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Introduction

Growth processes play a fundamental role in economics, ecology, engineering, chemistry,
and many other important fields of science and technology. Therefore, these processes
have been the subject of numerous investigations and this thesis is devoted to yield a first
insight into the global dynamics of a special class of this kind of processes, namely, scalar
growth processes governed by delayed nonlinear negative feedback.

Prologue

Mathematically valuable growth models date back at least to Th. R. MALTHUS’ ” Essay on
the Principles of Population” in 1798 where an instantaneous constant growth rate r > 0
(for a single population) was assumed. This naive approach provides the simplest model
for scalar growth processes, and the dynamics of the population density x is described by
the ordinary differential equation

T=rx. (1)
Though mathematically uninteresting and biologically unrealistic, the naive model (1) can
be regarded to be at the "core” of some more realistic growth models proposed later on if
we take the following control-theoretic point of view:

Except for the stationary solution z = 0 every other solution of (1) is unbounded and
exponentially growing (”escaping”). So, in some sense, one may ask for a procedure to
"stabilize” the (exponentially unstable) system (1), i.e. to modify the growth law in such
a way that one obtains more than the trivially bounded zero solution. (Biologically, this
idea corresponds to the fact that resources of food and environment are usually limited
which is neglected in the model (1)).

In other words, we aim to introduce an additional control term u in order to diminish
the growth of x. There seem to be two basic possibilities for doing so. First, one may think
of a multiplicative control which leads to growth models of the form

T=7rr-u,

or, alternatively, a second possible modification might be to add an additive control term
which yields
T=rr+u.
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Surprisingly enough, only the first approach usually occurs in literature (cf., e.g., CUSH-
ING [15], FRAUENTHAL [19], AMANN [3] or WU [71]). The most prominent examples are
the logistic equation

t=rx-(a—bx)
due to P.L. VERHULST (1838) and its "delayed version”
(t) =rz(t) - (a — bx(t — 1)) (2)

introduced by G.E. HUTCHINSON (1948) where a, b and 7 denote positive constants. For a
discussion of the underlying biological assumptions we refer to CUSHING [15, p. 13f.] and
the references therein.

It is noteworthy to mention the properties of the control term u in the above exam-
ples. In both cases v depends on the values of x, either instantaneously as in the classical
equation or it depends on the past values of x (7 time units ago) in the delayed logistic
equation (2): such delays occur as simple realization of maturation times in population
dynamics.

Equations in which the rate of change of z involves the current as well as the past
values of x are called differential delay equations and serve as the simplest models which
take the behaviour of a system in the past into account.

Furthermore, our control u displays a so called negative feedback property with respect
to the non-trivial stationary solution x = ¢: whenever the solution x exceeds this ”critical
value”, u becomes negative such that the rate of change of x is slowed down in order to
prevent the solution from escaping. On the other hand, if the solution has values below
%, the sign of u is positive in order to accelerate solutions towards this value (or, to draw
them back).

Hence, the HUTCHINSON equation (2) provides a model of a self-adjusting (and, there-
fore, autonomous) scalar growth system which is governed by a multiplicative negative
feedback mechanism.

In view of the lack of knowledge about additive control mechanisms it is convenient to
consider an additive control approach in more detail.

As in the multiplicative case we want to use control functions u which incorporate the
influence of the past and a negative feedback property (with respect to the trivial solution
x = 0) since we still intend to stabilize (1). Therefore, u should have the form

u:=g(z(-—7))
with some fixed time delay 7 > 0 and a continuous function g : R — R which has always
the reverse sign than its argument z(- — 7). Consequently, the rate of change of = at time
t is decreased by u whenever z had a value above zero at time £ — 7 , or it is increased
whenever © was below zero at time ¢ — 7. Scaling the time variable with respect to the
delay 7 yields the model
#(t) = —pa(t) + f(x(t — 1)) (1, f)

wherein —p :=r7, f :=7g, and z(7-) is replaced by x again.
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Hence, equation (u, f) serves as a model for a scalar growth process with instantaneous
growth rate —p > 0 which is additively controlled by delayed nonlinear negative feedback
(as proposed in our title).

The choice of i to be a negative real number may seem strange at first sight but
there are two reasons for doing so: first, the wealth of results for the well-known equation
(u, f) with positive p which apply for the general case p # 0 is directly accessible for our
investigations such that elementary results can be taken over without further comments.
Second, our results are directly comparable with the well-studied case p € R* (cf., e.g.,
[12, 33, 39, 63, 65] and the references therein).

Completely analogous models occur in economics where x usually denotes the price
of a single good or an interest rate (cf. MACKEY [38], UNDERWOOD and DAvIS [14],
CHIARELLLA [13], or BELAIR and MACKEY [7] which contains an extensive bibliography),
in electrical engineering and neural networks where z is the current or voltage in a relay
or neuron (cf. MINORSKY [46] or MILTON [45] and WU [72]), or even in the theory of
automatic control of motors and robots (cf. UTKIN [59] and the references in the work of
SHUSTIN and his prominent collaborators [20, 21, 22, 50, 54]).

Among all properties of dynamical systems oscillating behaviour seems to be the most
desirable and interesting one. The reason for this is that most of the applications mentioned
above display periodic changes of the scalar variable z: these refer to biological fluctuations
of the size of a single species, self-sustained oscillations in electricity and mechanics, to
business and growth cycles in stock or commodity markets or even to so called sliding
modes in control theory.

Furthermore, we are to mention at this point that so called slowly oscillating solutions
of (u, f) play an important or — more precisely — dominating role in the global dynamics
of decay delay equations (p, f) where p > 0. Here, a solution of (u, f) is called eventually
slowly oscillating, if there exists a t, € R} such that any two of its zeros in [ty; +00) are
distanced larger than the delay, i.e. whenever

(—¢>1

holds for any two zeros ¢ # (', {(,('} C [to; +00), of a solution z : [—1;4+00) — R of
(i, f). As conjectured by KAPLAN and YORKE [30] and finally proved by MALLET-PARET
and WALTHER [43], the set S of initial data for eventually slowly oscillating solutions
x : [—1;+00) — R is open and dense in the phase space C' := C(|—1;0], R).

Analogously, numerical experiments indicate that the set of initial data for bounded
eventually slowly oscillating solutions of scalar growth systems (1, f) is open and dense in
the set of initial values that yield bounded solutions.

Therefore, in order to gain a first insight into the global dynamics of (u, f) and because
of their practical importance, we will focus on the existence and uniqueness of slowly os-
cillating periodic solutions of (, f) in this treatise. These problems will be the content of
the central chapters, Chapter 3 and 4, of this work.



In answering these questions for scalar growth systems governed by nonlinear delayed
negative feedback we generalize several results well-known from scalar decay processes.

Furthermore, we study a (discontinuous) model equation which reflects the basic com-
ponents (autocatalytic growth and negative feedback) of the growth processes under con-
sideration: for this equation we are able to describe the global dynamics in full detail.

All in all we hope to prepare the ground for a further investigation of this simplest
model for a growth process governed by nonlinear delayed negative feedback.

Before turning to a short description of the contents and organization of the thesis we
should add some comments about related mathematical problems.

