponential growth, not larger
than wg = 0. Therefore, one can defined its Laplace transform, for each
A > 0. We obtain

PR (S (1) @) (0) dt = [y T e N [T p(s)dsdt + (T30 e M [ o(s)ds dt
+ [T e M8 ( t+9) (0) dt.
Integrating by parts the first expression, it yields

0o _ oo s
0 T EWRO) dt = =S [y w()ds + % fy O p(s)ds
+E [ e(s)ds + [, MO 50(5)(0)ds,

= 5 (Jo e M ple)ds + [ e S (s)p(0)ds )

5 (I5 e p(s)ds + (A = Ao) ™! (0)

F(Or-271%) ).

So, Aisrelated to (S(t)),~q by the formula which characterizes the infin-
itesimal generator of an integrated semigroup. The proof of Proposition
48 is complete m

Our next objective is to construct an integrated version of Problem
(1.1) using integrated semigroups. We need to extend the integrated
semigroup (S(t))s>0 to the space Cx = Cx & (Xo), where
(Xo) ={Xoc, ce X and (Xoc) (0) = Xo(f)c} and X denotes the func-
tion defined by Xo(#) = 0 if 6§ < 0 and X((0) = Idx. We shall prove
that this extension determines a locally Lipschitz continuous integrated
semigroup on Cx.
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Proposition 49 The family of operators (§(t))t20 defined on Cx by

St = S(t)p, for peCx
and

= [ So(t+0)e,  ift+0>0,
(S(t)XOC) (9)_{ 0,0 ift+60<0, forceX,

is a locally Lipschitz continuous integrated semigroup on Cx generated
by the operator A defined by

{ D(A) = {p e C ([-r,0],X); ©(0) € D(Ag)},
Ap = ¢" + Xo (Aop(0) — ¢'(0)) -

Proof. Using the same reasoning as in the proof of Proposition 48,
one can show that (S(t))¢>0 is a locally Lipschitz continuous integrated

semigroup on Cx.
The proof will be completed by showing that

(0,400) C p(A) and
~\ —1 ~ ~
Q[—A) B =\ [ e MG ()@ dt, for A>0and § € Cx.

For this, we need the following lemma.

Lemma 1 For A > 0, one has
(i) D(A) = D(A) ® <e)">, where <6)"> = {e/\'c; ¢ € D(Ap), (eMe)(0) = e)‘ec},
(ii) (0,400) C p(A) and

(M = A) 7o+ Xoe) = M = A) o+ V(A - Ag) e,
for every (p,c) €ECx x X .

Proof of the lemma. For the proof of (i), we consider the following
operator

l:D(A) - X
= 1(p) = Aop(0) — ¢'(0).
Let ¥ € D(A) and A > 0. Setting ¥ = ¥ —e* (A —Ag)~1(¥), we deduce

that U € Ker(l) = D(A), and the decomposition is clearly unique.
(ii) Consider the equation

()\I — E) (go + e>"c> =1 + Xoa,
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where (¢, a) is given, 1 € Cx, a € X, and we are looking for (¢, ¢), ¢ €
D(A), c € D(Ay).
This yields

(M — A) o + XeMe — AeMe — Xg (Age — Ae) = ¥ + Xoa,

which has the solution

{ p=(—A)" v,
c= (M — Ag) ™"

Consequently,

(0,+00) C /1)(2),
()\I - Z)_ (0 + Xoc) = (M — A) Lo+ ed (A — Ag) e

This complete the proof of the lemma m

We now turn to the proof of the proposition. All we want to show
-1

is that X ()\I A) ¢ can be expressed as the Laplace transform of

S(t (t)p. In view of the decomposition and what has been already done
for A, we may restrict our attention to the case when ¢ = Xgc. In this
case, we have

(()\I - Z)—lxoc) () =M (M — Ag)~
=AM [ e MG, (e,
= /\f“’o e MSy(t + 0)edt,
=\ firo e (5( )Xoc) (6) dt,

which completes the proof of the proposition m
We will need also the following general lemma.

Lemma 2 Let (U(t))i>0 be a locally Lipschitz continuous integrated semi-
group on a Banach space (E,|-|) generated by (A, D(A)) and G : [0,T] —
E (0 < T), a Bochner-integrable function. Then, the function K :

[0,T] — E defined by
= /tU(t —5)G(s)ds
0

is continuously differentiable on [0,T] and satisfies, fort € [0,T],
1 t t

(i) K'(t)= lim/ U'(t—s)U(h)G(s)ds = lim / U'(t—s)(A\G(s)) ds,
hHOh 0 A——+00 0
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with Ay = X(\[ — A)~!
(ii) K(t) € D(A),
(i) K'(t) = AK(t) + [} G(s)ds

Proof. Theorem 4 implies that K is continuously differentiable on
[0, 7], and for the prove of (ii) and (iii), see [61], [76] and [92]. On the
other hand, we know by the definition of an integrated semigroup that

U (h) = /0 (U(s + h)a — U(s)z) ds,

for t,h > 0 and x € E. This yields that the function ¢t — U(¢)U(h)z is
continuously differentiable on [0, 7T, for each h > 0; x € F, and satisfies

U'(U(R)x = U(t + h)a — U(t)z.

Furthermore, we have

t
K'(t) = lim (flb/o (Ut+h—s)—U(t—s))G(s)ds

h—0

t+h

1
+E t U(t+h—s)G(s) ds> .

If we put, in the second integral of the right-hand side, u = %(s —t), we
obtain

1 [tth 1
h/t Ut+h—s)G(s)ds = /0 U(h(1 —u))G(t + hu) du.

This implies that

1 t+h
}LEI%)E t U(t+h—s)G(s)ds = 0.
Hence
=1 (t+h-— t— ds.
hlir[l)h/ + s)—=U(t—s))G(s)ds
But

Ut+h—s)—U(t—s)=U'(t—s)U(h).
It follows that, for ¢t € [0, 7]

K0 = Jim [ 070 s)%U(h)G(s) ds.
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For the prove of the last equality of (i), see [93] =
We are now able to state a first result of existence and uniqueness of
solutions.

Theorem 5 Let F : [0,T] x Cx — X be continuous and satisfy a Lip-
schitz condition

where L is a positive constant. Then, for given ¢ € Cx, such that
©(0) € D(Ay), there exists a unique function y : [0,T] — Cx which
solves the following abstract integral equation

y(t) =S (t)p + CZ/O g(t —$)XoF (s,y(s))ds, fortel0,T], (3.1)

with (S(t)),>q given in Proposition 48 and (g(t))»o in Proposition 49.

Proof. Using the results of Theorem 4, the proof of this theorem is
standard.

Since ¢(0) € D(Ap), we have ¢ € D(A), where A is the generator
of the integrated semigroup (S(t)),~, on Cx. Then, we deduce from
Corollary 1 that S(-)p is differentiable and (S(t)),~, can be defined to
be a Cy-semigroup on D(A).

Let (y")nen be a sequence of continuous functions defined by

yo(t) = S/(t)907 " te [O’T]
Y (t) = S'(t)p + L [LS(t — s)XoF (s, (s))ds, tel[0,T], n>1.

By virtue of the continuity of F and S’(-)¢, there exists a > 0 such that
|F(s,y0(s)‘ < a, for s € [0,T]. Then, using Theorem 4, we obtain

ly' (8) = 5°(1)] SMO/ |F(s,4°(5)] ds.
0

Hence
ly' () — " (t)| < Moat.

In general case we have
¢
ly" (1) =y " ()] < MoL/O |y (s) = y" 2 (s)] ds.

So,
tn
(1) - 5] < ML el
n!
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Consequently, the limit y := lim y"(¢) exists uniformly on [0,7] and
n—oo

y :[0,T] — Cx is continuous.
In order to prove that y is a solution of Equation (3.1), we introduce
the function v defined by

(0 = [y(6) - 50— 5 [ 56— 9o (s.1(6)) s

o(t) < Jyt) —y ") + |y T ) S'(t)p — & [V S(t - 5)XoF (s, y(s ))dS)
< |y =y + | fa S(t - s)Xo (F(s,y(s)) — F(s,y"(s))) ds
< y@® —y"“(t)! + MoL [ |y(t) — y™(t)] .

Moreover, we have

o
L
=2 (O -y ®)
p=n
This implies that
. o] tp+1 n tn+1
o) S (UML) £, (ML) s + T (ML) Gy e

p=n

Consequently we obtain v = 0 on [0, 7.
To show uniqueness, suppose that z(t) is also a solution of Equation
(3.1). Then

t
9(6) = =(0)] < ML | [o(e) = (5] .
By Gronwall’s inequality, z =y on [0,7] m

Corollary 6 Under the same assumptions as in Theorem 5, the solution
y : [0,T] — Cx of the abstract integral equation (3.1) is the unique
integral solution of the equation

{ y'(t) = Ay(t) + XoF (t,y(t)), t>0,
y(0) = ¢ € Cx,
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where the operator A s given in Proposition 49.
Furthermore, we have, for t € [0,T],

Iy < Mo (\wll +/0 F(s,y(S))ldS)-

Proof. If we define the function f : [0, 7] — Cx by f(s) = XoF (s, y(s)),
we can use Theorem 4 and Theorem 5 to prove this result m

Corollary 7 Under the same assumptions as in Theorem 5, the solution
y of the integral equation (3.1) satisfies, for t € [0,T] and 6 € [—r,0]
the translation property

(t+0)(0) ift+0>0,
y(t)(0) = { (’yD(H_g) ift+60<0.

Moreover, if we consider the function w : [—r,T| — X defined by

(t)(0) ift>0,
u(t) = { L,yp(t) ift <0.

Then, u is the unique integral solution of the problem (1.1), i.e.

() we e, 7); X),
(ii) / u(s)ds € D(Aop), forte[0,T],
0 t t
(i) u(t) = »(0) + AO/O u(s)ds + /0 F(s,us)ds, fortel0,T],
o(t), fort e [—r,0].
(3.2)
The function u € C([—r,T]; X) is also the unique solution of
u(t) = Sy(t)e(0) + jt/o So(t — s)F(s,us)ds, forte[0,T],
e(t), fort € [-r,0].
(3.3)

Furthermore, we have for t € [0, T

t
el < Mo (H@! - \F(s,usﬂds) .

Conversely, if u is an integral solution of Equation (1.1), then the func-
tion t — uy is a solution of Equation (3.1).
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Proof. ;From Proposition 48 and Proposition 49, we have for t4-6 > 0

t+60
y(B0) = St +0)p(0) + L 0+ So(t + 0 — $)F(sy(s)) ds,

dt
= y(t+0)p(0),
and for t + 6 < 0, we obtain fg <§(t - s)XoF(s,y(s))) () ds = 0 and
(S'(t)p) (0) = ¢(t + 6). Hence
y()(0) = o(t +0).
The second part of the corollary follows from Corollary 6 m

Remark 8 A continuous function w from [—r,T] into X is called an in-
tegral solution of Equation (1.1) if the function t — u; satisfies Equation
(3.1) or equivalently u satisfies (3.2) or equivalently u satisfies (3.3).

Corollary 9 Assume that the hypotheses of Theorem 5 are satisfied and
let u, u be the functions given by Corollary 7 for o, p € Cx, respectively.
Then, fort € [0,T)

Jue — || < Moe™ || — 3.

Proof. This is just a consequence of the last inequality stated in
Corollary 7. After the equation (3.1) has been centered near u, we
obtain the equation

o(t) = S'(8) (B — o) + % /O St — 5)Xo (F(s,us + v(s)) — F (s,13) ) ds,

with
’U(t) = ﬂt — U¢.

This yields
t
lo(®)[] < Mo (Hsﬁ — &l +/0 [F(s,us) — F(s, us)| dS> ;
this is .
o= < 8o (o = @1+ L [ s =] ).

0

By Gronwall’s inequality, we obtain
lur = el| < Moe™ |l — 2|

We give now two results of regularity of the integral solutions of (1.1).
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Theorem 10 Assume that F : [0,T] x Cx — X is continuously differ-
entiable and there exist constants L, 3,y > 0 such that

|DeF(t, ) — DeF (L, 4)| < Blle — ¢,
|DpF(t, ) = D F (L, 4)| < vlle =¥,

for allt € [0,T] and ¢,y € Cx, where DiF and D,F denote the deriv-
atives.
Then, for given ¢ € Cx such that

9(0) € D(Ag), ¢ €Cx, ¢'(0) € D(Ag) and ¢'(0) = Ao (0) + F(0,¢),

let y: [0,T] — Cx be the solution of the abstract integral equation (3.1)
such that y(0) = ¢. Then, y is continuously differentiable on [0,T] and
satisfies the Cauchy problem

{ y'(t) = Ay(t) + XoF(t,y(t), te[0,T],
y(0) = .
Moreover, the function u defined on [—r,T] by
_ [ u@®)©)  ift=0,
ult) = { o) ift<o,
is continuously differentiable on [—r,T] and satisfies the Cauchy problem
(1.1).
Proof. Let y be the solution of Equation (3.1) on [0,7] such that

y(0) = ¢. We deduce from Theorem 5 that there exists a unique function
v : [0, T] — Cx which solves the following integral equation

olt) = S0+ 5 [ 5= X0 (DF(5.9(9) + Do (5.5 d,

such that v(0) = ¢'.
Let w : [0,7] — Cx be the function defined by

w(t) =9+ /Otv(s) ds, forte€[0,T].

We will show that w =y on [0, 7.
Using the expression satisfied by v, we obtain

w(t) = <,0—|—fgS/ o' ds
+ Jo S(t = $)Xo (DeF (s, y(s)) + DpF(s,y(s))v(s)) ds,

= @+ SO + fy St — 5) X0 (DiF(s,y(s)) + DoF(s,y(s))v(s)) ds.
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On the other hand, we have ¢ € D(A) and ¢'(0) = Agep(0) + F(0, ),
then ¢ = Ap + XoF (0, ). This implies that
S(t)¢' = S()¢' = S(t)Ap + S(H)XoF (0, ).
Using Corollary 1, we deduce that
St = S'(t)p — ¢+ St XoF (0, ).
Furthermore, we have

4 Jo S(t— 8)XoF (s, w(s)) ds = % [ S(s)XoF (s, w(t — s)) ds

= [V S(t — 5)Xo [DiF(s,w(s)) + DyF(s,w(s))] v(s)ds + S(t) XoF(0, ).
Then

w(t) = o+ L 3 S(t— 5)XoF(s,w(s))ds
ffo (t = 5)Xo (DeF (s, w(s)) + Do F (s, w(s))v(s)) ds
+ Jo S(t = )Xo (DeF(s,y(s)) + DuF(s,y(s))v(s)) ds

= ) + 5 Jo S(t = 5)XoF (s, w(s))ds
+fo S(t — )Xo (DiF(s,y(s)) — DF(s,w(s))) ds
+ 3 St — 8)Xo (DgF(s,y(5)) — DpF(s,w(s))) v(s) ds.
We obtain
w(t) —y(t) = & fg )Xo (F(s,w(s)) — F(s,y(s))) ds
( s)X (DeF'(s,y(s)) — DiF(s,w(s))) ds
""fo Xo (DgF(s,y(s)) — DypF(s,w(s))) v(s) ds.

So, we deduce

lw(t) —y()] < Mo /O (L+ B +7[v(s)]) lw(s) —y(s)| ds.

By Gronwall’s inequality, we conclude that w = y on [0, T]. This implies
that y is continuously differentiable on [0, 7.

Consider now the function g : [0, 7] — Cx defined by g(t) = XoF(t, y(t))
and consider the Cauchy problem

{ i’(g)):f(t) +9(t), tel0,T], (3.4)

The assumptions of Theorem 10 imply that ¢ € D(A), Ap+¢(0) € D(A)
and g is continuously differentiable on [0,7]. Using Theorem 3, we
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deduce that there exists a unique solution on [0,7] of Equation (3.4).
By Theorem 4, we know that this solution is given by

2(t) = S (t)p + c;lt/o S(t —s)g(s)ds.

Theorem 5 implies that z =y on [0, T.
If we consider the function u defined on [—r,T] by

(H(0) ift >0,
u(t) = { i(t) if t < 0.

By virtue of Corollary 7, we have [ u(s)ds € D(Ap) and

u(t) = ¢(0) + AO/O u(s)ds + /0 F(s,us)ds, for t €10,T].

We have also the existence of

lim Ag (i /t s ds> — () — F(t ).

Furthermore, the operator Ag is closed. Then, we obtain u(t) € D(Ap)
and

u'(t) = Aou(t) + F(t,ug), fort € [0,T].

The second part of the theorem is a consequence of Corollary 6 m
Assume that 7' > r and Ap : D(Ap) € X — X satisfies (with not
necessarily dense domain) the condition

there exist § € ]%, 7'['[ and My > 0 such that if

A€ C—{0} and |arg A\| < f3, then (3.5)
07— 407 < £

The condition (3.5) is stronger than (HY).
We have the following result.

Theorem 11 Suppose that Agy satisfies (3.5) (non-densely defined) on
X and there exist a constant L > 0 and « € ]0,1[ such that

[F(t,) = F(s,0)| < LIt = | + [ — ¢l])

fort,s €[0,T] and ¢, p € Cx.
Then, for given ¢ € Cx, such that ©(0) € D(Ay), the integral solution
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u of Equation (1) on [0,T] is continuously differentiable on (r,T] and
satisfies

u(t) € D(Ap), v/ (t) € D(Ap) and
u'(t) = Aou(t) + F(t,ut),  forte (r,T].

Proof. We know, from ([77], p.487) that Ag is the generator of an
analytic semigroup (not necessarily Cp—semigroup) defined by

1
et = — [ M= Ag)7rdA, t>0
2w Jy o
where +C' is a suitable oriented path in the complex plan.
Let u be the integral solution on [0, 7] of Equation (1), which exists

by virtu of Theorem 5, and consider the function g : [0,7] — X defined
by g(t) = F(t,u;). We deduce from ([89], p.106) that

¢
u(t) = ertgp(O) +/ eAO(t*S)g(s) ds, forte[0,T].
0

Using (Theorem 3.4, [91]), we obtain that the function u is y—Holder
continuous on [g,T] for each ¢ > 0 and v € ]0,1[. Hence, there exists
L1 > 0 such that

lur —usl| < Ly |t —s|7, fort,s e (r,T].
On the other hand, we have
l9(t) = g(s)| < L(|t — 5" + [Jux — usl]), fort,s €[0,T].

Consequently, the function ¢t € (r, T| — g(t) is locally Holder continuous.
By virtue of (Theorem 4.4 and 4.5, [91]), we deduce that u is contin-
uously differentiable on (r, 7] and satisfies

u(t) € D(Ap), v/ (t) € D(Ap) and
u'(t) = Apu(t) + F(t,uy), forte (r,7] =

We prove now the local existence of integral solutions of Problem (1.1)
under a locally Lipschitz condition on F'.

Theorem 12 Suppose that F : [0,4+00) x Cx — X is continuous and
satisfies the following locally Lipschitz condition : for each o > 0 there
exists a constant Co(a) > 0 such that if t > 0, p1,902 € Cx and
leall [l@2ll < o then

|F(t, 1) — F(t, p2)] < Cola) |le1 — w2l
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Let ¢ € Cx such that p(0) € D(Ap). Then, there exists a mazimal
interval of existence [—r,T,[, T, > 0, and a unique integral solution
u(., ) of Equation (1.1), defined on [—r,T,[ and either

T, = +oo or lim sup |u(t, )| = +o0.

t—T,

Moreover, u(t,y) is a continuous function of ¢, in the sense that if

¢ € Cx, p(0) € D(Ag) andt € [0,T,[, then there exist positive constants
L and € such that, for ¢ € Cx, ¢¥(0) € D(Ap) and ||¢ — | < e, we have

te [OaTdJ[ and ”U,(S,(p) - u(87¢)‘ S L H‘p - ¢||, fOT all s € [_T7t] .

Proof. Let T7 > 0. Note that the locally Lipschitz condition on F'
implies that, for each a > 0 there exists Cp(c) > 0 such that for ¢ € Cx
and ||¢| < «a, we have

[E'(t, )| < Cola) [l + [F(£,0)] < aCo(e) + s [F'(s,0)| .
se|0,11

Let p € Cx, ¢(0) € D(Ap), o = ||¢||+1 and ¢; = aCy(a)+ sup |F(s,0)].
SE[O,Tl]
Consider the following set

Zo={ueC([-r,T1],X) :u(s)=¢(s) if s € [-r,0]

and sup fu(s) — p(0) <15,
s€[0,T1]

where C ([—r,T1], X) is endowed with the uniform convergence topology.
It’s clear that Z,, is a closed set of C ([—r,T1], X) . Consider the mapping

H:Z,—C([-r,Th],X)
defined by
d t
Hw -] swe0+ 8 /0 So(t — $)F(s,us)ds, for t € [0,T1],
#(t), for t € [~r,0].

We will show that
H(Z,) C Z,.

Let u € Z, and t € [0,T7], we have, for suitable constants My and wy

H () () = ¢O)] < ISH000) =20+ | 5 [ St = 9)F(s.u)ds]

< 155(8)0(0) — p(0)] + Mpe=o* / =0 | F (s, u,)| ds.
0
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We can assume, without loss of generality, that wg > 0. Then,

[H (u) () — ()] < [S5(t)(0) — ¢(0)] +Mo€°’°t/0 [F' (s, us)| ds.

Since |u(s) — ¢(0)] < 1, for s € [0,T1], and o = ||¢| + 1, we obtain
lu(s)| < a, for s € [—r,T1]. Then, |jus|]| < a, for s € [0,T1] and

[F(s,us)| < Co(a) [lus|| + [F(s,0)],
S Cq.

Consider T7 > 0 sufficiently small such that

sup  {]95(s)¢(0) — @(0)| + Moe***cys} < 1.
SE[O,Tl]

So, we deduce that

1H (u) () = 0(0)] < [S5(t)0(0) — 9(0)] + Moe"eyt

|
=)

for t € [0,71]. Hence,
H(Z,) C Z,.

On the other hand, let u,v € Z, and t € [0,T}], we have

@@= H@ 0 =G [ St =P, = Flsv))is].

< Moewot/ |F(s,us) — F(s,vs)| ds,
0
t
< Moe0'Co (@) | [Jus — vsl| ds,

0
< MoeoT1 Co (@) Th [lu = lleq—ry),x) -
Note that a > 1, then

Moeonlco(Oé)Tl §Mgew0TlclT1,
< sup {}56(5)30(0) — go(O)‘ + Mge“’oscls} ,
s€[0,T4]
< 1.

Then, H is a strict contraction in Z,. So, H has one and only one fixed
point v in Z,. We conclude that Equation (1.1) has one and only one
integral solution which is defined on the interval [—r, T7].

Let u(., ) be the unique integral solution of Equation (1.1), defined
on it’s maximal interval of existence [0, T, [, T, > 0.
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Assume that T, < 400 and lim sup |u(t,¢)| < 4+o00. Then, there
t—T,
exists a constant a > 0 such that ||u(t,¢)| < «, for t € [—r,T,[. Let
t,t+hel[0,T,[, h >0, and 6 € [-r,0].
If t+ 6 > 0, we obtain

[u(t + 0+ h, ) —ut+6,0)| < |(ShH(t+0+h) — S’(t+9)) (0)]

%/O So(t+ 0+ h — 8)F(s, us(., ))dsf—/ So(t + 0 — 8)F(s, us(., 0))ds
+h
< 150t + O)]| |S5(W)e(0) — 9(0)] + \di So(s)F(t 4+ 0+ h— 5,e04nns())ds
d ~t+6
+ E/o S0(8) (F(Utgo+h—s>P) — (t+9*5 Uto—s(- p))) ds| .

This implies that,
(0, 0) — ur(0,0)| < MoeoTe [55(h)(0) — (0} + Myeecrh
—|—M0€w0T‘pC()(O[) / H'LLS_J,_h(.7 SD) - ’U,S(., QO)H ds.
0

If t + 6 < 0. Let ho > 0 sufficiently small such that, for h € ]0, ho|

lugs (0, 0) —u(0, )| < sup [u(o + h, ) —u(o,p)].

Consequently, for ¢,t+h € [0,T,[, h €0, hol;
[ursn(s0) —w(, @)l < 6(h) + MoeoT? (t\Sé(h)SO(O) —¢(0)[ + c1h)
FMoenTCo@) [ fugsnl0) — sl )] ds.
0

where

5(h) = sup_|u(o + h,0) — u(o,¢)].

—r<o<0

By Gronwall’s Lemma, it follows

lu+n (s 0) = (s )|l < B(R) exp [Co(a) Moe*T* T, ]
with

B(h) = 6(h) + Moe“*™> [|Sy(h)p(0) — @(0)| + c1h] .
Using the same reasoning, one can show the same result for h < 0.
It follows immediately, that

lim u(t, @) exists.
t—=T,

Consequently, u(., ¢) can be extended to T, which contradicts the max-
imality of [0,7T,].
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We will prove now that the solution depends continuously on the
initial data. Let ¢ € Cx, ¢(0) € D(Ap) and t € [0,T,[. We put

a=1+ sup |u(s, )
—r<s<

and
c(t) = Moe*" exp (Moe*** Co(a)t) .

Let € € ]0, 1] such that ¢(t)e < 1 and ¢ € Cx, ¥(0) € D(Ap) such that

e — |l <e.
We have
[l <ol +& < a.

Let
To=sup{s > 0: ||us(.,9)]| < a for o € [0,s]}.
If we suppose that T < ¢, we obtain for s € [0, Tp],

s (@) = us ()| < Moe™™ [l — | + Moe " Co () /O( [uo (., ) — uo (., ¥ do.
By Gronwall’s Lemma, we deduce that

[us(, ) — us( )| < e(t) lle — 9l - (3.6)
This implies that
llus(, )| <c(t)e+a—1<a, forall se[0,Tp.

It follows that Tj cannot be the largest number s > 0 such that ||uq(., )| <
a, for o0 € [0,s]. Thus, Ty > t and ¢t < Ty,. Furthermore, [lus(.,¥)|| < «,
for s € [0,¢], then using the inequality (3.6) we deduce the dependence
continuous with the initial data. This completes the proof of Theorem
|

Theorem 13 Assume that F' is continuously differentiable and satisfies
the following locally Lipschitz condition: for each o > 0 there exists a
constant Cy(a) > 0 such that if 1,92 € Cx and ||¢1]|, [|¢2]] < a then

|F(t,01) — F(t,02)] < Ci(a) o1 — w2,
|DeF'(t, 1) — DeF'(t, p2)| < C1(a) [|o1 — 2|,
|D,F(t,01) — D F(t, 02)] < Ci(a) o1 — 2.

Then, for given p € Ck :=C! ([-r,0],X) such that
©(0) € D(Ao), ¢'(0) € D(Ao) and ¢'(0) = Ap(0) + F(yp),

let u(.,p) : [=r,T,[ — X be the unique integral solution of Equation
(1.1). Then, u(.,¢) is continuously differentiable on [—r,T,[ and satis-
fies Equation (1.1).

Proof. The proof is similar to the proof of Theorem 10 m
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4. The semigroup and the integrated semigroup
in the autonomous case

Let E be defined by
*C -
E:=DA = {tp €Cx: o(0) e D(AO)}.
Throughout this section we will suppose the hypothesis of Theorem 5
except that we require F' to be autonomous, that is, F' : Cx — X. By

virtue of Theorem 5, there exists for each ¢ € E a unique continuous
function y(., ) : [0,4+00) — X satisfying the following equation

y(t) = S'(t)e + jt/o S(t—s)XoF(y(s))ds, fort>0.  (4.1)

Let us consider the operator T'(¢) : E — E defined, for t > 0 and ¢ € E,
by
T(t)(p) = y(t, ¢).

Then, we have the following result.

Proposition 50 Under the same assumptions as in Theorem 5, the
family (T'(t))i>0 s a nonlinear strongly continuous semigroup of contin-
uwous operators on E, that is

i) T(0) = Id,

ii) T(t+s)=T(t)T(s), for all t,s > 0,

iii) for all ¢ € E, T(t)(p) is a continuous function of t > 0 with values
m B,

iv) for allt > 0, T(t) is continuous from E into E.

Moreover,

v) (T(t))t>0 satisfies, fort >0, € [—r,0] and ¢ € E, the translation
property

aoee ={ TergO Tz e

and
vi) there exists v > 0 and M > 0 such that,

IT(t) (1) — T(t)(p2)|l < Me o1 — 2|, for all 1,09 € E.

Proof. The proof of this proposition is standard.
We recall the following definition.

Definition 48 A Cy—semigroup (T'(t))i>0 on a Banach space (X, ||) is
called compact if all operators T(t) are compact on X fort > 0.
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Lemma 49 Let (S(t))i>0 a locally Lipschitz continuous integrated semi-
group on a Banach space (X, |]), (A, D(A)) its generator, B a bounded
subset of X, {Gx, A € A} a set of continuous functions from the finite
interval [0,T] into B, ¢ > 0 a constant and

d t—c

P,\(t):@ ; S(t—s)Ga(s)ds, forc<t<T+cand\e€A.

Assume that S'(t) : (D(A),|-]) — (D(A),|:|) is compact for each t > 0.
Then, for each t € (¢, T + c|, {Px(t), A € A} is a precompact subset of
(D(A), [-])-

Proof. The proof is similar to the proof of a fundamental result of
Travis and Webb [94]. Let H = {S'(t)x; t € [e,T+ ], = € D(A), ||
< kN}, where k is the Lipschitz constant of S(:) on [0,7] and N is a
bound of B. Using the same reasoning as in the proof of Lemma 2.5 [94],

one can prove that H is precompact in (D(A),|-|). Hence, the convex
hull of H is precompact. On the other hand, we have, from Lemma 2

1 t—c
P\(t) = }1}{1})% ; S'(t — 5)S(h)Gx(s) ds,
and, for each h > 0 small enough and ¢ € (¢, T + ¢] fixed, the set

{S’(s)}le(h)G,\(t _s), selet, he A}

is contained in H. Then, the set

{i /ct S'(s)S(h)GA(t — s)ds, X € A}

is contained in the closed convex hull of (¢ —c¢)H. Letting h tend to zero,
the set
{P)\(t)v A€ A}

is still a precompact set of D(A). Hence the proof is complete m

Theorem 14 Assume that S|(t) : (D(Ao),|:|) — (D(Ap), |-|) is compact
for each t > 0 and the assumptions of Theorem 5 are satisfied. Then, the
nonlinear semigroup (T'(t))i>o is compact on (E,||.||¢, ) for everyt > r.

Proof. Let {¢x, A € A} be a bounded subset of E and let ¢t > r. For
0 € [—r,0], we have t + 6 > 0. For each A € A, define y) by

yx(£)(0) = y(t, ©2)(0)-
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Then, we obtain

(O = So(t+0)a(0) + § o™ Solt +6 = $)F(ua(s)) ds,
1 t+
— St 0)pa(0) + lim/ St + 0 — )So(h)F(y(s)) ds.
R\Oh Jo
First, we show that the family {yy(¢), A € A} is equicontinuous, for each
t > r. Using the Lipschitz condition on F', one shows that
{F(yx(s)), s€]0,t] and A € A} is bounded by a constant, say K.

Let/\GA,O<c<t—rand—r§§<0§0. Observe that

INCIORINCIGIES

1 t+0
him | [ St +0 = 9)So(h)Plu(5) ds

S5t +0)A(0) = Sh(t + B)pa(0)|

N R
+lim /Mic (bt +0 — ) = Sb(t +0— )) So (W) Py (s) ds

)

t+6—c R
ﬂi\r’%% /0 (S(/)(tJrGfs) 756(t+9fs)) So(h)F(yx(s)) ds

< \ SH(t+0) — Sh(t+ §)H o2 (0)] + Moeo kK (9 - 5\ + 2Mpe ol kK
+t sup ‘S’é(t—!—@—s)—S{)(t—!—g—s)HkK.
sG[O,t-l—é—c]

If we take ’9 —0 ’ small enough, it follows from the uniform continuity

of S{(.) : [a,t] — L(D(Ap)) for 0 < a < t, the claimed equicontinuity of
{y)\(t)7 A€ A}

On the other hand, the family {S(t + 0)¢x(0); A € A} is precompact,
for each t > r and 0 € [—r,0]. We will show that, for each ¢t > r and
0 € [—r,0].

d t4-0
{dt i So(t+6 — s)F(yx(s)) ds; )\EA}

is precompact.
Observe that for 0 < c<t+60 and A € A

1

. < eMye kK.

t+0
| s+ 0- s Fn()ds
t+0—c

Then, if A tends to zero we obtain

d t+6
/ So(t+6 — s)F(yx(s)) ds| < cMoe* kK. (4.3)
t

dt +6—c
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ForO<e<t+60and A € A,

t+0—c t+6
/0 So(t+ 60— s)F(yx(s))ds = So(s)F(ya(t+6 —s)) ds.

By Lemma 49, if 0 < ¢ <t 460 and A € A, then
d t+60—c
{dt/ Solt+ 60— $)F(yr(s))ds, e A}
0

is precompact in X, for each ¢t > r and 6 € [—r,0]. This fact together
with (4.3) yields the precompactness of the set

4 [t
{dt 0 So(t +6 = 5)F(ya(s)) ds, )\EA}.

Using the Arzela-Ascoli theorem, we obtain the result of Theorem 14 m
Consider now the linear autonomous functional differential equation

{ u'(t) = Aou(t) + L(uy), t>0,

4.4
Uy = @, ( )

where L is a continuous linear functional from Cx into X.

Given ¢ € Cx. It is clear that there exists a unique function
z = z(.,) : [0,+00) — Cx which solves the following abstract integral
equation

d b
z(t) = S(t)p + p7 (/ S(t—s)XoL(2(s)) ds) , fort>0. (4.5)
0
Theorem 15 The family of operators (U(t)),>o defined on Cx by

Ut)p = z(t, ¢),
s a locally Lipschitz continuous integrated semigroup on Cx generated
by the operator P defined by
D(P)= {peC'([-r0],X); ¢(0) € D(Ay),
©'(0) = Aop(0) + L (9)},

/

Pp= .
Proof. Consider the operator
f/ : CX — C~X

defined by _
L(p) = XoL(p).
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Using a res~ult of Kellermann [80], one can prove that the operator G
defined in Cx by

{D(é)z D(A),
G = A+1L,

where A is defined in Proposition 49, is the generator of a locally Lip-
schitz continuous integrated semigroup on C 'x, because A satisfies (HY)
and L € ﬁ(CX,Cx)

Let us introduce the part G of G in Cy, which is defined by :

{D(G)Z {90617(5); @oecx},
Glp)= Gly).

It is easy to see that
G =P

Then, P is the generator of a locally Lipschitz continuous integrated
semigroup (V(t)),~, on Cx.

On the other hand, if we consider, for each ¢ € Cx, the nonhomoge-
neous Cauchy problem

dz t
{ 20 = A=) + (1), fort >0, (4.6)
z(0) =0,

where h : [0, +00[ — Cx is given by

h(t) = ¢+ L(V(t)p).

By Theorem 4, the nonhomogeneous Cauchy problem (4.6) has a unique
integral solution z given by

2(t) = i(/tgt—shs ds)
_ dt(/St_s¢ds> </St—sX0L(V())d>

Then,
A1) = ¢+</St—onL(V())d>

On the other hand, Proposition 47 gives

Vi) = P (/Ot V(s)y ds) o,
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Moreover, for ¢ € D(P), we have
Py = Ap + XoL ().

Then, we obtain

Vitp=A </0t V(s)p ds> + XoL </Ot V(s)g d5> + te.
V(t)p = A (/Ot V(s)y d,s) + /Ot h(s) ds

Hence, the function ¢ — V() is an integral solution of Equation (4.6).
By uniqueness, we conclude that V(t)¢ = z(t), for all ¢ > 0. Then we
have U(t) = V(t) on Cx. Thus the proof of Theorem 15 =

Let B be the part of the operator P on E. Then,

So,

DB) = {p e ([-r,0],X); p(0) € D(4y), ¢(0) € D(Ag)
©'(0) = Aop(0) + L (¢)},
Bp= .
Corollary 16 B is the infinitesimal generator of the Cy—semigroup
(U'(t))t>0 on E.
Proof. See [93] m

Corollary 17 Under the same assumptions as in Theorem 14, the lin-
ear Co—semigroup (U'(t))i>0 is compact on E, for every t > r.

To define a fundamental integral solution Z(t) associated to Equation
(4.4), we consider, for ¢ € Cx, the integral equation

z(t) = go—I—(/ S(t — s)XoL(z(s ))ds), fort > 0. (4.7)
One can show the following result.

Proposition 51 Given ¢ € 5)(, the abstract integral equation (4.7)
has a unique solution z := z(.,p) which is a continuous mapping from

[0, +00) — Cx. Moreover, the family of operators (ﬁ(t))p() defined on
Cx by )

Ut)p = =(t,¢)
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is a locally Lipschitz continuous integrated semigroup on C. x generated
by the operator G defined by

{D~<6>= D(A),
Go= A+ XoL(p).