Mathematical context

Summarizing the considerations of the preceding section we are interested in scalar differ-
ential delay equations of type

#(t) = —pa(t) + f(x(t — 1)) (1, f)

which serve as a model for scalar autocatalytic growth governed by delayed non-
linear negative feedback if we assume

—pu >0
and f to possess the negative feedback property, i.e.
f(€)-£€<0 foral&eR\{0}. (NF)

Evidently, these equations can be regarded as the simplest examples of an interesting but
not yet intensively investigated class of dynamical systems which are governed by two
competitive mechanisms: a growth mechanism on one hand (induced by —p > 0) and,
contrary to this, a delayed negative feedback mechanism (given by (NF') and the retarded
argument).

One should mention that this situation differs essentially from the corresponding equa-
tions of decay type (—u < 0) with delayed positive feedback (i.e., — f satisfies (NF)): such
equations arise in neural networks and were studied, e.g., by KRiSzTIN, WALTHER and
WU in [33] and by KRISZTIN and WALTHER in [32] (for a mathematical introduction into
the dynamics of neural networks, we refer to the forthcoming book of Wu [72]).

Although these equations have a structure very similar to our problem, they are to
some extent a little easier to handle, since the positive feedback property of the nonlin-
earity guarantees that the generated semiflow is strongly order preserving (cf. SMITH
and THIEME [56, 57]) such that one can apply the whole wealth of results about order
preserving dynamical systems (see, e.g., SMITH [55]).
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On the other hand, the delayed logistic equation (2) is also extensively studied in
literature: we refer to the original paper [28] by HUTCHINSON and to the monographs
[15, 19, 26, 16] (as well as the references therein).

In contrast to our situation HUTCHINSON’s equation (2) permits the explicit deter-
mination of the set of initial values that yield bounded solutions. This turns out to be
the basis for almost all studies of oscillating behaviour of solutions of equation (2) and,
in particular, of existence and uniqueness of periodic orbits. By this reason, most of the
arguments developed there are not available in our situation and had to be replaced by
modified and alternative approaches.

Since we focus on slowly oscillating periodic solutions of (u, f) in the third and fourth
chapter, the corresponding results for decay equations certainly play an important role:
our approach in Chapter 3 is based on the same ideas as the work of WALTHER [67, 68|,
while Chapter 4 is deeply influenced by CAO’s uniqueness result [12].

Throughout the whole work we will refer to the monographs of DIEKMANN, VAN GILS,
VERDUYN LUNEL and WALTHER [16] and of HALE and VERDUYN LUNEL [26] as the
standard sources for basic and well-known results about delay differential equations.

Synopsis

This thesis is organized as follows:

The first chapter contains basic material such as the hypotheses (H1)-(H3) we want
to impose throughout the whole treatise, prototype nonlinearities f, »s satisfying these
assumptions, elementary results on bounded and unbounded as well as slowly oscillating
solutions of (yu, f), and the definition of a discrete LYAPUNOV functional introduced by
MALLET-PARET [39], CAO [11] and ARINO [6]. In the last section of Chapter 1 we consider
the limiting case of equations (u, fo,n) for @ — oo and obtain a growth equation with
discontinuous delayed nonlinear feedback,

#(t) = —p(t) — Msign(z(t — 1)), ()

which reflects only the ”essential” mechanisms: autocatalytic growth and delayed negative
feedback of the scalar variable x.

Therefore, we extensively investigate the global dynamics of equations (s) in the second
chapter for three reasons: First, as already mentioned above, these equations reflect the
essential mechanisms whose mutual interaction we want to understand. Second, such
equations arise in several models of automatic control (see the references in [20, 21, 22, 50,
54]) and, thus, are also of some interest in applications. Third, we want to use the results
on the solutions of (s) to derive results for equations (4, f) for nonlinearities f which are
close to the sign-nonlinearity in some sense made precise in the third chapter.
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After solving the problem of the lack of continuity for the semiflow induced by (s) by
introducing the phase space

Xi={peC : |¢(0)] < oo}

in Section 2.1, we compute the periodic solutions of (s) explicitly in the second section
of Chapter 2. Section 2.3 contains detailed information about the dynamics in the set of
bounded solutions which do not converge to one of the two steady states u;, j € {—, +}.
These results were completed by the fourth section which contains a geometric description
of the stable sets of these steady states.

Following and generalizing the ideas of WALTHER [67] in Chapter 3, we prove the
existence of slowly oscillating periodic solutions of delay equations (u, f) for nonlinearities
f which belong to the class N(3,¢): these continuous functions f are in some sense close
to the discontinuous nonlinearity ¢ := —asign, a € R", and allow the definition of a
POINCARE map Ry on the set

A(B) = {¢ eC Il < =ML () > pvee 10,60 = B} |

Since R turns out to be completely continuous and LIPSCHITZ continuous for a LIPSCHITZ
continuous nonlinearity f, the fixed points of R; define periodic solutions of (y, f) with
segments in A(f) (cf. THEOREM 3.2.2).

In case that Ry is a contraction, we prove in Section 3.3 that the orbit of the slowly
oscillating periodic solution corresponding to the unique fixed point of R; in A(J) is hy-
perbolic, stable and exponentially attractive with asymptotic phase.

Chapter 4 is devoted to prove the uniqueness of the orbit of a slowly oscillating periodic
solution of (u, f) under assumptions (H1), (H2), and an additional convexity assumption
(H4). It provides a generalization of an approach of CA0 [12] for decay delay equations.

The central aspect of the method is a geometric criterion which describes the mutual
position of the (x,4)-projections of orbits of slowly oscillating periodic solutions into the
plane. These R?-orbits turn out to be JORDAN curves which have to be nested in a cer-
tain way (as shown in PROPOSITION 4.3.1). The method of proof we used is based on a
contradiction argument and differs essentially from Cao [12].

Combining the results of Chapter 3 with those of Chapter 4 we obtain existence and
uniqueness of the slowly oscillating periodic solution of (u, f) for a subclass of nonlinear-
ities in N(3,¢). In particular, the prototype nonlinearities (introduced in Chapter 1) are
included within the range of PROPOSITION 4.4.1.

The last chapter addresses several questions motivated by the investigation of the model
equation (s) in Chapter 2. It should be seen as a prospect for further research on the global
dynamics of scalar growth systems governed by nonlinear delayed negative feedback.

Furthermore, each chapter (except for the introductionary and the final chapter) is
supplemented with a section that contains open problems and further references to related
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work. The aim of these sections is to set the results of the chapter in perspective and to
point out directions for future research.
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Hypotheses and elementary results

This preliminary chapter serves as a source for elementary and rather general remarks
concerning different topics revisited in later chapters. After recalling the hypotheses we
want to impose on the range of the real parameter y and some smoothness and boundedness

assumptions on the nonlinearity f, we start with the existence and uniqueness of solutions
of

#(t) = —pa(t) + f(a(t = 1)) . (1.1)

The solutions of this equation constitute a continuous semiflow F}, ; on the phase space
C := C([-1;0],R) of continuous real-valued functions defined on the interval [—1;0], and
we note some elementary properties of this semiflow in the second section. Then we will
consider the linearization along the stationary solutions in the case where f is assumed to
be smooth and strictly monotone. Further elementary properties of the solutions which
are needed in subsequent chapters, such as oscillatory behaviour and boundedness, as well
as some basic facts about non-autonomous equations can also be found in this chapter.

1.1 Hypotheses

For convenience, we state the basic hypotheses which we are going to use throughout the
whole thesis (except for the discussion of the discontinuous nonlinearity f := —asign).