For each complex number A, we define the linear operator
A(N) : D(Ag) — X
by
ANz := Az — Apx — L (e)"x) , x € D(A).

where eN'x : [—r,0] — Cx, is defined for z € X by (note that we consider
here the comlexification of Cx)

(e)"a:) (0) = ez, 0 € [-r0].

We will call A a characteristic value of Equation (4.4) if there exists
x € D(Ap)\{0} solving the characteristic equation A(X)xz = 0. The
multiplicity of a characteristic value A of Equation (4.4) is defined as
dim KerA(\).

We have the following result.

Corollary 18 There exits w € IR, such that for A > w and ¢ € X, one
has

(M — G) N Xoc) = MAN) e
Proof. We have, for A > wy
AN = (M — Ap) (I ~ (A — Ag) L(e’\'I)> .
Let w > max(0,wo + My || L||) and
Ky = (M — Ay) ' L(eM ).

Then,

My ||L
olIZ] <1, for A > w.
)\—WO

Hence the operator A()\) is invertible for A > w.
Consider the equation

KA <

(M — G)(e™a) = Xoc,

where ¢ € X is given and we are looking for a € D(Ap). This yields
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AeMe — et e+ X ()\c —Agc— L (e*c)) = Xpa.

Then, for A > w
c=A\)"a.

Consequently,
~\ —1
()J—G) (Xoc) = M AN Lc m

Corollary 19 For each ¢ € X, the function ﬁ(.)(Xoc) satisfies, for
t >0 and 0 € [—7,0], the following translation property

(T x00)) (6) = { S’U@ +0)(Xoc)) 0), B
We can consider the following linear operator
Z(t): X - X
defined, for ¢ > 0 and ¢ € X, by

Z(t)e = U(t)(Xoc)(0)

Corollary 20 Z(t) is the fundamental integral solution of Equation
(4.4); that is

+oo
AN = A/ e NZ)dt,  for A>w.
0
Proof. We have, for ¢ € X

(M . é)_l (Xoc) = AN Le.

Then
+oo - +o00
AN Tle = )\/ e (U(s)(Xoc)) (0) ds = )\/0 e M Z(s+0)cds.
0 —
So,

“+oo
AN le= )\/ e MZ(t)edt w
0

It is easy to prove the following result.

Corollary 21 If c € D(Ap) then the function

t— Z(t)c



380 DELAY DIFFERENTIAL EQUATIONS

is differentiable for oll t > 0 and we have
+o0
A(A)lc:/ e MZ'(t)edt.
0

Hence the name of fundamental integral solution.

The fundamental solution Z'(¢) is defined only for ¢ € D(Ap) and is
discontinuous at zero. For these reasons we use the fundamental integral
solution Z(t) or equivalently U(.)(Xp).

We construct now a variation-of-constants formula for the linear non-
homogeneous system

W(t) = Agu(t) + L) + f(£), t>0, (4.8)

or its integrated form

y(t) = S'(t)p + % (/0 St —s)XoL[(y(s)) + £(s)] ds) ,  fort>0,
(4.9)

where f : [0,4+00) — X is a continuous function.

Theorem 22 For any ¢ € Cx, such that p(0) € D(Ay), the function
y:[0,4+00) — X defined by

vy =V + o /0 Ut — )Xo/ (s) ds, (4.10)

satisfies Equation (4.9).

Proof. It follows immediately from Theorem 5 and Corollary 6 that,
for ¢ € Cx and ¢(0) € D(Ap), Equation (4.9) has a unique solution y
which is the integral solution of the equation

{ Y (t) = Ay(t) + Xo [L(y(t)) + f()], >0,
y(0) = .

On the other hand, D(A) = D(G) and G = A + XoL. Then, y is the
integral solution of the equation

{ Y (t) = Gy(t) + Xof(t), t>0,
y(0) = o.

Moreover, we have
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and the part of G in Cx is the operator P. Then t — U(.)¢ is differen-
tiable in ¢ > 0 and Theorem 4 implies

W) = U'to+ 5 [ Ol =5)Xos(s)ds m

5. Principle of linearized stability

In this section, we give a result of linearized stability near an equilib-
rium point of Equation (1.1) in the autonomous case, that is

{ %(t) = Agu(t) + F(uy), >0, (5.1)
up = .

We make the following hypothesis :
F is continuously differentiable, F'(0) = 0 and F' is satisfies the Lipschitz
condition

[F'(p1) — F(p2)| < L1 — al|, for all 1,92 € Cx,

where L is a positive constant.
Let T(t) : E — E, for t > 0, be defined by

T(t)(p) = ue(-s ),
where u(., ) is the unique integral solution of Equation (5.1) and
E={peCx, ¢(0)eD(A)}.

We know that the family (7(t)),~, is a nonlinear strongly continuous
semigroups of continuous operators on E.

Consider the linearized equation of (5.1) corresponding to the Fréchet-
derivative D,F(0) = F'(0) at O :

du ,
{dngAwuHJNmm, £ 0, 5.2
UOZQDGCX,

and let (U'(t));>q be the corresponding linear Cp—semigroup on E.

Proposition 52 The Fréchet-derivative at zero of the nonlinear semi-
group T'(t), t > 0, associated to Equation (5.1), is the linear semigroup
U'(t), t >0, associated to Equation (5.2).

Proof. It suffices to show that, for each ¢ > 0, there exists § > 0
such that

IT(t) () - U't)e]| < gl for [loll < &
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We have
IT(t) () =U't)pll = , S[upo} [(T(t)(2)) (8) — (U'(t)¢) (0)] ,
e|—r,
= sup [(T(t)(9)) () — (U'(t)e) (0)],
=0
and, fort +6 >0
t4-60
(T(£) (%)) (0)— (U (t)p) (B) =% | So(t+0—s) (F(T(s)(¢)) — F'(0)(U'(s)¢)) ds.

It follows that
70) ~ 0] < Mot [ e [P s)e) — O ) ds
and
7))~ Ul < Mt ([ e [ - PO ) s
# [ P90 - PO ) ds)

By virtue of the continuous differentiability of F' at 0, we deduce that
for € > 0, there exists § > 0 such that

t
/0 e 0 |[F(U'(s)g) — F'(0)(U'(s))| ds < el ,  for o]l < 0.
On the other hand, we obtain

¢ t
[ e P @@ @) - FO' @l ds < L[ e 7)) - V()] ds.
0 0

Consequently,

t
IT()(0) = U' (0| < Moe? ( lpll + L /0 ™% | T(s)(¢) — U (s)ee] ds) .
By Gronwall’s Lemma, we obtain
IT(8)(p) = U' ()| < Mog [|ip]| eFMoto)t,

We conclude that T'(¢) is differentiable at 0 and D,T'(¢)(0) = U'(t), for
eacht>0 m

Definition 49 Let Y be a Banach space, (V(t)),~q a strongly continu-
ous semigroup of operators V(t) : W CY — W, t >0, and zg € W
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an equilibrium of (V(t)),sq (i.e., V(t)xzo = xo, for all t > 0). The
equilibrium xo is called exponentially asymptotically stable if there ex-
ist 0 > 0, >0,k > 1 such that

|V (t)x — xo| < ke ™ ||z — a0 for all z € W with || — zo| < & and all t > 0.
We have the following result.

Theorem 23 Suppose that the zero equilibrium of (U'(t)),~, is expo-
nentially asymptotically stable, then zero is exponentially asymptotically
stable equilibrium of (T'(t)),>¢ -

The proof of this theorem is based on the following result.

Theorem 24 (Desh and Schappacher [65]) Let (V (t)),~, be a nonlinear
strongly continuous semigroup of type v on a subset W of a Banach space
Y, i.e.

WV (t)zy — V(t)ze| < M'ent lx1 — z2||, for all x1,29 € W

and assume that xo € W is an equilibrium of (V(t)),~, such that V(t)
is Fréchet-differentiable at xo for each t > 0, with Y (t) the Fréchet-
derivative at xo of V(t), t > 0. Then, (Y (%)), is a strongly continuous
semigroup of bounded linear operators on Y. If the zero equilibrium of
(Y (%)), is exponentially asymptotically stable, then xq is an exponen-
tially asymptotically stable equilibrium of (V (t));>-

6. Spectral Decomposition

In this part, we show in the linear autonomous case (Equation (4.4)),
the existence of a direct sum decomposition of the state space

E= {sDGCX, ©(0) Em}

into three subspaces : stable, unstable and center, which are semigroup
invariants. We assume that the semigroup (Tp(t)),~, on D(Ayp) is com-
pact. It follows from the compactness property of the semigroup U’ (1),
for t > r, on E, the following results.

Corollary 25 [89] For each t > r, the spectrum o(U’(t)) is a countable
set and is compact with the only possible accumulation point 0 and if
uw # 0 € a(U'(t)) then p € Po(U'(t)), (where Po(U'(t)) denotes the
point spectrum,).
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Corollary 26 [89] There exists a real number § such that ReA < § for
all X € o(B). Moreover, if 3 is a given real number then there exists only
a finite number of X € Po(B) such that ReX > .

We can give now an exponential estimate for the semigroup solution.

Proposition 53 Assume that § is a real number such that ReX < § for
all characteristic values of Equation (4.4). Then, for -y > 0 there exists
a constant k(v) > 1 such that

U (t)e| < k(7)eC® o, forallt >0, p€ E.

Proof. Let w; be defined by

wy := inf {w eR: sup (e |U'()])) < +oo} .
t>0

The compactness property of the semigroup (see [84]) implies that
w1 = s51(B) :=sup{ReX: X € Po(B)}.

On the other hand, if A\ € Po(B) then there exists ¢ # 0 € D(B) such
that By = Ap. This implies that

p(0) = eMp(0) and  ¢'(0) = Agp(0) — L(p) with o(0) # 0.

Then, A(A)p(0) = 0. We deduce that X is a characteristic value of
Equation (4.4).

We will prove now the existence of A € Po(B) such that ReX = s1(B).
Let (An)n be a sequence in Po(B) such that Re\,, — s1(B) as n — +oo.
Then, there exists # such that Re), > § for n > ng with ng large
enough. From Corollary 26, we deduce that {\, : ReX,, > (§} is finite.
So, the sequence (Re),), is stationary. Consequently, there exists n
such that $e), = s1(B). This completes the proof of Proposition 53 m

The asymptotic behavior of solutions can be now completely obtained
by the characteristic equation.

Theorem 27 Let § be the smallest real number such that if A is a char-
acteristic value of Equation (4.4), then ReX < 4. If 6 < 0, then for all
peE, [U@)e|| — 0 ast — +oo. If § = 0 then there exists ¢ € E\{0}
such that ||U' (t)o|| = ||| for allt > 0. If § > 0, then there exists ¢ € E
such that ||U'(t)p|| — +o0 as t — +o0.

Proof. Assume that § < 0, then we have w; = s1(B) < 0 and the
stability holds. If 6 = 0, then there exists  # 0 and a complex A such
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that ReA = 0 and A(M\)z = 0. Then, A € Po(B) and e* € Po(U'(t)).
Consequently, there exists ¢ # 0 such that

U'(t)e = eMo.

This implies that |[U’(t)¢|| = He’\tcpH = ||¢|| . Assume now that § > 0.
Then, there exists x # 0 and a complex A such that ReA = § and
A(N)z = 0. Then, there exists ¢ # 0 such that ||U'(t)¢| = € || —
400, as t — +o00. This completes the proof of Theorem 27 m

Using the same argument as in [96], [section 3.3, Theorem 3.1], we
obtain the following result.

Theorem 28 Suppose that X is complex. Then, there exist three linear
subspaces of E denoted by S, US and CN, respectively, such that

E=SeUS®CN

and

(i) B(S) c S, B{US) cUS and B(CN) C CN;

(ii) US and CN are finite dimensional;

(iii) Po(B  |vs) = {N€Po(B):ReXx>0}, Po(B |on) =
{N € Po(B) : ReX = 0} ;

(iv) U'(t) (US) c US, U'(t) (CN) Cc CN, fort € R, U'(t)(S) C S, for
t > 0;

(v) for any 0 < v < a := inf {|ReA| : A € Po(B) and ReX # 0}, there
exists M = M(7y) > 0 such that

U Pusell < Me [|[Pusel|l, <0,
IU'(t) Penell < Mes! |[Ponel,  tER,
IU"(8) Pspll < Me™ " || Psepl, =0,

where Pg, Pys and Poyn are projections of E into S, US and CN re-
spectively. S, US and CN are called stale, unstable and center subspaces
of the semigroup (U'(t));>-

7. Existence of bounded solutions

We reconsider now the equation (4.8) mentioned in the introduction.
For the convenience of the reader, we restate this equation

{ %(t) — Agu(t) + L(ug) + £(8), >0,
ug = ¢ € Cx,

and its integrated form

d [t~
u =U'(t)p + dt/o Ut —s)Xof(s)ds, fort>0. (7.1)
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where f is a continuous function form R into X.
Thanks to Lemma 2, we will use the following integrated form of
Equation (4.8), which is equivalent to (7.1) :

t

u =U'(t)p + /\hT U'(t — s)BxXof(s)ds, fort>0, (7.2)

where the operator By : (Xo) — Cx is defined by
— o\ -1
BaXoc = A </\I - G) (Xoc) = AeMAN)Le,  ce X.
We need the following definition.
Definition 50 We say that the semigroup (U/(t))tzo is hyperbolic if
o(B) NniR = 0.

Theorem 28 implies that, in the hyperbolic case the center subspace
CN is reduced to zero. Thus, we have the following result.

Corollary 29 If the semigroup (U'(t)),~, is hyperbolic, then the space
E is decomposed as B
E=SaUS

and there exist positive constants M and ~ such that

U ()¢l < Me™ [lol,  t20, €S,
1T (B)ell < Me o]l t<0, pcUS.

We give now the first main result of this section.

Theorem 30 Assume that the semigroup (U'(t)),>q is hyperbolic. Let

B represent B(IR™), B(R") or B(R), the set of bounded continuous
functions from R™, RT or R respectively to X. Let m : B — B be a
projection onto the integral solutions of Equation (4.4) (for any ¢ € E)
which are in B. Then, for any f € B, there is a unique solution Kf € B
of Equation (7.2) (for some ¢ € E) such that tKf =0 and K : B — B
18 a continuous linear operator. Moreover,

(i) for B= B(R™), we have

m(B) = {z:R~ — X, there exists p € US
such that z(t) = (U'(t)p) (0), ¢t <0}

and

t — S
(Kf)y= lim lim [ U'(t—r) (B)\ng(T)> dr+

85— —00\—+00 s
t

lim U't—r) (E;\Xof(T))US dr
A—+00 0 ’
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(ii) For B = B(R"), we have

m(B)= {z:R" — X, there ezists ¢ € S
such that x(t) = (U'(t)p) (0), ¢>0}

and

t —~ s
(K= Jim | U’(tt—r) (BrXof(r)) dr+

lim lim [ U'(t—7) (E X f(T)>USdT
§—4+00\—400 s A0 )
(iii) For B = B(R), we have
m(B) = {0}

and

§——00\—+00

lim lim /St U't—r) (J/S:\Xof(T)>US dr.

S§——+00\— 400

(Kf)e=lim lim /St U't—1) (E;\Xof(v')>sd7'+

Proof. Theorem 28 implies that the space US is finite dimensional
and U'(t) (US) CUS. Then,
{z: R~ — X, there exists ¢ € US such that z(t) = (U'(t)¢) (0), t <0}
C m(B(R7)). Conversely, let ¢ € S and u(., ) be the integral solution
of Equation (4.4) in S, which is bounded on R™. Assume that there is
at € (—oo,0] such that u(., ) # 0. Then, for any s € (—o0,t), we have

ur( ) =U'(t = s)us(., 9)-
Thanks to Corollary 29 we have
s Q)| < Me D fug(L @), s <t
Since us(., ) is bounded, we deduce that u(., ) = 0. Therefore,

m(B(R7)) C {z:R~ — X, there exists ¢ € US
such that z(t) = (U'(t)¢) (0), ¢ <0}.

In the same manner, one can prove the same relations for B(R") and
B(R).

Let f € B(R7) and u = u(., ¢, f) be a solution of Equation (7.2) in
B(R™), with initial value ¢ € E. Then, the function u can be decom-
posed as

U = utU 5+ uf ,
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where uV® € US and uf € S are given by

s t —~ Us
/S =U'(t—s)uY S+ lim U'(t—T) (B,\Xof(T)> dr, fort,s€R,

A——+00
(7.3)
t —~ S
uf = U'(t — s)uf + Erfoo U't—1) (B,\XQf(T)) dr, for s <t <0,
(7.4)

since U’(t) is defined on US for all t € R. By Corollary 29, we deduce
that

t —~ S
uf = lim lim U't—r) (B)\Xof(’r)) dr, fort<0. (7.5)

§——00\—+00 s

By Lemma 1, we get ByX, = AeMATL(N). Thus,

MM

Hv'u - (BXos(n) H <M A )
A — W1 re(—o0,]
Consequently, we get
MM
Juf || < o sw Hf(T)H, t<0. (7.6)
TE(—00,0

We have proved that

t __ Us
w = U'(t)p US + lim Ult—r) <B>\X0f(7')> dr+
A——+00 0

¢ —~ S
lim lim [ U'(t-7) (BAXO f(T)) dr, for ¢ < 0.
’ (7.7)
We obtain also, for ¢ < 0, the following estimate
t — Us
HU’( JeUS + tim [ Ut -7) (BaXof(r)) dr <
A—eoJo — (7.8)
M ||V + 44 sup ) FACal s
TE(—00,

Conversely, we can verify that the expression (7.7) is a solution of Equa-
tion (7.2) in B(IR™) satisfying the estimates (7.6) and (7.8) for every
pe k.

Let u = u(.,9V%, f) be defined by (7.7) and let £ : B(IR™) — B(R")
be defined by Kf = (I — ) u(.,0, f). We can easily verify that
( %,0) = '(t)
( U5 0) =
(,so VS F) =ul.e 0)+U(-,0,f)-
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Therefore, K is a continuous linear operator on B(R™), Kf satisfies
Equation (7.2) for every f € B(R™), 7K = 0 and K is explicitly given
by Theorem 30.

For B(R™") and B(IR) the proofs are similar. This completes the proof
of Theorem 30 m

We consider now the nonlinear equation

du
dt

and its integrated form

(t) = Aou(t) + L(ue) + g(t, ut), (7.9)

t —
u=U'(t)p+ lim U'(t — s)BaxXog(s, us)ds, (7.10)
A—-+o0 0
where g is continuous from R x Cx into X. We will assume that
(H1) ¢(¢,0) = 0 for ¢ € R and there exists a nondecreasing function
a:[0,400) — [0,400) with }llir%oz(h) =0 and

lg(t, 1) — g(t, 02)|| < a(h) |1 — 2| forer,p2 € E, ||e1]],]le2]] < h
and t € R.

Proposition 54 Assume that the semigroup (U'(t)),~, s hyperbolic and
the assumption (H1) holds. Then, there exists h > 0 and e € |0, h[ such
that for any ¢ € S with ||¢|| < e, Equation (7.10) has a unique bounded
solution u : [—r, +00) — X with |lu|| < h fort >0 and us = .

Proof. Let ¢ € S. By Theorem 30, it suffices to establish the exis-
tence of a bounded solution u : [—r, +00) — X of the following equation

¢ _ s
w= Ut)p+ Jim U't—r) (B,\Xog(ﬂ Ur)) dr+
—+o0 Jo
t

— Uus
lim lim [ U'(t—7) (BAXog(T,uTD dr.

s§—+00A\— 400 s

Let (u(™),en be a sequence of continuous functions from [—r, +00) to
X, defined by

ugo) = U'(t)e .
N S
w = U)e+ lm | U'(t—7) (BrXog(rul®)) " dr+
—+00 J

t — Uus
lim lim [ U'(t—7) (BAXog(T,u(T”))) dr.

s§—+00A\—+00 s

S
It is clear that (u(()n)> = ¢. Moreover, we can choose h > 0 and ¢ € |0, h[

small enough such that, if ||¢| < e then Hugn)H <h fort>0.
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On the other hand, we have
(n)

(n+1)
o

< fot MMe="¢=Ta(h) ’
[ MM a(h)

u(T n_ u(n 1)H dr+
5”) H dr.

So, by induction we get

T

We choose h > 0 such that

2MMa(h) _ 1
gl 2
Consequently, the limit v := lim ™ exists uniformly on [—7, +00)

n—-4o0o

and wu is continuous on [—r,+00). Moreover, ||u:]| < h for t > 0 and

S _
ug = .

In order to prove that u is a solution of Equation (7.10), we introduce
the following notation

¢ N s
o(t) = —U'(t)p — )\lim U't—r) (B,\Xog(ﬂ UT)) dr
——+00
lim i o O BrX, "
il [ V=) (Baagtrn) ]
We obtain

v(t) < Hut —u

lim / U't-r1) ((B)\Xog(T uT))S _ (E\Xog(fr, us.”))>5) dr

A—+o0

lim  lim / U'(t—1) ((B)\XOQ(T, uT)) s (B)\XOQ(T u<"))> S) dr|| .

s—+ocoA—+o0o s

o)

+

+

Moreover, we have
1 = k+1 k
ut—ugnJr ) = Z (ug +)—u£ )).
k=n+1
It follows that
OMMa(h)] <X /20 Ma(h)\"
u(t) < 2h [1+ O‘U} 3 (O‘()> .
v k=n+1 7

Consequently, v = 0 on [0, +00).
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To show the uniqueness suppose that w is also a solution of Equation
(7.10) with |jw|| < h for t > 0. Then,

‘ wy — u§n+1) <
m [ N S_ (B ()
AETOO/O U'(t—7) <B)\X0g(7',w-r)> 7<BAX0g(T,uT )) dr

t

— Us — Us
lim lim U/(t —7) ((B/\Xog(‘f', wr)) — <B>\X09(7'7 u‘(rn))> ) dr||.

s—+ocoA—+oo s

+

This implies

ol < 2n (P

> — 0, asn— 4oo.
~y

This proves the uniqueness and completes the proof m

8. Existence of periodic or almost periodic
solutions

In this section, we are concerned with the existence of periodic (or
almost periodic) solutions of Equations (7.2) and (7.10).

As a consequence of the existence of a bounded solution we obtain
the following result.

Corollary 31 Assume that the semigroup (U'(t)),~, is hyperbolic. If
the function f is w—periodic, then the bounded solution of Equation (7.2)
given by Theorem 30 is also w—periodic.

Proof. Let u be the unique bounded solution of Equation (7.2). The
function u(. + w) is also a bounded solution of Equation (7.2). The
uniqueness property implies that « = u(. +w). This completes the proof
of the corollary m

We are concerned now with the existence of almost periodic solution
of Equation (7.2). We first recall a definition.

Definition 51 A function g € B(R) is said to be almost periodic if and
only if the set
{90 : 0 € R},

where g, is defined by g, (t) = g(t + o), for t € R, is relatively compact
in B(R).

Theorem 32 Assume that the semigroup (U'(t)),~o is hyperbolic. If
the function f is almost periodic, then the bounded solution of Equation
(7.2) is also almost periodic.
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Proof. Let AP(R) be the Banach space of almost periodic functions
from R to X endowed with the uniform norm topology. Define the
operator @) by

¢ —~ s
@) (1) = tim i [ U= 7) (BaXof (7)) (0)dr

—~ Uus

+ lim lim [ U'(t—7) <BAX0 f(r)) (0)dr, forteR.
5—=+00A—+00 J4

Then, @ is a bounded linear operator from AP(R) into B(R). By a

sample computation, we obtain

(Qf)y =Q(fs), foroeRR.

By the continuity of the operator @), we deduce that Q({f, : 0 € R})
is relatively compact in B(R). This implies that if the function f is
almost periodic, then the bounded solution of Equation (7.2) is also
almost periodic. This completes the proof of the theorem.

We are concerned now with the existence of almost periodic solutions
of Equation (7.10). We will assume the followings.
(H2) g is almost periodic in ¢ uniformly in any compact set of Cx. This
means that for each ¢ > 0 and any compact set K of Cx there exists
lc > 0 such that every interval of length . contains a number 7 with the
property that

sup lg(t+7,9) — g(t, )| <e.
teR,peK
We know from [63] that if the function g is almost periodic in ¢ uniformly
in any compact set of Cx and if v is an almost periodic function, then
the function ¢ — g(t,v;) is also almost periodic.
(H3) llg(t, 1) —g(t,p2)l| < Killpr —2ll,  tE€R, ¢1,902 € Cx.
We have the following result.

Proposition 55 Assume that the semigroup (U'(t)),~ s hyperbolic and
(H2), (H3) hold. Then, if in the assumption (H3) K1 is chosen small
enough, Equation (7.10) has a unique almost periodic solution.

Proof. Consider the operator H defined on AP(R) by
Hv = u,

where wu is the unique almost periodic solution of Equation (7.2) with
f = g(.,v). We can see that there exists a positive constant Ky such
that

HHU1—HU2H SKlKQHUl—UQH, Ul,UQEAP(]R).
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If K is chosen such that K1 K5 < 1, then the map H is a strict contrac-
tion in AP(R). So, H has a unique fixed point in AP(IR). This gives an
almost periodic solution of Equation (7.10). This completes the proof of
the proposition m

9. Applications

We now consider the two examples mentioned in the introduction.
For the convenience of the reader, we restate the equations.
Example 1

ou ou

at (t a)—i_ai(t (1) f(taa>ut('7a))’ t e [OvT]a ac [07Z]7
9.1
ult,0) = 0, telo,1], (9-1)
u(f,a) = p(0,a), 0 € [-r0],a€c]0,]].

where T,1 >0, ¢ € Cx :=C([-r,0],X) and X =C([0,{],R).
By setting U(t) = u(t,-), Equation (9.1) reads

{ VI(t) = AV (1) + F(t, Vi), te€[0,T],

V(0) =,
where Ap: D(Ap) € X — X is the linear operator defined by
{uECl [0,]],R); —O}
Aou =—

and F': [0,T] x Cx — X is the function defined by
F(t,p)(a) = f(t,a,¢(-,a)), forte[0,T], ¢ € Cx and a € [0,1].
We have D(Ap) = {u € C([0,1],R); u(0) =0} # X. Moreover,

p(Ag) = C,
{ |ar= a0t <4 foraso,

this implies that Ay satisfies (HY) on X (with My =1 and wy = 0).
We have the following result.

Theorem 33 Assume that F is continuous on [0,T] x Cx and satisfies
a Lipschitz condition

|F(t,(p)—F(t,1/J)‘SLHQO—”(/J”, tG[O,T] andg07¢€CX7
with L > 0 constant. Then, for a given ¢ € Cx, such that

©(0,0) =0,
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there exists a unique function u : [0,T] — X solution of the following
wnitial value problem

{ foaf(r—a—i—t, T, Ur—q+t(-, 7)) dT, ifa <t,
(t,a) cp(O,a—t)—t—_f;itf(T—a—&—t,T,uT_a+t(~,T))dT, ifa>t>0,
o(t, a), ift <O0.

(9.2)

Furthermore, u is the unique integral solution of the partial differential
equation (9.1), i.e.

(i) v € Cx, fo ,-)ds € CH([0,1],IR) andfo u(s,0)ds = 0, fort €
[0, 77,

(ii)

t t
u(t,a):{ »(0, )—i—%/ (s,a)ds—i—/o f(sya,u(-,a)ds, ifte(0,1],
o(t,a), ift € [-r0].

Proof. The assumptions of Theorem 33 imply that ¢ € Cx and
©(0,-) € D(Ap). Consequently, from Theorem 5, we deduce that there
exists a unique function v : [0,7] — Cx which solves the integral equa-
tion (3.1). It suffices to calculate each term of the integral equation
(3.1).

Let (So(t))+>0 be the integrated semigroup on X generated by Ag. In
view of the definition of (So(t))¢>0, we have

+oo
(M~ 40" 2) () = A / =M (S (1)) (a) dt.
0
On the other hand, solving the equation
(M —Ag)y==x, where A >0, y€ D(Ap) and z € X,
we obtain
(M~ 40" 2) (@) = y(a) = / eMy(a — 1) dt.

Integrating by parts one obtains

(()\I - AO)*lx) (a) = 0 /O "oyt + /0 " < / a_t:v(s)ds> dt.

By uniqueness of Laplace transform, we obtain

(So(t)z) (a) = { f s, et

a—
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Using Proposition 48, we obtain

fegos,a ds—l—fo (0, 7)dr, ifa<t+90,
(S(t)e) (0,a) = fegos,a ds—l—f o0, 7)dr, ifa>t+62>0,
0 o(s,a) ds ift+6<0.

The assumption ¢(0,0) = 0 implies that S(-)¢ € C* ([0,T],Cx) and we
have

d 0, ifa<t+0,
%(S(typ) (0,a) =< w(0,a—t—0), ifa>t+60>0,
o(t+0,a), ift+6<0.

Remark that the condition ¢(0,0) = 0 is necessary to have S(-)p €
ct([0,T],Cx).

Let G : [0,T] — X (T > 0) be a Bochner-integrable function and
consider the function K : [0,7] — Cx defined by

t ~
K(t) = / Solt — 5)XoG(s) ds.
0
For a <t + 60, we have

K(t)(0,a) = [117 (S <t+e—s>G<s>>< ) ds,
- t+9 “(Jg G () (mdr)ds+ [1 L (Jiy e, G (s) () dr) ds.

For a > t+ 6 > 0, we obtain

K(t)(0,a) = /0 B ( / a””s G (s) (7) dT> ds,

and for ¢t +6 < 0, we have K(t)(6,a) = 0.
The derivation of K is easily obtained

dK Jo G(r —a+t+0)(r)dr, a<t+0,
o —(t)(0,0) =K [, G(r—a+t+0)(r)dr, a>t+0>0,
t+6<0.

)

If we consider the function w : [—r,T] — X defined by

u(1)(0,), ift >0,
uft, ) = { o(t,)), ift<o.

Corollary 7 implies that u; = v(¢). Hence, u is the unique solution of
(9.2).
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The second part of Theorem 33 follows from Corollary 7 =

Theorem 34 Assume that F is continuously differentiable and there
exist constants L, 3,y > 0 such that

|DeF(t, ) — DeF (L, 4)] < Blle — ¢,
|DF(t, ) = D F(t, )| < vl =l

Then, for given ¢ € Cx such that

Deex, p0)ec (01, M),
©(0,0) = %Z(0,0) =0 and
%2(0.0)+ 22(0.0) = £(0.a,0(,a)), fora€[0.],

the solution u of Equation (9.2) is continuously differentiable on [0,T] x
[0,1] and is equal to the unique solution of Problem (9.1).

Proof. One can use Theorem 10 (all the assumptions of this theorem
are satisfied).

Example 2
ou
E(t,w):Au(t,x)—i—f(t,:):,ut(-,x)), tel0,T], x €9,
u(t,x) =0, te€0,T], = € 09,
u(@,x) = 90(07'%% S [—?”, 0], S Q,

(9.3)
where 2 C IR" is a bounded open set with regular boundary 0€2, A is
the Laplace operator in the sense of distributions on € and ¢ is a given
function on Cx := C([—r,0],X), with X =C (0, R).

Problem (9.3) can be reformulated as an abstract semilinear functional
differential equation

{ VI(t) = AV (t)+ F(t,V;), te][0,T],
V(0) = o,

with

D(Ao):{uEC(ﬁ,JR); AuGC(ﬁ,lR) and u =10 on@Q},
Agu = Au,

and F': [0,T] x Cx — X is defined by

F(t,p)(z) = f(t,x,p(-,z)) forte[0,T], p € Cx and z € Q.
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We have D(Ag) = {ueC(QIR) u=0 on@Q},;éX.
Moreover
p(Ap)C (0, +00)
H()\I . AO)—1H <l fora>0,

this implies that Ay satisfies (HY) on X (with My =1 and wy = 0).
Using the results of Section 3, we obtain the following theorems (the
all assumptions are satisfied).

Theorem 35 Assume that F is continuous on [0,T] x Cx and satisfies
a Lipschitz condition

‘F(taW)_F(tﬂ/J)‘SLHQO—M’, tE[O,T] andgp,zpeCX,
with L > 0 constant. Then, for a given ¢ € Cx, such that
Ap(0,-) =0, on 09,

there exists a unique integral solution uw : [0,T] — X of the partial
differential equation (9.3), i.e.
(i) ueCx, A (fo ds) €C (2 R) and fo )ds =0, on 09,

(i)

ift €[0,7T],

u(t,x) = #(0.) + 4 (fo o ds) +f0 82, ur(-, z) ds, and z € Q
e (t,2) ift€[-r0],
P, and = € Q.

Theorem 36 Assume that F' is continuously differentiable and there
exist constants L, 3,y > 0 such that

|DeF(t, ) — DeF (8, 4)] < Blle — ¢l
|DyF(t, ) = D F(t,4)| < vllo =]l

Then, for given ¢ € Cx such that

%fech (0,) €C (2 R),
‘P(OW):%@(O ) =0 on 9Q and
%f(o’x): 0(0,2) + f(0,2,0(-,2)), forz € Q.

There is a unique function z defined on [—r,T| x Q, such that x = ¢ on
[—7,0] x 2 and satisfies Equation (9.3) on [0,T] x €.
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1. Basic theory and some results for examples

Proofs for most of the basic results presented in this part are found in
the monograph [57]. See also [105].

1.1 Semiflows of retarded functional differential
equations

Let h > 0,n € N. Let C' denote the Banach space C([—h, 0], R"™), with
|¢]| = max_p<s<o|¢(s)|. The space C' will serve as state space. For x :
R D> I —R"and t € R with [t — h,t] C I, the segment z; : [—h,0] — R"
is the shifted restriction of x to the nitial interval [—h, 0],

x(s) = x(t + s) for s € [—h,0].

Autonomous retarded functional differential equations on C' (RFDEs)
are equations of the form

for a given map f : C D U — R". In the sequel we shall assume that
U C C is open and that f is locally Lipschitz continuous. Some results
require that f is continuously differentiable. Solutions x : [ty — h,te) —
R™ —o0 < tg < te < 00, of the previous RFDE are continuous, differ-
entiable on (t,t.), and satisfy the RFDE for ¢ty < t < t.. This implies
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that their right derivative at to exists and equals f(zy,). Solutions on
(—o0, te) (including on R) are differentiable and satisfy the RFDE every-
where.

A mazimal solution x° : [to — h,tc(¢)) — R™ of the initial value
problem (IVP)

@(t) = f(xt), 20 = ¢ € U,

is a solution of the RFDE which satisfies the initial condition and has
the property that any other solution of the same IVP is a restriction of
z?.

Example. Let 4 € R and a continuously differentiable function g :
R — R be given. The equation

B(t) = —pa(t) + g(x(t — 1)) (1.1)

is an RFDE, with h =1, n =1, and f(¢) = —pu¢(0) + g(¢(—1)) for all
¢ € C. Solutions are easily found via the method of steps: For ¢ € C
given, evaluate successively the variation-of-constants formulae

t
z(t) = e M"z(n) + / e M=) f(a(s — 1))ds,
n
for nonnegative integers n and n <t < n + 1, with g = ¢. This yields
the maximal solution z? : [~1,00) — R of the IVP for eq. (1.1). - If
g(0) = 0 then 2 : R 5 ¢ +— 0 € R is a constant solution (equilibrium
solution). For p > 0 and

Eg(§)<Oforall £#£0

eq. (1.1) models a combination of delayed negative feedback and in-
stantaneous negative feedback with respect to the zero solution. The
condition

Eg(§)>0forall £#£0
corresponds to delayed positive (and instantaneous negative) feedback.
In case of negative feedback and p > 0, initial data with at most one

zero define slowly oscillating solutions, which have any two zeros spaced
at a distance larger than the delay h = 1.

How is slowly oscillating behaviour reflected in the state space C' 7 Seg-
ments z; of slowly oscillating solutions belong to the set S C C'\ {0} of
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§
X
[= 4
L
Figure 10.1.
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Figure 10.2.

initial data with at most one change of sign. More precisely, ¢ # 0, and
0 < ¢, or ¢ <0, or there are j € {0,1} and a € [—1,0] so that

0 < (=1)7¢(t) on [~1,a], (=1)?¢(t) <0 on [a,0].

The set S is positively invariant, i.e., for all ¢ € S and all t > 0, :Ef es.
We have
cdS=SuU{o},

and
(0,00)-SCS

which says that S is a wedge. It can be shown that S is homotopy
equivalent to the circle; S is not convex. See [240].

Let us call a solution eventually slowly oscillating if for some ¢ its zeros
z > t are spaced at distances larger than the delay h = 1. The main
result of [177] establishes that in case u > 0, g bounded from below or
from above, and
g€ <0forall £ €R

almost every initial function ¢ € C' defines a solution which is eventually
slowly oscillating. More precisely, the set R of data whose maximal
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solutions are not eventually slowly oscillating is closed and a graph
T > dom — Q

with respect to a decomposition of C' into a closed subspace T of codi-
mension 2 and a 2-dimensional complementary subspace (). This shows
that the set C'\ R of initial data of eventually slowly oscillating solutions
is open and dense in C.

Remark. For certain bounded but non-monotone functions g and for
certain p > 0 there exist rapidly oscillating periodic solutions with at-
tracting orbits [116]. This means that for such g and p the previous
statement is false.

Problem. Does the density result hold in case y = 0 for all g which
satisfy the negative feedback condition 7

We shall see that in case of negative feedback slowly oscillating pe-
riodic solutions play a prominent role in the dynamics generated by
eq.(1.1). In a simple case, which was excluded from the considerations
up to here, they are easily found.

Exercises. Define and compute a ‘slowly oscillating periodic solution’
of eq. (1.1) for 4 = 0 and the step function g = —sign. Then com-
pute a slowly oscillating periodic solution for a suitable smooth function
g which is positive and constant on some interval (—oo, —a] and linear
and decreasing on some interval [—b,00), 0 < b < a.

In case of positive feedback, the convex cones of nonnegative and non-
positive data are positively invariant. See [137].

Back to the general case. The maximal solutions of the IVP with
to = 0 define a continuous semiflow

F:Q—-U,

F(t,¢) = af
and

Q= 1{(t,0) € [0,00) x U : t < to(¢)}.

The domain € is open in [0,00) x U. Recall the algebraic semiflow
properties
F(0,¢) = ¢ and
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F(t,F(s,¢)) = F(t+s,¢) whenever ¢ € U,0 < s < te(¢),0 <t < te(F(s,)).

The solution maps Fy = F(t,-), t > 0, are defined on the open sets
Q={o€U:(to) e Q}. For certain ¢t > 0, ; may be empty.

Remark. A flow does not exist in general, as there are no backward
solutions for nondifferentiable initial data. Also, initially different solu-
tions may become identical on some ray [t,00). Therefore solutions of
the backward IVP are in general not uniquely determined.

Example. Eq. (1.1) with g constant on a nontrivial interval I, initial
data ¢ # 1) with range in I and ¢(0) = 1(0).

Before discussing differentiability with respect to initial data a look
at nonautonomous linear delay differential equations is convenient: Let
L : [to,te) x C — R" tg < t. < oo, be continuous and assume all maps
L(t,-) are linear. Solutions of the equation

y(t) = L(t, yt)

are defined as before. Maximal solutions exist and are defined on [ty —
h,te).

Suppose f is continuously differentiable. For a given maximal so-
lution # = z? : [tg — h,t.(¢)) — R™ of an IVP associated with the
nonlinear RFDE above the variational equation along x is the previous
linear equation with

L(tﬂl}) = Df(l't)dj for tO <t < te(¢)ﬂ/) eC.

Example. Let ¢g(0) = 0. The variational equation along the zero
solution of eq. (1.1), or linearization at 0, is
0(t) = —po(t) + av(t — 1) (1.2)

with a = ¢/(0).

In case f is continuously differentiable all solution operators F; on non-
empty domains are continuously differentiable, and for all ¢ € €, x € C|

DFy(¢)x = vf™
with the maximal solution v#X : [—h, t.(¢)) — R™ of the IVP

0(s) = Df(F(s,¢))vs,vp = X.
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On the open subset of 2 given by t > h the semiflow F' is continuously
differentiable, with

D1\F(t, )1 = i,
Le., for t > h the tangent vectors of the flowline

[0,t(9)) 3t — F(t, ) €U

exist and are given by the derivatives of the solution segments. Notice
that for 0 < ¢ < h the solution segments are in general only continuous
and not differentiable.

1.2 Periodic orbits and Poincaré return maps

Let a periodic solution x : R — R"™ of the RFDE be given. Assume f is
continuously differentiable. Let p > h be a period of x, not necessarily
minimal. A transversal to the periodic orbit

o={x;:t€[0,p]} CU

at xop = x, is a hyperplane H = x¢ + L, with a closed subspace L of
codimension 1, so that

DyF(p,x0)l ¢ L = Ty, H.

Recall that L is the kernel of a continuous linear functional ¢*. The
relation F'(t,¢) € H is equivalent to the equation

&*(F(t, 6) — o) = 0.

An application of the Implicit Function Theorem close to the solution
(p, xo) yields an open neighbourhood N of zy in C and a continuously
differentiable intersection map

T:N—-R
so that 7(z¢) = p and
F(7(¢),¢) € H for all ¢ € N.
The Poincaré return map
P:HNN>¢w— F(1(¢),¢) € H

is continuously differentiable (with respect to the C''-submanifold struc-
tures on H NN and H).
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H

Figure 10.5.

The derivatives DP(¢)x, ¢ € HN N and x € ToH = L, are given by

pry o DFrg)(9)x

where pry : C' — L is the projection along the (tangent) vector

n = DiF(r(¢),¢)1 = &%, ¢ L.
We have
"
o*n

prev =1 — 7.

P
L/¢

R
L /

( for Pc¢3=o)

Figure 10.4.

In particular,
DP(x0)x = prag DFp(xo)x-
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1.3 Compactness

Often the solution maps F;, t > h, are compact in the sense that they
map bounded sets into sets with compact closure. (Fy = idy is not
compact, due to dim C' = o0).

Example. Eq. (1.1) with g bounded from above or from below. Com-
pactness follows by means of the Ascoli-Arzela Theorem from simple
a-priori bounds on solutions and their derivatives.

Also Poincaré maps are often compact. It follows that all these maps
are not diffeomorphisms. Therefore standard tools of dynamical systems
theory on finite-dimensional manifolds, which had originally been devel-
opped for diffeomorphisms only, e.g., local invariant manifolds, inclina-
tion lemmas, and the shadowing lemma associated with a hyperbolic set,
had to be generalized in a suitable way for differentiable, not necessarily
invertible maps in Banach spaces.

1.4 Global attractors

Consider a semiflow F' : [0,00) x M — M on a complete metric space
M. A complete flowline is a curve u : R — M so that

F(t,u(s)) =u(t+s) forallt >0, s eR.

A set I C M is invariant if each x € I is a value of a complete flowline
u with u(R) C I. This is equivalent to

Fy(I)=1 for all t > 0.

A (compact) global attractor A for F' is a compact invariant set A C M
which attracts bounded sets in the sense that for every bounded set
B C M and for every open set V O A there exists t > 0 such that
F(s,B) CV for all s > t.

Exercise. A global attractor contains each bounded set B C M which
satisfies B C F'(t, B) for all ¢ > 0.

It follows from the exercise that a global attractor A contains every
compact invariant set, and that it is uniquely determined. Furthermore,
A coincides with the set of all values of all bounded complete flowlines.

Existence of global attractors is in some cases easy to verify. Consider
for example eq. (1) with 4 > 0 and ¢g : R — R injective and bounded.
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Then all solution maps are injective, and F; is compact. For r > 1+
(sup |g|)/p the open ball C, in C with radius » > 0 and center 0 is
positively invariant under the semiflow and absorbs every flowline in the
sense that for every ¢ € C' there exists t > 0 with F(s,¢) € C, for all
s >t. The set

A=(F(tC)

t>0

is the global attractor [137].

1.5 Linear autonomous equations and spectral
decomposition

For L : C' — R" linear continuous, consider the RFDE

y(t) = Luy.

The semiflow is now given by the Cp-semigroup of solution operators
T,:C3¢— yf € C,t > 0. The domain of its generator G : Dg — C'is

D¢ = {¢ € C : ¢ continuously differentiable, ¢(0) = Lo},

and G¢ = qS The solution behaviour is determined by the spectrum
of the generator. The solution operators are compact for ¢ > h, and
the complexification of G has compact resolvents. So the spectrum o
of G consists of a countable number of isolated eigenvalues of finite
multiplicities, which are real or occur in complex conjugate pairs. The
Ansatz y(t) = e ¢ for a solution leads to a characteristic equation for
the eigenvalues. Example: For eq. (1.2),

A p—ae =0
An important property is that any halfplane given by an equation
ReX >
for § € R contains at most a finite number of eigenvalues.

Examples. For eq. (1.2) with u = 0,a < —% (negative feedback),
there exist pairs of complex conjugate eigenvalues with positive real part,
and there are no real eigenvalues. In case p > 0 and o > 0 (positive
feedback) the eigenvalue with largest real part is positive and all other

eigenvalues form complex conjugate pairs.
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Figure 10.5.
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Rapid growth of the imaginary parts of the eigenvalues as Re A — —oo
shows that GG is not sectorial, and that the semigroup is not analytic.

The realified generalized eigenspaces associated with a real eigenvalue
or a pair of complex conjugate eigenvalues are positively invariant under
the semigroup, as well as generalized eigenspaces C'< associated with
all eigenvalues in a left halfplane given by an equation

Re )\ < (3,

with 8 € R. On the finite-dimensional generalized eigenspace C>g given
by the set 0>3 of all eigenvalues satisfying

Re)>

the semigroup induces a group of isomorphisms 7} g = eBt t € R, with a
linear vectorfield B : C>3 — C>g. The spectrum of B is 0> 3; generalized
eigenspaces of an eigenvalue with respect to G and B coincide. On the
complementary subspace Cg,

ITigll < ke’ ]I, >0,
with k = k(L, 3) > 0.

The unstable, center, and stable subspaces C*, C¢ C? of G are the
realified generalized eigenspaces given by the sets osq, 09,0« of the
eigenvalues with positive, zero, and negative real part, respectively. C*
consists of segments of solutions on the line which decay to 0 exponen-
tially as t — —oo and whose segments grow exponentially as t — oo.
C° consists of segments of solutions with polynomial growth. Solutions
starting in C* decay exponentially to 0 as ¢ — co. We have

C=C"oCq@C".

The semigroup is called hyperbolic is there are no eigenvalues on the
imaginary axis.

Examples of other spectral decompositions of C'. Consider eq. (1.2).
In the case p > 0 and « < 0 (negative feedback), there is a leading pair of
eigenvalues, i.e., there exists § € R so that the sum of the multiplicities
of the eigenvalues with Re A > ( is 2. For convenience we choose 3 so
that there are no eigenvalues on G + iR. For the leading eigenvalues,

[Im A\ <,
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and all solutions with segments in the 2-dimensional space
CQ - C>ﬁ

are slowly oscillating. Solutions on the line with segments in realified
generalized eigenspaces associated with other complex conjugate pairs
of eigenvalues are not slowly oscillating. Later we shall consider the
decomposition

C =08 Coc
where Cor = C.3. We have
CyCSU {0}
and
SN CQ< - @
See [240].
Gy

Figure 10.6.

In the result from [177] on density of initial data for eventually slowly
oscillating solutions of the nonlinear eq. (1.2), we actually have T' = Ca-
and Q) = Cs, for the space T containing the domain dom of the map rep-
resenting the thin set R of segments of rapidly oscillating solutions and
for the target space @ of this map. Of course, Co. and Cs are here
defined by the variational equation (1.2) along the zero solution of eq.

(1.1).
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In the positive feedback case ¢ > 0 and o > 0, with « sufficiently
large, there are at least 3 eigenvalues in the open right halfplane. Choose
B > 0 so that the 3 eigenvalues with largest real parts satisfy § < Re A,
and there are no eigenvalues on 8 + iR. The solutions on the line with
segments in

O3 =Csp

have at most 2 zeros in any interval of length A = 1, and they decay
to 0 as t — —oo faster than t — e’*. Later we shall consider the
decomposition

C=C38Cs¢

where C3« = Cg. See [137].

A,
™,
VL=
Figure 10.7.
1.6 Local invariant manifolds for nonlinear

RFDEs

Assume f is continuously differentiable, and f(¢o) = 0. For simplicity,
¢o = 0. Then the zero function on the line is a solution, and 0 € U is
a stationary point of the semiflow: F(¢,0) = 0 for all ¢t > 0. The linear
variational equation along the zero solution is given by

L = Df(0).

There exist open neighbourhoods N*, N¢, N of 0 in the spaces C*, C¢, C?,
respectively, and continuously differentiable maps

w' :NY—-C@»C°,w°: N - C"pC*,w°: N° - C"ap C°
with fixed point 0 and zero derivatives at 0 whose graphs

W*={x+w"(x): x € N}
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are locally positively invariant under the semiflow F. This means that
there is a neighbourhood N of 0 so that flowlines starting in N N W*
remain in W* as long as they stay in N. The local unstable manifold W*
consists of segments of solutions x : (—oo,t.) — R"™ which decay to 0 ex-
ponentially as t — —oo. Conversely, all such solutions with all segments
in a neighbourhood of 0 in C have their segments in W*. All bounded
solutions on the line which remain sufficiently small have all their seg-
ments in W€, All solutions which start in W* decay to 0 exponentially as
t — oo, and the segments of all solutions on [—h, c0) which remain in a
neighbourhood of 0 and tend to 0 exponentially as ¢ — oo belong to W*.

4
e s

Figure 10.8.

In case all eigenvalues have negative real part, one obtains the Prin-
ciple of Linearized Stability, i.e., asymptotic stability of the linearized
equation implies the same for the equilibrium of the original nonlinear
equation.

The local unstable and stable manifolds are unique (in a certain sense)
while local center manifolds are not.

It is also possible to begin with a splitting of ¢ not at § = 0. Con-
sider again eq. (1.1) with u > 0 and « > 0 sufficiently large (positive
feedback), so that there are at least 3 eigenvalues in the open right half-
plane. Then there exists a 3-dimensional leading local unstable manifold
W3, i.e., a locally positively invariant C''-submanifold of C' with

ToWsz = C3

which consists of segments of solutions on intervals (—oo, 0] which tend
to 0 as t — —oo faster than t — e%%. See [137].
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Figure 10.9.

Remark: If a global attractor exists then local unstable manifolds and
their forward extensions by the semiflow belong to the global attractor.

1.7 Floquet multipliers of periodic orbits

Assume f is continuously differentiable, and let a periodic solution x :
R — R™ and a period p > h of x be given. The associated Floquet mul-
tipliers are the nonzero points in the spectrum (of the complexification)
of the monodromy operator

M = DQF(pa l‘())-

They can be used to describe the behaviour of flowlines close to the
periodic orbit
o={z;:0<t<p}

The number 1 is a Floquet multiplier; an eigenvector in C' is
Zbo = ip = DlF(p, l’o)]_.

The periodic orbit is called hyperbolic if 1 is an eigenvalue with 1-
dimensional generalized eigenspace, and if there are no other Floquet
multipliers on the unit circle. In case of hyperbolicity and if there are
no Floquet multipliers outside the unit circle, the periodic orbit o is ez-
ponentially stable with asymptotic phase, which means in particular that
there are a neighbourhood N C U of o, constants k£ > 0,7 > 0, and a
function 6 : N — R so that for all ¢ € N and all ¢t > 0,

|F(t, &) — Trroe) |l < ke 7t

If there are Floquet multipliers outside the unit circle then the periodic
orbit is unstable.
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If P is a Poincaré return map on a transversal H = xg+ L and if xg is
a fixed point of P then the spectral properties of DP(zg) : L — L and
those of the monodromy operator are closely related, due to the formula

DP(xy) = pry, o M|L.

The simplest case is that M is compact and hyperbolicity holds. Then
the Floquet multipliers A # 1 and their multiplicities coincide with the
eigenvalues of DP(xy) and their multiplicities. Without hyperbolicity, 1
becomes an eigenvalue of DP(xg) with a realified generalized eigenspace
of reduced dimension.

The compactness assumption can be relaxed. In the most general
case, however, several natural questions concerning monodromy opera-
tors and Poincaré maps seem not yet discussed in the literature, to the
best of my knowledge.

How can one obtain results about Floquet multipliers ? If ;4 = 0 and
if g is odd and bounded with |¢’(0)| sufficiently large then eq. (1.1) has
periodic solutions with rational periods [120]. In the negative feedback
case, one finds, among others, slowly oscillating periodic solutions of
minimal period 4, with the additional symmetry

z(t) = —z(t — 2).
It follows that the associated monodromy operator has
V= DQF(Q, .%'0)

as a root; the Floquet multipliers are squares of the eigenvalues of V.
For the latter, a characteristic equation is found in the following way:
Suppose

Vo =\, b £ 0.

Then the segments vg, v1,v2 of the solution v = v*0? of the variational
equation along z satisfy

vy = ¢'(z(1+t))v1, 01 =g (t)vo
and
Vo = )\’Uo.

Substitute vg = A~lvy in the last differential equation. Then (vg,v;)
satisfies

vy = ¢ (2(1+1))v1, 91 = A"1g (x(t))ve
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Figure 10.10.

and the nonlocal boundary conditions
(1) = v1(0), vi(=1) = (v0(0) =)A"'v2(0).

Using a fundamental matrix solution of the ODE system one finds that
a certain determinant, which depends on the parameter A through the
fundamental matrix solution and through the boundary conditions, must
vanish. This is the desired characteristic equation. Though there is no
explicit formula and the dependence on the underlying periodic solution
x seems rather involved it was possible to make use of the characteristic
equation, first in a proof of bifurcation from a continuum of period-4-
solutions of a one-parameter family of delay differential equations [238],
and later in the search for hyperbolic stable [43] and unstable [115]
period-4-solutions. The latter were used in the first proof that chaotic
behaviour of slowly oscillating solution exists for certain smooth nonlin-
earities g of negative feedback type [153, 154]. See also [59, 60].

In recent work, more general characteristic equations for periodic so-
lutions with arbitrary rational periods were developped. A first appli-
cation was to show that for certain g > 0 and special nonlinearities g
of negative feedback type the orbits of some slowly oscillating periodic
solutions with minimal period 3 are hyperbolic and stable [211]. It is
planned to extend the method in order to establish that certain unsta-
ble rapidly oscillating periodic solutions of eq. (1.1) with g > 0 and g¢
representing positive feedback are hyperbolic; the period in this case is
5/4.

In cases where period and delay are incommensurable characteristic
equations for Floquet multipliers seem unknown.
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LOCAL INVARIANT MANIFOLDS OF CONTINUOUSLY DIFFERENTIABLE
MAPS IN BANACH SPACES

We also need local invariant manifolds for continuously differentiable
maps f : E D U — FE on open subsets of Banach spaces (over R).
Suppose for simplicity that f(0) = 0, and that the (compact) spectrum
of the derivative D f(0) is the disjoint union of its compact parts outside,
on, and inside the unit circle. Then F is the direct sum of the associated
realified generalized eigenspaces E%, E¢, E°, i.e., of the unstable, center,
and stable linear spaces, respectively. Assume

dim E* < oo, dim E¢ < co.

The derivative D f(0) induces isomorphisms of the unstable and center
spaces and an endomorphism of the stable space. With respect to an
equivalent norm on E the isomorphism on the unstable space is an ex-
pansion and the map on the stable space is a contraction. There are
open neighbourhoods N,, N., Ny of 0 in E% E°¢ E?* respectively, and
continuously differentiable maps

Wy : Ny — E°® E®, we: No. — EY® E®, ws: Ny — E" ® E°,

with w,(0) = 0 and Dw,(0) = 0, so that the local unstable, center, and
stable manifolds

W, ={z 4+ w(z) : x € N}

are locally positively invariant with respect to f and have further prop-
erties analogous to the locally invariant manifolds for the semiflow in-
troduced above.

Figure 10.11.
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For example, W, consists of endpoints of trajectories (:L"j)(loo of f which
tend to 0 as j — —oo, and there exist £ > 0 and ¢ € (0, 1) so that

]| < kg ||z

along all such trajectories. Conversely, any trajectory (a;j)(loo in some
neighbourhood of 0 in F which for j — —oo converges to 0 at a certain
rate belongs to W,,.

Using the equivalent norm one can construct W,, and Wy in such a way
that f induces a diffeomorphism from a convex open neighbourhood of
0 in W, onto W,, and maps W, into W,. With respect to the new norm
the inverse diffeomorphism and the map induced on Wy are contractions.

See [103] for local unstable and stable manifolds, and compare the
results in the appendices in [137]. The latter contain a proof of the
following natural result on local center-stable manifolds, which to my
knowledge and surprise was not available elsewhere in the literature.

THEOREM. There exist convex open bounded neighbourhoods Ng. of 0
in E@FE*, N, of 0in E*, N of 0 in U, and a continuously differentiable
map wse : Nge — E* with ws:(0) = 0, Dws.(0) = 0, and wse(Nse) C Ny,
so that the set

Wse = {2z + wse(2) : 2 € N}

satisfies
f(WseN'N) C Wy

and

() F"(Nee + Nu) € W
n=0

The proof employs a method due to Vanderbauwhede and van Gils
[231].

The fixed point 0 - and the linear map D f(0) - are called hyperbolic
if there is no spectrum on the unit circle. Then E¢ = {0}.

In case of a semiflow F' as before and a stationary point, say ¢g = 0
for simplicity, we have local invariant manifolds for the solution maps F}
at the fixed point 0 as well as for the semiflow.

Exercise. Show that local unstable and stable manifolds of solution
operators coincide with local unstable and stable manifolds for the semi-
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flow, respectively.

The situation for center manifolds is more subtle. There exist center
manifolds W, for solution maps which are not locally positively invariant
under the semiflow [133].

HyPERBOLIC SETS, SHADOWING, AND CHAOTIC TRAJECTORIES OF
CONTINUOUSLY DIFFERENTIABLE MAPS IN BANACH SPACES

Let E denote a real Banach space. Consider an open set U C E and a
continuously differentiable map f : U — E. A hyperbolic set H of f is
a positively invariant subset of U together with a uniformly continuous
and bounded projection-valued map pr : H — L.(E, F) and constants
k> 1,q € (0,1) so that the unstable spaces E¥ = pr(z) and the stable
spaces EY = (id — pr)(x), x € H have the following properties:

Df(x)EY C E{W,
E = Df(x)E; + E{®),
lpr(f™(x)) o Df"(z)v| > k~tg ™ ||v|| for all n € N, v € EZ,
|IDf"(z)v|| < kq"||v| for all n € Njv € EY.

) $M+E,fa

x
x+ E

i

: {09
j HAE,

X
x+ Eg

X

Figure 10.12.

See [219, 220] and [149]. So the derivative maps stable spaces into stable
spaces, but not necessarily unstable spaces into unstable spaces. Con-
cerning subsequent unstable spaces it is only required that the projec-
tions of transported vectors grow, not the iterated vectors themselves.
This is weaker than in the classical definition for diffeomorphisms in
finite-dimensional spaces, and can be verified for certain Poincaré re-
turn maps which do not have hyperbolic sets in the classical sense.

The triple (pr, k, q) is called hyperbolic structure.
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For our hyperbolic sets the Shadowing Lemma remains valid in full
generality. It asserts that under a weak additional smoothness condition
on the map f, for a given hyperbolic set H and for every sufficiently
small € > 0 there exists § > 0 so that each d-pseudotrajectory (y,)>,, in
H7

lynt1 — f(yn)|| < 6 for all integers,

is accompanied by a unique trajectory (wy,)> of f,
|wn, — yn|| < € for all integers.

See [219, 149]. The shadowing trajectory does in general not belong to

H.
@,“1

YMd

£y

i3

Figure 10.13.

Very roughly, the Shadowing Lemma makes it possible to establish com-
plicated trajectory behaviour by prescribing complicated pseudotrajec-
tories, provided the hyperbolic set H is rich enough for this.

A fundamental scenario going back to Poincaré (1899, in the diffeo-
morphism case) for which one can find a hyperbolic structure is the
following. Suppose f has a hyperbolic fixed point p with local unstable
manifold W,, and local stable manifold W, and there is a homoclinic
trajectory (x,)%, i.e.,

Ty, — p as |n| — oo,

o # p. Assume also the transversality condition that there exists ng € N
so that for all integers m < —ng and n > ng, we have x,,, € Wy, x,, € W,
and

D" "™(xy,)Ty,, Wy is a closed complement of T, Wi.
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Figure 10.14.

Under these conditions the homoclinic loop
HL={p}U{x,:neZ}
is a hyperbolic set [220].

By the way, it is not excluded that eventually x, = p. This occurs,
e.g., for chaotic interval maps.

Figure 10.15.

By means of shadowing one can then prove that chaotic trajectories
close to the homoclinic loop HL exist. The precise statement of the
result requires preparations, including elementary facts from symbolic
dynamics. Let J € N. Consider the space of symbols ¥; = {1,...,J}
with the discrete topology. The product space

S;=(x,)%



Dynamics of Delay Differential Equations 433

of bi-infinite sequences in the symbol space is compact, and the Bernoulli
shift oy : S5 — Sy given by

oj((an)nez) = (an+1)nez

is a homeomorphism with dense trajectories and infinitely many periodic
orbits. This is a prototype of chaotic behaviour.

Let M € N be given and consider the compact subset Sy C Sy
which consists of all symbol sequences composed of pieces of at least M
consecutive symbols 0, alternating with pieces of the form 12...J. On
S 7, the Bernoulli shift induces a homeomorphism which still has dense
trajectories and infinitely many periodic orbits.

As f may not be invertible, it can not be expected that on given
subsets V' C U the map f itself is conjugate to the homeomorphism o ;.
This difficulty is circumvented by the following construction. Consider
the set Ty of complete trajectories (wy)nez, € V2 of f in a given open
subset V' C U, equipped with the product topology from VZ. Tyy is a
closed subset of VZ. The shift induced by f on its bi-infinite trajectories
in V, i.e., the map

ofv - TfV > (wn)nEZ = (wn+1)nEZ € TfV
is a homeomorphism.

THEOREM [220]. There exist positive integers J and M > 2 and mutu-
ally disjoint open subsets Vp, ...,V of U with the following properties:
peVy, HL C U(‘JI V; =V, and for every (wp)nez € Tyv,

wy, € Vo and w41 € Vo imply wy41 € Vi,
wy, € Vyand j € {1,...,J — 1} imply wyq1 € Vjqa,

wy, € Vy implies wy, 4, € Vp for all pe {1,...,M}.

The map o : Ty — Sjp given by
a((wp)nez) = (an)nez, an = j if and only if w, € Vj,
is a homeomorphism which conjugates the shifts oy and o :

ooy =0 M0
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1.8 Differential equations with state-dependent
delays

Modelling sometimes leads to equations of the form

#(t) = g(z(t = r(x1)))

with a map g : R" D dom — R™ and a delay functional r which is defined
on some set of functions ¢ : [—h,0] — R™ and has values in [0, ], for
some h > 0. Of course, more complicated versions occur also. E.g., the
right hand side may also depend on x(¢) and on further delayed values
of x. - Let us see why the associated IVP does not fit into the framework
presented before.

The differential equation with state-dependent delay rewritten as a

RFDE is

&(t) = f(w)
with

f=goevo(idx (~r)),

where

r:U —[0,h]
is assumed to be defined on a subset U C C, and

ev:C x [—h,0] - R"

is the evaluation map given by

ev(g,s) = ¢(s).

The problem is that such f in general does not satisfy the previous
smoothness hypotheses, no matter how smooth g and r are. A ’'reason’
for this may be seen in the fact that the middle composite ev is not
smooth: Lipschitz continuity of ev would imply Lipschitz continuity of
elements ¢ € C. Differentiability would imply that

D2€'U(¢, 5)1 = ¢
exists.
Therefore the existence and smoothness results designed for IVPs of
RFDESs on C' are not applicable. If C' is replaced with the smaller Banach

space O = C1([~h,0],R") of continuously differentiable functions ¢ :
[—h,0] — R", with the usual norm given by

gl = el + 14l
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then the smoothness problem disappears since the restricted evaluation
map

Fv:C' % [~h,0] = R"
is continuously differentiable, with
D1Ev(¢,s)x = Ev(x,s) and DyEuv(¢,s)1 = ¢(s).

So, for g and 7 : U — [0,h], U C C! open, both continuously differen-
tiable, the resulting map f : U — R" is continuously differentiable.

However, if we now look for solutions of the IVP with initial values
in the open subset U C C', a new difficulty arises. Suppose this IVP
is well-posed. The maximal solution x? : [—h,t.(¢)) — R™ would have
continuously differentiable segments. Hence z? itself would be continu-
ously differentiable, and the flowline [0,¢.(¢)) > t — mf € C' would be
continuous. At t =0 we get

$(0) = @(0) = f(z0) = f(¢),

which in general is not satisfied on open subsets of the space C 1. (Notice
however that for f = p, p: C! 3 ¢ — ¢(0) € R" the equation is trivially
satisfied on C1.)

In order to obtain a continuous semiflow - and differentiable solution
operators - for a reasonable class of RFDEs covering differential equa-
tions with state-dependent delays, it seems necessary to restrict the state
space further [247, 249]. What to do and what can be achieved will be
the topic of the last of these lectures.

2. Monotone feedback: The structure of
invariant sets and attractors
Consider eq. (1.1),
o(t) = —px(t) + g(z(t — 1)),

with g > 0 and with a continuously differentiable function g : R — R
which satisfies

and either

g€ <0forall £ €R
(negative feedback) or

g (&) >0forall £ €R
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(positive feedback). The strict monotonicity properties are essential for
all results explained in this part. Assume also that g is bounded from
below or from above. Equations of this type arise in various applica-
tions, e.g., in neural network theory.

2.1 Negative feedback

Recall the positively invariant wedge
S=Suf{o}ccC

of data with at most one change of sign, which contains all segments
of slowly oscillating solutions and absorbs the flowlines of eventually
slowly oscillating solutions. Recall also that S contains the 2-dimensional
leading realified generalized eigenspace Co of the linearization at 0, while

SNCor =10
Soon we shall use the decomposition

C =0y Cye
as a co-ordinate system.

The semiflow F : [0,00) x C' — C induces a continuous semiflow Fg
on the complete metric space S, which has a compact global attractor
Ag C S. A compact global attractor A of F exists as well; in general, Ag
is a proper subset of A. It may happen that Ag = {0}. Example: u =0
and —1 < ¢’. If however p > 0 and —¢’(0) is sufficiently large then the
leading pair of eigenvalues is in the open right halfplane, and there exists
a leading 2-dimensional local unstable manifold Wy of the nonlinear eq.
(1.1) which is tangent to Cy at 0. Wj consists of segments of bounded
slowly oscillating solutions on the line, and is therefore contained in Ag.

In the nontrivial case Ag # {0} the attractor Ag has the following
properties [240, 250]. There exists a map

CL:CQDbS—)C2<

so that
As={p+al): ¢ € Ds).
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Dg C (5 is an open subset of Cy containing 0, and its boundary in
(5 is the trace of a simple closed continuously differentiable curve; the
closure Dg is homeomorphic to the compact unit disk in the Euclidean
plane. The map a : Dg — Co. is continuously differentiable. ILe., the
restriction to the interior is continuously differentiable, and each bound-
ary point has an open neighbourhood N in (5 so that the restriction
to N Nint Dg extends to a continuously differentiable map on N. The
manifold boundary

bd Ag = Ag\ {¢p+a(¢) : ¢ € Dg} = {¢+ a(¢) : ¢ € dDg}

of Ag is the orbit of a slowly oscillating periodic solution. The semiflow
Fs induces a flow on Ag, with solution maps continuously differentiable
on the interior part
{¢+a(®): ¢ € Dg}

of Ag. All flowlines of the flow except the trivial one are given by slowly
oscillating solutions on the line. The periodic orbits are nested, with
the stationary point O in the interior of each periodic orbit. The zeros
of the underlying periodic solutions are simple, and the minimal periods
are given by 3 successive zeros. The aperiodic orbits in Ag \ {0} wind
around the stationary point 0 and are heteroclinic from one periodic
orbit to another, or are heteroclinic from 0 to a periodic orbit, or vice
versa.

Cx

/ .

Figure 10.17.

A tiny but basic ingredient of the proof is the following consideration.
The fact that Ag is a graph with respect the decomposition of C' above
means that the spectral projection ps : C' — Co along Cy< is injective on
Ag. Le., one needs

0 # p2(¢ — @) for ¢ # 1 in Ag.



Dynamics of Delay Differential Equations 439

As S does not intersect the nullspace Cao~ of po, it is sufficient to have
Ag — Ag CSU{O}Z?.

The result in [177] yields that all flowlines of F' starting in the open
dense set C'\ R converge to the disk Ag as t — oo.

In [239] explicit conditions on p and g are given so that the manifold
boundary is the only periodic orbit in Ag, and

Ag = A.

Graph representations of stable manifolds associated with periodic orbits
in Ag have been obtained in [241].

2.2 Positive feedback

Let us describe in greater detail the results obtained in [137, 136, 242].
A first remark is that all solution maps F; are injective. The semiflow
is monotone with respect to the ordering on C given by the cone K of
nonnegative initial data. The positively invariant set

Y ={¢eC:(z*)71(0) is unbounded}

separates the domain of absorption into the interior of the positively
invariant cone K from the domain of absorption into the interior of — K.
One of the first results in [137] is that the separatrix ¥ is a Lipschitz
graph over a closed hyperplane in C'. So, we can speak of the parts of
C above and below X.

Figure 10.18.

It is not difficult to show that in case y > 0 and g bounded the
semiflow has a global attractor. However, in case p = 0 every maximal
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solution which starts in in the interior of K U (—K) is unbounded, and
thus a global attractor does not exist. So it is natural to look for sub-
stitutes of a global attractor which are present in all cases of interest.
These are the closure of the unstable set WY of all segments of solutions
on the line which decay to the stationary point 0 as ¢t — —oo, and sub-
sets thereof.

Notice that in case a global attractor A exists, necessarily WV cC A
since for every ball B and for every t > 0, WY c F([t,00) x (WY N B)),
which implies that WV is contained in every neighbourhood of the com-
pact set A, yielding WY ¢ A = A and WV C A.

If © and ¢'(0) are such that only one eigenvalue of the generator of
the semigroup given by the variational equation along the zero solu-
tion has positive real part, and all other eigenvalues have negative real
part, then WY consists of 0 and of the segments of two solutions on the
line, one being positive and one negative. More structure appears when
the 3 leading eigenvalues have positive real part. This situation can be
characterized by an explicit inequality which involves u, ¢’(0), and ele-
mentary functions only. Assume that this inequality holds. Consider
the decomposition

C=0C30Cs<
and the associated leading 3-dimensional local unstable manifold W3 at
0. W3 is tangent to Cs at 0 and contained in WY . The forward extension
W = F([0,00) x W3)

of W3 is an invariant subset of [U. What can be said about the struc-
ture of the closed invariant set W?

In case p > 0 two mild additional assumptions are needed. They are
related to the fact that the hypothesis about the eigenvalues implies

g'(0) > p.
The first additional assumption is

@ < p for € outside a bounded neighbourhood of 0.

§

This statement and the inequality before combined show that there exist
a smallest positive argument £+ where g and pid intersect, and a largest
negative argument ¢~ where g and pid intersect. The second additional
assumption then is

g€ ) <pand g'(¢7) < p.
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It follows that the variational equations along the constant solutions
given by £, &1 define hyperbolic semigroups, with all associated eigen-
values in the open left halfplane.

/

§+

é;--idr

Figure 10.19.

About the shape of W and the dynamics in W the following has been
proved. The set W is invariant, and the semiflow defines a continuous
flow Fyy : Rx W — W. For W and for the part W NYX of the separatrix
¥ in W there are graph representations: There exist subspaces Go C G3
of C' of dimensions 2 and 3, respectively, a complementary space G1
of G in (3, a closed complementary space E of G3 in C, a compact
set Dy, C Go and a closed set Dy C (3, and continuous mappings
w : Dy — E and wy. : Dy, — G1 © E such that

W= {x+wx):x€Dw}, WNZ={x+ws(x):x€ Ds}.
Also,
Dw = 0Dw Uint Dy, W = {x +w(x) : x € int Dy },

and the restriction of w to int Dy is continuously differentiable. The
restriction of Fyy to R x W is continuously differentiable. The domain
Ds: is homeomorphic to the closed unit disk in the Euclidean plane, and
consists of the trace of a simple closed continuously differentiable curve
and its interior. The map wsy; is continuously differentiable (in the sense
explained above for the map a).

The set
o=WnNE)\(WNE)={x+ws(x):x€dDs}

is a periodic orbit, and there is no other periodic orbit in . The open
annulus (W N X) \ {0} consists of heteroclinic connections from 0 to o.
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For every ¢ € W, Fy (t,¢) — 0 as t — —o0.

The further properties of W and the flow Fyyr are different in the cases
u>0and p=0.

For p > 0, W is compact and contains the stationary points &_ and
&y in C given by the values £~ and £, respectively. For every ¢ € W,

- <o<&y.

There exist homeomorphisms from W and from Dyy onto the closed unit
ball in R3, which send the manifold boundary

bdW =W \W = {x+w(x): x € 0Dy}

and ODy onto the unit sphere S? ¢ R3. Consider y_ and x, given by
€ = x- +w(x_) and & = x4 + w(xs). The set 9Dy \ {x—,x+} is
a 2-dimensional continuously differentiable submanifold of G3, and the
restriction of w to Dy \ {x—, x+} is continuously differentiable. This
means that the restriction to int Dy is continuously differentiable, and
that each boundary point except x_,x+ has an open neighbourhood
N in (3 so that the restriction of w to N N int Dy extends to a con-
tinuously differentiable map on N. The points ¢ € W \ ¥ above the
separatrix X form a connected set and satisfy Fyy (t,¢) — {4+ as t — oo,
and all ¢ € W \ ¥ below the separatrix ¥ form a connected set and
satisfy Fyy(t,¢) — £ as t — oco. Finally, for every ¢ € bd W different
from £_ and &, Fy (t,¢) — 0 as t — —o0.