(H1) The real parameter u is a negative real number, i.e. € R™ := (—00;0).

(H2) The nonlinearity f : R — R is a smooth, strictly monotonically decreasing, and
bounded function with f(0) = 0. More precisely:

(H2.1) f is continuously differentiable on R and f(0) =0,



(H2.2) f is strictly monotonically decreasing on R,
(H2.3) f is bounded, i.e. there exists My > 0 such that

F(OI<M; forall{ eR.

(H3) The shape of the graph of f and the real parameter p are related in the following

way':
(H3.1) If pu € (=150), set v, := — 5 where 9, € (0;F) solves ¥, = —ptand,, and
set, o, := —p otherwise. Then we assume

ap 1= —f'(0) € (cuy; +00) \ {— P one N}

cos V. p

where ¥, € (nm;nm + F) solves ¥, = —ptand,, for n € N, and

(H3.2) suppose the existence of a unique negative solution v := £~ € R~ and a unique
positive solution u = £ € R of the equilibrium equation

—pu+ f(u) =0.

Furthermore, we assume that
0< —f'(u) < —p
holds for v € {£7,£T}.

Typical examples of nonlinearities f € C'(R, R) satisfying these assumptions are the two-
parameter families of smooth functions

EXAMPLE 1.1.1 f, 1 : R3¢~ —2L arctan(a) € R

and

EXAMPLE 1.1.2 f, ) : R3¢ +— —Mtanh(af) € R

for appropriately chosen parameters M € R" and o € R, as depicted below:

graph(—p-idgr)

graph(—f)

Mg

_Mf




As a consequence of (H2.1) and (H2.2), f satisfies a negative feedback property with respect
to the trivial equilibrium £° = 0, i.e. we have

E-f(§) <0 forall £ e R\ {0} . (1.2)

The choice of p to be a negative real number may seem strange at first sight but there
are two advantages for doing so: first, the wealth of results for the well-known equation
(1.1) with positive g which apply for the general case p # 0 is directly accessible for our
investigations such that elementary results can be taken over without further comments.
Second, our results are directly comparable with the well-studied case ;1 € R*. For many
considerations we will need only a subset of the hypotheses stated above. This was the
reason for itemizing the properties of f in the second hypothesis (H2). On the other hand,
we will add further assumptions where necessary.

In particular, in some sections we consider only odd nonlinearities but in most cases
this is done only to simplify the formulation and to clarify the investigations. Thus, most
of the results hold for the general case, too. For example, the nonlinearities f = fo »
defined in EXAMPLE 1.1.1 and 1.1.2 above satisfy the additional hypothesis

(H2.4) f is odd, i.e. we have f(—&) = —f(&) for all £ € R.

A solution of (1.1) is either a continuous function z : [to — 1; +00) — R for t; € R which
satisfies the differential delay equation on (ty; +00) for some ¢, € R, or a differentiable
function z : R — R that satisfies (1.1) on R. In the latter case we call x : R — R a global
solution of (1.1).
Note that the hypotheses guarantee the existence of exactly two non-trivial stationary
solutions
Rot— & eR and R>tr— T eRY

beside the trivial zero solution
Rot—¢eR

with €% := 0. The corresponding restrictions
uj: [-1;0] 2t =& eR, je{-,0,+},

are elements of our phase space C' and will be called steady states of (1.1).

The third hypothesis contains information about the linearizations of (1.1) along these
stationary solutions and, thus, on the local behaviour near the steady states. In essence,
it implies that the steady states are hyperbolic as we will recall in Section 1.3. For the
moment it is sufficient to notice that

—f(0) > —p
holds (since the consequence of this is the existence of the non-trivial stationary solutions).
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1.2 The semiflow and some of its properties

The initial value problem

#(t) = —px(t) + fle(t — 1)) ,teRF
{ o(t) — (1) te[-1;0] (1.3)

for given ¢ € C' := C([—1;0],R) has a unique solution z : [—1;4+00) — R in the sense
of Section 1.1: that is a continuous function on [—1;+400) which satisfies the differential
equation on Rt and coincides with ¢ on [—1;0].

This is most easily seen applying the variation-of-constants formula

x(t) = e =Dy (n — 1) + / e =9 f(z(s — 1))ds (1.4)

for t € [n — 1;n] and n € N. This method of constructing a solution = : [-1;00) - R
successively on the intervals [n — 1;n|, n € N, is usually called method of steps (see, e.g.,
DRIVER [17]).

The solutions obtained are denoted by ¥ or sometimes by %% as we will do it in
Chapter 3 when we have to compare solutions of different delay equations. Furthermore,
the variation-of-constants formula (1.4) yields the continuous dependence on the initial
value ¢ € C in the following sense.

REMARK 1.2.1 For anye >0, tg € RS, and ¢ € C there exists a § > 0 such that for all
Y eUs(p):={xeC :|x—¢| <d} we have

|2°(t) — 2V (t)| <&  forallt € [0;t] ,
where C' is endowed with the mazimum norm on [—1;0] defined by

[-][:C2 9 max [p(r)] €Ry .
T€[—1;0]

As usual we introduce the notion of a segment xf € C of a solution z¥ at time t € R}
by
) [-1;0] 2 s—>a¥(t+s) eR.

These phase curves define a continuous semiflow
Fr:Rf xC 2 (t,p)—af el

generated by the delay differential equation (1.1). In the sequel we note some properties of
Fy. The strict monotonicity of f combined with the variation-of-constants formula (1.4)
yields the following remark which is taken from WALTHER [63, REMARK 3.3].
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REMARK 1.2.2 Let f satisfy (H2.2). Then each map Fy(t,-), t € RY, is injective.

The restriction of F} to (1;4+00) x C is of class C*', and for t € (1;400) and ¢ € C we
have
Dy Fy(t, o)1 = (&%), =: @} .

The partial derivatives with respect to the state variable exist on all of RT x C, and the
maps Dy Fy(t, @), (t,¢) € RT x C, are injective (cf. WALTHER [63, REMARK 3.3]), too.
They are given by

DQFf(t7¢)¢:yta

where y : [—1; +00) — R is a solution of the initial value problem
{ g(t) = —py@) + fla?(t -1yt —-1) ,teR"
yo =9 el

It follows that
DyFy(t,xo)xg =@ for allt € Rf

for every global solution x : R — R of (1.1). In particular, we obtain in case of the
stationary solutions z : R > ¢t — & € R, j € {—,0,+}, the linear autonomous equation

y(t) = —py(t) — azy(t — 1) (1.5)

with a; := —f'(&) > 0.

1.3 Linearization along the stationary solutions

For the study of the local behaviour of solutions near the stationary solutions u; we need
information about the linearization along these particular solutions. For further details and
proofs of most of the results stated in this paragraph the interested reader may consult
the monographs [16, Chapter XI] or [26, Chapter 7] or the articles of MALLET-PARET [39]
and WALTHER [63]. Fix j € {—,0,+} and set

aj = —f'(&) .