Combining some of the results stated above, one obtains for 1 > 0

the following picture: W is a smooth solid spindle which is split by an
invariant disk in Y into the basins of attraction towards the tips £&_ and

&+

%

Figure 10.20.
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In case p = 0 the sets W and Dy are unbounded. There exist home-
omorphisms from W and from Dy onto the solid cylinder {z € R3 : zf +
23 < 1} which send bd W and dDy onto the cylinder ST x R C R3. The
boundary 0Dy is a 2-dimensional continuously differentiable submani-
fold of G'3, and w is continuously differentiable. The points ¢ € W \ &
above the separatrix ¥ form a connected set and satisfy x?(t) — oo as
t — o0, and the points ¢ € W\ ¥ below X form a connected set and sat-
isfy 22(t) — —o0 as t — oo. Finally, for every ¢ € bd W, Fy(t,¢) — o
as t — —oo.

Figure 10.21.

We turn to aspects of the proof. The first steps exploit the monotonic-
ity of the semiflow. Among others we obtain that in case p > 0 the set
W is contained in the order interval between the stationary points &_
and &4, and that there are heteroclinic connections from 0 to £ and &4,
given by monotone solutions z : R — R.

A powerful tool for the investigation of finer structures is a version
of the discrete Lyapunov functional V' : C'\ {0} — Ny U {co} counting
sign changes of data ¢ € C, which was introduced by Mallet-Paret [171].
Related are a-priori estimates for the growth and decay of solutions with
segments in level sets and sublevel sets of V', which go back to [171] and
in a special case to [236, 237]. These tools are used to characterize
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the invariant sets W \ {0} and (W N X) \ {0} as the sets of segments
x¢ of solutions x : R — R which decay to 0 as t — —oo and satisfy
V(zy) < 2 forall t € R and V() = 2 for all ¢ € R, respectively.
Moreover, nontrivial differences of segments in W and W N X belong to
V~=1({0,2}) and V~1(2), respectively. The last facts make it possible to
introduce global coordinates on W and WNX. It is not difficult to show
injectivity for the continuous linear evaluation map

I : O3 ¢ (6(0),6(-1))" € R

on W N Y, and injectivity on W for a continuous linear evaluation map
II5 : C — R3. The map II3 is given by

36 = (4(0), p(—1), ¢(9))"
and

P10 = T el

where p; is the spectral projection onto the realified one-dimensional
generalized eigenspace Cp of the leading eigenvalue A\ associated with
the linearization at 0. The inverse maps of the restrictions of Ily and Il3
to WNY and W, respectively, turn out to be locally Lipschitz continuous.

The next step leads to the desired graph representation. Guided by
the results on negative feedback equations it seems natural to expect that
there exists a map from a subset of C3 = TyWj3 into C3. which represents
W, and a map from a subset of the realified 2-dimensional generalized
eigenspace L of the complex conjugate pair of eigenvalues next to A into
the complementary space C; @ Cs- which represents W N X. A map of
the first kind had been constructed for W by Ammar in case p = 0 [11].
Our attempts to obtain the second map failed, however. Therefore we
abandoned the decomposition

C=030C3., C3=C1 DL

as a framework for graph representations. Instead, R® O II3W and
R? O IIy(W N X) are embedded in a simple way as subspaces Gz D Ga
into C', so that representations by maps w and wy with domains in Gj
and G9 and ranges in complements E of G3 in C and F ® G of Go
in C, G; C G3, become obvious. It is not hard to deduce that W is
given by the restriction of w to an open set, and that this restriction
is continuously differentiable. On W, the semiflow extends to a flow
Fy : R x W — W, and Fyy is continuously differentiable on the mani-
fold R x W.
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Phase plane techniques apply to the coordinate curves iriRz (or Ga)
which correspond to flowlines of Fy in the invariant set W N X, and
yield the periodic orbit

o=Wnx)\ (WnNX),

as well as the identification of IIa(W N X) with the interior of the trace
IIs0. It follows that W N X is given by the restriction of wy, to an open
subset of Gs.

The investigation of the smoothness of the part W N'Y of the separa-
trix ¥ in W and of the manifold boundary bd W = W \ W begins with a
study of the stability of the periodic orbit 0. We use the fact that there
is a heteroclinic flowline in W N ¥ from the stationary point 0 to the
orbit o, i.e., in the level set V~1(2), in order to show that precisely one
Floquet multiplier lies outside the unit circle. It also follows that the
center space of the monodromy operator M = Do F(w,po), po € o and
w > 0 the minimal period, is at most 2-dimensional. The study of the
linearized stability of the periodic orbit o is closely related to earlier work
in [153] and to a-priori results on Floquet multipliers and eigenspaces
for general monotone cyclic feedback systems with delay which are due
to Mallet-Paret and Sell [176].

A first idea how to show that the graph WNY C V=1(2)u{0} is con-
tinuously differentiable might be to consider the family of 2-dimensional
local invariant submanifolds with tangent space L at the stationary point
0 € C, and to look for a member formed by heteroclinics connecting 0
with the periodic orbit o. The approach in [137] is quite different. We
consider a transversal Y of o at some point py € o and a Poincaré return
map with domain in Y and fixed point pg. It is shown that pieces of
W N in Y are open sets in the transversal intersection of W with a
local center-stable manifold of the Poincaré return map.

Figure 10.22.

Then we use the flow Fy to obtain continuous differentiability of the
set (W NX)\{0}. Differentiability and continuity of the derivative at 0
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and the relation
To(WnNnX)=1L

follow by other arguments which involve a-priori estimates and an incli-
nation lemma.

A technical detail of the approach just described concerns center-
stable manifolds W,s and one-dimensional center manifolds W, at fixed
points of continuously differentiable maps. In case there is a forward
trajectory in Wes \ W, which converges to the fixed point we construct
positively invariant open subsets of W;.

Figure 10.23.

Having established continuous differentiability of W N X it is then
shown in case p > 0 that the set bd W \ {£{_,&+}, ie., the manifold
boundary without the stationary points £_, &, coincides with the for-
ward semiflow extension of a local unstable manifold of the period map
F,, at a fixed point py € o. For g = 0 the full manifold boundary has
the same property. The long proof of these facts involves the charts Il
and II3 and uses most of the results obtained before.

The next step achieves the continuous differentiability of a piece of W
in a transversal H of the periodic orbit 0. We construct a continuously
differentiable graph over an open set in a plane X192 C H which extends
such a piece of W N H close to a point py € oN H beyond the boundary.
Using the flow Fy we then derive that W \ {£_,£.} and W N X are
continuously differentiable, in the sense stated before.

The final steps lead to the topological description of W. In case p > 0
the identification of bd W \ {£_,&4} as forward extension of a local un-
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L]

ball in C

Figure 10.24.

Figure 10.25.
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stable manifold is used to define homeomorphisms from bd W onto the
unit sphere S2 C R3. Then a generalization due to Bing [29] of the
Schoenfliess theorem [210] from planar topology is employed to obtain
homeomorphisms from W onto the closed unit ball in R3. The applica-
tion of Bing’s theorem requires to identify the bounded component of
the complement of the set

3(bd W) = S*

in R? as the set II3W, and to verify that II3W is uniformly locally 1-
connected. This means that for every ¢ > 0 there exists § > 0 so that
every closed curve in a subset of I[I3W with diameter less than § can
be continuously deformed to a point in a subset of II3sW with diameter
less than e. We point out that the proof of this topological property
relies on the smoothness of the set W \ {£_,£,}, and involves subsets
of boundaries of neighbourhoods of 0,¢_,&, in W which are transver-
sal to the flow Fy. In order to construct these smooth boundaries we
have to go back to the variation-of-constants formula for RFDEs in the
framework of sun-dual and sun-star dual semigroups [57]. In case p =0
the construction of the desired homeomorphism from W onto the solid
cylinder is different but uses Bing’s theorem as well.

What can be said about W close to the attracting stationary points
&_,&47 Consider £;. The inclusion

Wceé —K

implies that the tangent cone ToW is the singleton {0}; therefore W and
bd W are not smooth at &4.

Let C14 denote the leading realified one-dimensional generalized
eigenspace associated with the variational equation along the solution
R > t+— &7 € R. Analogously L, is the realified 2-dimensional gener-
alized eigenspace of the next pair of eigenvalues, and C34 is given by
the remaining eigenvalues. We have

Ciy =R-n4

with n, € C a segment of the associated positive decreasing exponential
solution of the variational equation.

In [242] the singularity &4 is described in terms of the outward tangent
cone T bd W, defined as the set of tangent vectors ¢/(0) € C' of continu-
ously differentiable curves ¢ : (—¢,0] — C, € > 0, in bd W ending at &,
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and in terms of the set LT P of limit points of tangent planes Ti,bd W,
¢ # &4, as ¢ tends to 4. We prove

Tybd W = [0,00) -1

and show that LT P coincides with the set of planes in C1+ & Ly con-
taining C' 4.

C-i+ ¥ §+

Figure 10.26.

Convergence of finite-dimensional subspaces of C' is here defined by
the gap topology, which is given by the Hausdorff distance of the com-
pact intersections of two such spaces with the unit sphere. The proofs
employ a-priori estimates and inclination lemmas.

For narrower classes of nonlinearities g and for the parameters p > 0
and ¢’(0) > 0 in a certain smaller range than before, the periodic orbit
0 is the only one of the semiflow, and the set W is in fact the global
attractor of F' [136]. The first and basic ingredient of the proof is the
uniqueness result. The equations covered include examples from neural
network theory.

Let us state some open problems.

»  Recall the question whether W NX can be represented by a smooth
map from a subset of L into the complementary space C1 & Cs<.

= One may ask for diffeomorphisms instead of homeomorphisms from
Dyy onto the solid cylinder in case p = 0, and from Dy \ {x—, x+}
onto the unit ball without its north and south poles in case p > 0.

= The assumption ¢'(£7) < u, ¢'(€1) < u, which makes the semi-
groups associated with the stationary points £_,&; hyperbolic,
might be relaxed.
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» How is the global attractor organized in case W is a proper subset?

We add a few remarks about the last question. Let us first consider sit-
uations where A is a subset of the order interval {¢p € C': £ < ¢ < &4 }.
The segments of the solutions z : R — R with V(z;) = 2 for all t € R
may form, together with the stationary point 0, a smooth disk-like sub-
manifold Ay in A which extends W N Y beyond o and contains at least
one additional periodic orbit, forming the manifold boundary of As.
In this case, the unstable sets of the periodic orbits in Ao should be
analogues of bd W \ {{_, &, }, namely 2-dimensional invariant submani-
folds given by heteroclinic connections from the periodic orbit to £ and
&+. These submanifolds should subdivide the 3-dimensional subset A<
of A formed by 0 and the segments of all solutions x : R — R with
€ < z(t) < €7 and V(xy) < 2 for all t € R into invariant layers; a
section of A<y containing £_ and &4 might have the structure shown by
a sliced onion.

Figure 10.27.

It may be the case that A = A<y. If A is strictly larger than A<o then
we have to expect a finite number of analogues of the smooth disk As,
given by higher even values of V, and a more complicated variety of
heteroclinic connections, between periodic orbits in the same disk, be-
tween periodic orbits in different disks, from periodic orbits and 0 to &_
and &, from 0 to periodic orbits and to £ and £;. Also connections
from periodic orbits to 0 become possible. A Morse decomposition of A
similar to the one constructed by Mallet-Paret [171] should be useful to
describe a part of these heteroclinic connections.

Suppose now that A is not confined to the order interval {¢ € C': £_ <
¢ < &1}, and there are zeros £* of g — pid below £~ and above 1 with
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g'(£*) > p. One out of many possibilities is that the part of A in a certain
neighbourhood of a stationary point £, € C given by such a value £* looks
just as we began to sketch it for the case A C{p € C:&- < p <&}

A

%
Iz
<

a

Figure 10.28.

3. Chaotic motion

This part describes steps of the proof in [153, 154], which yields existence
of chaotic solution behaviour for eq. (1.1) with u =0,

(t) = g(a(t —1)),

for functions g which satisfy the negative feedback condition. The result
in [154] was not the first one about existence of chaotic solutions of delay
differential equations, but the first concerning slowly oscillating solutions
of equations with smooth nonlinearities. The nonlinearities considered
have extrema. Recall that monotonicity implies that the attractor Ag of
almost all solutions is a disk, which excludes complicated behaviour of
slowly oscillating solutions.

Nevertheless the proof begins with odd functions g which satisfy
g (§) < 0 for all £ € R. For a function of this type there is a slowly
oscillating periodic solution y : R — R with the symmetry

y(t) = —y(t - 2)

and minimal period 4, whose orbit o C C is unstable and hyperbolic,
with exactly one Floquet multiplier A outside the unit circle [115]. This
multiplier is real and simple. It follows that the period map Fy has one-
dimensional local center and unstable manifolds at its fixed point yg = 7.
We may assume y(—1) = 0 < y(—1). The linear hyperplane

H={¢ecC:¢(-1) =0}



452 DELAY DIFFERENTIAL EQUATIONS

is transversal to o at . For an associated Poincaré return map the fixed
point 7 is hyperbolic with one-dimensional local unstable manifold W,
and local stable manifold W of codimension 1 in H. Recall the abstract
result for maps in Banach spaces which guarantees chaotic trajectories in
a neighbourhood of a homoclinic loop. The plan is to verify the hypothe-
ses of this result for a modification of the map P, whose trajectories all
translate into slowly oscillating solutions of a delay differential equation
as before, with a nonlinearity ¢g* of negative feedback type which coin-
cides with g in a neighbourhood of the interval y(R). The first major
step is to find such functions ¢g* so that there is a solution z : R — R
which is homoclinic with respect to o, i.e.,with

zt — o0 as [t| — 00, 20 & o.

This is done as follows.

¥y is increasing on the initial interval, and

y(0) = [|n|| = max y.

Information about the eigenspace of the Floquet multiplier A reveals
that W, contains the segment zg of a solution z : R — R of the original
equation with

z2(0) > y(0)
so that for some € > 0 and § > 0,

2(t) > y(0) + € on (—4,0], z(t) < y(0) + € on (—o0, —4).

The key to all is now a simple observation: Any modification ¢* of ¢
in the interval (y(0) + €,00) preserves y and the restriction of z to the
interval

(—o0, =0 + 1]

as solutions, but affects the forward continuation of z|(—oo, —d + 1] as a
solution z* : R — R of the new equation. Modifications ¢* are designed
in such a way that the curves ¢t — z; intersect the hyperplane H close to
n at some t, > —J+ 1. These modifications look rather complicated and
have several extrema: 3 local maxima and 4 local minima. Intersections
can be achieved above and below the local stable manifold W, in a
carefully chosen convex open neighbourhood N C H of n on which the
original map P is also a Poincaré return map with respect to the modified
delay differential equation, and

P(NNW,) C NN W,
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Figure 10.29.

Two such modifications ¢g* are connected by a one-parameter-family.
Continuity yields a member so that the intersection of the curve t — z;
with H is on Wy, and the desired nonlinearity and homoclinic solution
are found.

Figure 10.50.

Now the map P is modified. The neighbourhood N has the prop-
erty that it contains a backward trajectory (zfj)(loo € W, of P so that
P(z;)) ¢ N; 2*(t) = 2(t) on (—o0, tg]. Choose a small closed ball B* C N
centered at 2 = 2, = (, with z; ¢ B* for j < 0 and so that one has an
intersection map on B* which has the value ¢, —tg at (. Redefine P on
int B* using the previous intersection map, and keep P on N \ B* un-
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| (A%

changed. Then the fixed point  and the points zfj, J <0, 2, P/(%f),
j € N, form a homoclinic loop of the new map P*.

B)\t

Figure 10.531.

The previous construction is in fact carried out for families of one-
parameter-families of nonlinearities. This freedom is needed for the re-
maining part of the proof, which is to verify the transversality condition,
namely, that there exists ng € N so that for all integers m < —ng and
n > ng, the points ¢,, and ¢, of the homoclinic trajectory of P* belong
to W, and Wy, respectively, with

D(P*)n_m(¢m)T¢qu @ Ty, Ws = H.

In our situation, codim W, = 1. In order to verify the direct sum
decomposition of H we therefore need a suitable criterion for a vector
in H not to be tangent to the local stable manifold Wg. ’Suitable’
means that the criterion should be sufficiently explicit in terms of the
nonlinearity g* and the periodic solution y so that it can actually be
applied. The first step towards the transversality criterion concerns the
variational equation along y,

o(t) = g'(y(t — )v(t — 1)

and the monodromy operator M = DFy(n), n = yo. The monotonicity
of g on the range of y implies that the set S of data with at most
one change of sign is again positively invariant, and that solutions v :
[—1,00) — R starting in S are eventually slowly oscillating. The realified
generalized eigenspace C> of the 2 leading Floquet multipliers on and
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outside the unit circle is contained in S; dim Cs> = 2. Let Z denote
the complementary subspace given by the remaining spectrum of M,
i.e., the linear stable space of M. Recall that the local stable manifold
Ws(n) of the period map Fj at 7 satisfies

T,Ws(n) = Z.
Initial data in Z define solutions v : [—1,00) — R with segments in C'\ S.
So,
ZNnS =70,

and if a solution v is eventually slowly oscillating then x = vy € C'\ Z;
in other words, the initial value is transversal to Z. Here we have a first
sufficient condition for transversality, but not yet for the right map and
only at a particular point of the local stable manifold. In a next step it
is shown that for any ¢ € W(n) and x € C,

x € C\ TyW,(n) if and only if v?X is eventually slowly oscillating.

With regard to the proof, notice that for ¢ close to 1 the spaces T W(n)
and Z are close. Flowlines starting in Ws(n) converge to o as t — oo
with asymptotic phase. This yields that the coefficient function in the
variational equation along z? : [—1,00) — R, which is satisfied by v®X,
approaches a shifted copy of the coefficient function in the variational
equation along the periodic solution y. - The main tool used in the proof
is an inclination lemma in a non-hyperbolic situation.

The final form of the criterion, for the Poincaré map P, is that for
any ¢ € W and any x € H,

X € H\TyW;
if and only if
for every pair of reals (a,b) # (0,0), the function
(0,00) 3 t = ai®(t) + bv?X(t) € R is eventually slowly oscillating.

Notice that for ¢ > 1 the function considered here satisfies the variational
equation along the solution z® : [~1,00) — R. - The proof exploits the
relation between derivatives of the Poincaré map and the period map,
and the asymptotic phase for flowlines starting in Wi.

The last part of the proof that chaotic motion exists is the search for
a subclass of nonlinearities ¢* so that for all nonzero

x € D(P*)" ()T Wy
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and for all sufficiently large integers n the sufficient condition in the pre-
vious ’transversality-by-oscillation’ criterion is fulfilled.

The nonlinearities for which the proof just described works look much
more complicated than the unimodal functions in versions of eq. (1.1)
with © > 0 which are known from applications. A reason for this is that
g* was chosen in such a way that the curve ¢ — z; through a point in W,
close to 7 is driven far away from o and then returns to W within a short
interval of length approximately 3. In a more recent paper Lani-Wayda
was able to modify the method and obtain a result for nicer-looking uni-
modal nonlinearities [150].

Let us mention some open problems.

s [t has not yet been proved that the Mackey-Glass and Lasota-
Wazewska-Czyzewska equations generate chaotic flowlines. These
are equations of the form (1.1) with x4 > 0 and unimodal analytic
nonlinearities.

m The result presented here establishes chaotic dynamics only in a
small, thin set in state space, in a ’Cantor dust’, whereas numeri-
cal experiments indicate that many if not almost all solutions are
complicated for a variety of nonlinearities.

Other recent results on chaotic solutions of delay differential equations
are due to Lani-Wayda [151] and Lani-Wayda and Szrednicki [152].

4. Stable periodic orbits

In many cases the dynamics of nonlinear autonomous delay differential
equations is structured by periodic orbits. Existence of periodic orbits
has been shown by several methods, notably by means of the ejective
fixed point principle, by Schauder’s theorem directly, by related index
and continuation arguments, and by more geometric arguments (planar
dynamics in the attractor of almost all solutions, Poincaré-Bendixson
theorems). Much less could be achieved concerning stability and unique-
ness of periodic orbits.

Consider eq. (1.1),

@(t) = —pat) + g(z(t - 1)),

for ;> 0 and nonlinearities g : R — R of negative feedback type which
are continuous or better. As in part 1, the method of steps yields max-
imal solutions = : [—1,00) — R of the associated IVP and a continuous
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semiflow F'.

Recall that, in some contrast to the preceding remarks, there are
special equations for which it is extremely easy to find slowly oscillating
periodic solutions whose orbits in C seem very stable and attractive.
The underlying observation for this is the following. If ¢ is constant
on some ray [3,00), # > 0 and if initial data ¢; € C, j = 1,2, with
¢;(t) > [ coincide at t = 0 then the method of steps shows immediately
that the corresponding solutions coincide on [0, 1], and consequently for
all t > 0. They depend only on the values g(3) and ¢(0). It is then easy
to design nonlinearities g as above so that all segments x; of solutions
r = z% starting at ¢ > 3 with ¢(0) = 3 return after some time p > 0,
ie., zp > fand z(p) = . The segment z,, is a fixed point of the solution
map £}, and defines a periodic solution which has period p and is slowly
oscillating.

Figure 10.532.

Moreover, for every ¢ € C close to ¢ = x,, the solution z¥ has segments
which after some time merge into the periodic orbit

o={z::t e R}
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This expresses extremely strong attraction towards the periodic orbit.
Poincaré return maps on transversals to o are locally constant, the deriv-
ative at the fixed point on o is zero, its spectrum is the singleton {0}
and the periodic orbit is hyperbolic.

What has just been said is strictly limited to equations where the non-
linearity ¢ is constant on some interval. What happens if g is only close
to such a function but not constant on any nontrivial interval? The ap-
proach sketched above fails. The general results on existence mentioned
at the beginning may give existence, but nothing beyond. In the sequel
a rather elementary method from [243] is presented which in a sense fills
the gap between the easily accessible, detailed results in special cases
as before, and the little information for nonlinearities which are close
to these but not necessarily constant on any interval. The important
property is Lipschitz continuity, which in earlier work on eq. (1.1) has
not been exploited. (In case of related equations with state-dependent
delay, however, Lipschitz continuity always played a role.).

Fix 4 > 0, b > a > 0. For > 0 and ¢ > 0 consider nonlinearities in
the set N (8, €) of continuous odd functions g : R — [—b, b] which satisfy

—a—e<g(§) <—a+eforall &> p.

For (3 and € small, g € N (0, ¢€) is steep on (0, 3), and close to —a sign on
8, 00).

When convenient the associated semiflow will be denoted by Fj,.

Initial data will be taken from the closed convex sets

A(B) ={¢ € C:¢(t) = 5 on [-1,0],¢(0) = B}

On A(f) a return map can be found for 3 and e sufficiently small.

PROPOSITION. There exists w € (0,1) such that for 3, e small and for
g € N(B,¢), ¢ € A(B) the solution %9 = 2% of eq. (1) is strictly below
—f on [w, w + 1]. Furthermore, there exists ¢ = g4(¢) > w + 1 so that
%9 increases on (w + 1,¢) and reaches the level —f3 at t = q.

The proof relies on the fact that on [3,00) and on (—oo, 3] the func-
tion g is close to —a sign and a sign, respectively. Using this and the
variation-of-constants formula one sees that on (0, 1] solutions starting
in A(f) lie in a narrow tongue between 2 decreasing exponentials. The
method of steps yields sharp estimates of the solutions also on the next
intervals of unit length. Moreover, derivatives can be estimated with
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sufficient accuracy.
The return map R = R, : A(B) — A(f) is then given by
R(¢) = —Fy(qq(9), ®).

Notice that g being odd any fixed point ¢ of R, defines a slowly oscil-
lating periodic solution z : R — R of eq. (1) with the symmetry

z(t) = —x(t + q4(¢)) for all t € R,

and minimal period p = 2¢. Fixed points exist, due to Schauder’s the-
orem. However, our objective is more than mere existence. Notice that
up to here only continuity of the nonlinearities in eq. (1) has been used.
The next objective is to find an upper estimate of the Lipschitz constant

__IR@-RW _
LR = =g <

of R. This is facilitated by a decomposition of R = R, into the restriction
of Fy1 to A(fB), followed by the restriction of Fy,, to Fy1(A(8)), and
finally followed by the map

Fo14w(A(B)) 3 ¢ = —Fy(s4(v), ) € A(B)

where s = s4(1) is defined by the equation

w+1+s=gqe(¢p) forall ¢eA(B) with ¢ =F,114(0).

(Observe that for all ¢ € A(3) whose solutions coincide on [w,w + 1] the
argument ¢,(¢) is the same - it depends only on the behaviour of the
solutions on [w,w + 1].)

The Lipschitz constant L(R,) will be estimated by an expression
which involves the Lipschitz constant L(g) of g and the Lipschitz con-
stant

Ls(g) = L(g][B;0)).

Notice that for each g € N(8,¢), L(g) = “5* is large for 8 > 0 small.

On the other hand, each N([3, €) contains Lipschitz continuous functions
g so that Lg(g) is arbitrarily small. This will be exploited later.

We derive Lipschitz estimates of the composites of the return map R,
for g € N(B,¢€), with 8 and e sufficiently small.
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PROPOSITION. L(Fy1|A(B)) < Lg(g).

The proof is almost obvious from the facts that for ¢, in A(3) the
variation-of-constants formula says

Fya(9)(t) = Fya(v)(t) = a®9(1 + 1) — a¥9(1 + 1)

1+t
=00+ /0 eH0F=5) (g5 — 1)) — g(t(s — 1)))ds,

and that the arguments of g belong to [3,00). In the same way one finds
the next result.

PROPOSITION. L(Fg.|Fg1(A(B))) < 14w L(g).

The difference to the previous proposition is due to the fact that
arguments of Fy,, may differ at ¢ = 0, and traverse the interval [—3, (]
where ¢ is steep. One time unit later large deviations of one solution
from another become possible.

Next we need an estimate of the Lipschitz constant of the intersection
map Sg.

PROPOSITION.

1+etL

Lsy) < )
a—e—Quet

The proof begins with the fact that for ¥ = F, ,+1(¢) with ¢ € A(p)
there is an equation defining q4(¢) and s4(1),

B =a1%9(qy(¢)) = 2%9(1 + w + s4(1))).

The last term is evaluated by the variation-of-constants formula on
14+ w,1 4w+ s4(1p)]. The resulting equation for s4(¢) and for some
sg(0), % = Fy140(9), ¢ € A(B), are subtracted from each other. Further
elementary manipulations lead to the desired estimate.

PROPOSITION.
L(Fy(sq(-), )| Fg140(A(B))) <

L(sg) - [ (1 = % (1 —e™)) + max{b,a + e}] + 14 Lp(g).

The proof uses the triangle inequality, the preceding proposition, and
arguments as in the proof of the estimate of L(F} ,|Fy1(A(B)).
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Notice that L(Fy(sq(-),-)|...) is bounded in terms of Lg(g) and con-
stants for 3, e small. So this term does not become large for suitable

g€ N(Be).
The resulting estimate for the Lipschitz constant of the return map is

L(Ry) < Lp(g) (1 +w L(g)) L(Ey(54(-); )| Fg,140 (A(B)))-

A consequence is that there exist g € N (3, €) so that Ry is a contraction.
Examples are found as follows. First fix 8 and € so that the smallness
hypothesis for the previous estimate of L(R,) holds for all g € N(3,€).
Then choose a Lipschitz continuous odd function g : [0, ] — [-b, D]
which satisfies —a — € < ¢g(8) < —a + €. Continue this function to an
odd map on R with values in (—a — €, —a + €) on (,00) and Lg(g) so
small that the bound for L(Ry) is less than 1.

Remarks. The small constant Lg(g) compensates diverging solution
behaviour allowed by the factor 14w L(g), on the way of flowlines back
to —A(3). The nonlinearities g for which Ry is a contraction are not
necessarily constant on any interval, not necessarily monotone, may not
have limits at infinity, and may not be differentiable everywhere. The
negative feedback condition may be violated in (—(3,3). The orbits of
the periodic solutions obtained from the fixed points of the contracting
return maps attract all flowlines starting in A(3); one can show that in
case ¢ is continuously differentiable the periodic orbits are hyperbolic
and stable.

A disadvantage of the previous Lipschitz estimate of L(R,) is that it
is not easy to verify for given analytic nonlinearities, which are steep
close to 0 and flat away from 0, and which arise in applications, like,
e.g., the function

g = —tanh(y-), v > 0 large,

used in neural network theory. In [244] the approach described above
is refined for nonlinearities g € N((,€) which are monotone close to
0. This involves sharp estimates of the divergent behaviour of flowlines
one time unit after the underlying solutions traverse the interval [—/, (]
where g is monotone and steep. The improved Lipschitz estimates yield
contracting return maps (and hyperbolic stable periodic orbits) for the
scaled hyperbolic tangens above, for

g = —arctan(y-), v > 0 large,

and for other nonlinearities.
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The sharpened estimates are obtained as follows. Let g € N(f,¢€) be
given. The tongue containing %9, ¢ € A(f3), on [0, 1] is formed by the
solutions ¥~ = ¥~ g and y< = y< g of the IVPs

y=—-py—ate y0) =70

Define w = w((3,€) to be the argument where y~ reaches the level y =
—(. For § not too large,
0<w<l.

Obviously,
z%9(t) < =6 on [w, 1].

Let z« = 2. g and 2> = 2 g, denote the zeros of y- and y-, respec-
tively, and let

B =B-pe=y<(w) <=0

e

Figure 10.35.

For 3 and e small and g € N(f3, €) consider the return map R, : A(S) —
A(() and decompose it as before. The objective is to find a better esti-
mate for the middle composite Fy ,|F,1(A(3)). Recall that a Lipschitz
continuous function g € N (3, €) is almost everywhere differentiable. We
need the hypothesis that there is a set D C R whose complement has
Lebesgue measure 0, with

g'(§) <0on DN (-, ),

g’ decreasing on D N (B_,0) and increasing on D N (0, 3).

PROPOSITION.

L) 4+ 20 lon (LGRS
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B

Figure 10.56.

Remark. The factors following L(g) replace the constant w in the
former estimate of L(F} ,)|...). Notice that they vanish for e = 0 ! This
indicates that L(Fy|...) may not be too large even if L(g) is large, for
G and € small.

The proof of the proposition begins with the extension of ¢’ to a
function on (5_, ) which is decreasing on (5_,0) and increasing on
(0,8). Let ¢ and ¢ in F,1(A(8)) be given. For —1 < t < 0 and
0<w+t,

(Fgw(®) = Fo(¥))(t) = 239(t) — a}9(t) =

w1

(6(0) = (o) 4 [ o — 1) = glo(s — 1)
-l < lo =l + [ la(os = 1)) = glv(s = D))l

In the last integral we have ¢ = x; and ¥ = 2z; with solutions z :

[-1,00) — R and z: [-1,00) — R which start in A(f),

[ telts = [ ta(s) — g(e(5)as.

In order to estimate the integrand, consider the interval I, with end-
points x(s) and z(s), 0 < s < w. Obviously,

l9(x(s)) — g(=(s))| = | / J)

<suplg'|-z(s) — z(s)| < sup... [l¢ — ¢

s
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and

A < y<(s) < min{x(s), 2(s)} < max{z(s), 2(s)} <y>(s) <,
Is C [y<(3)ay>(5)] - [ﬁ*aﬁ}

The last relation shows that in case 0 < y<(s) (i.e., s < z<) the
monotonicity property of ¢’ is applicable. We find

sup l9'| < =4 (y<(s)).

In case 0 € I,
s;lplg’l = —4'(0).

S

In case y~(s) <0 (i.e., 2> < s),

sup l9'| < =4 (y=(s)).

Figure 10.37.

Now the last integrals can be estimated as follows. We have

/0“’,'_" < ||¢_¢H.(/OZ< !g’oy<\+\g’(0)|/zi>1+/:\g’oy>’)-

The substitution s = yzl(f ) in the first integral leads to the upper bound
1 for this integral. The substitution s = y<'(€) in the third integral leads
to the upper bound 2 for it. The endpoints z. and 2~ of the range in
the second integral can be computed as functions of 3, ¢, i, a.

In the remaining case w + t < 0, clearly

|(Fyaw(0)—Fyw () ()] = 252 (1) —2ly? ()] = |¢(w+t)—y(w+t)] < [[o—].
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Remark. It can be shown that the Lipschitz estimate of the proposi-
tion is optimal in the limit (3,€) — (0,0).

Continuing as in [243] one finds that for (3, €) small and g € N (5, €),

3
L(Ry) < Ly(g) [t + L(g) Be 5]
[ 1+e# Lﬁ(g)
a—e—pfet
The middle factor comes from the estimate of the middle composite
Fyw|.... Recall that for suitable g € N(3,¢€), Lg(g) is small.

(- % (1—e ) +max{b,a+e}] + 1 + Ls(g)]-

How can one verify for given nonlinearities g that the upper bound
for L(Ry) is less than 17 Let p > 0 and an odd bounded Lipschitz
continuous function ¢ : R — R be given so that ¢’ is negative and
increasing on the complement of a set of measure 0 in [0,00). Then g
has a limit —a < 0 at +00. Suppose a > 0, and consider the family of
functions

gy = 9(v),7>0.

A

Figure 10.58.

How can = f((y) and € = €(y) be chosen so that g, € N(3,¢) and
L(Ry,) < 1, at least for large v? We have Lg(gy) = v L,3(g)-

PROPOSITION. Suppose there exists a function
ﬁ* : (0,00) - (Oa OO)

so that for v — oo,

6* (’Y) - 07
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PYL"/ﬂ*(W) (g) - O’

Y Loy () (9) 7 B«(7) [a + g (7 B+(7))] — 0.
Then there exists v, > 0 so that for all v > ., Ry, is a contraction.

In order to prove this one sets b = 2a. For every v > 0, 6 > 0, and
e=a+ g(yp), we have
g’y E N(ﬂa 6)'

The function g, is Lipschitz continuous and satisfies the monotonicity
hypothesis required for the last proposition. Then the estimate of L(R,.)
has to be used.

Examples. Consider > 0 and g as before. Suppose in addition that
for some r > %,

DN (0,00) 3 & |€7¢(€)] is bounded.

Choose s € (—1,0) with Tlrs <rand 1+ ﬁ < r. Then the map

Be iy’
satisfies the hypotheses of the last proposition.

Special cases are given by g = — tanh, g = — arctan.

Remarks. A somewhat stronger result for one-parameter-families of
nonlinearities g, which are at least continuously differentiable was ob-
tained earlier by Xie [255]. He proved that for « large the orbits of given
periodic solutions are hyperbolic and stable. The proof is a study of
the leading Floquet multipliers and relies on very careful a-priori esti-
mates of periodic solutions. The hypotheses needed in [255] are that the
smooth function g has limits at infinity, that ¢’ is Lebesgue integrable,
and that £ ¢'(§) — 0 as |¢] — oo. Le., no monotonicity properties of ¢’
are required, and the behaviour of ¢’ at infinity is less restricted than in
the examples mentioned above.

In the approach described here the condition that the nonlinearities g
are odd is not essential. Variants of the method have also been applied
to systems of delay differential equations [246, 96] and to an equation
with state-dependent delay [245]. For the latter, no other method to
obtain stable periodic motion seems presently available.
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5. State-dependent delays

Differential equations with state-dependent delay can often be written
in the form

o(t) = f(xr) (5.1)
with a continuously differentiable map f: C!' > U — R", U open. The

associated IVP is not well-posed on U, however. Continuous flowlines
may in general only be expected for data in the subset

X =X;={¢cU:9(0) = f(¢)} cC".

Notice that X is a nonlinear version of the positively invariant domain
{p € C:9(0) = Lo}

of the generator G of the semigroup defined by the linear autonomous
RFDE

y(t) = Ly,
on the larger space C, for L : C — R” linear continuous. Notice also

that in case of a locally Lipschitz continuous map fy : U, — R", U, C C
open, all solutions x : [—h,b) — R™, h < b, of the RFDE

&(t) = fi(@)
satisfy
2 € Xp, = {0 €U.NC: ¢(0) = fu(p)} for h <t <b.

Le., the set Xy, absorbs all flowlines on intervals [—h,b) which are long
enough. In particular, X, contains all segments of solutions on intervals
(—00,b), b < oo - equilibria, periodic orbits, local unstable manifolds,
and the global attractor if the latter is present.

In order to have a semiflow on X with differentiability properties we
need that X is smooth. This requires an additional condition on f.

PROPOSITION. Suppose X # () and
(P1) each derivative Df(¢),¢ € U, has a continuous linear extension

D.f(¢): C — R".

Then X is a continuously differentiable submanifold of C! with codi-
mension n.
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The proof is easy. Consider the continuous linear map
p:C'3¢— $0) e R™.

Then
X=@p-"10).
It is enough to show that all derivatives D(p — f)(¢), ¢ € X, are surjec-

tive.
Proof of this for n = 1: By (P1), for some § > 0,

Def(¢)Cs C (—1,1).
There exists x € C! N Cs with x(0) = 1. Hence

0 < x(0) = Df(¢)x = D(p— f)(®)x,

R C D(p— f)(#)C".

(The Implicit Function Theorem then yields that close to ¢ the set X is
given by a map from a subset of the nullspace N of D(p — f)(¢) into a
complement of N in C1.)

A solution of eq. (5.1) is defined to be a continuously differentiable
map z : [top — h,te) — R", with ¢ty € R and typ < t. < o0, so that for
to <t <te, xy € U,and eq. (5.1) is satisfied. We also consider solutions
on unbounded intervals (—oo, t.). Maximal solutions of IVPs are defined
as in part L.

THEOREM. Suppose (P1) holds, X # (), and
(P2) for each ¢ € U there exist a neighbourhood V' (in C!) and L >0
so that

|f() = FOOI S L[y — x| for all p € V, x € V.

Then the maximal solutions x? : [~h,t.(¢)) — R™ of eq. (5.1) which
start at points ¢ € X define a continuous semiflow

F:Q3(t¢)—afeX, Q= ]I[0.t(9) x {6},

pecX

and all solution maps
FtIQtBQbHF(t,@)EX, Q#Qt:{d)eX(tagﬁ)eQ}’

are continuously differentiable. For all ¢ € X, t € [0,t.(¢)), and x €
T,X,
DFy(¢)x = v
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with a continuously differentiable solution v®X : [—h,t.(¢)) — R" of the
IVP

0(t) = Df(F(9))ve,
Vo = X-
Comments.

= Notice that the Lipschitz estimate in (P2) involves the smaller
norm || - || < || - |1 on the larger space C > C*'. Property (P2)
was used in [245] in a proof that for certain differential equations
with state-dependent delay stable periodic orbits exist. It is closely
related to the earlier idea of being locally almost Lipschitzian in
work of Mallet-Paret, Nussbaum, and Paraskevopoulos [175].

m Property (P1) is a special case of a condition used in Krisztin’s
work on smooth unstable manifolds [132]. Almost the same prop-
erty occurred earlier [175], under the name almost Frechet differ-
entiability.

» Louihi, Hbid, and Arino [164] identified the set X as the domain
of a generator in the context of nonlinear semigroup theory, for
a class of differential equations with state-dependent delay. It is
mentioned in [164] that X is a Lipschitz manifold. In [139] a
complete metric space analogous to X serves as a state space for
neutral functional differential equations.

m Former results about solutions close to an equilibrium, like the
principle of linearized stability for differential equations with state-
dependent delay due to Cooke and Huang [48], or results on local
unstable manifolds [131, 132], had to be proven without knowledge
of linearizations at the equilibrium. The difficulty was circum-
vented by means of an associated linear autonomous RFDE (a) on
the large space C. Eq. (a) is obtained heuristically, for certain
classes of differential equations with state-dependent delay: First
the delays are frozen at the given equilibrium ¢, then the resulting
RFDE with constant delays is linearized. Examples show how eq.
(a) is related to the actual variational equation

o(t) = D f(¢)ve
for data in T, X C C': Eq. (a) is simply

b(t) = Def(¢)vt~
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Also, for the semigroup (7'(t)):>0 on C associated with the last
RFDE and for its generator G,

Ty X = dom(G)

and
DF(¢)x =T(t)x on TyX.

m  The theorem yields continuously differentiable local invariant man-
ifolds
WU7 WC7 Ws

of the solution maps F; at fixed points; in particular, at stationary
points ¢ of the semiflow. In the last case the tangent spaces of
the local invariant manifolds at ¢ are the unstable, center, and
restricted stable spaces

c*,C° and CSOT¢X

of the generator G, respectively. At a stationary point ¢ the local
unstable and stable manifolds W,,, W, coincide with local unstable
and stable manifolds W*, W# of the semiflow F. An analogous
result for - suitable - center manifolds seems unknown.

m  Local unstable manifolds at stationary points of differential equa-
tions with state-dependent delay were found earlier by H. Krishnan
[131] and T. Krisztin [132], under the hypothesis that the associ-
ated linear autonomous RFDE (a) is hyperbolic. Hyperbolicity is
also necessary for a recent result of Arino and Sanchez [16] which
captures saddle point behaviour of solutions close to equilibrium
for a class of differential equations with state-dependent delay.

The essential part of the proof of our theorem is to solve the equation

t
z(t) = ¢(0) + /0 flzs)ds, 0 <t <T,

rg=¢ € X,
by a continuously differentiable map
x:[-h,T] — R",

for ¢ € X given; x should also be continuously differentiable with respect
to ¢. Is the Contraction Mapping Principle with parameters applicable?
How does the operator given by the fixed point equation depend on ¢?
We first rewrite the fixed point equation so that the dependence of the



472 DELAY DIFFERENTIAL EQUATIONS

integral on ¢ becomes explicit. For ¢ € C' let gZ; denote the continuously
differentiable extension to [—h,T] given by

o(t) = ¢(0) + ¢(0)t on [0,T].

Set u=x— qg Then u belongs to the Banach space C&T of continuously
differentiable maps y : [—h,T] — R" with

y(t) =0 on [—h,0};
the norm on C&T is given by

Iy, = max_ Iy + max_ (1)

u and gZS satisfy

and

() = ¢(0) + $(0)t = (0) + t £(¢)

<

(since ¢ € X) .
=00)+ [ r(@yis

For u € C&T this yields the fixed point equation

t ~
ult) = [ (flus+60) — f@)ds, 0 <<,
0
with parameter ¢ € X.

Now let some ¢y € X be given. For ¢ € X close to ¢g, u € C’&T small,
and 0 <t < 7T with T > 0 small, define

Ao, u)(t)

by the right hand side of the last equation. The property (P2) is used to
show that the maps A(¢, -) are contractions with respect to the norm on
C&T, with a contraction factor independent of ¢: Let v = A(¢,u), v =
A(p,w). For 0 <t <T,

0(t) —(t)] = [ f(w + &) — f(@ + du)| < Lllue — w
(due to (P2); L may be large!)

<L - .
< L max [u(s) (s)
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We exploit the fact that the last term does not contain derivatives: For
0<s<T,

fu(s) — (s) = [0 0+ /0 (a(r) — i(r)dr| < Tllu—ly .

Hence
[0(t) =o(t)] < LT [[u—1l|cy, -

Also,
t A~ ~
)= 0)| = | [ (s + 6 = F(@+ Gu)dsl < LT gua s =]

<LT|u—1 .

(Property (P2) is not necessary here. Alternatively the local Lipschitz
continuity of f with respect to the norm on C' can be used to find a
suitable upper estimate.)

For 2L T < 1 the map A(¢,-) becomes a contraction. One finds a
closed ball which is mapped into itself by each map A(¢, ). The formula
defining A shows that A is continuously differentiable. It follows that for
each ¢ the ball contains a fixed point ug of A(¢,-) which is continuously
differentiable with respect to ¢. This completes the essential step in the
proof of the theorem.

We give an example which is based on elementary physics. Consider
an object on a line which attempts to regulate its position x(t) by echo.
The object emits a signal which is then reflected by an obstacle. The re-
flected signal is detected and the signal running time is measured. From
this a position is computed (which is not necessarily the true position).
The computed position is followed by an acceleration towards a pre-
ferred position (e.g., an equilibrium position in a certain distance from
the obstacle).

Let ¢ > 0 denote the speed of the signals, —w < 0 the position of the
obstacle, and g > 0 a friction constant. The acceleration is given by a
function a : R — R; one may think of negative feedback:

a(0) =0 and £a(§) <0 for £ #0.

Let x(t) denote the position of the object at time ¢, v(t) its velocity, p(t)
the computed position, and s(t) the running time of the signal which has
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been emitted at time ¢ — s(¢) and whose reflection is detected at time ¢.
The model equations then are

i(t) = o(t)
8(t) = —pv(t) + alp()
p(t) = 5s(t) —w
cs(t) =zt —s(t)) + z(t) + 2w

Here only solutions with
—w < z(t)

are considered. The formula defining p(t) yields the true position if

(t) = x(t — s(t)),

which holds at least at equilibria.

Let w4 > 0. Restrict attention further to bounded solutions with
—w < z(t) <ws and |Z(f)| <ec.

Then necessarily

< 2w 4+ 2w,

0<s(t) < = h.

Cc

The model has not yet the form (3) considered in the theorem. In
order to reformulate the model, take h as just defined, consider the
space

Cl = Cl([_ha 0]7R2)a

and the open convex subset
U={¢=(d1,02) € C: —w < ¢1(t) < wy,|p1(t)| < ¢ for —h < t < 0}.

Each ¢ € U determines a unique solution s = o(¢) of

5= 2(01(=5) + 61(0) + 20),

as the right hand side of this fixed point equation defines a contraction
on [0, h]. The Implicit Function Theorem shows that the resulting map

o:U —[0,h]

is continuously differentiable. Elementary estimates imply that it is also
Lipschitz continuous with respect to the norm on C' = C([—h, 0], R?).
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L.e., an analogue of property (P2) holds.

Assume the response function a : R — R is continuously differentiable.
Then the map
f:U—R?

given by
J1(9) = ¢2(0),

and

12(6) = ~62(0) + a(50 () — w) = —p2(0) +a <¢1<—0<¢>> + ¢1<o>>

2

is continuously differentiable and has property (P2), and for bounded
solutions as above the model can be rewritten in the form of eq. (5.1).

Verification of property (P1). For each ¢ € U and all y € C!,

_ Buila, —o(9)) + Bvi(x1,0) _ xi(=a(¢)) +x1(0)
Evi(¢1,—0(¢)) — ¢ ¢1(=0(9)) — ¢

with the evaluation map

Do (¢)x

)

Evy : CY([~h,0],R) x [=h,0] 3 (1, 1) — (t) € R.

Each Evi(-,t), t € [—h,0], is the restriction of a continuous linear evalua-
tion functional on the space C([—h, 0], R). It follows that Do(¢) : C* —
R has a continuous linear extension D.o(¢) : C — R. The formula

Df2(#)x = —pBvi(x2, 0) + Da(50(8) - w) 5 Do(6)x

finally shows that f has property (P1).

Suppose
a(0) = 0.
Then ¢ = 0 is a stationary point, and
2w
0)=—.
o(0) = =

The previous calculations show that the variational equation from the
theorem is the system

ﬁl(t) = ’Ug(t)
vi(t —2w/c) + vl(t).

Ua(t) = —pwa(t) + a'(0) 5
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Notice that the heuristic approach (freeze the delay, then linearize) yields
the very same system.

Back to general results. The semiflow F' from the theorem is continu-
ously differentiable for ¢t > h provided f satisfies (P1) and the condition

that
(P1*) the map U x C' 3 (¢, x) — Dcf(¢)x € R™ is continuous.
Remarks.

Notice that continuous differentiability of the semiflow (for ¢ > h)
is needed in order to have Poincaré return maps for periodic orbits,
among others.

(P1) and (P1*) imply (P2).
(P1*) holds for the example.
The stronger condition that the map
U3¢ Def(¢) € L(C,R")

be continuous is not satisfied by the example.

The solution maps F; are compact for ¢ > h under certain other
hypotheses on f. The latter are satisfied by the example for suitable
functions a.

Further work, Open Problems.

For continuously differentiable center manifolds of the semiflow,
see the forthcoming survey article [107] and [134]. A first Hopf
bifurcation theorem for differential equations with state-dependent
delay is due to M. Eichmann [62].

Can the approach be generalized so that one obtains higher order
derivatives for semiflows given by differential equations with state-
dependent delay?

For suitable parameters stable periodic motion far away from equi-
librium was established in [248].

A related but in several respects more complicated problem is the
description of the motion of two charged particles, which was ini-
tiated by R.D. Driver [61].
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1. Introduction

Time delays of one type or another have been incorporated into biolog-
ical models to represent resource regeneration times, maturation periods,
feeding times, reaction times, etc. by many researchers. We refer to the
monographs of Cushing (1977a), Gopalsamy (1992), Kuang (1993) and
MacDonald (1978) for discussions of general delayed biological systems.
In general, delay differential equations exhibit much more complicated
dynamics than ordinary differential equations since a time delay could
cause a stable equilibrium to become unstable and cause the populations
to fluctuate. In this survey, we shall review various delay differential
equations models arising from studying single species dynamics.

Let z(t) denote the population size at time ¢; let b and d denote the
birth rate and death rate, respectively, on the time interval [¢,t + At],
where At > 0. Then

z(t + At) — x(t) = bx(t) At — dx(t) At.

Dividing by At and letting At approach zero, we obtain

*Research was partially supported by NSF grant DMS-0412047 and a Small Grant Award
from the University of Miami.
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d
d—f =br —dx = rzx, (1.1)
where r = b — d is the intrinsic growth rate of the population. The
solution of equation (1.1) with an initial population z(0) = z is given
by

z(t) = zoe™. (1.2)

The function (1.2) represents the traditional exponential growth if > 0
or decay if r < 0 of a population. Such a population growth, due to
Malthus (1798), may be valid for a short period, but it cannot go on
forever. Taking the fact that resources are limited into account, Verhulst
(1836) proposed the logistic equation

d—x =rx (1—£) ; (1.3)

where (> 0) is the intrinsic growth rate and K (> 0) is the carrying ca-
pacity of the population. In model (1.3), when z is small the population
grows as in the Malthusian model (1.1); when z is large the members of
the species compete with each other for the limited resources. Solving
(1.3) by separating the variables, we obtain (z(0) = x¢)

CL‘0K

o) = o e (1.4)

If x9 < K, the population grows, approaching K asymptotically as
t — oo. If zg > K, the population decreases, again approaching K
asymptotically as t — oco. If xyp = K, the population remains in time at
x = K. In fact, x = K is called an equilibrium of equation (1.3). Thus,
the positive equilibrium x = K of the logistic equation (1.3) is globally
stable; that is, tliglo x(t) = K for solution z(t) of (1.3) with any initial

value z(0) = xg.

2. Hutchinson’s Equation

In the above logistic model it is assumed that the growth rate of a
population at any time ¢ depends on the relative number of individuals
at that time. In practice, the process of reproduction is not instanta-
neous. For example, in Daphnia a large clutch presumably is determined
not by the concentration of unconsumed food available when the eggs
hatch, but by the amount of food available when the eggs were forming,
some time before they pass into the broad pouch. Between this time
of determination and the time of hatching many newly hatched animals
may have been liberated from the brood pouches of other Daphnia in
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the culture, so increasing the population. In fact, in an extreme case all
the vacant spaces K — x might have been filled well before reproduction
stops. Hutchinson (1948) assumed egg formation to occur 7 units of
time before hatching and proposed the following more realistic logistic
equation

dz xz(t—7)

— =rz(t) |1 - —— 2.1

= a0 |1- 27 (2.1
where r and K have the same meaning as in the logistic equation (1.3),
7 > 0 is a constant. Equation (2.1) is often referred to as the Hutchin-
son’s equation or delayed logistic equation.

2.1 Stability and Bifurcation

The initial value of equation (2.1) is given by
x(@) - ¢(0) > 07 b€ [_7-7 OL

where ¢ is continuous on [—7, 0]. An equilibrium x = x* of (2.1) is stable
if for any given € > 0 there is a § > 0 such that |¢(¢) —2*| < ¢ on [—7, 0]
implies that all solutions x(¢) of (2.1) with initial value ¢ on [—,0]
satisfy |x(t) — z*| < € for all ¢ > 0. If in addition there is a §9 > 0 such
that |¢(t) — x*| < 09 on [—7, 0] implies tlirgo x(t) = =¥, then x* is called
asymptotically stable.

Notice that equation (2.1) has equilibria z = 0 and z = K. Small
perturbations from xz = 0 satisfy the linear equation ‘fl—f = rx, which
shows that x = 0 is unstable with exponential growth. We thus only
need to consider the stability of the positive equilibrium z = K. Let

X =2 — K. Then,

dX
==X (t-T) - %X(t)X(t — 7).
Thus, the linearized equation is
dX

We look for solutions of the form X (t) = ce*, where c is a constant and
the eigenvalues A are solutions of the characteristic equation

A4 re™ T =0, (2.3)

which is a transcendental equation. By the linearization theory, z = K is
asymptotically stable if all eigenvalues of (2.3) have negative real parts.
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Set A = u + iv. Separating the real and imaginary parts of the char-
acteristic equation (2.3), we obtain

w+re H cosvr =0,
v—re " sinvr =0.

(2.4)

Notice that when 7 = 0, the characteristic equation (2.3) becomes A+r =
0 and the eigenvalue A = —r < 0 is a negative real number. We seeck
conditions on 7 such that ReA changes from negative to positive. By the
continuity, if A changes from —r to a value such that ReA = p > 0 when
T increases, there must be some value of 7, say 79, at which Re\(7p) =
w1(19) = 0. In other words, the characteristic equation (2.3) must have
a pair of purely imaginary roots +ivy, vy = v(79). Suppose such is the
case. Then we have
cos T = 0,

which implies that
%m:g+2m,k:&LZ””

Noting that v, = r, we have

2%k
=+ Nk =0,1,2,...
2r r

Therefore, when
T

2r’
equation (2.3) has a pair of purely imaginary roots +ir, which are simple
and all other roots have negative real parts. When 0 < 7 < -, all roots
of (2.3) have strictly negative real parts.

Denote A\(1) = p(7) + iv(7) the root of equation (2.3) satisfying
w(tg) = 0, v(1k) = o,k = 0,1,2,... We have the transversality con-
dition

T =1T0 —

dfu
dr

T=Tk

=r2>0, k=0,1,2,...

We have just shown the following conclusions.

Theorem 1 (i) If 0 < r7 < 3, then the positive equilibrium v = K
of equation (2.1) is asymptotically stable.

(ii) If r7 > 5, then v = K is unstable.

(iii) When rT = %, a Hopf bifurcation occurs at x = K that is, periodic
solutions bifurcate from x = K. The periodic solutions exist for

rT > % and are stable.
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Figure 11.1. 'The bifurcation diagram for equation (2.1).
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Figure 11.2. The periodic solution of the Hutchinson’s equation (2.1).

The above theorem can be illustrated by Fig. 11.1, where the solid
curves represent stability while the dashed lines indicate instability.

By (iii), the Hutchinson’s equation (2.1) can have periodic solutions
for a large range of values of r7, the product of the birth rate r and
the delay 7. If T" is the period then z(t + T') = z(t) for all t. Roughly
speaking, the stability of a periodic solution means that if a perturbation
is imposed the solution returns to the original periodic solution as ¢t — oo
with possibly a phase shift. The period of the solution at the critical
delay value is 2 (Hassard et al. (1981)), thus, it is 47 (see Fig. 11.2).

v
Numerical simulations are given in Fig. 11.3.

2.2 Wright Conjecture

The Hutchinson’s equation (2.1) can be written as

Yyt~ )+ ()
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t - time

Figure 11.3. Numerical simulations for the Hutchinson’s equation (2.1). Here r =
0.15, K = 1.00. (i) When 7 = 8, the steady state ™ = 1 is stable; (ii) When 7 = 11,
a periodic solution bifurcated from z* = 1.

by assuming y(t) = —1 4 z(t)/K. Letting t = 7¢, y(t) = y(7t), we have

%g@ — —rryE— D)1 + 7).

Denoting a = r7 and dropping the bars, we obtain

W oyt -0+ y0)] (2:5)

By Theorem 1, we know that the zero solution of (2.5) is asymptotically
stable if & < 7/2 and unstable if o > 7/2. Wright (1955) showed that
the zero solution of (2.5) is globally stable if « < 3/2. Wright then
conjectured that the zero solution of (2.5) is globally stable if a < 7/2,
which is still open.

Kakutani and Markus (1958) proved that all solutions of (2.5) oscil-
late if & > 1/e and do not oscillate if a < 1/e. Jones (1962a, 1962b)
studied the global existence of periodic solutions for a« > 7 /2. For fur-
ther research on existence of non-constant periodic solutions, see Hadeler
and Tomiuk (1977), Hale and Verduyn Lunel (1993), Kaplan and York
(1975), Naussbaum (1974), Walther (1975), etc. See also Kuang (1993)
for further results and more references.

Recently, some attention has been paid to the study of equation (2.5)
when a = «(t) is a positive continuous function. For example, Sugie
(1992) showed that the zero solution of (2.5) with o = «(t) is uniformly
stable if there is a constant ag > 0 such that

alt) <ap < g for all ¢ > 0. (2.6)
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Chen et al. (1995) improved condition (2.6) to the following:
¢ 3
/ a(s)ds < apg < B for ¢t > 1. (2.7)
t—1

Stability conditions such as (2.6) and (2.7) are called 2—stability criteria.
For further related work, we refer to Kuang (1993), Yu (1996) and the
references therein.

2.3 Instantaneous Dominance

Consider a logistic equation with a discrete delay of the form

dx

pri re(t)[1 — arx(t) — agz(t — 7)), (2.8)
where a; and ay are positive constants. There is a positive equilibrium
x* = ali@, which is stable when there is no delay. Employing similar

arguments, one can prove the following results.

Theorem 2 (i) If a1 > ag, then the steady state x* = al}raQ s as-
ymptotically stable for all delay T > 0.
(i1) If a1 < ag, then there is a critical value Ty given by
T _mta arcsin 7@ — a%
0 =
r\/a% - a% az ’
such that x* = ﬁ is asymptotically stable when T € [0,79) and

unstable when T > 19. A Hopf bifurcation occurs at z* when T
passes through Tg.

The above result indicates that if a; > ao, that is, if the instantaneous
term is dominant, then the steady state x* = aliaQ is asymptotically
stable for all delay 7 > 0. In fact, we can show that it is asymptotically
stable for any initial value, that is, globally stable.

Theorem 3 If a; > ao, then the steady state x* = al}r@ of (2.8) is
globally stable.

Proof. Suppose z is a continuous function from [—7,7) to R and
denote z4(6) = z(t + 0),0 € [—7,0]. Choose a Lyapunov function of the

form
0

V(a(t),z:(0) =z — 2* — 2*In xi v [z(0)2d0,  (2.9)

—T
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where £ > 0 is a constant to be determined. Rewrite equation (2.8) as
follows:

Cc% = ra(t)[~ar(a(t) - 2*) —az((t —7) —2)].  (2.10)
Then we have
av dr r — r* ) *
dt (2.10) T odt = +E{(a(t) — o )2 —(z(t—7)—2 )2]

= —{(ra1 = la(t) — " + razfa(t) — 2"z (t - 7) — 2”]
+ela(t — ) — 2"}

If a1 > a9, choose £ = %ral, SO %|(2_10) is negatively definite and the
result follows. m

3. Recruitment Models
3.1 Nicholson’s Blowflies Model

The Hutchinson’s equation (2.1) can be used to explain several ex-
perimental situations, including Nicholson’s (1954) careful experimental
data of the Australian sheep-blowfly (Lucila cuprina). Over a period of
nearly two years Nicholson recorded the population of flies and observed
a regular basic periodic oscillation of about 35-40 days. To apply the
Hutchinson’s equation (2.1), K is set by the food level available, 7 is
approximately the time for a larva to mature into an adult. The only
unknown parameter is r, the intrinsic growth rate of the population. If
we take the observed period as 40 days, then the delay is about 9 days:
the actual delay is about 15 days.

To overcome the discrepancy in estimating the delay value, Gurney
et al. (1980) tried to modify Hutchinson’s equation. Notice that Nichol-
son’s data on blowflies consist primarily of observations of the time vari-
ation of adult population. Let x(¢) denote the population of sexually
mature adults. Then the rate of change of () is the instantaneous rate
of recruitment to the adult population R(¢) minus the instantaneous
total death rate D(t) :

dx
i R(t) — D(t).

To express R(t) we have to consider the populations of all the various
stages in the life-history of the species concerned and make the following
assumptions:

(i) all eggs take exactly 7 time units to develop into sexually mature
adults;
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(ii) the rate at which the adult population produces eggs depends only
on its current size;

(iii) the probability of a given egg maturing into a viable adult depends
only on the number of competitors of the same age.

These imply that the rate of recruitment at time ¢ + 7 is a function
only of the instantaneous size of the adult population at time ¢. Assume
that the average per capita fecundity drops exponentially with increasing
population, thus

R(t +7) = 0(x(t)) = Pu(t) exp[—2(t) /o],

where P is the maximum per capita daily egg production rate, xg is the
size at which the blowflies population reproduces at its maximum rate,
and ¢ is the per capita daily adult death rate.

Assume that the per capita adult death rate has a time and density
independent value §. The additional assumption that the total death rate
D(t) is a function only of the instantaneous size of the adult population

D(t) = ¢(x(t)) = 2(t)

enables the entire population dynamics to be expressed in the delay
differential equation

dr _ Pzx(t — 1) exp [—

dr _ zt—7)
dt

To

] —ox(t). (3.1)
There is a positive equilibrium
x* = 9 In(P/0)

if the maximum possible per capita reproduction rate is greater than the
per capita death rate, that is, if P > 4. As in the Hutchinson’s equation,
there is a critical value of the time delay. The positive equilibrium is
stable when the delay is less the critical value, becomes unstable when
it is greater the value, and there are oscillations. Testing Nicholson’s
data, equation (3.1) not only provides self-sustaining limit cycles as the
Hutchinson’s equation did, but also gives an accurate measurement of
the delay value as 15 days. Gurney et al. (1980) showed that the fluc-
tuations observed by Nicholson are quite clear, of limit-cycle type (see
Fig. 11.4). The period of the cycles is set mainly by the delay and adult
death rate. High values of Pr and o7 will give large amplitude cycles.
Moving deeper into instability produces a number of successive dou-
blings of the repeated time until a region is reached where the solution
becomes aperiodic (chaotic). See Fig. 11.5.
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Figure 11.4. Oscillations in the Nicholson’s blowflies equation (3.1). Here P =
8,10 =4, =0.175, and 7 = 15.
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Figure 11.5. Aperiodic oscillations in the Nicholson’s blowflies equation (3.1). Here
P=8x90=4,0 =0.475, and 7 = 15.

Equation (3.1) is now refereed to as the Nicholson’s blowflies equation,
see Nisbet and Gurney (1982), Kulenovi¢ et al. (1992), So and Yu (1994),
Smith (1995), Gyori and Trofimchuk(2002), etc.

3.2 Houseflies Model

To describe the oscillations of the adult numbers in laboratory popu-
lations of houseflies Musca domestica, Taylor and Sokal (1976) proposed
the delay equation

dx

i —dz(t) + bx(t — 7)[k — bzx(t — 1), (3.2)
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Figure 11.6. Numerical simulations in the houseflies model (3.2). Here the parameter
values b = 1.81,k = 0.5107,d = 0.147,z = 0.000226, 7 = 5 were reported in Taylor
and Sokal (1976).

where z(t) is the number of adults, d > 0 denotes the death rate of
adults, the time delay 7 > 0 is the length of the developmental period
between oviposition and eclosion of adults. The number of eggs laid is
assumed to be proportional to the number of adults, so at time ¢t — 7 the
number of new eggs would be bx(t — 7), where b > 0 is the number of
eggs laid par adult. k — bzz(t — 7) represents the egg-to-adult survival
rate, where £ > 0 is the maximum egg-adult survival rate, and z is the
reduction in survival produced by each additional egg. Notice that when
there is no time delay, i.e., 7 = 0, then the equation becomes the familiar
logistic equation.

Though analytical analysis of equation (3.2) has never been carried
out, numerical simulations indicate that its dynamics are very similar
to that of the Nicholson’s blowflies equation (see Fig. 11.6). However,
unlike the Nicholson’s model, aperiodic oscillations have not been ob-
served.

3.3 Recruitment Models

Blythe et al. (1982) proposed a general single species population
model with a time delay

d

ch = R(z(t — 7)) — Dx(t), (3.3)
where R and D represent the rates of recruitment to, and death rate
from, an adult population of size x, and 7 > 0 is the maturation period.
For a linear analysis of the model, see Brauer and Castillo-Chavez (2001).
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This equation could exhibit very complex dynamic behavior for some
functions R, such as R(x(t — 7)) = Px(t — 7) exp[—xz(t — 7)/z0o] in the
Nicholson’s blowflies equation. However, for some other functions, for

example
ba?(t — 1) x(t — 7'):|

Rlw(t = 7)) = x(t—7)+ xo [1_ K

as in Beddington and May (1975), the time delay is not necessarily
destabilizing (see also Rodriguez (1998)).

Freedman and Gopalsamy (1986) studied three classes of general sin-
gle species models with a single delay and established criteria for the
positive equilibrium to be globally stable independent of the length of
delay. See also Cao and Gard (1995), Karakostas et al. (1992).

4. The Allee Effect

The logistic equation was based on the assumption that the density
has a negative effect on the per-capita growth rate. However, some
species often cooperate among themselves in their search for food and
to escape from their predators. For example some species form hunt-
ing groups (packs, prides, etc.) to enable them to capture large prey.
Fish and birds often form schools and flocks as a defense against their
predators. Some parasitic insects aggregate so that they can overcome
the defense mechanism of a host. A number of social species such as
ants, termites, bees, etc., have developed complex cooperative behavior
involving division of labor, altruism, etc. Such cooperative processes
have a positive feedback influence since individuals have been provided
a greater chance to survive and reproduce as density increase. Aggrega-
tion and associated cooperative and social characteristics among mem-
bers of a species were extensively studied in animal populations by Allee
(1931), the phenomenon in which reproduction rates of individuals de-
crease when density drops below a certain critical level is now known as
the Allee effect.

Gopalsamy and Ladas (1990) proposed a single species population
model exhibiting the Allee effect in which the per capita growth rate is
a quadratic function of the density and is subject to time delays:

d

d% = 2(t)[a + ba(t — 1) — ex(t — 7)), (4.1)
where a > 0,¢c > 0,7 > 0, and b are real constants. In the model, when
the density of the population is not small, the positive feedback effects of
aggregation and cooperation are dominated by density-dependent stabi-

lizing negative feedback effects due to intraspecific competition. In other
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Figure 11.7. The steady state of the delay model (4.1) is attractive. Here a = 1,b =
Le=05,7=02.

words, intraspecific mutualism dominates at low densities and intraspe-
cific competition dominates at higher densities.
Equation (4.1) has a positive equilibrium

« b4+ Vb2 +4dac

B 2¢ '
Gopalsamy and Ladas (1990) showed that under some restrictive as-
sumptions, the positive equilibrium is globally attractive (see Fig. 11.7).
If the delay is sufficiently large, solutions of equation (4.1) oscillate about
the positive equilibrium. See also Cao and Gard (1995). The following
result is a corollary of the main results of Liz et al. (2003).

Theorem 4 If

X

72" (2cx™ — b) < %,

then the equilibrium z* attracts all positive solutions of (4.1).

Ladas and Qian (1994) generalized (4.1) to the form

d

% = 2()[a + baP(t — 1) — cx?(t — 7)), (4.2)
where p,q are positive constants, and discussed oscillation and global
attractivity in the solutions.

5. Food-Limited Models
Rewriting the logistic equation (2.1) as

a1 %):
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we can see that the average growth rate of a population is a linear
function of its density. In experiments of bacteria cultures Daphnia
magna Smith (1963) found that the average growth rate (1/z)(dz/dt) is
not a linear function of the density. Smith argued that the per capita
growth rate of a population is proportional to the rate of food supply
not momentarily being used. This results in the model:

1dx F

e 1-—=], 5.1

zdt ( T> (5.1)
where F' is the rate at which a population of biomass = consumes re-
sources, and 1" is the rate at which the population uses food when it is
at the equilibrium K. Note that F'/T is not usually equal to z/K. It is

assumed that F' depends on the density x (that is being maintained) and
dx/dt (the rate of change of the density) and takes the following form:

d
F:clx+czﬁ, c1 >0, c2>0.
dt
When saturation is attained, dx/dt = 0, = K and T = F. Thus,
T = ¢1 K and equation (5.1) becomes

- ClK

lde _ |, artag
x dt

If we let ¢ = ¢a/c1 > 0, the above equation can be simplified to the form

1 dx(t) :r[ K — x(t) }
x(t) dt K +recx(t)

(5.2)

which is referee to as the food-limited population model. Equation (5.2)
has also been discussed by Hallam and DeLuna (1984) in studying the
effects of environmental toxicants on populations.

Gopalsamy et al. (1988) introduced a time delay 7 > 0 into (5.2) and
obtained the delayed food-limited model

dz (t)[ K —a(t—7) }

- K +rex(t—r)

Pk (5.3)

They studied global attractivity of the positive equilibrium x* = K and
oscillation of solutions about z* = K (see Fig. 11.8). The dynamics are
very similar to the Hutchinson’s model.

For other related work on equation (5.3) and its generalizations, see
Gopalsamy et al. (1990a), Grove et al. (1993), So and Yu (1995), Qian
(1996), etc.
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Figure 11.8. The steady state of the delay food-limited model (5.3) is stable for small
delay (7 = 8) and unstable for large delay (7 = 12.8). Here r = 0.15, K = 1.00,¢ = 1.

6. Regulation of Haematopoiesis

Haematopoiesis is the process by which primitive stem cells proliferate
and differentiate to produce mature blood cells. It is driven by highly
coordinated patterns of gene expression under the influence of growth
factors and hormones. The regulation of haematopoiesis is about the
formation of blood cell elements in the body. White and red blood
cells are produced in the bone marrow from where they enter the blood
stream. The principal factor stimulating red blood cell product is the
hormone produced in the kidney, called erythropoiesis. About 90% of
the erythropoiesis is secreted by renal tubular epithelial cells when blood
is unable to deliver sufficient oxygen. When the level of oxygen in the
blood decreases this leads to a release of a substance, which in turn
causes an increase in the release of the blood elements from the marrow.
There is a feedback from the blood to the bone marrow. Abnormalities
in the feedback are considered as major suspects in causing periodic
haematopological disease.

6.1 Mackey-Glass Models

Let ¢(t) be the concentration of cells (the population species) in the
circulating blood with units cells/mm?®. Assume that the cells are lost at
a rate proportional to their concentration, say, gc, where g has dimension
(day—!). After the reduction in cells in the blood stream there is about
a 6-day delay before the marrow releases further cells to replenish the
deficiency. Assume the flux of cells into the blood stream depends on
the cell concentration at an earlier time, ¢(t — 7), where 7 is the delay.
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Figure 11.9. Oscillations in the Mackey-Glass model (6.1). Here A = 0.2,a = 01,9 =
0.1, =10 and 7 = 6.
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Figure 11.10. Aperiodic behavior of the solutions of the Mackey-Glass model (6.1).
Here A =0.2,a =01,9g = 0.1, m = 10 and 7 = 20.

Mackey and Glass (1977) suggested, among others, the following delay
model for the blood cell population
de Aa"e(t — 1)

dt  am +em(t—7) = gc(t), (6.1)

where A\, a, m, g and 7 are positive constants. The numerical simulations
of equation (6.1) by Mackey and Glass (1977) (see also Mackey and
Milton (1988)) indicate that there is a cascading sequence of bifurcating
periodic solutions when the delay is increased (see Fig. 11.9). When the
delay is further increased the periodic solutions becomes aperiodic and
chaotic (see Fig. 11.10).
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6.2 Wazewska-Czyzewska and Lasota Model

Another well-known model belongs to Wazewska-Czyzewska and La-

sota (1976) which takes the form

% = —uN(t) 4+ pe Nt (6.2)
where N (t) denotes the number of red-blood cells at time ¢, u is the
probability of death of a red-blood cell, p and ~ are positive constants
related to the production of red-blood cells per unit time and 7 is the
time required to produce a red-blood cells. See also Arino and Kimmel
(1986).

Global attractivity in the Mackey-Glass model (6.1) and the Lasota-
Wazewska model (6.2) has been studied by Gopalsamy et al. (1990b),
Karakostas et al. (1992), Kuang (1992) and Gyo6ri and Trofimchuk
(1999). Liz et al. (2002) study these models when the delay is infi-
nite.

Other types of delay physiological models can be found in Mackey
and Milton (1988,1990) and Fowler and Mackey (2002).