The linear variational equation along the equilibrium solution u;, j € {—,0,+}, takes the
form (1.5),
y(t) = —py(t) — ogy(t = 1),
and the operators
TJ(t) = D2Ff(t7 uj)7 te R(—)i— )

form a strongly continuous semigroup with Tj(t)p =y where y* : [-1; +00) — R is the
solution of the linear delay equation (1.5) with initial value yo = ¢. Let T (t), t € Ry,

5



denote the operators of the strongly continuous semigroup on C¢ := C'([—1;0], C) which is

defined by the complex-valued solutions of (1.5) on [—1;400). The spectrum o; := o(A4;)

of the generator A; of the C’-semigroup (T](.C(t))teRJr consists of isolated eigenvalues with
0

finite multiplicities, given by the roots of the corresponding characteristic equation
2+ p+oae*=0. (1.6)

For every eigenvalue A € o, the function e € C¢ is an eigenvector, and the associated
generalized eigenprojection

pr;(A) : Cc — Ce, A€oy,

onto the generalized one-dimensional eigenspace G;(\) = C - e* satisfies

Prj(A)‘P = Pfj()‘)@ . (L.7)

A. General remarks on the position of eigenvalues

The results of this subsection hold for the linearization at each of the steady states such
that we state them en bloc before specializing according to our hypotheses (or, equivalently,

according to where we linearize). In either case there exist countably many isolated roots

)\,gj), k € Z, of the characteristic equation (1.6) as we already mentioned above. For

k € Z\ {0}, these roots are complex conjugates,

A =29
each of these is simple, and )\g ) is the only root contained in the strip
Yy ={2€C : 2kr <Im(z) < (2k+ 1)r}
while )\(_]2C is the unique root in the strip
Y p={2€C : 2kr < —Im(z) < 2k + )7} .
For £ = 0 we have two roots counting multiplicity in the strip
Yo:={z€C : |Im(z)| <7}
which could either be real numbers )\(%) and )\gj) (with )\(%) < )\(()j )) or conjugated complex
numbers )\(ij). The real parts of the roots are ordered and tend to —oo for £ — oo, i.e. it is

Re(AY)) > Re(AY),)

for all k € Z\ {0} and klim Re()\,(cj)) = —o0. According to our hypothesis (H3) we have
—00

to distinguish between the linearization along the trivial and the non-trivial stationary
solutions, i.e., between 1+ ag > 0 and p+ o < 0, j € {—, +}, respectively.
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B. Linearization along the zero solution

Hypothesis (H3.1) yields
ag+ >0,

and in this case both roots of (1.6) contained in 3 lie on the same side of the imaginary
axis (cf. MALLET-PARET [39, THEOREM 6.1]). More precisely, we have the following
situations:

(i) For u € (—1;0) and

Qy > Oy 1= — a R
cos v,
where 1, € (0;%) solves ¥, = —ptan,, we have

(0oNXp)N{z€C : Re(z) <0} =0,
i.e. both zeros of (1.6) contained in ¥ lie in the right half plane.
(ii) Let p € (—1;0). If & € (0; i), then
opNEy C{z€C : Re(z) <0},

and if ooy = v, we have
oo N Xy CiR .

(iii) If g € (—o0; —1], then og NR = ) and, furthermore,
(UOHEO)Q{ZEC . Re(Z) SO}:Q,

too.
REMARK 1.3.1 Under the assumption (H3) the trivial steady state ug = 0 is hyperbolic.

The earliest form of the following result goes back to WRIGHT [70] (compare also WALTHER

[63]) and concerns the behaviour of the eigenvalues as the parameter o increases (while p
is fixed).

REMARK 1.3.2 Let us denote by oo(«) the set of solutions of the characteristic equation
(1.6) for a = . Then the function

(—p;+00) > a > |og(a) N {z € C : Re(z) >0} | € 2N,

15 monotonically increasing.



C. Linearization at the non-trivial steady states

According to assumption (H3.2) we have a; +p < 0 such that we obtain that the elements
of 0, N Xy, j € {—,+}, are real and ordered:

)\8{)) <0< )\éj) < —p . (1.8)

In view of A. this readily implies o; N iR = 0 for j € {—, +} such that we obtain

REMARK 1.3.3 The non-trivial steady states u;, j € {—,+}, are hyperbolic.

The fact that )\éj) € R together with the relation (1.7) imply that
C R ] )\(J) — o )\(J) C
E@Z)'—) e pry( 0 ),QZ} pr]( 0 )¢E

from C' onto its one-dimensional real subspace

(j)‘
)C’

defines a projection Prp, := pr;(Ag

P; :=Re (Gj()\(()j))) —R- N cO.
Furthermore, setting
Qj = (ldc - PI'pj) (O)

we obtain the following spectral decomposition of the phase space
C=PdQ;

where (); has codimension 1 and is the generalized real eigenspace corresponding to the
)

eigenvalues in o; \ {)\gj }

The spectral projection onto P; along (); is explicitly given by

0

Prp : O3 ¢ ——m ©(0) + (p+ )\(()j))/e_k‘gj)sgo(s)ds LN e P, (1.9)

L+p+Ag I

whereas the spectral projection onto (); along P; can be obtained from this and the well-
known identity Prg, := id¢ — Prp;. Furthermore, recall

ker Per = P;

for the kernel of the spectral projection onto @);.



1.4 Bounded and unbounded solutions

In contrast to the case gy € R* where all solutions of (1.1) remain bounded on R{ (cf.
WALTHER [63, 65, 66]), the existence of unbounded solutions of (1.1) is evident from the
hypotheses (H1) and (H2.3) as will be shown in LEMMA 1.4.1 below. In conclusion, there
cannot exist a global attractor of solutions on the whole phase space C'. Therefore, one key
problem in the study of the delay equation (1.1) under the given hypotheses is to separate
bounded and unbounded solutions. For convenience, we introduce some new notation.

DEFINITION 1.4.1 We denote by B the set of all ¢ € C for which z¥ is bounded on Ry .

Clearly, B is not empty since the segments of the stationary solutions u;, j € {—,0,+},
are trivially contained in B. Furthermore, C'\ B is the set of all initial values that yield
unbounded solutions. As we will prove in the sequel these unbounded solutions have a
special monotonicity property.

DEFINITION 1.4.2 A solution z : [—1;+00) — R of (1.1) is called ultimately strictly
monotonic if there is a t, € R} such that &(t) # 0 for all ¢ € [t,; +00).

Furthermore, every unbounded solution converges after some finite time monotonically to
infinity, as we state in

LEMMA 1.4.1 Set

pi={pec: pol> -0

(1) Let ¢ € E. Then x¥ is ultimately strictly monotonic.

(2) For any ¢ € C'\ B there exists a t, € Ry such that x] € E.

PROOF: Since part (2) is a trivial consequence of DEFINITION 1.4.2 (choose ty € R such
that |x¥(to)| > —% which is possible for an unbounded solution) it remains to prove only
the first assertion.

Without loss of generality we consider the case p(0) > —% and set 1 := ¢(0) + % > 0.
Because of the boundedness of the nonlinearity (cf. (H2.3)) we have f(p(t —1)) > —M;
for all ¢ € [0;1] and all ¢ € C. Consequently,

#(t) = —p(t) + f(p(t = 1)) = —par(t) — My



for t € [0;1] and 2#(0) = ¢(0) yield

for all ¢ € [0;1] which gives #¥(t) > —pun > 0 on [0; 1] and thus, by the method-of-steps,

on Ry .
0J

DEFINITION 1.4.3 We denote by €T the set of all ¢ € C for which 2% tends monotoni-
cally to +o0,
z?(t) S +oo ast— o0,

and by £~ the set of all ¢ € C for which z?(t) \, —oc0 as t — 0.

For obvious reasons we call the sets £ escape sets. Clearly, the above lemma states that
the escape sets are disjoint and contain all unbounded solutions:

C\B=¢ETUE .

Since the dynamics of the unbounded solutions is rather boring (every unbounded solution
becomes strictly monotonic after some finite time) we now turn to the more interesting set
of initial values of bounded solutions. One of the central questions is, therefore, to find
an appropriate description of the set B since the interesting dynamics of (1.1) will take
place in this part of the phase space. We will return to this problem in Chapter 5 and
— in the special case of a discontinuous nonlinearity — in Chapter 2. A trivial but rather
important observation is that all bounded solutions are uniformly bounded as we conclude
from LEMMA 1.4.1.

LEMMA 1.4.2 For every ¢ € B it is

for all t € R} .

PROOF: Assume to the contrary that there exists ¢, € R with z%(t5) > —% (the case

that 9 (ty) < % can be treated similarly). Then zf € £* and LEMMA 1.4.1 implies
x¥(t) /* +oo in contradiction to ¢ € B.
UJ

In particular, LEMMA 1.4.2 implies that every bounded solution is contained in a ball
of radius — £ around the zero solution up after at least one time step and stays there
forever. This is of importance for numerical simulations and also in the context of periodic
solutions.
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COROLLARY 1.4.1 We have

Fy ([1;400) x B) C {X eC x| < —%} )

Another simple, yet important implication of LEMMA 1.4.2 concerns global bounded so-
lutions of (1.1) and will be needed in Chapter 4.

COROLLARY 1.4.2 Ifz: R — R is a global bounded solution of (1.1) then

Typical global bounded solutions, beside the stationary solutions, are periodic ones. The
existence and uniqueness of (especially slowly oscillating) periodic solutions is one of the
most challenging questions in a first attempt to understand the dynamics of a delay equa-
tion and we will give partial answers to this questions in Chapters 3 and 4. Before we
can do this we have to prepare the ground for a detailed investigation of oscillating (not
necessarily periodic) solutions. This will be done in the next sections.

1.5 Oscillating solutions

A first simple observation concerning oscillatory behaviour of solutions of equation (1.1)
is that all oscillating solutions are necessarily uniformly bounded. This will turn out to be
extremely helpful in the context of proving the uniqueness of slowly oscillating solutions
around the trivial solution.

Once more we have to specify some notation in our situation where we have three equilibria
(instead of a single equilibrium as for 1 € R") such that there exist oscillating solutions
around each of these.

DEFINITION 1.5.1 Let j € {—,0,+}. A solution z : I, — R of (1.1) with I, = R or
I, = [tp — 1; +00) for some t; € R is called oscillating around (the equilibrium) &7,
iff

|27 (&) N [t;+o00)| =00 forallte ], .

Clearly, due to LEMMA 1.4.1 we know that every unbounded solution leaves the ball
{X eC :|x]| < —%} in finite time and is ultimately strictly monotonic. Hence, there

cannot exist any unbounded oscillating solutions around either of the three equilibria &7,
je{-,0,+}.
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REMARK 1.5.1 For every j € {—,0,+} we have

{go cC : |(2°)HE€)N[t;+oo)| = 00 Vt € Ra'} C B,
i.e. all solutions that oscillate around the equilibrium & remain bounded.
This indicates that oscillating solutions may play an as important role for the dynamics in
the set B as they do for the dynamics in the whole phase space when p € RT. In particular,
so called slowly oscillating solutions are fundamental for the dynamics of differential delay

equations (1.1) with u € Rt and we will adopt the notion of slowly oscillating solutions to
our problem now.

DEFINITION 1.5.2 A solution x of (1.1) is called (eventually) slowly oscillating
around ¢° = 0 if there is a t, € RJ such that

C—¢l>1 (1.10)
holds for all zeros ¢ # ¢’ of x in [ty; +00).

In a completely similar manner one can define the notion of slowly oscillating solutions
around & for j € {+, —} by reducing this to the previous definition.

DEFINITION 1.5.3 A solution x of (1.1) is called (eventually) slowly oscillating
around &7, j € {—,+}, if the corresponding solution z := z — u; is slowly oscillating (in
sense of DEFINITION 1.5.2) for the differential delay equation

2(t) = —pz(t) + g(=(t - 1)) , (1.11)
where . '
g:Ro(= f(C+E)— f(§) eR. (1.12)
REMARK 1.5.2 Let j € {—,+}. By definition, g € C' and
g:R3(— f(C+&)eR,

such that g is strictly decreasing if (H2.1) and (H2.2) hold for f. Furthermore, (1.11) has
three stationary solutions, namely

Rot—0eR, Rot— - ecR, and Ro3t—E-—¢eR,

where k € {—, +}\ {j}
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We already mention here for completeness that slowly oscillating solutions around the
non-trivial equilibria &/, j € {—,+}, do not exist. This will be proved in Chapter 5
when we investigate the stable sets of the non-trivial stationary solutions in more detail.
Now, we turn our interest to the slowly oscillating solutions around 0. Therefore, we note
some elementary properties of solutions of (1.1) that evolve essentially from the negative
feedback property (1.2).

LEMMA 1.5.1 Let z be a solution of (1.1) and ty € R™ be given.

(1) If x(to — 1) < 0 and z(ty) > 0 then i(ty) > 0.
(2) If x(to — 1) > 0 and z(ty) < 0 then i(ty) < 0.

A first step in our quest for slowly oscillating solutions around £ = 0 is to exclude bounded
monotone solutions converging to the zero solution wu.

LEMMA 1.5.2 Let i € (=1;0) and —f'(0) = ag > 1 + 5. Then there does not exist a

non-trivial eventually monotonically decreasing solution x : [—1; +00) — [0;&T).

PROOF: Assume to the contrary that we can find a t, € Ry with z([ty; +o0)) C [0;€T)
and £ < 0 on [ty; +00).

1. By assumption, we have
lim z(t) = ¢ €[0;¢€7) .

t—400

Necessarily, & = 0 since otherwise

lim &(t) = —p€ + f(£) <0

t—+o00
would imply z(t) — —oo as t — oo in contradiction to z([—1; +00)) C [0; 7).

2. Since & < 0 by assumption and ltlim z(t) = 0, either z(t) > 0 for all t € [ty; +00) or
—

there exists a t; € [ty; +00) such that z; = 0 for all ¢ € [t;; +00).
We claim that x(t) > 0 for all t > ¢, and argue once more by contradiction: If this
was not the case there would exist

ty :==1inf {t € [ty;+00) : x, =0} ,

such that z; = 0 for all ¢ > ¢; and z;, # 0 (because x is not the trivial solution).
Consequently, due to REMARK 1.2.2 the injectivity of Fy(¢,-), t € Ry, yields

Ff(t,{L'tl) 7£ 0= Ff(t, 0)

for all ¢ € [0; +00) contradicting the definition of ¢;.
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3. We fix

g€ (0a0—1—-25)

and choose 0 = 6, > 0 such that
F(E) < (e—ap)-€ forall €€ [0;0]
Here, op := —f'(0) > 1 > —p due to our assumptions such that (H3.1) is satisfied.