7. A Vector Disease Model

Let y(t) denote the infected host population and x(t) be the popu-
lation of uninfected human. Assume that the total host population is
constant and is scaled so that

x(t) +y(t) = 1.
The disease is transmitted to the host by an insect vector, assumed to
have a large and constant population, and by the host to that vector.
Within the vector there is an incubation period 7 before the disease
agent can infect a host. So the population of vectors capable of infecting
the host is

z(t) = dy(t — 7).
where d is the infective rate of the vectors. Infection of the host is
assumed to proceed at a rate (e) proportional to encounters between
uninfected host and vectors capable of transmitting the disease,

ex(t) - dy(t —7) = by(t — 7)[1 —y(1)],
and recovery to proceed exponentially at a rate c¢. Thus, b is the contact
rate. Infection leads neither to death, immunity or isolation. Based on
these assumptions, Cooke (1978) proposed a delay model
dy

o = byt =)L —y(®)] —ay(t), (7.1)

where a > 0 is the cure rate.
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Figure 11.11. Numerical simulations for the vector disease equation (7.1). When
a =5.8,b=4.8(a > b), the zero steady state u = 0 is asymptotically stable; When
a = 3.8,b = 4.8(a < b), the positive steady state u* is asymptotically stable for all
delay values; here for both cases 7 = 5.

Using the Liapunov functional method, he obtained the following re-
sults on global stability of the steady states.

Theorem 5 For the vector disease model (7.1), we have the following:

(i) If 0 < b < a, then the steady state solution ug = 0 is asymptotically
stable and the set {¢p € ([-7,0],R) : 0 < ¢(0) <1 for —7 <6<
0} is a region of attraction.

(i) If 0 < a < b, then the steady state solution u; = (b —a)/b
asymptotically stable and the set {¢p € ([-7,0],R) : 0 < ¢(0)
1 for —7 <0 <0} is a region of attraction.

IN &

The stability results indicate that there is a threshold at b = a. If
b < a, then the proportion u of infectious individuals tends to zero as
t becomes large and the disease dies out. If b > a, the proportion of
infectious individuals tends to an endemic level u; = (b — a)/b as t
becomes large. There is no non-constant periodic solutions in the region
0 < u < 1. Numerical simulations are given in Fig. 11.11.

Busenberg and Cooke (1978) studied the existence of periodic solu-
tions in the vector-host model (7.1) when b = b(t) is a positive periodic
function.
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8. Multiple Delays

Kitching (1977) pointed out that the life cycle of the Australian
blowfly Lucila cuprina has multiple time delay features which need to
be considered in modelling its population. Based on this observation,
Braddock and van den Driessche (1983) proposed the two delay logistic
equation (see also Gopalsamy (1990))

dx

= = e[l — it —n) — aza(t — 7)), (8.1)

where 7, a1,a92, 7 and Ty are positive constants. Other equations with
two delays appear in neurological models (Bélair and Campbell (1994)),
physiological models (Beuter et al. (1993)), medical models (Bélair et
al. (1995)), epidemiological models (Cooke and Yorke (1973)), etc. Very
rich dynamics have been observed in such equations (Hale and Huang
(1993), Mahaffy et al. (1995)).

Equation (8.1) has a positive equilibrium x* = 1/(aj +az). Let 2(t) =
x*(1 4 X (t)). Then (8.1) becomes

X(t) = —(1+XE)[AIX(t—71) + A2 X (t — 7)), (8.2)
where A; = rajz*, Ay = ragx*. The linearized equation of (8.2) at X =0
is

X(t)=-A1X(t—11) — A X (t — 7).

Braddock and van den Driessche (1983) described some linear stability
regions for equation (8.1) and observed stable limit cycles when 75 /7 is
large. Gopalsamy (1990) obtained stability conditions for the positive
equilibrium. Using the results in Li et al. (1999), we can obtain the
following theorem on the stability and bifurcation of equation (8.1).

Theorem 6 If one of the following conditions is satisfied:
(i) A1 < Ay and 11 > 0 such that 2”71 < A3 A2 < 57”1;

(ZZ) AQ < A1 and ?1 > m

such that 11 € [mfl]’ where
7y = (42— A2 avesin /(41— A1)/ 2%

(iii) Ay = Ag and 71 > 54

then there is a 79 > 0, such that when 7o = 73 the two-delay equation
(8.1) undergoes a Hopf bifurcation at x* = 1/(a1 + az).
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Figure 11.12. For the two delay logistic model (8.1), choose r = 0.15,a1 = 0.25,a2 =
0.75. (a) The steady state (a) is stable when 71 = 15 and 72 = 5 and (b) becomes
unstable when 71 = 15 and 72 = 10, a Hopf bifurcation occurs.

Lenhart and Travis (1986) studied the global stability of the multiple
delay population model

dx
= — ot
o z(t)

r+ ax(t) + z": bix(t — TZ)] . (8.3)
=1

Their global stability conditions very much depend on the negative, in-
stantaneously dominated constant a. It would be interesting to deter-
mine the dynamics of the multiple-delay logistic equation without the
negative instantaneously dominated term (see Kuang (1993))

dx _ " :E(t — 7—2')
= ra(t) [1 = K] : (8.4)

i=1 '
9. Volterra Integrodifferential Equations

The Hutchinson’s equation (2.1) means that the regulatory effect de-
pends on the population at a fixed earlier time ¢ — 7, rather than at
the present time t. In a more realistic model the delay effect should
be an average over past populations. This results in an equation with
a distributed delay or an infinite delay. The first work using a logistic
equation with distributed delay was by Volterra (1934) with extensions
by Kostitzin (1939). In the 1930’s, many experiments were performed
with laboratory populations of some species of small organisms with
short generation time. Attempts to apply logistic models to these ex-
periments were often unsuccessful because populations died out. One of
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the causes was the pollution of the closed environment by waste prod-
ucts and dead organisms. Volterra (1934) used an integral term or a
distributed delay term to examine a cumulative effect in the death rate
of a species, depending on the population at all times from the start of
the experiment. The model is an integro-differential equation

CZ— {1—/ G(t — s)z(s)dx | , (9.1)

where G(t), called the delay kernel, is a weighting factor which indi-
cates how much emphasis should be given to the size of the population
at earlier times to determine the present effect on resource availability.
Usually the delay kernel is normalized so that

/0 ~ G(w)du =

In this way we ensure that for equation (9.1) the equilibrium of the
instantaneous logistic equation (1.3) remains an equilibrium in the pres-
ence of time delay. If G(u) is the Dirac function 6(7 — t), where

| atr=stsds = 1o

then equation (9.1) reduces to the discrete delay logistic equation

%:m [1_/ 5(t—7—s)a <8)d%‘] = ra(t) [1_:1:(}—7)}

The average delay for the kernel is defined as

T = /0  uG ) du,

It follows that if G(u) = 6(u — 7), then T' = 7, the discrete delay. We
usually use the Gamma distribution delay kernel

auh 1 e—au

G(u) = Wa

n=12... (9.2)

where > 0 is a constant, n an integer, with the average delay T' = n/a.
Two special cases,

Gu)=ae ™™ (n=1), G(u)=c*ue % (n=2),

are called weak delay kernel and strong delay kernel, respectively. The
weak kernel qualitatively indicates that the maximum weighted response
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Figure 11.13. (a) Weak delay kernel and (b) strong delay kernel.

of the growth rate is due to current population density while past den-
sities have (exponentially) decreasing influence. On the other hand the
strong kernel means that the maximum influence on growth rate re-
sponse at any time ¢ is due to population density at the previous time
t — T (see Fig. 11.13).

The initial value for the integro-differential equation (9.1) is

2(0) = ¢(0) > 0,—00 < 0 <0, (9.3)

where ¢(#) is continuous on (—oo, 0]. Following Volterra (1931) or Miller
(1971), we can obtain existence, uniqueness, continuity and continuation
about solutions to such a kind of integro-differential equations.

An equilibrium z* of equation (9.1) is called stable if given any € > 0
there exists a 6 = d(¢) > 0 such that |¢(t) — 2*| < § for t € (—o0,0]
implies that any solution z(t) of (9.1) and (9.3) exists and satisfies |x(t)—
x*| < efor all t > 0. If in addition there exists a constant dy > 0 such
that [¢(t) — 2*| < on (—o0, 0] implies tlggo x(t) = 2*, then x* is called

asymptotically stable.

9.1 Weak Kernel

To determine the stability of z* = K, let us first consider the equation
with a weak kernel, i.e.,

‘% = ra(t [1 - / Jz(s)ds| . (9.4)
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Using the linear chain trick (Fargue (1973) and MacDonald (1978)),
define

y(t):/ ae™ =) (s)ds. (9.5)

—0o0

Then the scalar integro-differential equation (9.4) is equivalent to the
following system of two ordinary differential equations

(c%: = ra(t) [1 — %y(t)} )

d
d—% = ax(t) — ay(t).
Notice that the positive equilibrium of system (9.6) is (z*, y*) = (K, K).
To determine the stability of (z*,y*), let X =z —2*)Y =y — y*. The
characteristic equation of the linearized system is given by

(9.6)

M +al+ar=0, (9.7)
which has roots
A ——Q:I:1 a? — dar
2779 79 '

Therefore, ReA; 2 < 0, which implies that 2* = K is locally asymptoti-
cally stable.
In fact, * = K is globally stable. Rewrite (9.1) as follows:

dr — —2a(t)(y(t) — ),

dy . . (9.8)
7r = alz(t) —2%) — aly(t) —y).
Choose a Liapunov function as follows
N et i r o *)\2
V(z,y) =z —2* —2"In o + Sk (y —y")~. (9.9)
Along the solutions of (9.8), we have
dv drx—a* r o dy r 12
— = — — Y-y ) =——=Wy— 0.
i@ arY V) T gy

Since the positive quadrant is invariant, it follows that solutions of sys-
tem (9.8), and hence of (9.1), approach (z*,y*) as t — oco. Therefore,
z(t) — x* as t — oc.

The above analysis can be summarized as the following theorem.

Theorem 7 The positive equilibrium x* = K of the logistic equation
(9.1) with a weak kernel is globally stable (see Fig. 11.14).
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Figure 11.14. The steady state of the integrodifferential equation (9.1) is globally
stable. Here r = 0.15, K = 1.00.

The result indicates that if the delay kernel is a weak kernel, the logis-
tic equation with distributed delay has properties similar to the instan-
taneous logistic equation. We shall see that the logistic equation with
a strong kernel exhibits richer dynamics similar to the logistic equation
with a constant delay.

9.2 Strong Kernel

Consider the logistic equation (9.1) with a strong kernel, i.e.,

dz 1
i 1 - —
o ra(t) [ e

To use the linear chain trick, define

t o2t — s)e™ =) gt — s)ds} . (9.10)

t

y(t):/_ ae_o‘(t_s)m(s)dx, z(t):/ a2(t—s)e_a(t_8)x(s)ds.

—00

Then equation (9.10) is equivalent to the system

4L — ra(t) (1- £2(0)) ,

d

4 — qw(t) - aylt), (9.11)

Lz — ay(t) — az(b),
which has a positive equlhbrlum (z *,y ") = (K, K, K). Considering
the linearization of (9.11) at (z*,y*, z ), we obtain the characteristic
equation

/\3 + al)\Q + agA + a3z = 0, (9.12)
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where

a1 = 2a, as = az, ag = ra’.
The Routh-Hurwitz criterion says that all roots of the equation (9.12)
have negative real parts if and only if the following inequalities hold:

a1 >0, a3>0, ajas—az>0. (9.13)
Clearly, a; = 2a > 0, a3 = ra® > 0. The last inequality becomes
T
> —. 9.14
a> (914)

Thus, the equilibrium z* = K is stable if & > r/2 and unstable if
a < r/2. Note that the average delay of the strong kernel is defined as
T = 2/a. Inequality (9.14) then becomes

4
T< =, (9.15)
r
Therefore, the equilibrium z* = K is stable for “short delays” (T < 4/r)
and is unstable for “long delays” (1" > 4/r).
When T' = Ty = 4/r, (9.12) has a negative real root \; = —r and a
pair of purely imaginary roots Ag 3 = +i5. Denote by

(T) = p(T) + iv(T)

the complex eigenvalue of (9.12) such that u(Tp) = 0, v(Tp) = r/2. We
can verify that
du 8 4
= == . 1
o -7 >0 (9.16)

4

The transversality condition (9.16) thus implies that system (9.11) and
hence equation (9.10) exhibits a Hopf bifurcation as the average delay
T passes through the critical value Ty = 4/r (Marsden and McKraeken
(1976)).

We thus have the following theorem regarding equation (9.10).

Theorem 8 The positive equilibrium x* = K of equation (9.10) is as-
ymptotically stable if the average delay T = 2/a < 4/r and unstable if
T > 4/r. When T = 4/r, a Hopf bifurcation occurs at x* = K and a
family of periodic solutions bifgrcates from x* = K, the period of the

bifurcating solutions is = and the periodic solutions exist for

T > 4/r and are orbitally stable.

Thus, the logistic equation with a strong delay kernel, just like the
logistic equation with a discrete delay, exhibits a typical bifurcation
phenomenon. As the (average) delay is increased through a critical value
the positive equilibrium passes from stability to instability, accompanied
by the appearance of stable periodic solutions (see Fig. 11.15).
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Figure 11.15. The steady state 2 = K of the integrodifferential equation (9.10)
losses stability and a Hopf bifurcation occurs when « changes from 0.65 to 0.065.
Here r = 0.15, K = 1.00.

9.3 General Kernel

Now consider the stability of the equilibrium x* = K for the integrod-
ifferential equation (9.1) with a general kernel. Let X = x — K. Then
(9.1) can be written as

dX ! ‘
2 - —r/_oo Gt — $)X (s)ds + rX (1) /_OO G(t — 5)X (s)ds.
The linearized equation about x = K is given by
dd—)t( =—r /_too G(t—s)X(s)ds (9.17)
and the characteristic equation takes the form
At /OOO G(s)e ds = 0. (9.18)

If all eigenvalues of the characteristic equation (9.18) have negative real
parts, then the solution X = 0 of (9.17), that is, the equilibrium z* = K
of (9.1), is asymptotically stable.

/ sG(s)ds < 1,
0 T

then x* = K of (9.1) is asymptotically stable.

Theorem 9 If
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Proof. Since the roots of (9.18) coincide with the zeros of the function

g\ =+ 'r/ G(s)e™ds,
0

we may apply the argument principle to g(\) along the contour I' =
I'(a,e) that constitutes the boundary of the region

{Me<Rer<a, —a<Im<a, 0<e<a}l.

Since the zeros of g(\) are isolated, we may choose a and ¢ so that
no zeros of g(\) lie on I'. The argument principle now states that the
number of zeros of g(\) contained in the region bounded by I is equal to
the number of times g(A) wraps I' around the origin as A traverses I'. (A
zero of g(A) of multiplicity m is counted m times.) Thus, it suffices to
show for all small € > 0 and all large a > 7, that g(\) does not encircle
0 as A traverses I'(a, €).
Along the segment of I" given by A = a +iv, —a < p < a, we have

glativ)=a+iv+r / G(s)e— (a5 gs.
0

Since a > 0, it follows that

‘ / G(S)e—(a—l—iu)sds
0

< /OOO G(s)ds = 1.

Because a > r, we may conclude that every real value assumed by g(\)
along this segment must be positive. Along the segment of I' given by
A=p+ia,e < p < a, we have

g(p +ia) = ,u+ia+r/ G(S)e—(wm)sd&
0

A similar argument shows g(\) to assume no real value along this path.
In fact, Img(p + ia) is always positive here. Similarly, one can show
that Img(p — ia) is negative along the segment A = p —ia, € < p < a.
By continuity, g(\) must assume at least one positive real value (and no
negative values) as A travels clockwise from ¢ + ia to € — ia along I'.
Finally, consider the path traced out as A = ¢ + v increases from
€ —ia to € + ia. Under the assumption, Img(e + iv) is seen to increase
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monotonically with v. In fact,

d . _ d > —E£S o3
d—ylmg(e—l—w) = dy[u—i—r/o G(s)e sm(us)ds}

= 1+7“/ sG(s)e % cos(vs)ds
0

Y

1—7“/ sG(s)ds
0

> 0.

It follows immediately that g(\) assumes precisely one real value along
this last segment of I'. Since no zero of g(A) lies on I', that real value is
non-zero. Assuming it to be negative, g(\) would have wrapped I" once
about the origin, predicting exactly one zero Ao of g(\) inside the region
bounded by I'. Since o and G are real, the zeros of g(\) occur in complex
conjugate pairs, forcing Ag to be real. This, however, is a contradiction
since the positivity of a shows g(A) to have no real positive zeros. Thus,
the real value assumed by g(\) along this last segment must be posi-
tive. Therefore, g(A) does not encircle the origin. This completes the
proof. m

9.4 Remarks

In studying the local stability of equation (9.1) with weak and strong
kernels, we applied the so-called linear chain trick to transform the scalar
intergrodifferential equation into equivalent a system of first order or-
dinary differential equations and obtained the characteristic equations
(9.7) and (9.12). It should be pointed out that these characteristic equa-
tions can be derived directly from the characteristic equation (9.18). If
G is a weak kernel, then (9.18) becomes

)\‘l‘T/ ae” M gds = \ + ar =0,
0 )\+O{

which is equation (9.7). If G is a strong kernel, then (9.18) becomes

0427’

20
A+ «a)? ’

o0
A+ r/ a?se” M Ngds = X +
0
which is equation (9.12).
One of the varieties of equation (9.1) is the following equation

CZ— z(t) [a — bx(t) —c/ G(t — s)x(s)ds], (9.19)
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where a > 0,b > 0, ¢ > 0, b+c # 0. Stability and bifurcation of equation
(9.19) have been studied by many researchers. We refer to Miller (1966),
Cushing (1977a), MacDonald (1978) and references cited therein. See
Corollary 13.

It should be pointed out that bifurcations can occur in equation (9.19)
when other coefficients (not necessarily the average delay) are chosen as
bifurcation parameters. For example, Landman (1980) showed that the
exists a positive a* such that for a = a*, a steady state becomes unstable
and oscillatory solutions bifurcate for a near a*. See also Simpson (1980).

10. Periodicity

If the environment is not temporally constant (e.g., seasonal effects of
weather, food supplies, mating habits, etc.), then the parameters become
time dependent. It has been suggested by Nicholson (1933) that any
periodic change of climate tends to impose its period upon oscillations
of internal origin or to cause such oscillations to have a harmonic relation
to periodic climatic changes. Pianka (1974) discussed the relevance of
periodic environment to evolutionary theory.

10.1 Periodic Delay Models

Nisbet and Gurney (1976) considered a periodic delay logistic equa-
tion and carried out a numerical study of the influence of the periodicity
in r and K on the intrinsic oscillations of the equation such as those
caused by the time delay. Rosen (1987) noted the existence of a relation
between the period of the periodic carrying capacity and the delay of
the logistic equation. Zhang and Gopalsamy (1990) assumed that the
intrinsic growth rate and the carrying capacity are periodic functions
of a period w and that the delay is an integer multiple of the period of
the environment. Namely, they considered the periodic delay differential
equation of the form

dx x(t — nw)
i r(t)x(t) [1 - K(t)}’ (10.1)

where r(t +w) = r(t), K(t + w) = K(t) for all ¢ > 0. They proved the
following result on the existence of a unique positive periodic solution
of equation (10.1) which is globally attractive with respect to all other
positive solutions.

Theorem 10 Suppose that

/0 " r(s)ds <

NN GV

(10.2)
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Then the periodic delay logistic equation (10.1) has a unique positive
solution x*(t) and all other solutions of (10.1) corresponding to initial
conditions of the form

z(0) = ¢(0) 2 0, ¢(0) >0; ¢ € Cl-nw,0]

satisfy
lim |x(t) — 2" (t)| = 0. (10.3)
t—o0
Following the techniques of Zhang and Gopalsamy (1990), quite a few
papers have been produced by re-considering the delayed models which
appeared in the previous sections with the assumption that the coefhi-
cients are periodic. See, for example, the periodic Nicholson’s blowflies
model (3.1) (Saker and Agarwal (2002)), the periodic Allee effect models
(4.1)(Lalli and Zhang (1994)) and (4.2) (Yan and Feng (2003)), the pe-
riodic food-limited model (5.3) (Gopalsamy et al. (1990a)), the periodic
Wazewska-Czyzewska and Lasota model (6.2) (Greaf et al. (1996)), etc.
In all these papers, the delays are assumed to be integral multiples of
periods of the environment. The coincidence degree theory (Gaines and
Mawhin (1977)) has also been used to establish the existence of peri-
odic solutions in periodic models with general periodic delays. However
uniqueness is not guaranteed and stability can be obtained only when
the delays are constant (Li (1998)).
Freedman and Wu (1992) considered the following single-species model
with a general periodic delay

X (Dfalt) — ble)e(t) + elt)a(t — (1), (10.4)

where the net birth rate a(t) > 0, the self-inhibition rate b(t) > 0, the
reproduction rate ¢(t) > 0, and the delay 7(f) > 0 are continuously
differentiable, w-periodic functions on (—oo, 00). This model represents
the case that when the population size is small, growth is proportional
to the size, and when the population size is not so small, the positive
feedback is a(t) + ¢(t)z(t — 7(t)) while the negative feedback is b(t)z(t).
Such circumstance could arise when the resources are plentiful and the
reproduction at time ¢ is by individuals of at least age 7(¢) units of time.
Using fixed point theorem and Razuminkin technique, they proved the
following theorem.

Theorem 11 Suppose that the equation
a(t) —b(t)K(t) + c(t)K(t—71(t)) =0

has a positive, w-periodic, continuously differentiable solution K (t). Then
equation (10.4) has a positive w-periodic solution Q(t). Moreover, if
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b(t) > c(t)Q(t — 7(t))/Q(t) for all t € [0,w], then Q(t) is globally as-
ymptotically stable with respect to positive solutions of (10.4).

Notice that in equation (10.4), b(¢) has to be greater than zero. So
Theorem 11 does not apply to the periodic delay logistic equation

dx x(t —7(t))
= =) {1 TR } (10.5)

where 7(t) a positive periodic function. As Schley and Gourley (2000)
showed, the periodic delays can have either a stabilizing effect or a desta-
bilizing one, depending on the frequency of the periodic perturbation.
It is still an open problem to study the dynamics, such as existence,
uniqueness and stability of periodic solutions and bifurcations, for the
periodic delay logistic equation (10.5).

10.2 Integrodifferential Equations

Periodic logistic equations with distributed delay have been systemati-
cally studied in Cushing (1977a). Bardi and Schiaffino (1982) considered
the integrodifferential equation (9.1) when the coefficients are periodic,
that is,

Ccll—f = x(t) |a(t) — b(t)z(t) — c(t) /_Oo G(t — s)x(s)ds]|. (10.6)

where a > 0, b > 0, ¢ > 0 are w-periodic continuous functions on R
and G > 0 is a normalized kernel. Let C, = C,(R, R) denote the
Banach space of all w-periodic continuous functions endowed with the

usual supremum norm ||x|| = sup |z(¢)|. For a € C,,, define the average
of a as
1 [« d
(a) = W/o a(s)ds.

The convolution of the kernel G and a bounded function f is defined by

t
G = [ G-9reis
Observe that an w-periodic solution of (10.6) is a fixed point of the
operator B : I' — C,, defined by
(Ba)(t) = u(t), te R,

where I' = {x € C, : (a — ¢(G * x)) > 0}. Since (a) > 0, z(t) =0
belongs to I', that is, I' is not empty. Define

ug(t) = (BO)(1).
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Claim I. If 1 and x5 belong to I' with 1 < x9, then Bxo < Bxj.

In fact, let «;(t) = a(t) — c(t)(G * x;)(t) and wu;(t) = (Bz;)(t) for
t € R(i =1,2). Then a(t) > aa(t). Since a;(t) = w;(t)/ui(t) +b(t)u,(t),
we have (a;) = (bu;) because u;(t)(i = 1,2) are periodic. Thus, we
deduce that (bu1) > (buz) and for some ty € R, ua(to) < ui(tp). Setting
v(t) = ui(t) — ua(t), we have

0(t) = (aa(t) = () (u(t) + uz(t)))v(t),
which implies that v(¢) > 0 for all ¢ > ¢y. By the periodicity of v(t), we
have Bzy < Bxy.

Claim II If v and ¢ belong to C,,, then (¢(G *v)) = (v(G * ¢)).
In fact, if we define G(t) = 0 for t < 0, we have

+oo w (J+1)w
(¢(G*v)) = 'Z /0 c(t)/ G(t — s)v(s)dsdt

j=—00

_ / / Gt — s — jw)o(s)dsdt

too w (1=j)w
_ 'Z /0 o(t) / Glt — s)e(s)dsdt

= (v(Gx*c)).

Claim III. Let z be a bounded continuous function on R. Then

litm inf(G * 2)(t) > lign inf z(t); limsup(G * 2)(t) < limsup z(t).
— 00 t—o00 t—o00
We only prove the first inequality. Let | = liminf; . z(¢). Choose
€ > 0 and pick ¢, such that z(t) > [ — € for any t > t.. If t > t., we have
te t
(Gxz)(t) = G(t—s)z(s)ds+ | G(t— s)z(s)ds
—00 te
te t
iItle(t) G(t—s)ds+ (l—¢€) | G(t—s)ds.

—00 te

Y

Hence,
Hminf(G * 2)(t) > 1 — e,
t—o0
which implies the first inequality.
Claim IV. Let u € T" and let v(t) > 0 be the solution of (10.6). Then
litm inf(v(t) — u(t)) > 0 implies litm inf((Bu)(t) —v(t)) > 0,

limsup(v(t) —u(t)) <0 implies limsup(Bu)(t) —v(t)) < 0.

t—o0 t—o0
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We prove the first statement. Let w(t) = (Bu)(t), ¢t € R. Then w(t)
is a solution of

w(t) = a(t)w(t) = b(t)w(t)® — c(t)w(t)(G * u)(t)
while

5(t) = a(t)o(t) — B(E)(1)? — c(t)o(t)(G * ) ().
Define z(t) = w(t) — v(t). Then

2t) = (a(t) = b(t)w(t) — c(t)(G *u))z(t) + c(H)o()(G * (v — w))(t)
= (@(t)/w(t) =b(t)v(t))z(t) + c(H)o()(G * (v = w))(D).

Let | = liminf; .o (v(t) — u(t)). Because of Claim III, there exists a
to € R, such that

() > (w(t)/w(t) = b(t)v(t)z(t) + le(t)v(t) /2

for all t > tg, that is,

(1) > 2(to) exp{ 5(s)ds}+% /t exp] / B(0)d0Ye(s)v(s)ds

to
where 8 = w(t)/w(t) — b(t)v(t). Because w(t)/w(t) is periodic and
its average is zero, b(t)v(t) is positive and bounded, we can see that
fti) B(s)ds > 1 — t7ya, where 71 and 2 > 0 are constants. Thus,

2(t) > 7 / exp((s — 1)7)ds = (13/7)(1 — exp((fo — £)12)),

to
where 3 > 0 is a suitable constant. Then lim inf; ., z(t) > 3/~ which

implies the first statement.

Theorem 12 Suppose (a) > 0. If
b(t) > (G *c)(t) (10.7)

for any t € [0,w], then equation (10.6) has a unique positive w-periodic
solution x*(t) which is globally asymptotically stable with respect to all
solutions of equation (10.6) under initial condition z(0) = ¢(0),0 €
(—OO, 0]7 ¢<0) > 0.

Proof. Since
Uo(t)/uo(t) = a(t) — b(t)uo (),

the periodicity of uo(t) and Claim II imply that (a) = (bug) > (c(Gx*uy)).
As ug > 0, we have Bug < ug. Therefore, for any v € C,, satisfying
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0 < v < up, we have 0 < Bug < Bv < ug. Hence, the set I'g = {v € C,, :
0 < v <wp} CT is invariant under B. Moreover,

Buy < Bv < uy = Bug < B*v < B*uy = B%ug < B%v < B?u
and by induction

B¥ g < BTy < B2y, B Tluy < B2y < B2y, n=0,1,2, ...

Since 0 < B?0 = Bug, by Claim I, we know that {B?*"*lug} is in-
creasing and {B?"ug} is decreasing. Define

un(t) = (B"uo)(t) = (Bun—1)(t).

Then
u (1) = lim wug,yq(t) and wh () = lim wuop,(t)

exist with 0 < u™(¢) < w*(t). If we can show that u™ (t) = u™ (t) = u*(¢),
it is easy to see that u*(¢) is the unique fixed point of B. By the definition,
we have

(1) = (a(t) = et) (G % 1) () (8) = b(E)un ()

By the monotonicity and uniform boundedness of {u,} we have the
L2—convergence of both ug,+1 and ug, and their derivatives. Taking
the limits, we have

W () = (a(t) — e(t)(G = ub)()u™ (t) = b(t)u™ (1)?,
wt(t) = (a(t) — c(t) (G *u™)(t))uT (t) — b(t)uT(t)2.

)
Dividing them by u~ (t) and u™(¢) respectively, we have
(a—c(Gxut) —bu") = (a—c(Gxu")—bu'")

followed by the fact that Inu™ and Inu™ are periodic. Let v(t) = u™t(t)—
u~ (t). Then we have (¢(G *v)) = (bv). Now by Claim II we have (¢(G *
v)) = (v(G x ¢)). Hence, (v(b — G * ¢)) = 0, which implies that v = 0 by
the assumption (10.7). Therefore, u*(¢) is a unique periodic solution of
the equation (10.6).

To prove the global stability, first we show that any solution v(t) of
equation (10.6) satisfies lim inf; ., v(¢) > 0. In fact, we have

o(t) < a(t)v(t) — b(t)v(t)?
and

limsup(v(t) — (Bu)(t)) < 0.

t—o0
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Choose € > 0 so that u(t) = ug(t) + € € I'. By Claim IV we have

litrn inf(v(t) — (Bu)(t)) > e.
Since (Bu)(t) is strictly positive and periodic, we have liminf;_,. v(t) >
0. Thus, by Claim III, lim inf; .~ (ug(t) — v(t)) > 0 and by induction,

lim inf(v(t) — (B> ug)(t)) > 0, limsup(v(t) — (B* ug)(t)) < 0.

t—o0 t—o0

Given ¢ > 0, choose n such that
u*(t) — e < (B¥lug)(t) < (B*™ug)(t) < u*(t) +e.

Since (B?"*lug)(t) < v(t) < (B?™ug)(t) for large t, it follows that the
sequence {B7u} tends to u* uniformly as j — co. m

If a,b and c are real positive constants, then condition (10.7) becomes
b > c. This is the main result in Miller (1966).

Corollary 13 Ifb > ¢ and G satisfies the above assumptions, then the
positive equilibrium x* = a/(b+ ¢) of equation (9.19) (with constant
coefficient) is globally stable with respect to positive solutions of (9.19).

For other related work on periodic logistic equations with distributed
delay, we refer to Bardi (1983), Cohen and Rosenblat (1982), Cushing
(1977a), Karakostas (1982) and the references therein.

11. State-Dependent Delays

Let z(t) denote the size of a population at time ¢. Assume that the
number of births is a function of the population size only. The birth
rate is thus density dependent but not age dependent. Assume that the
lifespan L of individuals in the population is variable and is a function of
the current population size. If we take into account the crowding effects,
then L(-) is a decreasing function of the population size.

Since the population size x(t) is equal to the total number of living
individuals, we have (Bélair (1991))

2(t) = /t O (11.1)

Differentiating with respect to the time ¢ on both sides of equation
(11.1) leads to a state-dependent delay model of the form
dz_ b(z(t)) = b(x(t — Lix(t))])
dt = 1= Dw(0)] b(alt — L))

(11.2)
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Figure 11.16. Numerical simulations for the state-dependent delay model (11.3) with
r=0.15K = 1.00 and 7(z) = a + bz?. (i) a = 5,b=1.1; and (ii) a = 9.1541,b = 1.1.

Note that state-dependent delay equation (11.2) is not equivalent to
the integral equation (11.1). It is clear that every solution of (11.1) is
a solution of (11.2) but the reverse is not true. In fact, any constant
function is a solution of (11.2) but clearly it may not necessarily be a
solution of (11.1). The asymptotic behavior of the solutions of (11.2)
has been studied by Bélair (1991). See also Cooke and Huang (1996).

State-dependent delay models have also been introduced by Kirk et
al. (1970) to model the control of the bone marrow stem cell population
which supplies the circulating red blood cell population. See also Mackey
and Milton (1990).

Numerical simulations (see Fig. 11.16) show that the logistic model
with a state-dependent delay

(11.3)

has similar dynamics to the Hutchinson’s model (2.1). Choose r =
0.15, K = 1.00 as in Fig. 11.3 for the Hutchinson’s model (2.1) and
7(z) = a + bz?. We observe stability of the equilibrium # = K =1 for
small amplitude of 7(z) and oscillations about the equilibrium for large
amplitude of 7(x) (see Fig. 11.16).

Recently, great attention has been paid on the study of state-dependent
delay equations. Consider

ex'(t) = —z(t) + f(x(t — r(z(t)))) (11.4)

and assume that
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(H1) A and B are given positive real numbers and f : [-B,A] —
[—B, A] is a Lipschitz map with x f(z) < 0 for all z € [-B, A], = #
0;

(H2) For A and B in (H1), r : [-B, A] — R is a Lipschitz map with
r(0) =1 and r(u) > 0 for all u € [-B, AJ;

(H1") B is a positive real number and r : [-B,00) — R is a locally Lip-
schitz map with (0) =1, r(u) > 0 for all w > —B and r(—B) = 0;

(H2") f : R — R is a locally Lipschitz map, and if B is as in (H1')
and A = sup{|f(u)| : =B < u < 0}, then uf(u) < 0 for all
€ [-B,A], u#0.

A periodic solution z(t) of (11.4) is called an slowly oscillating periodic
(SOP) solution if there exist numbers ¢; > 1 and g2 > ¢1 + 1 such that

=0, t =0,
<0, 0<t<aq,
z(t)g =0, t=qi,
>0, ¢ <t<qo,
:O, t:q2

and x(t+gq2) = z(t) for all t. Mallet-Paret and Nussbaum (1992) proved
the following theorem.

Theorem 14 Assume that f and r satisfy (H1)-(H2) or (HI')-(HZ).
Suppose that f is in C* near 0 and f'(0) = —k < —1. Let vy, /2 < vy <
w, be the unique solution of cosvy = —1/k and define Ao = vo/Vk? — 1.
Then for each A > Ay the equation

2'(t) = =Ax(t) + M (x(t - r(x(2)))
has an SOP solution xx(t) such that —B < xx(t) < A for all t.

Mallet-Paret and Nussbaum (1996, 2003) studied the shape of general
periodic solutions of the equation (11.4) and their limiting profile as
e — 07. We refer to Arino et al. (1998), Bartha (2003), Kuang and
Smith (1992a, 1992b), Mallet-Paret et al. (1994), Magal and Arino
(2000), Walther (2002) for existence of periodic solutions; to Krisztin
and Arino (2001) for the existence of two dimensional attractors; to
Louihi et al. (2002) for semigroup property of the solutions; to Bartha
(2001) and Chen (2003) for convergence of solutions, and to Ait Dads
and Ezzinbi (2002) and Li and Kuang (2001) for almost periodic and
periodic solutions to state-dependent delay equations. See also Arino et
al. (2001) for a brief review on state-dependent delay models.
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12. Diffusive Models with Delay

Diffusion is a phenomenon by which a group of particles, for example
animals, bacteria, cells, chemicals and so on, spreads as a whole ac-
cording to the irregular motion of each particle. When this microscopic
irregular movement results in some macroscopic regular motion of the
group, the phenomenon is a diffusion process. In terms of randomness,
diffusion is defined to be a basically irreversible phenomenon by which
particles spread out within a given space according to individual random
motion.

12.1 Fisher Equation

Let u(z,t) represent the population density at location x and time ¢
and the source term f represents the birth-death process. With the logis-
tic population growth f = ru(l1—u/K) where r is the linear reproduction
rate and K the carrying capacity of the population, the one-dimensional
scalar reaction-diffusion equation takes the form (Fisher (1937) and Kol-
mogorov et al. (1937))

ou 0%u u
E:D@HUQ—E), a<z<b 0<t< oo, (12.1)
which is called the Fisher equation or diffusive logistic equation. Fisher
(1937) proposed the model to investigate the spread of an advantageous
gene in a population.
Recall that for the spatially uniform logistic equation

the equilibrium v = 0 is unstable while the positive equilibrium v = K is
globally stable. How does the introduction of the diffusion affect these
conclusions? The answer depends on the domain and the boundary
conditions. (a) In a finite domain with zero-flux (Neumann) boundary
conditions, the conclusions still hold (Fife (1979) and Britton (1986)).
(b) Under the Dirichlet conditions, v = K is no longer a solution to the
problem. In this case the behaviour of solutions depends on the size of
the domain. When the domain is small, u = 0 is asymptotically stable,
but it losses its stability when the domain exceeds a certain size and a
non-trivial steady-state solution becomes asymptotically stable. (c) In
an infinite domain the Fisher equation has travelling wave solutions (see
Figure 11.17).
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Figure 11.17. The traveling front profiles for the Fisher equation (12.1). Here D =
r=K=1¢c¢=24-30

12.2 Diffusive Equations with Delay

In the last two decades, diffusive biological models with delays have
been studied extensively and many significant results have been estab-
lished. For instance, the diffusive logistic equations with a discrete delay
of the form

ou(z, 0%u(x, wx,t—7
(8t Y_p 6532 D 4 ru(z, ) (1 - (;()) (12.2)

with either Neumann or Dirichlet boundary conditions have been investi-
gated by Green and Stech (1981), Lin and Khan (1982), Yoshida (1982),
Morita (1984), Luckhaus (1986), Busenberg and Huang (1996), Feng and
Lu (1996), Huang (1998), Freedman and Zhao (1997), Faria and Huang
(2002), etc. The diffusive logistic equations with a distributed delay of
the form

ou(x, t) 62 (z,1)
ot Ox?