4. Since x(t) N\, 0 as t — oo there exists a s > ¢y + 1 such that z(t) € [0;6] for all
t € [s;+00). Clearly,

z(s+2)—z(s+1)= 7255 = 72[—/M] + 72f(x(- -1)), (1.13)

and we are going to estimate this expression now.

5. Using the monotonicity of = as well as the monotonicity of f we get
fz(t) < f(z(s+1)) foralltels;s+1].
Hence,

#(t) = —p(t) + fx(t = 1)) < —pa(t) + fz(s + 1))
for all ¢ € [s + 1; s+ 2] implies

z(t) < (x(s +1) — M) p—hl=(s+1)) | fla(s +1))

7 u
for all t € [s + 1; s + 2]. Note further that

! _:u >1 forallpeR™ D (-1;0).
As a consequence,
5+2 5+2
[lmma) < [l + 1)+ Flals+ 1)) D = flals + 1)lde =
s+1 s+1 oro
= (s 4+ 1) + f(a(s +1))] / R0 gt F(n(s +1)) =
s+1

—pTH

= [opr(s + 1)+ fla(s + 1))

1—e#

— fla(s +1)) =
- 1> fla(s+1)) <

= —(1—-eMa(s+1)+ (
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1—e#
. —1) (e —ap)x(s+1) =

(e — a0)> z(s+1)— (e —ap)x(s+1),

IN

—(1—eMa(s+1)+ (
— <_(1 — M)+ _:“

which gives an estimate of the first integral in equation (1.13).

. The second integral in (1.13) can be estimated roughly as follows:

s+2 s+1

/ flz(t=1))dt < (e — ap) / z(t)dt < (e — ap)z(s + 1),
s+1 s

taking advantage of the monotonicity of 2 which yields I[nin ]x(t) =x(s+1).
te[s;s+1

. Summarizing steps 4., 5., and 6., we obtain

1—e#

r(s+2)—z(s+1) < <—(1 —e ™M)+

(s—ao)> w(s+1) =
)x(s—i—l),

E—Q
M

= (1—eh) <—1+

and, finally,
E—Q
1

z(s+2) < {(1 —e ) <—1+ >+1} z(s+1). (1.14)

. It is rather elementary to check that for every v € (—o0; —1 — :11) each function
hy:(=1;0) > p— (1 —e™*) (—14—3) +1eR
i

has range h,((—1;0)) C R™: To see this, verify that the auxiliary function

1
=10 pp (1 R
g:[=10) 3 p u( 1_6u>€

is strictly increasing on [—1;0) because the well-known inequality e” < = for all

r € R impliesg’(u)z%ﬁ"l)}”>Of0rallu€[—1;0). Now, use
12 :g(0)<g(u):u(1— ! ) for all 1 € (—1;0)
e—1 1—e# ’
to derive via
y<u<1— L > = 5>1— L <:>—1+Z>—
1 —e# " 1—e# 7 1—e#

— (1—e™*) <—1 + Z) < -1
1
that h, () < 0 for all p € (=1;0) and v € (—o0; —1 — ).

e—1
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9. Since the choice of ¢ in 3. implies v := ¢ — oy € (—ap; —1 — %), we conclude from

e—1
step 8. and (1.14) that
z(s+2)<0

which in fact contradicts z([ty; +00)) C (0;&,).

1.6 A discrete LYAPUNOYV functional

A basic tool in dealing with oscillatory behaviour is a discrete LYAPUNOV functional which
was introduced for solutions in the global attractor A of certain differential delay equations

2(t) = g(=(t), 2(t — 1))

by MALLET-PARET [39] in order to give a MORSE decomposition of A. This concept was
generalized by CAo [12] for all solutions of the non-autonomous differential delay equations

#(t) = g(x(t), z(t — 1), %) (1.15)

which we will follow here and which will be applied in Chapter 4. A slightly modified and
simplified approach is due to ARINO [6] and we will also use some of his results later.

Further examples for the application of discrete LYAPUNOV functionals can be found in
the treatises of MALLET-PARET and SELL (cf. [41],[42]) or in the monograph of KRISZTIN,
WALTHER and WU [33] as well as in the article [32] of KR1SZTIN and WALTHER.

The material in this section will be stated without proofs for two reasons: first, most of it
is taken from CAO [12] or ARINO [6] with only slight modification in the notation, such that
we refer to this well-written articles. Second, we will extend many of the mentioned results
to a discontinuous limiting case in Chapter 2 where one can also get a good impression of
how to prove these results here.

DEFINITION 1.6.1 We define a count function # : C — Ny U {oco} as follows: For

¢ € C we denote by #(¢) € Ny U {oo} the number of zeros of ¢ in [—1;0] (not counting
=0

[a;3]

= 0. Finally,

[v;6]

multiplicities) where we count a subinterval [a; 5] & [—1;0] as a single zero if ¢

C
Z

and if there is no interval [y;d] G [~1;0] such that [a; 5] G [v;6] and ¢

we set #(p) := o0 if p = 0.

DEFINITION 1.6.2 Let

J:C xRy 3 (p,t) = (a%)71(0) N [t; +00) € P(R)
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and set

. + o0 , if J(%t) =0 +
0 CxRy 3 (pt) { inf J(p,t) , otherwise € Ry U{oo}.
Then we call
0 if o(p,t) = 00
: + ; ’
ViCOxRy 3 ()= { #(xf(w)) , otherwise } € No U {oo}

a discrete LYAPUNOV functional for (1.15).

Let us fix j € {—,0,+} throughout the remainder of this section. A first consequence of
the definitions above is the following remark (which is obvious in view of REMARK 1.2.2).

REMARK 1.6.1 Let x be a solution of (1.1). If a7 # u; for some t. € R", then x} # u,
for allt € Ry .

That V behaves indeed like a LYAPUNOV functional is the main result of the first section of
CAO’s paper [12, THEOREM 1.5] (see also ARINO [6, PROPOSITION 4]) which we restate
as

THEOREM 1.6.1 Let g : R2 x Rf — R be in C' with g(0,0,t) = 0 for all t € Ry and
suppose the existence of a m > 0 such that g satisfies g(0,y,t) # 0 for all t € R" and all
y € [=m;m]\ {0}.
Let ¢ € C be given such that x¥ is the solution of (1.15) with initial value xj = ¢ and
|z7]| < m for all t € RY. Then the discrete LYAPUNOV functional V' is non-increasing in
t, i.e.

Vg, t) <V(p,ty) forallt € [ty; +00) .

By assumptions (H1)—-(H3), we have
—u- 0+ fly+&) = f(&)=fly+&) - f(&) =0
if and only if y = 0, such that the following remark will prove the applicability of CAO’s
results for the delay equations (1.1).
REMARK 1.6.2 Fach function
g R X R" > (2,y,8) = —pa+ fly+&) - f(€) €R

fulfills the assumptions in of THEOREM 1.6.1. Thus, (1.15) with g := g, defines a discrete
LYAPUNOV functional V; and a count function #; according to DEFINITION 1.6.2 and
DEFINITION 1.6.1, respectively.
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Notice that #;,(¢) counts the number of zeros of z := ¢ — u; in [—1;0], or, equivalently,
the number of pre-images of the value & of ¢ in [—1;0] (counting again a subinterval

as a single pre-image of &/ according to DEFINITION

[a; B] S [—1; 0] where go‘[ [ =
a;f3
1.6.1).