+ru:nt[1—/ G(t — s)u(x,t — s)ds

(12.3)
have been studied by Schiaffino (1979), Simpson (1980), Tesei (1980),
Gopalsamy and Aggarwala (1981), Schiaffino and A. Tesei (1981), Ya-
mada (1993), Bonilla and Lindn (1984), Redlinger (1985), Britton (1990),
Gourley and Britton (1993), Pao (1997), etc.

Recently, researchers have studied the combined effects of diffusion
and various delays on the dynamics of the models mentioned in previous
sections. For example, for the food-limited model (5.3) with diffusion,
Gourley and Chaplain (2002) considered the case when the delay is finite.
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Feng and Lu (2003) assumed that the time delay in an integral multiple
of the period of the environment and considered the existence of periodic
solutions. Davidson and Gourley (2001) studied the model with infinite
delay, and Gourley and So (2002) investigated the dynamics when the
delay is nonlocal.

The diffusive Nicholson’s blowflies equation

?;; = dAu — Tu(x,t) + fru(x,t — 1) exp[—u(x,t — 1)] (12.4)
with Dirichlet boundary conditions has been investigated by So and Yang
(1998). They studied the global attractivity of the positive steady state
of the equation. Some numerical and bifurcation analysis of this model
has been carried out by So, Wu and Yang (1999) and So and Zou (2001).

Gourley and Ruan (2000) studied various local and global aspects of
Nicholson’s blowflies equation with infinite delay

t t
% = dAu—Tu(x,t)+ 07 (/ F(t— s)u(x,s) ds) exp (—/ F(t — s)u(x,s) ds)

- - (12.5)
for (x,t) € Qx [0, 00), where € is either all of R™ or some finite domain,
and the kernel satisfies F'(t) > 0 and the conditions

/oo F(t)dt=1 and /ootF(t) dt = 1. (12.6)
0 0

Gourley (2000) discussed the existence of travelling waves in equation
(12.5).

Ruan and Xiao (2004) considered the diffusive integro-differential
equation modeling the host-vector interaction

t
@(t,z) = dAu(t, z)—au(t,z)+b[1—wu(t, x)]/_ /QF(t—s,x,y)u(s,y)dyds, (12.7)

ot

where u(t, z) is the normalized spatial density of infectious host at time
t € Ry in location x € 2, is an open bounded set in RV (N < 3), and
the convolution kernel F(t¢,s,z,y) is a positive continuous function in
its variables t € R, s € R4, x,y € (), which is normalized so that

/ / F(t,s,x,y)dyds = 1.
0 Q

Ruan and Xiao (2004) studied the stability of the steady states and
proved the following results.
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Theorem 15 The following statements hold

(i) If 0 < b < a, then uy = 0 is the unique steady state solution of
(12.7) in i
M={uecFE: 0<u(x)<1, zef}

and it is globally asymptotically stable in C((—o0,0]; M).

(i) If 0 < a < b, then there are two steady state solutions in M :
ugp =0 and u; = (b — a)/b, where ug is unstable and uy is globally
asymptotically stable in C((—o0,0]; M).

Notice that when F'(t,s,z,y) = d(x —y)o(t — s — 7), where 7 > 0 is a
constant, and v does not depend on the spatial variable, then equation
(12.7) becomes the vector disease model (7.1) and Theorem 15 reduces
to Theorem 5 obtained by Cooke (1978).

When z € (—o0,00) and the kernel is a local strong kernel, i.e.

ou

ot

¢
t— s
Qse_tr u(s, x)ds,
(12.8)
where (t,2) € Ry x €, the existence of traveling waves has been estab-
lished.

= dAu(t,z) — au(t,z) + b[l — u(t, z)] /

—co T

Theorem 16 For any ™ > 0 sufficiently small there exist speeds ¢ such

that the system (12.8) has a traveling wave solution connecting uy = 0
and u; = (b —a)/b.

The existence of traveling front solutions show that there is a moving
zone of transition from the disease-free state to the infective state.

We refer to the monograph by Wu (1996) for a systematic treatment
of partial differential equations with delay.

Acknowledgements. The author would like to thank Stephen
Cantrell for comments and corrections on an earlier version of the pa-
per.
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1. Introduction

Consider the following inhomogeneous non-autonomous retarded dif-
ferential equation

2(t) = Ax(t)+ L)+ f(t), t>s,
z(r) = @(r—s), TE[s—135]

where A is a linear (unbounded) operator on a Banach space F, (L(t))
is a family of bounded linear operators from the space C([—r,0],
into £, f : Ry — FE, and z; is the function defined on [—r,0]
z(0) =z(t+0), 6 €[—r0l.

The equation (IRDE) has attracted many authors, and has been
treated by using different techniques and methods, we cite, for instance,
[1, 3, 44, 63, 64, 105, 226, 227, 253|. In these papers, it has been stud-
ied the well-posedness of the inhomogeneous autonomous retarded dif-
ferential equations (IRDE) (L(t) = L). It has been also studied the
asymptotic behaviour and the regularity properties of the solutions of
homogeneous retarded equations (HRDE) (f = 0) as well as the asymp-
totic behaviour of the solutions of the inhomogeneous equations with
respect to the inhomogeneous term f.

To profit from the big development of the semigroup theory and its
tools (as the perturbation technique), many authors thought to trans-
form the retarded equation (IRDE) to an abstract Cauchy problem (un-

(IRDE) {

t>0
E)
by
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retarded equation) in a product Banach space X := E x C([-r,0], E) as
follows

op), u’(t):AU(t)+B(t)L{(t)+(f(ot))  t>s,

Uis) = (3)
where,
A= <8 Aéoj: 5())7
D(A) := {0} x {¢ € C'([-7,0], E) : ¢(0) € D(A)},
and

B(t) = <8 L(()t)) .t

The first remark that one can do is that Xy := D(A) = {0} xC([-r,0], E)
# X, which means that the operator A is not densely defined. One re-
marks also that the ranges of the perturbation operators B(t), ¢ > 0,

and the values of the inhomogeneous term (f E)t)> ,t > 0, are not in

Xy. Hence, one cannot use the standard theory of semigroups to solve
neither the perturbation problem (CP)g nor the inhomogeneous Cauchy
problem (CP)y.

H. R. Thieme [224], has showed the existence of mild solutions of the
inhomogeneous autonomous Cauchy problem (CP)y, and then the ones
of the inhomogeneous autonomous retarded equations, by the introduc-
tion of a new variation of constants formula.

To study the well-posedness of the homogeneous non-autonomous re-
tarded differential equations (HRDE), A. Rhandi [199] has proposed the
use of the so-called extrapolation theory, introduced by R. Nagel [63].
Using the extrapolation theory, we have also treated, with A. Rhandi,
[178] the well-posedness of the inhomogeneous autonomous retarded
equations and, together with A. Bétkai, [17], we studied the regular-
ity of the solutions to the homogeneous autonomous equations. With B.
Amir [8, 9, 10], also using the extrapolation theory, we have studied the
asymptotic behaviour of solutions to the inhomogeneous autonomous
retarded equations. Usually by the extrapolation theory, G. Giihring,
F. Rébiger and R. Schnaubelt have studied [55, 92, 94, 93] the well-
posedness and the asymptotic behaviour of the general inhomogeneous
non-autonomous retarded equations (IRDE).

Our contribution in this book consists in the study of the well-
posedeness, the regularity and the asymptotic behaviour of the solu-
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tions of the homogeneous non-autonomous retarded differential equa-
tions (HRDE), using the extrapolation theory. Our document is orga-
nized as follows:

In section 2, we recall some definitions and important results from the
extrapolation theory. More precisely, we define the extrapolation spaces
and the extrapolated semigroups for Hille-Yosida operators, introduced
by R. Nagel [63], and present some of their important properties. At
the end, we present a perturbation of Hille-Yosida operators result, the
result is shown in [187, 199].

Section 3 is devoted to the application of the above abstract results, to
study the homogeneous non-autonomous retarded differential equations
(HRDE). We study the existence of solutions, and that these solutions
are given by Dyson-Phillips expansions and satisfy variation of constants
formulas. These last results will be crucial to study the regularity and
the asymptotic properties of these solutions.

The regularity results, presented in this section, have been also shown
by many authors, using alternative different techniques, see, e.g., [1],
[105], [226], [227] and [253], but the results concerning the asymptotic
behaviour are in our knowledge new.

2. Preliminaries

In this section we introduce the extrapolation spaces and extrapolated
semigroups and give all needed abstract results of the extrapolation the-
ory, e.g., perturbation results. For more details we refer to the book
[63] and [17, 186]. The extrapolation theory was introduced by R. Nagel
[63, 186], and was successfully used in these last years for many purposes,
see e.g., [6], [8], [92], [178], [186], [190], [199], [200] and [201].

We recall that a linear operator (A, D(A)) on a Banach space X is
called a Hille-Yosida operator if there are constants M > 1 and w € R
such that

(w,00) C p(A) and [[(A—w)"R(A\, A)"|| < M for all A > w and n € N.

(2.1)
From the Hille-Yosida theorem, we have (cf. [109, Thm. 12.2.4]) the fol-
lowing result.

Proposition 1 Let (A, D(A)) be a Hille-Yosida operator on a Banach

space X. Then, the part (Ao, D(Ap)) of A in Xo := (D(A), |- ||) given
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D(A()) = {.1‘ S D(A) Az € X()}
Aoz = Az forx € D(Ap)
generates a Co-semigroup (To(t))i>0 on Xo. Moreover, we have p(A) =

p(Ag) and (A — Ag)~! is the restriction of (A\—A)~! to Xy for A € p(A).

Notice that Hille-Yosida operators on reflexive Banach spaces are
densely defined.

Proposition 2 Let (A, D(A)) be a Hille-Yosida operator on a reflexive
Banach space X. Then D(A) is dense in X and hence A generates a
Co-semigroup .

As an immediate consequence of Proposition 2, we have

Corollary 3 Let (A, D(A)) be the generator of a Cy-semigroup (T'(t))i>0
on a reflexive Banach space X. Then (A*, D(A*)) generates the Cy-
semigroup (T™(t))t>0 on X*.

From now on, (A4, D(A)) will be a Hille-Yosida operator on a Banach
space X. We define on X the norm

[2fl-1 == [R(Xo, Ao)z||, € Xo,

for a fixed A\g > w. From the resolvent equation it is easy to see that
different A\ € p(A) yield equivalent norms. The completion X_; of X
with respect to || - ||=1 is called the extrapolation space. The extrapolated
semigroup (T_1(t))s>0 is the unique continuous extension of (Tp(t))i>0
to X_1, since

ITo ()]l 1 = [ To () R(Xo, Ao)a|| < Me“'||z]-1, >0, 2 € Xo.

It is strongly continuous and we denote by (A_1, D(A_1)) its generator.
We have the following properties (see [186, Prop. 1.3, Thm. 1.4]).

Theorem 4 We have the following:
(@) ITA @)y = ITo@llecxys ¢ 2 0.
(b) D(A-1) = Xo.
(c) A_y: Xy — X_1 is the unique continuous extension of Ag.

(d) X is continuously embedded in X_1 and R(\, A_1) is an extension
of RO\ A) for A € p(A_1) = p(A).
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(e) Ao and A are the parts of Ay in Xo and X, respectively.
(f) R(Mo,A_1)Xo = D(Ay).

The following result, concerning the convolutions of (7_1(t)):>0 and
X-valued locally integrable functions, is one of the fundamental results
of the extrapolation theory, and is the key to show the next theorem.
For the proof, see [63].

Proposition 5 Let f € L} (Ry,X). Then,

(i) for allt > s >0, /T 1(t—=7r)f(r)dr € Xo and

|| / Lt — ) f(r) dr] < My / D) (22)

S
M is a constant independent of t and f. For contraction semigroups
(T()(t))tzo, M1 =1 and w=0.
t
(it)  The function [0,+00) > t — / T_1(t — s)f(s)ds € Xo is
0

continuous.

We end this section by a non-autonomous perturbation result of Hille-
Yosida operators, due to A. Rhandi [199]. For the aim of this document,
we need only a particular version of this result.

First, recall that a family (U(t, s))i>s>0 of bounded linear operators
on X is called evolution family if

(a) U(t,r)U(r,s) =U(t,s) and U(s,s) = Id for t > r > s >0 and
(b) {(t,s):t>s>0}> (t,s) — U(t,s)x is continuous for all z € X.

Consider now a perturbation family B(-) € Cy(R4, L£5(Xo, X)), ie.,
B(t) € L(Xo,X) for all t > 0, and t — B(t)x is a bounded continuous
function on IRy for all z € Xj.

For all ¢ > 0, let C(t) denote the part of the perturbed operator
A+ B(t) in Xy. By definition, the operator C(t) is defined by

O(t) = A+ B(¢), D(C(t)) = {z € D(A) : Az + B(t)z € Xo).

The proof of the following perturbation result relies on the fundamen-
tal Proposition 5.

Theorem 6 The expansion
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where
t
Uo(t, s) := To(t—s) and Up41(t, s) ::/ T_1(t—0)B(o)Uy, (0, s)do, n >0,
’ (2.4)
converges in the uniform operator topology of L(Xo) uniformly on com-
pact subsets of {(t,s) : t > s > 0} and defines an evolution family on
Xo, satisfying
|U(t,s)|| < Mel&tM(t=) (2.5)
fort>s>0 and c:=sup,>¢ | B(7) | z(x0,x)-
In addition, (U(t, s))i>s>0 satisfies the variation of constants formula

t
Ul(t,s)x = Tg(t—s):c—i—/ T_1(t—0)B(o)U(o,s)xdo, x€ Xo,t>s>0.

(2.6)
Moreover, if t — B(t)x is differentiable on Ry for all x € Xq then,
for allz € D(C(s)), t — U(t, s)x is differentiable on [s,00), U(t,s)x €
D(C(t)) and
d
%U(t, s)x = (A+ B(t))U(t,s)x

for allt > s.
In this case we say that the evolution family is generated by the family

(C(t),D(C(t)))e>0-

In the autonomous case, B(t) = B, the operator
C=A+B, D(C)={x € D(A): Ax + Bx € Xo} (2.7)

generates a Cop-semigroup (S(t))¢>0, see [187, Thm. 4.1.5]. From Theo-
rem 6, the semigroup (S(t))¢>0 is given by the Dyson-Phillips expansion

S(1) = Y Sult), (28)
n=0

t
So(t) = To(t) and Spss (1) = / T 1(t — 0)BSn(c)do, ¢>0,n >0,
0

(2.9)
and satisfies the variation of constants formula

S(t)l‘ = To(t).%‘ + /Ot T_l(t — O')BS(O')l'dO', t>0, z e Xp. (2.10)
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3. Homogeneous Retarded Differential
Equations

In this section we apply the extrapolation results from the previous
section to solve the homogeneous retarded differential equations

2'(t) = Ax(t) + L(t)xy, t > s,

Ts = @,
and study the regularity and the asymptotic behaviour of their solutions.
Here, A is a Hille-Yosida operator on a Banach space E. Let S :=
(So(t));>o the Cp-semigroup generated by the part of A in Ey := D(A),
and (S_1(t)),>( its extrapolated semigroup. (L(t)),~, is a family of
bounded linear operators from C, := C([—r,0], Ey) to E.

By a (classical) solution of (HRDE), we design a continuously dif-
ferentiable function z : [—r,+00) — Ep, which satisfies the equation
(HRDE), and by a mild solution a continuous function z : [—r, +00) —
Ey, satistying

(HRDE) {

ot — s), s—r<t<s.
(3.1)
To get the purpose of this section, we associate to the equation (HRDE)
an equivalent Cauchy problem on the product Banach space X := E xC,

2(t) = {SO(t — s)p(0) + fst S_1(t—o)L(o)xedo, t>s,

U't) = AUt), t>s,

(CP)o {u(s): (0,

where, for every t > 0,

At) = (8 Ady — (;[/l)-i- L(t)) 7

D(A(t)) := {0} x {¢ € C*([~7,0], Eo) : $(0) € D(A)},
with &y is the mass of Dirac concentrated at 0, dyp := ¢ (0) for all
wE Cl([_T’ 0] ) EO)
Before showing the equivalence of (HRDE) and (CP)g, we study the

well-posedness of the last Cauchy problem (CP)y. To do this, we write
the operator A(t) as the sum of the operator

A= (8 A(;Oi_ 66) )

dr
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D(A) := {0} x {¢ € C'([-r,0], Ey) : $(0) € D(A)},

and the operator
(0 L(t)
B(t).-(o 0), t>0.

As we have remarked at the introduction, Xp := D(A) = {0} x C, which
means that the operator A is not densely defined. For this reason, we
propose to use the extrapolation theory to study the well-posedness of
the Cauchy problem (CP)j.

To this purpose, we need to show that the operator A is of Hille-
Yosida. This result has been shown in [199] when A generates a Cp-
semigroup.

Lemma 7 The operator A is of Hille-Yosida and
R()‘v'A)n (Z) = (90071)7
with

)\T —7)’ n—i 1 0 n—1_A(t—o0)
on(r Ze ROy 90 + gy [ o= AT g(o) o

(n
(3.2)
forallT€[-r0],yeE, g€Cr andn > 1.

Proof. From the equation (A — A)(2 ) = (§) on the space X, we
have

0
o1(7) = N (0) + / AT g(a)do, 7€ [-r,0],

and
Ap1(0) = 1(0) = .
We conclude that

0
o1(7) = TROL A)ly + g(0)] + / ATg(o)do, T [~r0).

It is clear that the function ¢ belongs to C,, and the relation (3.2) is
satisfied for n = 1. By induction, we obtain

on(T) = Z |

0
/ (o0 — T)"_le)‘(T_”)g(U) do, 1€ [-10].

R\, A '[y + g(0)] +

(n—1)!

Since A is a Hille-Yosida operator, it follows that
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len(mll < (A;’ngyuwz““’”+

7!

1=0
-1
M e A+ w)r) M
Il —=2me z(; i o)
0
/ (_O,)nflea()\fw) dO’]
-
M
< W[HZ/H + llgll]-
The last inequality comes from
AT >\+w )]t M 0 =1 (A—w)(r—0o) ;M
= w"z +(n71)!/T(" T e do=Gzom
for 7 € [—r,0]. Therefore,
IR(N, A" < o ﬂ{u)” for all A>w, n>1,

and this achieve the proof. m
The part of A in A} is the operator

a=(g 2). DlAd = (Ohx (0 CU-r0l B 00
€ D(A);¢'(0) = Ap(0)},

and it generates a Cop-semigroup (7o(t)),~q. by Proposition 1. It is clear
then that the operator a

d

Ay = —
0 dT,

D(Ag) :={¢ € C'([-r,0], Eg) : $(0) € D(A); ¢/ (0) = Ap(0)}

generates also a Cp-semigroup (Tp(t)),~q, and one can easily show that
it is given by B

o(t+0), t+6<0,

So(t+ 0)p(0), t+6>0. (3:3)

(To(t)e) (0) = {

Hence as Ay is a diagonal matrix operator, we have

To(t) = <é Too(t)>, £>0.
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To study now the existence of classical solution of (HRDE), we assume:
(H) For all ¢ € C,, the function t — L(t)¢p is continuously differen-
tiable.

The linear operators B(t),t > 0, are bounded from Aj into X and
from (H), the functions t — B(t) (2), ¢ € Cr, are continuously dif-
ferentiable. Thus, by the perturbation result, Theorem 6, the family of
the parts of operators (A + B(t)) in Aj generates an evolution family
(U(t, s))t>s>0 on Xy given by the Dyson-Phillips expansion

Ut,s) =D Un(t,s), (3.4)
n=0
where

t
Uo(t,s) = To(t—s) and Up+1(t, s) ::/ T_1(t—0o)B(o)Uy (o, s)do, n >0,

(3.5)
and which satisfies the variation of constants formula

Ut,s) (2) = (TO“OS)“”>+/S T o(t—0)B(o)U(o,s) (2) do  (3.6)

for all t > s and ¢ € C,.
One can see also that, for each ¢ > 0, the part of the operator
(A+ B(t)) in A} is the operator

80, = () 0)-

with the domain
D((A+B()x,) = {0} x {¢ € C'([-r,0], Eo) : $(0) € D(A); ¢'(0)
= Ap(0) + L(t)p} -

Therefore, by identification of the elements of Ay and those of C,., we get
the following result.

Proposition 8 Assume that (H) hold. The family (Ar(t), D(AL(t)));>o
of operators defined by -

d

AL(t) = %,

D(AL(t) = = {¢ € C([-r,0], Bo) : $(0) € D(A);¢/(0)

= Ap(0) + L(t)p}
generates an evolution family (U (t, 3))1&2320 on the space C,, which sat-

isfies the variation of constants formula

t
Ut s)p = To(t—s)p+ lim [ To(t— )N AR(N, A)L(0)U (0, s)pdo, t>s, (3.7)
— 00

S
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and is given by the Dyson-Phillips series

= Un(t,s), (3.8)
n=0

where

Uo(t,s) = To(t — s) and Un11(t, s)
t

= lim [ To(t—o)eM AR\, A)L(0)Un (0, 8)do, n>0,t> s.(3.9)

—
)\oos

Proof. As the operators (A—i—B(t))/XO ,t > 0, are diagonal matrix
operators on Xy = {0} x C,, we can show that

Ut,s) (2) = (U(t?s)w) for all t > s ang € Cy,

and (U(t,s));>4>0 is an evolution family on the space C, generated by

(AL(t), D(AL())) 10
By the variation of constants formula (3.6) and extrapolation results,
we obtain that

t
(ve) = (meee) + lim )\R()\,A)/ T_1(t — 0)B(o)U(0,5) (O) do
- (%@mg+mn/%tﬂm3um(<m@W)w

Hence, by Lemma 7 we obtain the variation of constants formula (3.7).
Also by the same argument, from the relations (3.4)-(3.5), we obtain
(3.8)-(3.8).

In the following proposition, we give the correspondence between the
mild solutions of the retarded equation (HRDE) and those of the Cauchy
problem (CP)jy.

Proposition 9 Let ¢ € C; and s > 0, we have:
(i) The function defined by

L ‘P(t_s)a s—r<t<s,
wﬁ&w*_{Uu@mmy £, (3.10)

is the mild solution of (HRDE), i.e., x satisfies (3.1). Moreover, it
satisfies
Ult,s)p =ze(-,8,9), t>s. (3.11)



530 DELAY DIFFERENTIAL EQUATIONS

(i1) If z(-, s, ) is the mild solution of (HRDE) then t — (xt(_?s#,))
is the mild solution of the Cauchy problem (CP)y, and

t
zt(-, 8,0) = To(t — s)p + Alim To(t — J)e/\')\R(/\, A)L(o)xs (-8, )do, t>s.

Proof. Let 7 € [-r,0] and ¢ € C,. From the extrapolation results, the
variation of constants formula (3.7) and the definition of (Ty(t))i>0, we
have

t
U(t,s)e(r) =To(t — s)e(r) + lim To(t — a)e)"/\R(/\, A)L(o)U (o, s)pdo(T)

A—o0 Jg
t4+T
So(t —s+7)p(0) + )\lim / So(t+7 —0)AR(\, A)L(0)U (o, s)pdo+
—00 /g

t
=<¢{ + lim eA(H'T_S))\R()\, A)L(o)U(o, s)pdo if t—s+71>0,
A—00 Jiqr

t
pt—s+71)+ )\lim eA(H'T_s))\R()\, A)L(o)U(o,s)pds if t—s+7<0,
— 00

S

t+7
_ So(t73+7')g0(0)+/ S_1(t+7—0)L(o)U(o, s)pdo if tfs+7'>?312)
pt—s+7) if t—s+7<0

for all 7 € [-7,0] and 0 < s < t. Let the function

o(t —s), s—r<t<s,
t’ ) =
z(t; ;) {U(t, s)(0), t>s.

Hence,

t—s
x(t,s,¢) = So(t — s)p(0) + S_i1(t—o)L(o)U(o, s)pdo.
S

From the equality (3.12), one can obtain easily the relation (3.11).
Thus, this implies that (-, s, ) satisfies (3.1), and the assertion (i) is
proved. The assertion (ii) can also be deduced from the above relations.
|

In the particular case of autonomous retarded differential equations,
i.e. L(t) = L for all ¢t > 0, we have the following theorem. The part (a)
has been obtained also by many authors, e.g., [1], [63], [105] and [253].

Theorem 10 (a) The operator

d

Ap = —
L dr

. D(A) = {p € C"([=1,01, Bo) : 9(0) € D(A);¢'(0) = Ap(0) + Ly}
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generates a strongly continuous Cy-semigroup T := (T'(t))i>0 on the
space C,..

Moreover, one has:
(i) the solution x of (HRDE) is given by

L So(t)’ —r<t<0,
o(t) i= {T(W(O)’ o (3.13)

(i) If = is the solution of (HRDE), the semigroup T is given by
T(t)p = xy for all p € C, and t > 0.
(b) The semigroup T is also given by the Dyson-Phillips series

T(t) = iTn(t), t>0,
n=0

where
Ta(t)p = lim Ot Tyt — $) AR(L VLT () ds,
or
tr
To(t)e(r) = /0 S_1(t+7—8)LTn1(s)pds if t+7>0,

0 + t+7<0
(3.14)
forallpeCr andn>1, t > 0.

Proof. The part of A+ B in Ay = {0} x C, is the operator given by

<A+B>/XO—(3 2>,

dar
D((A+B),,) = {0} x {¢ € C'([=r,0], Eo) : 6(0) € D(A); ' (0) = Ap(0) + L} .

From Section 2, the operator (A + B) /x, generates a Cy-semigroup 7 :=
(7(t))>0. Hence, from the form of (A+ B),y,, one can see that the
operator (Ar, D(Ar)) generates also a Cp-semigroup T := (T'(t))¢>0 on

C,, and
T() = (é T‘()t)) >0

Moreover, 7 is given by the Dyson-Phillips series

T(t)=) Tt), t=0,
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where

T6)(8) = (1,0, /Tlt—s ()L ds, 20,

From this and Lemma 7, one can see easily as in the non-autonomous
case that

t
Ty (t)e = Jim i To(t — s)eNAR(N, A)LT,_1(s)p ds,

and from (3.3), for 7 € [—r, 0], we have

t+1
/\hm So(t + 7 — $)AR(N, A)LT,,—1(s)pds+
t
T.(t)p(T) = +/\lim AFTINR(N, A) LT, 1 (s)eds  if t+7 >0,
= Jt+T1
Jim / N NR(N, A LTh 1 (s)ds i ¢ +7 < 0.
— Jo

Thus, we obtain the relation (3.14). The assertions (i)-(ii) are particular
cases of Proposition 9. m

The Dyson-Phillips series obtained in the above theorem will be now
used to study the regularity properties of the semigroup T solution of the
retarded equation (HRDE). As, the terms T,, of the series, see (3.14),
are convolutions between the extrapolated semigroup (S—_;(t))¢>0 and
FE-valued functions, to get our aim, we need the following results.

Lemma 11 [17] Let G € C(IR4, Ls(C;)). Then,

(i) If {t - t >0} >t +— So(t) € L(Ep) is continuous (or S is
immediately norm continuous) then {t : t > 0} > t —— fg S_1(t —
$)LG(s)ds € L(C,, Ey) is continuous.

(i1) If the operator Sy(t) is compact for allt > 0 (or S is immediately
compact) then the operator

t
/ S_o(t— $)LG(s) ds

0
defined from C, to Ey is compact for all t > 0.

Now, we can announce the following regularity results, showed also,
for instance, in [1], [63] and [253].

Theorem 12 (i) If S is immediately norm continuous then {t : t >
r} 2t~ T(t) € L(C;) is also a continuous function.
(ii) If S is immediately compact then T'(t) is also compact for all t > 7.
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Proof. By the definition of the semigroup (Tp(t)):>0 it is easy to
show that ¢ — Tp(t) is norm continuous for ¢ > r if we consider (i), and
that the operator Tp(t) is compact for all ¢ > r in the case of (ii).

Assume that S is immediately norm continuous. From the relations
(3.14) and Lemma 11 (i), the function Ry > ¢t — T,(¢t) € L(C,) is
continuous for all n > 1. We have seen in Theorem 10 that

T(t) = i To(t) = To(t) + i T.(), t>0, (3.15)
n=0 n=1

and that this series converge in £(C,) uniformly in compact intervals of
IR . Hence, the assertion (i) is obtained.
Treat now the assertion (ii). Let ¢ > 0 and n > 1. From Lemma 11,

we have that
t+60

S_1(t+6—s)LT,_1(s)ds
0
is a compact operator from C, to Ey for all ¢t +6 > 0, and then T,,(¢)(0)
is also a compact operator from C, to Ey for all 8 € [—r,0].
By [63, Theorem 11.4.29], we have also that S is immediately norm

continuous. Hence, by Lemma 11 (i), the set of functions {6 — f0t+9 S_1(t+
0—s)LT,—1(s)pds ¢ in some bounded set of C,} is equicontinuous, and
then the subset {# — T,(t)(f) « in some bounded set of C,} of C, is
equicontinuous. The compactness of T),(¢) for all ¢ > 0 and n > 1
follows finally from Arzela-Ascoli theorem. Consequently, as the series
(3.15) converges in the uniform operator topology of C,, we obtain the

second assertion. m

We end this section by studying the robustness of the asymptotic be-
haviour of the solutions to non-autonomous retarded equation (HRDE)
with respect to the term retard. More precisely, we show that the
solution of (HRDE) IRy > ¢t —— xz(t) has the same asymptotic be-
haviour, e.g., boundedness, asymptotic almost periodicity, as the map
Ry 5 t— Sp(t)(0).

First, let us recall the following definitions:

For a function f € BUC(RR4, Xp), the space of bounded and uni-
formly continuous functions from IRy into Xy, the set of all translates,
called the hull of f,is H(f) == {f(-+t):t € Ry}.

The function f is said to be asymptotically almost periodic if H(f) is
relatively compact in BUC(IR4, Xy), and Eberlein weakly asymptotically
almost periodic if H(f) is weakly relatively compact in BUC (IR, X)),
see [129] for more details.
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A closed subspace £ of BUC(IR4, X)) is said to be translation bi-
invariant if for all ¢ > 0

fef= f(-+1) €,

and operator invariant if M o f € £ for every f € £ and M € L(Xy),
where M o f is defined by (M o f)(t) = M(f(t)),t > 0.

The closed subspace £ is said to be homogeneous if it is translation
bi-invariant and operator invariant.

For our purpose, we assume that:
(H1) the Cp-semigroup (So(t))¢>0 is of contraction,
(H2) there exist so > 0 and a constant 0 < ¢ < 1 such that

/ [|L(s+t)To(t)pl|ldt < q||p|| for all p € C, ands > sg.  (3.16)
0

Under the above hypotheses, we have the following results.

Proposition 13 (i) For allp € C,,n e N andt > s > s

—+o0
/ |L(0)Un (0, 8)plldo < ¢ ¢] (3.17)

and
[Un(t, 8)ell < g"[l- (3.18)

(ii) The series (3.8) converges uniformly on all the set {(t,s) :t > s >
so}. Moreover, the evolution family (U(t,s))i>s>0 is uniformly bounded
and

1
|U(t, s)]| < - for all t> s> s.

Proof.

Let ¢ € Cr and t > s > sg. For n = 0, the estimate (3.17) is only
our assumption (3.16). Suppose now that the estimate holds for n — 1.
From the relation (3.8), by using Fubini’s theorem we have
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/HL (0, 5)¢l|do

= / [1L(o) Jlim TO(U—T)e)")\R()\,A)L(T)Un_l(T,s)g0d7'||da

< lim y|/ ) To(o — T)eN AR, A)L(T)Un_1 (7, ) dr do

A—00

= lim / /0_T||L(U—i—T)TO(J)e)")\R()\,A)L(T)Un_l(T,s)g&HdadT.

A—oo fg

Hence, from (H1), the inequality (3.16) and the induction hypothesis

/HL m)MWU<q/HL Ups (7, )l

< ¢ el

and this gives the estimate (3.17).

The inequality (3.18) follows also from (H1), the relation (3.8) and
the first estimate (3.17).

The assertion (ii) follows then by this estimate (3.18). m

In the above proposition we obtain the boundedness of the evolution
family (U(t, s))¢>s>0, and thus from (3.13), the boundedness of the mild
solution of (HRDE) is also obtained. To obtain the asymptotic almost
periodicity, and other asymptotic properties of this mild solution we
need the following Lemma.

Lemma 14 Let g € LY(Ry,E). If t — Tp(t)e belongs to & for all
p € Cy then the function
t

R >t— Ty*g(t) := lim [ Ty(t —7)eM AR\, A)g(T)dr

A—o0 Jo
belongs to &.

Proof. For g € L'(IR, E), since (Tp(t))¢>0 is bounded, it is clear that

t
lim / To(t—T)GXAR(A,A)g(T)dT §C||g||L1a
0

A—00
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which implies that for every g € L'(IR, E), Toxg € BC(IR,C,) and the
linear operator g — Tp*g is bounded from L!(IR, E) into BC(IR,,C,.),
the space of all bounded continuous functions. By this boundedness, the
linearity and the density, it is sufficient to show this result for simple
functions. Let g:=1(,,) ®x,0>a >0,z € F and t > 0. We have,

b
Toxg(t+b) = lim | To(t+b-— 7)eNAR(N, Az dr
b

= Tp(t) lim To(b — 7)eM AR(N, A)z dr.
A—oo J,
Hence, since £ is translation bi-invariant and ¢ — Ty (¢)¢ belongs to
& for every ¢ € C,, we conclude that Ty * g(-) € £, and this achieve the
proof. m
We can now state the following main asymptotic behaviour result.

Theorem 15 Assume that (H1) and (H2) hold. If t — Ty(t)p be-
longs to & for all v € C,, and the condition (3.16) is satisfied then, the
Cr-valued function IRy > t —— x444(, 8,0) is also in € for all ¢ € C,
and s > 0, where (-, s, @) is the mild solution of (HRDE).

Proof. From Proposition 9 and the relation (3.11), we have
t
Zira(5,0) = To()et lim | To(t — 0)e¥ AR\, A)L(s + 0)U(s + 0, s)pdo, t>0.
’ (3.19)
As t — Ty(t)p belongs to &, it is sufficient to that the function f from
IR+ to CT

t
f(t) = )\lim To(t — 0)eMAR(N, A)L(s + 0)U(s + 0,8)pdo, >0
Soo Jo
belongs to &£ as well. Furthermore, by Lemma 14, it is sufficient to show
that the function g(-) := L(- +s)U(- + s, 8)¢ belongs to L'(R, F), and
this follows from (3.8) and the estimate (3.17) for all s > so. Hence,
the function Ry 3t — xy5(+, 8,0) = U(t + s, 8)p belongs to £ for all
s > sg and ¢ € C,.
For all s > 0 and ¢t > 0, one can write

U(t+so+s,8)p =U(t+ s+ 0,5+ s0)U (s + s0, 5)p.

As s+ sg > sg, then as shown above t —— U(t + sg + s, s + sp) ¢ belongs
to £ and by the translation bi-invariance of &€, t —— xy45(-,s,p) =
U(t+ s,s)p belongs to £. This achieves the proof. m



Extrapolation theory for DDE 537

The Cp-semigroup (Tp(t)),;~o is given in terms of the Cp-semigroup
(S0(t));>0, then we can hope that they have the same asymptotic be-
haviour. In the following lemma, we present some particular commune
asymptotic behaviours to these two semigroups.

Lemma 16 Let p € C,. Assume that the map R4 3t — Sy(t)p(0) is
(1) vanishing at infinity, or
(2) asymptotically almost periodic, or

(3) uniformly ergodic, i.e., the limit lim a/ e “So(-+5)p(0)ds ex-

a—0t

0
ists and defines an element of BUC(IR4, Eyp), or
1t
(4) totally uniformly ergodic, i.e., the Cesdro limit lim / e Sy (- +
0

t—-4o00
s)p(0)ds exists in BUC(IRy, Ey) for all 6 € R.
Then, the function Ry > t —— Ty(t)p has the same property in
BUC(R,,C,).