[e;8]

Therefore, we can apply the results of [12] to gain a deeper insight into the oscillatory
behaviour of solutions of (1.1) because every oscillating solution around &’ is necessarily
bounded (cf. REMARK 1.5.1). Clearly, this remark enables us to call solutions of (1.1)
eventually slowly oscillating around &/, if there exists a t, € R such that Vj(p,t) = 1
holds for all ¢ € [t,; +00).

COROLLARY 1.6.1 If p € C is the initial value of an oscillating solution of (1.1) around
& with Vi(p,0) =n € Ny, then Vj(p,t) <n for allt € R .

This means for the particular case of oscillating solutions around £° = 0 that the number
of zeros of each segment x¥, ¢t € R}, does not increase in time, or, in other words: the
(asymptotic or final) ”frequency” of a solution z¥ of (1.1) oscillating around &° = 0 is
bounded from above by the ”initial frequency” Vy(¢,0) = n.

If we have a zero of multiplicity two (or higher) at ¢, € R*, then the LyAPUNOV
functional decreases strictly at this time ¢y,. This is the assertion of [12, LEMMA 1.6]
which we state here as

COROLLARY 1.6.2 Let ¢ € B and z¥ be a solution of (1.1). If, for some t, € R{,
z¥(t.) = 2% (t.) = &, then Vi(p,t) < Vi(p,t.) — 1 for all t € (t.; +00).

A trivial consequence of this corollary is the fact that oscillating solutions of eventually
finite frequency must have simple zeros from some time ¢, € R" on (as is proved in [12,
COROLLARY 1.7]):

COROLLARY 1.6.3 Let ¢ € B and x¥ be a solution of (1.1). If
tlirgy ‘/}(Spat) € NU )

then there exists a t, € R such that all zeros of x¥ are simple in [t,; +00).

Especially every slowly oscillating periodic solution (around either of the equilibria) has
simple zeros. Even more can be said about the oscillatory behaviour of solutions x¥ if the
initial value ¢ is in the stable or unstable set of the (by assumption hyperbolic) steady
states u; of (1.1).
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DEFINITION 1.6.3 The set
Wo(uj) ={peC : zf = u; (t > +0c0)}
is called the (global) stable set of the steady state w;, whereas we denote by
W) :={peC : 2¥:R—=R], zf - u; (t > —00)}

the (global) unstable set of the steady state u;.

By definition W*(u;) contains only global solutions in the sense of Section 1.1. Evi-
dently, both sets are non-empty since each contains the stationary solution u;, but even
more could be said:

REMARK 1.6.3 The sets W*(u;) and W"(u;) are immersed submanifolds of C.

PRrROOF: We know from Section 1.2 that Fy(t,-) and DyFy(t,¢)(-) are injective such that
the assertion follows from HALE & VERDUYN LUNEL [26, p. 311] or HALE [24, p. 49].
U

As we know from REMARK 1.3.1 and REMARK 1.3.3, each stationary solution u; is
hyperbolic (as a consequence of the hypothesis (H3)) such that we can apply [6, PROPO-
SITION 5] to obtain

THEOREM 1.6.2 Let € (—1;0).

(1) Let p € W*(u;) with Vi(p,0) € Ny. Then there exists T € Ry such that
Vi, t) = NT €Ny forallt € [T;+00) .

Furthermore, it is limsup #;(z]) = N ™.
t— 00

(2) Suppose now that z is a global solution of (1.1) with zp =: ¢ € W"(u;). Then there
exists a T € Ry such that Vi(p,t) =1 N~ € Ny for all t € (—o0;T]. We also have
limsup#,(z) = N~

t——o0

(3) Suppose finally that z is a global solution with zy =: ¢ € W*(u;). Then

Nt < N7 := lim V(p,t) .
t——o0
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Obviously, LEMMA 1.5.2 and the preceding theorem give some insight into the behaviour
of solutions in the stable set of the trivial stationary solution wu.

COROLLARY 1.6.4 If n € (—1;0), ¢ € W*(up), then Nt € NU {oo}. In particular,
every solution in the stable set of the trivial stationary solution has to oscillate around
€% = 0. Furthermore, if there exists a global solution in the stable set of ug, then it has to
oscillate around £° = 0 on R™, too.

Further results can be found in CAO’s treatise [12] which can be applied to (1.1) (as-
suming (H1)-(H3)), but we won’t need them here such that we conclude this section stating
a last corollary which excludes the existence of a homoclinic orbit through uy.

COROLLARY 1.6.5 A homoclinic orbit through uy does not exists for (1.1).

PRrROOF: This is a trivial consequence of CAO’s THEOREM 4.1, our assumption (H3.1) (on

the linearization at the trivial steady state), and the choice of  to be negative.
O

1.7 A limiting case

Up to this point we have collected basic results and developed some tools that we will need
in the sequel but we didn’t get deeper into the qualitative structure of the set B. A first
step in this direction could be to look for an appropriate model nonlinearity which

e reflects the "essential” properties of our rather general class of nonlinearities defined
by (H2) and (H3), and which

e is easy enough to handle but general enough to infer at least some information for
the delay equations defined for a subclass of all nonlinearities and parameter values
determined by (H1)—(H3).

Against this background it is tempting to try smooth nonlinearities that are monotonic,
odd, and bounded, such as those in EXAMPLE 1.1.1 or EXAMPLE 1.1.2. The disadvantage
of this idea is that the corresponding equations are still too difficult to handle (analytically)
and it would be preferable to find nonlinearities for which one can compute the solutions
explicitly. Therefore, for fixed M > 0 we take an even crude approach by considering the
discontinuous differential delay equations

#(t) = —p(t) — M sign(x(t — 1)) ()
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which may be regarded (purely mathematically) as the simplest examples of delay equations
reflecting the negative feedback property and the boundedness of the original nonlinearities
from which they evolve as pointwise limits of the sequences of delay equations

2(t) = —pa(t) + fa(x(t — 1)) (1.1),

for the smooth, monotone, odd, and bounded f, := f,» from EXAMPLE 1.1.1 or EX-

AMPLE 1.1.2 as « tends to infinity. Observe that there exist three equilibria ¢~ := %,
£ :=0, and £ = —% yielding steady states u;, j € {—,0,+}, in complete analogy the

smooth case.

In this sense we can say that the discontinuous delay equation (s) ”caricatures” the
smooth delay equation (1.1), or is a rough simplification or approximation of it which
still displays a negative feedback property of the bounded nonlinear part and has three
stationary solutions. Clearly, our hope is that the dynamics of the limit delay equation (s)
somehow reflects the rudimentary structure of the global dynamics of each delay equation
(1.1),. For a special class of nonlinearities which are ”close enough” to the sign nonlinearity
we will reconsider this question in Chapter 3.

This motivation is borrowed from Section XVI.2 of the monograph [16] where the
simpler case 1 = 0 is treated (and it also appears in the articles [51] and [52] of PETERS).
Further references and an alternative approach to these model equations will be given at
the beginning of the following chapter which is devoted to the study of the global dynamics
of this discontinuous nonlinear differential delay equations.
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A discontinuous model nonlinearity

In this chapter we shall investigate the qualitative behaviour of solutions of the discontin-
uwous differential delay equation

(t) = —px(t) — asign(z(t — 1)) (2.1)

where
g L EFD

sign:RafH{ 0 =0

} e {-1,0,+1}
denotes the sign function and a € Rt is a positive constant.