Proof.
As (So(t))i>0 is a contraction semigroup, we have for all ¢ > r and
0 € [—r,0]

I(To@)) ()] = [150(t + 0)(0)[| = [[So(r + 8)So(t — r)p(0)]]
< [[So(t = r)p(0)]-
If one has (1), then || Ty(t)¢|| — 0, when ¢ — oo.
Assume now that we have (2). By the definition of asymptotic almost

periodicity, see [7], for every € > 0 there is I(¢) > 0 and K > 0 such that
each interval of length [(g) contains a 7 for which this inequality

[1So(t + )@ (0) — So(t)(0)[| <€
holds for all ¢, t + 7 > K. Let now t > K + r. Then, one has

1(To(t 4+ 7)@)(0) — (To(t)) (O)] = 1S0(t + 0 + 7)p(0) — So(t + 0)(0)]]
< [[So(t =74 7)e(0) = So(t — )@ (0)]]
<e for all 6 € [—r,0],

and this means that Tp(-)p is asymptotically almost periodic.

The assertions (3) and (4) can be showed by the same technique. m
As the classes of functions (1)-(4) are particular homogeneous closed
subspaces of BUC(IR4,C,), see [22], by Theorem 15 and Lemma 16, we
have the following corollary.

Corollary 17 Assume that (H1) and (H2) hold and that for all p € C,
the function
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Ry >t +—— So(t)p(0) belongs to one of the classes (1)-(4) of Lemma
16. Then, for all p € C,, the mild solution x(-,0,¢) of (HRDE) belongs
to the same class.

Example 5 Consider the retarded partial differential equation

u'(t,x) = fa%u(t, x) —au(t,x) + fEl K(t,o,2)u(t + o,z) do, t>0,z>0,
u(t,0) =0, t >0,
u(t,z) = p(t,z), —-1<t<0, >0,
(3.20)
where K € L®(IR4+ x [—1,0] x (0,00)) and o > 0. If we set E :=
LY(0,0), the operators

0
L(t)f ::/ k(t,o)f(o)do, t>0,

-1

[e9]

are bounded from C([—1,0],E) to E. Assume moreover that/ | K (t)

0
loo < 00, then L(-) is integrable on Ry, and then the condition (3.16)
is satisfied for a large sq.
For this example, the operator A is defined on E by

0
Af==2f-af.  D(A)={ge W (0,00): 4(0) = 0},
and it generates the exponentially stable semigroup

e fla—t), a—1t>0,
0, otherwise.

(To(t)f) (a) := {

By the above corollary, the solutions of the partial retarded differential
equation (3.20) are asymptotically stable.
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1. Introduction

Continuous time deterministic epidemic models are traditionally for-
mulated as systems of ordinary differential equations for the numbers
of individuals in various disease states, with the sojourn time in a state
being exponentially distributed. Time delays are introduced to model
constant sojourn times in a state, for example, the infective or immune
state. Models then become delay-differential and/or integral equations.
For a review of some epidemic models with delay see van den Driess-
che [228]. More generally, an arbitrarily distributed sojourn time in a
state, for example, the infective or immune state, is used by some authors
(see [69] and the references therein).

When introduced in an explicit way, time delays may change the qual-
itative behavior of a model; for example, an epidemic model with gener-
alized logistic dynamics can have periodic solutions when the time in the
infective stage is constant [112]. Qualitative differences that arise from
including time delay in an explicit way in models that include vertical
transmission are explored in [38, Chapter 4]. In population biology, a
maturation time delay is used to explain observed oscillations [192]. This
delay is included in an epidemic model by Cooke, van den Driessche and
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Zou [47]. A fixed time delay in the recruitment function for a disease
model is considered by Brauer [33].

Many disease transmission models with delay are difficult to ana-
lyze, with even the linear stability problem reducing to a hard quasi-
polynomial; see, e.g., [27, 33] and references therein. Thus a combination
of analytical and numerical techniques is often employed.

Here we proceed along the lines of van den Driessche [229], giving
details about delay in models of disease transmission by concentrating
on one particular model, namely work with two other coauthors, K. L.
Cooke and J. Velasco-Herndndez [13]. In Section 2, we first motivate the
introduction of delay in epidemic models in which this delay results from
assumptions on the sojourn time in a certain epidemiological state, e.g.,
the infective state. We then (in Section 3) formulate a model including
vaccination of susceptible individuals in which the vaccine waning time is
arbitrarily distributed [13]. In Section 4, we specialize to two particular
waning functions, concentrating on the step function case that leads
to a system of delay integro-differential equations. Numerics on this
system are reported in Section 5 (with program listings in Appendix 1).
Some numerical warnings are given in Section 6, and we conclude with
an annotated listing of available delay differential equations numerical
packages (Appendix 2).

2. Origin of time delays in epidemic models

Various biological reasons lead to the introduction of time delays in
models of disease transmission. Here we concentrate on one of the pos-
sible origins: the fact that sojourn times in certain states can have a
general form, for example, can be approximately constant, as opposed
to having an exponential distribution. A formal derivation of this uses
probability theory and, in particular, survival analysis. A brief summary
of these notions is given in Section 2.1. Then, survival analysis is tied
to dynamical models of disease transmission in Section 2.2; see [225] for
a more general and more detailed presentation.

2.1 Sojourn times and survival functions

Consider a system that can be in either one of two states A and B.
Suppose that at time ¢ = 0, the system is in state A. Suppose that
when an event £ takes place, the system switches to state B, and call X
the (positive) random variable “time spent in state A before switching
to state B”. The cumulative distribution function (c.d.f.) F(¢) then
characterizes the distribution of X, with F'(t) = Pr{X < t}, and so does

the probability distribution function f(¢), where F(t) = fg f(x)dx.
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Another characterization of the distribution of the random variable
X is the survival (or sojourn) function. The survival function of state
A is given by

Sit)=1—-F(t) =Pr{X >t} (2.1)
This function gives a description of the sojourn time of a system in a
particular state. Note that S must be a nonincreasing function (since
S =1—F with F' a c.d.f., thus a nondecreasing function), and S(0) =
(since X is a positive random variable).
The average sojourn time T in state A is given by

T = /OOO tf(t)dt

Assuming that limy_.o tS(t) = 0 (which is verified for most probability
distributions),
T = / S(t

Suppose that the random variable X has exponential distribution f(t) =
Be=% for t > 0, with # > 0. Then the survival function for state A is of
the form S(t) = e~%, for t > 0, and the average sojourn time in state A

is
o
T :/ e Otdt =
0

If on the other hand, for some constant w > 0,

1, 0<t<w
S(t):{ 0, w<t

SV

which means that X has a Dirac delta distribution d,,(t), then the aver-
age sojourn time is a constant, namely

T—/ dt = w
0

These two distributions can be regarded as extremes.

2.2 Sojourn times in an SIS disease transmission
model

Consider a particular disease, and suppose that a population of in-
dividuals can be identified with respect to their epidemiological status:
susceptible to the disease, infected by the disease, recovered from the
disease, etc. To illustrate, consider a disease that confers no immunity.
This is modeled by a very simple SIS model. Individuals are thus either
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susceptible to the disease, with the number of such individuals at time
t denoted by S(t), or infected by the disease (and are also infective in
the sense that they propagate the disease), with the number of such in-
dividuals at time t denoted by I(t). Suppose for simplicity that there is
neither birth nor death. Hence N = N(¢t) = S(¢t)+ I(t) is the (constant)
total population. Infection is assumed to take place following a standard
incidence pattern (see [181] for a discussion of transmission terms): the
number of new infectives resulting from random contacts between sus-
ceptible and infective individuals per unit time is given by 8S1/N. Here
0 is the transmission coefficient, it gives the probability of transmission
of the disease in case of a contact, times the number of such contacts
made by an infective per unit time.

Traditional epidemiological models assume that recovery from disease
occurs with a rate constant . However, as in [112], the assumption is
made here that, of the individuals who have become infective at time
to, a fraction P(t — tp) remain infective at time ¢ > ¢y. Thus, considered
for t > 0, the function P(t) is a survival function. As such, it satisfies
the properties given in Section 2.1, and in particular, P(0) = 1. The
transfer diagram for the system then has the form shown in Figure 13.1.

$ S
. > BSIN >

— S I

P(®

Figure 13.1. The transfer diagram for the SIS model.

Since N is constant, it follows that S(t) = N — I(¢) and the model
reduces to the following integral equation for the number of infective
individuals

I(t) = Io(t /5 )I(U)P(t—u)du (2.2)

Here Iy(t) is the number of individuals who were infective at time ¢t = 0
and who still are at time ¢. It suffices to assume that Iy(¢) is nonnegative,
nonincreasing, and such that lim; o Io(f) = 0. The term P(t—wu) in the
integral is the proportion of individuals who became infective at time
u and who still are at time ¢. Multiplying this with the contact term
B(N —1(u))I(u)/N and summing over [0, t] gives the number of infective
individuals at time ¢.

The two extreme cases for P(t) considered in Section 2.1 illustrate
various possibilities. First, suppose that P(t) is such that the sojourn
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time in the infective state has an exponential distribution with mean
1/, i.e., P(t) = e~ Then (2.2) is

o [ L) i,

Taking the time derivative of I(t) yields

Il(t) _ / ﬁ N I](\;J: ( )e_v(t_U)du—i—/B(]V_I]\(ft))I(t)
= Io(t )+BN))I(t) v (Io(t) — 1(t))

In this case Io(t) = Ip(0)e ™, giving

r(ty = gD
which is the classical logistic type ordinary differential equation (ODE)
for I in an SIS model without vital dynamics (see, e.g., [34, p. 289)]).

The basic reproduction number, denoted by Rg, which is a key concept
in mathematical epidemiology, is now introduced. It is defined (see,
e.g., [12, 58]) as the expected number of secondary cases produced, in
a completely susceptible population, by the introduction of a typical
infective individual. For this ODE model, Ry = (/7. In terms of
stability, the disease free equilibrium (DFE) with I = 0 is stable for
Ry < 1 and unstable for Ry > 1. At the threshold Rg = 1, there is a
forward bifurcation with a stable endemic equilibrium (with I > 0) for
Ro > 1. Thus the value of Rg determines whether the disease dies out
or tends to an endemic value.

The second case corresponds to P(t) being a step function:

[ 1ifte0,u]
P(t) = { 0 otherwise

i.e., the sojourn time in the infective state is a constant w > 0. In this
case (2.2) becomes

N = Iw)I(w)

t—w

which when differentiated, gives for t > w

(N —IO)IE)
N

I'(t) = Io(t) + 8
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Since Iy(t) vanishes for ¢ > w, this gives the delay differential equation
(DDE)

(N—-I(t —w))I(t —w)
N

cf. [34, Section 7.6] (where the disease transmission is modelled using
mass action). Note that every constant value of I is an equilibrium, thus
the integral form above gives a better description than the DDE. For this
case, Rg = fw again acts as a threshold. For Ry < 1, the DFE is stable;
whereas for Rg > 1, the endemic equilibrium is locally asymptotically
stable [34, Section 7.6].

More realistically, the survival function for the infective state is be-
tween an exponential and a step function (see, e.g., [12, 225]), thus the
two cases considered above can be regarded as extremes.

I'(t)y=p

3. A model that includes a vaccinated state

We now use the ideas of the previous section in a different setting.
Consider a disease for which there exists a vaccine. Suppose that, al-
though there exists a vaccine, we can assume that developing the disease
confers no immunity. For example, at a given time, there are several
strains of influenza circulating in a given population. Vaccination usu-
ally focuses on particular strains, which are expected to be the dominant
ones in a particular year. Vaccination gives partial protection from other
strains as does contracting the disease. However, this protection is only
partial, and some individuals can contract the disease several times.
Thus if considered as one single disease, influenza can fit the above de-
scription. The assumptions also apply to models in which individuals
can be in two groups depending on their transmission coefficients with
respect to a given disease. They can move between these groups as
education campaigns or policies influence their behavior.

Our model, which is similar to that in [13], has the transfer diagram
shown in Figure 13.2. The number of individuals in the susceptible,
infective and vaccinated states are given by S(t), I(t), V(t), respectively.
As noted above, V(t) may alternatively correspond to an educated state,
but we refer to it as vaccinated. Individuals move from one state to the
other as their status with respect to the disease evolves. New individuals
are born into the susceptible state with a birth rate constant d > 0, and
all individuals, whatever their status, are subject to death with the same
natural death rate constant d. It is assumed that the disease does not
cause death, thus the total population N = S(t)+1(t)+V (¢) is constant,
allowing for the simplification that the number of individuals in the S
state is given by S(t) = N — I(t) — V(t). Susceptible individuals are
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vaccinated with rate constant ¢, and enter the V state. Note that the
model in [13] further assumes that a fraction of newborns are vaccinated.

¢ >

S
oS
P(t)

Figure 13.2. The transfer diagram for the SIV model.

BSIN

|
%I/N

\O',:

dN

1

v

As in Section 2.2, disease transmission is assumed to be of standard in-
cidence type, thus susceptibles enter the infective state at a rate SI/N,
where 8 > 0 is the transmission coefficient. In addition, it is assumed
that successfully vaccinated individuals may only be partially protected
from infection (i.e., the vaccine is leaky). Vaccinated individuals can
contract the disease, but vaccination reduces transmission by a factor
o € [0,1). Thus the number of new infectives produced by random con-
tacts between [ infectives and V vaccinated individuals per unit time
is 08SI/N, and vaccinated individuals enter the infective state at this
rate.

Many vaccines wane with time, and so vaccinated individuals return
to the susceptible state. In [130], this waning is assumed to be expo-
nential but here we assume a more general waning function P(t). We
suppose that, at a given time ¢, there is a fraction P(t) of the vaccinated
individuals who are still under protection of the vaccine ¢ units after
being vaccinated. Since the waning function P(t) is a survival function
it is assumed to be nonnegative and nonincreasing with P(0) = 1, and
moreover fooo P(u)du is positive and finite. Finally, it is assumed that
the infective individuals can be cured, so that members of the I state
return to the susceptible state, with rate constant v > 0 (the recovery
rate).

Since the total population remains constant, it is more convenient to
use proportions (rather than number of individuals) in each state. Here-
after, we use I(t) and V(¢) to denote the proportion of infective and
vaccinated individuals, respectively, with S(¢t) = 1 — I(t) — V(¢), the
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proportion of susceptibles. Let the initial susceptible and infective pro-
portions be S(0) > 0,1(0) > 0 and let Vj(¢) be the proportion of individ-
uals who are initially in the vaccinated state and for whom the vaccine
is still effective at time . With the above assumptions, the following
integro-differential system describes the model depicted in Figure 13.2.

dI(t)
Sdt

t t
V() = Vo(t)+/ S () P(t — u)e~ W= e=oB [ 1(@)dz g3 11))
0

= BA—-I@) = A =o)V(E)I(t) = (d+7)I(t) (3.1a)

The integral in (3.1b) sums the proportion of those who were vaccinated
at time uw and remain in the V state at time ¢. Specifically, ¢S (u) is
the proportion of vaccinated susceptibles, P(t — u) is the fraction of the
proportion vaccinated still protected by the vaccine £ —wu time units after
going in (i.e., not returned to 5), e~4(t=u) ig the fraction of the propor-

tion vaccinated not dead due to natural causes, and e~ % Ju (@) ig the
fraction of the proportion vaccinated not infective (i.e., not progressed
to the I state). An expression for V{(t) can be obtained by formulating
the model with vaccination state-age (see, e.g., [13, 112]) as

(Yol e [ P(t+u)
Wl(t)=e /0 U(O,u)ip(u) du (3.2)

where v(0,u) > 0 is the density at ¢t = 0 of the proportion of individu-
als in vaccination state-age u; thus V(0 fo v(0,u)du. The above
integral converges, and thus Vj(t) is nonnegatlve nonincreasing and
limy— Vo(t) = 0.

Define the subset D of the nonnegative orthant by

D={(S1,V);S>0,I>0,V>0S+I1+V=1}

It is easy to show (see [13]) that the set D is positively invariant under
the flow of (3.1) with 7(0) > 0,S(0) >0
Differentiating (3.1b) gives

SV(t) = V(1) + 6S(0) — (d+ oBII)(V(D) ~Vo(1) + Q1) (33)
where

t t
= / S (u)dy(P(t — u))e~ g8 S 1@z g,
0

With the assumed initial conditions in D, the system defined by (3.1a)
and (3.1b) is equivalent to the system defined by (3.1a) and (3.3). This
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latter system is of standard form, therefore results of Hale and Verdluyn
Lunel [105, p. 43] ensure the local existence, uniqueness and continua-
tion of solutions of model (3.1).

Equation (3.1a) has I = 0 as an equilibrium and using / = 0 in
equation (3.1b) as t — oo gives the disease free equilibrium (DFE) as
Iprg =0,

1 P
Sprg = ———=, Vpre = _
DFFE 1—|—<;5P DFFE 1—|—¢P

Here "

P=lim [ Pw)e ®dv
t—o0 0
which is the average length of time that an individual remains vaccinated
(before losing vaccination protection or dying).
The basic reproduction number with vaccination is defined in terms
of P as ~
ocpP +1
6P 11
in which Rg = % is the basic reproduction number with natural death
but no vaccination. The number R, is the important quantity in this
model that includes vaccination; Ryqc is equal to the product of the mean
infective period 1/(d + 7) and the sum of the contact rate constant in
each of the susceptible and vaccinated states multiplied respectively by
the proportion in that state at the DFE, namely 8Sprg + c6VprE.
Note that Ry < Ro, and in the case of no vaccination, that is ¢ = 0,
Rvac = 7?10-
If Ry < 1, then the only equilibrium of (3.1a) is Ippp = 0, thus the
DFE is the only equilibrium of system (3.1) when Ry < 1. In this case,
(3.1a) gives

Roae = R (3.4)

dI
I <(d+y)(S+oV)-1)1
which implies that dI/dt < 0, and so I(t) — 0 = Ippg as t — oo, for all
initial conditions I(0) > 0. Thus the disease dies out if Ry < 1.
The importance of R4 can be seen from the following linear stability

result.

Theorem 1 For model (3.1) with a general waning function, if Ryqe <
1, then the DFE is locally asymptotically stable (l.a.s.); if Ryaec > 1, then
it is unstable.

Proof. Linearize (3.1a) and (3.1b) about the DFE, taking ¢ — oo.
Then the eigenvalues z of the linearized system at the DFE are given by

z = ﬂ(SDFE + O'VDFE) - (d + 7) = (d + 7)(Rvac - 1) (35&)
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and the roots of
o0
1=—¢ / P(v)e@+2v gy (3.5b)
0

Let z = x + iy be a root of equation (3.5b). Then by the proof of
Lemma 2 in [230], if x > 0, then y = 0. But since ¢ > 0, equation
(3.5b) has no nonnegative real root, thus all of its roots have negative
real parts. Hence, from (3.5a), the DFE is l.a.s if R4 < 1, and unstable
if Ryge >1. m

4. Reduction of the system by using specific
P(t) functions

Here we show two examples of models resulting from the choice of
specific vaccine waning functions P(t) as the two extreme cases in Sec-
tion 2.2. The first example (Section 4.1) is obtained when the distri-
bution of waning times is exponential, and leads to the ODE system
studied in [130]. As discussed in [130], for some parameter values, there
is a backward bifurcation, a rather uncommon phenomenon in epidemio-
logical models. This backward bifurcation is also present when the sys-
tem consists of delay integro-differential equations, such as is the case in
Section 4.2 when the waning function is assumed to be a step function
corresponding to a constant sojourn time in the vaccinated state.

4.1 Case reducing to an ODE system

Assuming that the vaccine waning rate is a constant 6 > 0, i.e., P(t) =
e~ %, then Vp(t) = Vo(0)e (@H0)te~ Jo oBI@)dw fropm (3.2), equations (3.1a)
and (3.3) give the ODE system

% — B —T—(1 =)WV —(d+)I (4.1a)
%‘: = $(1-T-V)—oBIV — (d+6)V (4.1b)

which is the model studied in [130]. The DFE with Iprg =0,

0+d &

R AN

always exists, and from (3.4) the basic reproduction number is

d+0+o0¢

Rvac =R
Yd+0+¢
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Assume that R > 1, then endemic equilibria (I > 0) can be obtained
analytically from a quadratic equation, and for ¢ > 0 (i.e., a leaky
vaccine) it is possible to have a backward bifurcation leading to two
endemic equilibria for some parameter values. This occurs for a range
of Ryae, namely R, < Ryae < 1 where R, is the value of R4 at the
saddle node bifurcation point where the two endemic equilibria coincide;
see [130] for details.

4.2 Case reducing to a delay integro-differential
system

Assume that the vaccine waning period is constant and equal to w > 0,
that is the function P(t) takes the form of a step function on a finite

interval: . 0,]
lifte |0,w
P(t) = { 0 otherwise
Since S = 1—1 -V, and Vy(t) = 0 for ¢t > w, the integral equation
(3.1b) becomes, for t > w
t
V(t) = d(1 — I(u) — V(u))eUt-we=0B [, I@)dz gy, (4.2)

t—w

Differentiating this last expression (see equation (3.3)), the model can
be written as the two dimensional integro-differential equation system
for t > w

dI(t)

= BA—I®)=A=a)VE)()—(d+7I(#) (4.3a)
d‘c/lit) = ¢(1_I(t)_v(t)>_¢(1_I(t_w)_V(t—w))e*dwe*Uﬂff_w I(2)da

—oBIV — dV (4.3b)

Hereafter, we shift time by w so that these equations hold for ¢ > 0. By
introducing a third state variable

X(t) = /t I(2)da (4.4)

—Ww

which gives d)flt(t) = I(t) — I(t — w), the system can be regarded as a

three dimensional DDE system.
For a constant waning period, the basic reproduction number from

(3.4) is

d+ op(l —e ™)

Rvac = RD d+ ¢(1 _ efdw)

(4.5)
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The DFE is IDFE = 0,

d v d—e®)
d+ ¢p(1 —e—dw) "PIET 4161 — e—dw)

SDFE = (4.6)

Note that the delay w enters into these equilibrium values. If Ry < 1,
then the system tends to the DFE and the disease dies out (see Sec-
tion 3). For Ry > 1, from nullclines, there exists one (or more) (EEP)
iff there exists I* € (0, 1] such that

1—1/Ro—T* o1 —I*)(1 — e dobol") wn
l-o (1 — e~ dw—oBul*y 4 g 4 o3I* '

5. Numerical considerations

We give some insights into numerical aspects by considering the de-
lay integro-differential model (4.3). First, in Section 5.1 we set up the
algorithm that is used to study the occurence of forward and backward
bifurcations at Ryqc = 1. We use this algorithm in Section 5.2, and in-
vestigate the dynamical behavior of system (4.3) by running numerical
integrations.

5.1 Visualising and locating the bifurcation

An EEP exists iff there exists an I* € (0, 1] such that (4.7) holds. So
we study the zeros of

_1- LRo—1 (1 -1I)(1~ e—dw—aful)

H(I) Ty ¢(1_e—dw—aﬁw1)+d—|—aﬁf

Note that H(0) = {f»257- and H(1) < 0.

Let A= {f,d,v, ¢,w,c} be the set of parameters of the model. When
needed, we denote H(I,a) and Rys(a), with a € A a parameter, to
indicate that the bifurcation is considered as a function of this parameter
a; e.g., Ryac(f) indicates that 3 is the bifurcation parameter that varies.

For a totally effective vaccine (o = 0), a unique I* € (0, 1] such that
H(I*) = 0 can be found explicitly for Ryqc > 1, and the bifurcation
is forward with R,e. behaving as a (local) threshold [13]. For a leaky
vaccine, o € (0,1), the zeros of H(I) for I € (0,1] cannot be found
analytically. We proceed to obtain numerical estimates by using the
following algorithm.

Choose a parameter a € A.
Fix the value of all other elements of A.
Choose amin, Gmaer and Aa for a.
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for air = amin t0 ez do
Compute I* such that H(I*,ax) = 0, using MATLAB’s fzero func-
tion.
Compute Ryqc(a) for this value ag.
ap = a + Aa.

end for
Results of the use of this procedure give zero, one or two values of
I*. Thus two bifurcation scenarios are possible, as summarized in Fig-
ure 13.3. Example bifurcation diagrams are plotted in Figures 13.4(a)
and 13.5.

In order to be able to characterize the nature of the bifurcation, we
then need to define R, as in Section 4.1. To obtain a numerical estimate
of R., we use the same procedure as for the visualization of the bifurca-
tion: we find the value I* such that H(I*,a) =0 and dH ([*,a)/dI =0,
for a given parameter a € A with all other elements of A fixed.

Forward bifurcation
0 EEP 1 EEP

Backward bifurcation
0 EEP 2 EEP 1 EEP

t t
R 1

c

Figure 13.3. Possible bifurcation scenarios.

Suppose that Ro > 1 (otherwise there is no EEP, as was remarked
in Section 3). When Ry < R, there is no EEP as H(0) < 0 and
numerical simulations indicate that H < 0 on (0,1); when Ryq > 1,
H(0) > 0 so there is an odd number of EEP (numerical simulations
indicate this number is 1). When R, = 1, we are then in the case of a
forward bifurcation, as illustrated in the first part of Figure 13.3 and in
Figure 13.4(c). The backward bifurcation arises when R, < 1. In this
case, when R, < Ryqc < 1, H(0) < 0 so there is an even number of zeros
of H in (0,1]. Numerical simulations indicate that the number of EEP
is 2. The system then undergoes the transitions shown in the second
part of Figure 13.3.

5.2 Numerical bifurcation analysis and
integration

We use the following parameter values. We suppose a 3 weeks disease
duration (v = 1/21), taking the time unit as one day. The average
lifetime is assumed to be 75 years (d = 1/(75 x 365)), and the average
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number of adequate contacts per day is estimated as 8 = 0.4. The
vaccine is assumed to be 10% leaky (¢ = 0.1), and susceptibles are
vaccinated at the rate ¢ = 0.1. Finally, we assume that the vaccine
stops being effective after 5 years, i.e., w = 1825.

These parameters give Ry = 8.3936 and Ryqec(5) = 0.8819 from (4.5),
which is in the range of the backward bifurcation since (using the above
method) R.(0) is estimated as 0.78. The bifurcation diagram is depicted
in Figure 13.4(a). Note that in the vicinity of R., it is very difficult for
MATLAB’s fzero function to find solutions (since it detects sign changes
and Ryqc = R. corresponds to tangency); hence the non-closed curve.
Numerical simulations of the DDE model indicate that there are no
additional bifurcations; solutions either go to the DFE or to the (larger)
EEP, as depicted in Figure 13.4(b), which shows some solutions for I(t)
with the above parameter values. These same parameter values, except
that o = 0.3, give Ryac(3) = 2.55, and there is a forward bifurcation
(see Figure 13.4(c)) with solutions going to the endemic equilibrium as
depicted in Figure 13.4(d).

To obtain Figures 13.4(b), 13.4(d), system (4.3) is integrated numeri-
cally. These numerical simulations are run using dde23 [205], an example
code (as well as an example code with XPPAUT) being given in Appen-
dix 1. Initial data is I(t) = ¢, for t € [—w, 0], with ¢ varying from 0 to 1
by steps of 0.02.

Figure 13.5 shows the bifurcation for these parameter values as a func-
tion of w. The situation is clearly different from that of Figure 13.4(a),
since in Figure 13.5 every value of w gives at least one endemic equi-
librium. Let w,, be the value of w determined by solving Ryqc(w) = 1
with Ryq. given by (4.5). If all other parameters are fixed as given
at the beginning of this section, and for small waning time, 0 < w <
W = 457.032, giving Ryqc(w) > 1, the only stable equilibrium is a large
endemic one. This is of course a highly undesirable state in terms of
epidemic control. Then increasing w (i.e., increasing the waning time)
past wy, allows the DFE to become locally stable, and it is found nu-
merically that solutions starting with 7(0) below the unstable endemic
equilibrium tend to the DFE. Increasing w beyond 1000 days seems inef-
fective in terms of disease control, since there is no increase in the initial
value of infectives that tend to the DFE (see Figure 13.5).

6. A few words of warning

Even more so than with ordinary differential equations, great care
has to be taken when running numerical integrations of delay differential
equations. In [47], Cooke, van den Driessche and Zou study the dynamics
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Figure 13.4. Bifurcation diagram and some solutions of (4.3). (a) and (b): Backward
bifurcation case, parameters as in the text. (c) and (d): Forward bifurcation case,
parameters as in the text except that ¢ = 0.3.

of the following equation for an adult population N (¢) with maturation
delay:
N'(t) = be NNt — T)e™ BT — AN (¢) (6.1)

Here d > 0 is the death rate constant, b > d and a > 0 are parameters
in the birth function, T is a developmental or maturation time and d;
is the death rate constant for each life stage prior to the adult stage.
In particular, they prove [47, Corollary 3.4] that Hopf bifurcation may
occur for (6.1) even for d; = 0. For fixed values of the parameters, as
T increases the equilibrium may switch from being stable to unstable,
giving rise to periodic solutions. For d; > 0, it is possible for stability
of the equilibrium to be regained as T increases further. They then
proceed to illustrate the stability switches by numerical simulations of
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Figure 18.5. Value of I" as a function of w by solving H(I,w) = 0, parameters as in
text.

(6.1) using XPPAUT. For d; > 0, equation (6.1) has a delay dependent
parameter. The introduction of delay dependent parameters can lead to
dramatic differences in dynamics, see [27].

Using the demography of (6.1), the authors of [47] formulate the fol-
lowing SIS model with maturation delay [47, (4.2)]

I'(t)= BN — 1) xg — (d+ e+ NID) (6.2
N'(#t) = be ®CTIN({t —T)e=hT — dN(t) — el(t) '
where S(t) = N(t) — I(t), € > 0 is the disease induced death rate con-
stant, v > 0 is the recovery rate constant, and standard incidence 3S1/N
is assumed. They perform numerical simulations of (6.2), and, in par-
ticular, obtain periodic solutions for parameter values a = d = dy = 1,
b=280,v=0.5T=0.2,e=10 and g = 20.

But... When documenting their delay differential equation numerical
integrator dde23 [205], Shampine and Thompson tested their algorithm
on a large number of delay systems, among which were equation (6.1)
and system (6.2). With parameters as in the paragraph above, they
obtain a figure similar to Figure 13.6, which shows damped oscillations
to an endemic steady state.

So, what is wrong? For delay differential equations, XPP (the nu-
merical integrator part of XPPAUT) uses a fixed step-size numerical
integrator, whereas dde23 uses a variable step-size. With the particular
values of the parameters chosen for § = 20, the fixed step-size is too
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Figure 13.6.  Plot of the solution of (6.2), with parameters as in the text, using dde23.

large (its default value is 0.05). In a case in which variables I and N
undergo a very quick initial drop, this is overlooked by the first integra-
tion step of XPP, and the solver ends caught in the solution curve of a
nearby periodic solution. Setting the step size in XPP to 0.005, as in
the Erratum of [47], is sufficient to obtain a correct solution as shown in
Figure 13.6.
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Appendix

1. Program listings

The following gives examples of code used with MATLAB and XPPAUT to run
numerical integrations of system (4.3). In both cases, constant initial data has been
used, though both do allow for initial data of functional or of numerical type. In the
case of constant initial data, both programs have the same behavior: they extend the
given initial point to the interval [—w,0]. Note that we make use of the third “fake”
state variable X (¢) introduced in (4.4), and of its time derivative, in order to take
care of the integral term in (4.3b).
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1.1 MatLab code

The following is called vaccddeRHS.m. It defines the vector field of (4.3). This is
done in a very similar manner to the definition of the vector field that would be used
in a MatLab program with an ordinary differential equation solver. The one important
difference is in the variable Z. dde23 can handle many discrete delays. The variable
Z, which is passed as an argument to the function, contains the state of the system
at the different delays. Here, we have only one delay. But suppose we had two delays
w1 and waz. Then each column of Z would contain the state variables corresponding
to one of the delays:

[k &)

Vi, Vi

function v = vaccddeRHS(t,y,Z,params)

beta=params (1);

d=params (2);

g=params (3); %MatLab hates gamma’s other than gamma functions.
phi=params (4);
omega=params (5);
sigma=params (6);
ylag = Z(:,1);

v = zeros (3,1);
V(1) = betax(I—y(1)—(1—sigma)sy (2))#y(1) — (d+g)xy (1);
v(2) = phix(l-y(1)-y(2))...

—phix(1—ylag(1l)—ylag(2))*exp(—d*omega)*exp(—sigmaxbetaxy (3))...

—sigmaxbetaxy (1)*y(2)—dx*y (2);
v(3) = y(1) — ylag(1);

This function is then used by the main calling routine, which follows. This partic-
ular procedure will run a certain number of integrations of system (4.3). The initial
condition for V(0) (lines 16 and 17) is obtained from (4.2) by setting ¢t = 0, that of
X (0) follows from (4.4).

path(path, ’ /home/jarino /programs/matlab/dde23/ddeall ’)
beta=0.4;

d=3.65297E—-05;

¢=0.047619048;

phi=0.1;

omega=1825;

sigma=0.1;

ylim ([0 ,1]);

hold on;

for 10=0:0.02:1, %Loop on initial conditions
% The delay must be added to the parameter vector simnce it
% is used in the vector field.
params=|beta, d, g, phi, omega, sigmal];
% Initial conditions: I0 is given, VO and X0 are computed.
VO=(phi*(1—10)*(1 —exp(—omega*(d+betaxsigma*xI10))))...

/(d+betaxsigma*I0+phix(l—exp(—omegax(d+betaxsigmax10))));

X0=I0xomega; % Initial condition on X is easy to compute.
IC=[10,V0,X0]; % Exztended to [—omega,0] if only given at 0.
tspan=[0,800]; % Set integration time range.
% Call the numerical routine.
sol = dde23(’vaccddeRHS’ ,omega,IC,tspan,[] , params);
plot (sol.t,sol.y(1,:)); %Plot I(t) versus t
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end;
xlabel(’t’); ylabel(’I’, Rotation’ ,0);

1.2 XPPAUT code

The following code allows the integration of system (4.3) with XPPAUT. Note that
the initial conditions for V and X have to be computed explicitly from equations (4.2)
and (4.4), since XPP does not allow inclusion of unevaluated formula in the code.

# Constants

p beta=0.4, d=3.65E—-05, g=0.04762, phi=0.1, omega=1825, sigma=0.1;

# The system

dI/dt = betax(1—-I-V4sigmaxV)xI — (d+g)*1

dV/dt = phi*(1—-1-V)—phix(1—delay (I,omega)—delay (V,omega))\
*exp(—d*xomega)*exp(—sigmaxbetaxX)—(sigmaxbetaxI*«V)—d*V

dX/dt = I—-delay (I,omega)

# Initial conditions

1(0)=0.1
V(0)=0.8650595334
X(0)=182.5

# set maxdelay
@ delay=2000
@ ylow=0

@ bell=0

@ bound=500

@ XP=I,YP=V

@ XHI=1,YHI=1
# done

d

2. Delay differential equations packages

Several packages and even software are available for the numerical integration
and/or the study of bifurcations in delay differential equations. Here is a short list,
elaborated from the list given by Koen Engelborghs®.

2.1 Numerical integration

The following are numerical solvers for DDE’s.
Archi (C.A.H. Paul) (Fortran 77) simulates a large class of functional differential
equations. In particular, Archi can be used to estimate unknown scalar parameters
in delay and neutral differential equations.

dde23 (L. Shampine, S. Thompson) (MATLAB) is a MATLAB package that integrates
delay differential equations. It is integrated in the latest versions of MATLAB (starting
with Release 13).

DDVERK (H. Hiroshi, W. Enright) (Fortran 77) simulates retarded and neutral
differential equations with several fixed discrete delays.

DifEqu (G. Makay) (DOS, Windows) simulates differential equations with discrete
possibly varying delays.

*http://www.cs.kuleuven.ac.be/ koen/delay
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DKLAGS®6 (S. Thompson) (Fortran 77, Fortran 90, C) simulates retarded differential
equations with several fixed discrete delays.

Dynamics Solver (J. M. Aguirregabiria) simulates differential equations with dis-
crete possibly varying delays.

RETARD (E. Hairer, G. Wanner) simulates retarded differential equations with
several fixed discrete delays.

RADARS5 (N. Guglielmi, E. Hairer) (Fortran 90) simulates retarded differential-
algebraic equations, including neutral problems with vanishing or small delays.

XPPAUT (G.B. Ermentrout) (Unix, Windows) simulates differential equations with
several fixed discrete delays. XPPAUT is a standalone software.

2.2 Bifurcation analysis

The following software packages provide some means to carry out numerical bifur-
cation analysis of delay differential equations.
BIFDD (B.D. Hassard) (Fortran 77) normal form analysis of Hopf bifurcations of
differential equations with several fixed discrete delays.
DDE-BIFTOOL (K. Engelborghs) (MATLAB) allows computation and stability
analysis of steady state solutions, their fold and Hopf bifurcations and periodic solu-
tions of differential equations with several fixed discrete delays.
XPPAUT (G.B. Ermentrout) (Unix, Windows) allows limited stability analysis of
steady state solutions of differential equations with several fixed discrete delays.
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