Such equations arise in simple control systems where only the minimal information
about the (shape of the) phase state in the past is known, namely, whether these states
had positive or negative sign. In this sense this discontinuous delay equation is the minimal
knowledge negative feedback system which can be considered. The first consideration of
equations of this type dates back at least to the fourties of the last century; see, e.g., the
surveys of ANDRE and SEIBERT [4, 5]. Further progress in this subject has been made
especially by SHUSTIN and his prominent collaborators, and we refer the reader to [20],
[21], [22], [54], [50] as well as to the work of AKIAN et al. [2] and the references therein.

Following the lines of the monograph [16, pp. 430-439] we start with the definition of
an appropriate phase state for which the semiflow generated by equation (2.1) becomes
continuous. Thereafter, we will explicitly compute the oscillating solutions in Section 2 and
prepare the description of the action of the semiflow on the phase space in the third section.
These parts of the chapter generalize the results from Section XVI.2 of DIEKMANN et al.
[16] and render more precisely some of the results of FRIDMAN et al. [20, pp. 1165-1166].
Section 2.4 is an attempt to understand the structure of the stable sets of the non-trivial
steady states and should be seen in connection with Chapter 5 where we will study the
same question for the smooth case (1.1).
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2.1 Existence and semiflow of solutions

In accordance to BROWDER’s terminology a solution of equation (2.1) is a continuous
function x : I - R, I =R or I = [ty — 1; +00) for some ¢y, € R, which satisfies the integral

equation
t—1

o(t) =e " y(a) —a- / e M= Vgion(x(s))ds (2.2)

a—1

for all t > o with a — 1 € I. Le., a solution of (2.1) can be obtained from the variation-
of-constants formula (2.2) at least for initial values with finitely many zeros (for the
general case see AKIAN and BLIMAN [2] or SHUSTIN et al. [22]).

Evidently, the constant functions

Rots2cR R3t—0cR and R3t— —LeR
7 7

are stationary solutions of (2.1) defined by the equilibria £~ := - £ :=0and £ = -2
respectively. Furthermore, we denote by

uj:[—l;O]BtngER ,je{—=,0,+},

the initial segments of the stationary solutions and call them steady states of (2.1) again.

As in Section 1.2 we define the segment z; of a solution x of (2.1) at time ¢ (for all ¢
with ¢ — 1 € T), and wish to define a semiflow generated by the segments z{, t € Ry, of
solutions x¥ of the initial value problem

{ iit)::(p—ux(t) —asign(z(t—1)) ,teR" (2.3)

for o € C. As a first step in this direction one may ask for the continuous dependence
of the solutions z¥ of (2.3) on the initial value ¢. Before we handle this question it is
convenient to write down explicitly how solutions of (2.3) look provided that we know (at
least the sign distribution of) the initial value.

For every solution x : [—1; +00) — R the restriction to Ry is composed of straight lines
of slope zero or branches of exponentials. More precisely: let & € R and 8 € (a;+00) be
given such that

sign(z(t)) = s, := (signoz)((a — 1)+) = lim sign(z(t))

t—a—1
t>a—1

forallt € (¢ —1;8—1) C [-1;400), then we evidently obtain

a a
x (e B) Dt | 2(@) + Sa— | e 7 g e R. 2.4
oy @83t (sla) 52 . 24
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Now, if we consider ¢ = 0 and ¢ := £ -1 € Us(0) for any 6 € (0; min {&,2(1 — e*)¢H}),
formula (2.4) yields

l2?(1) — 2¥(1)| = |2¥(1)] = ge“ +e " =1 > (e —1)Er - ge“ >0
such that we won’t be able to make |2%(1) — 2% (1)| arbitrarily small for sufficiently small
Y € Us(p). Thus, our solutions for initial values in C' won’t depend continuously on the
initial value (and, thus, the semiflow generated by the segments of this solutions won’t be
continuous, t00).

In order to circumvent this problem which is a consequence of the discontinuity of
our nonlinearity, we have to choose an appropriate phase space in which solutions depend
continuously on the initial value. As it turns out, an adequate choice is

X:={peC : |p(0)] < oo}

endowed with the topology induced by the maximum norm of C. It is a dense subset of
C because all polynomials (except for the zero polynomial) are contained in X such that
this assertion follows from the classical theorem of WEIERSTRAS .

REMARK 2.1.1 For every p € X there exists a unique solution z¥ : [—1;4+00) — R of
(2.3) which can be computed by repeated application of formula (2.4).

LEMMA 2.1.1 The solutions x¥ of (2.3) depend continuously on the initial value p € X,
i.e.. For anye >0, to € Rj and p € X there exists a § > 0 such that for all

Y eUs(p):={xeX :|lx—¢ll <d}

we have
|2°(t) — 2V ()] < e  for allt € [0;t0] .

PrROOF: Let ¢ > 0 and ¢ € X be given. We show the continuous dependence on ¢ for
t € [0;1] since the general case t € RJ can easily be derived from this situation using the
method of steps. Set g := is - et and denote by A the LEBESGUE measure on R.

1. Set N := N(¢) = |¢7'(0) N (=1;0)|, and denote the zeros of ¢ in (—1;0) by z,,
n € {1,...,N}. Now, we define

U; = (—;—]‘)V + 225 + ;—]‘)V) for j e {1,..,N}

and choose
0 =1 min lo(T)] > 0.
T€[0;1\U;2, Uj
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For any ¢ € Uy (¢) this yields

sign(p(7)) = sign(¢(r))  for all 7 € [-1;0]\ | U;

Jj=1
and

A({T e [=1;0] : sign(p(r)) # sign(y(7))}) < A (U Uj) < o -

2. Therefore, we obtain from (2.2) for ¢ € [0;1] with § := min {¢’, Le#z}.

£7(0) = 2°(@)] < 0(0) ~ 6Ol +[a- [P signop — signo ]| <
< g = blle™ + ae™ A ({7 € [=1;0] : sign(p(r)) # sign(t(r)}) <
< deH +aete
< €.

O

Before we can define the semiflow on X in the more or less "usual” way we need a
last preparation: in order to obtain a semiflow we have to guarantee that all segments of
solutions starting in X remain in X, i.e., have finitely many isolated zeros in each time
interval [t — 1;¢], t € [1;400).

LEMMA 2.1.2 Zeros of solutions v with xq € X are isolated, or, in other words: If p € X,
then xf € X for allt € Ry .

PROOF: Once more, it is sufficient to prove the assertion for ¢ € [0; 1] since the method of
steps will then evidently give the full generality.

Since ¢ € X, the graph of z{ consists of finitely many branches of exponentials or straight
lines due to (2.4) such that it is enough to consider the case of the existence of a small

interval [a; 8] C [0;1], @ < 3, where ¥ vanishes identically, i.e., where z? - = 0. Let us
;B
assume the existence of such an interval. Since x¥ is a solution of (2.1) this would imply

?(t) = —px?(t) — asign(z?(t)) =0 forallt € (a; ) ,

hence a
0=2%(t) = ——sign(p(t — 1)) forallt € (a; ) .
[
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Thus, we would end up with ¢ . = 0 contradicting the choice p € X.
a—1;8—1

This enables us to conclude that
Fogsign : Ry x X3 (t,p) maf € X

defines a continuous semiflow on X, and in analogy to Section 1.2 we will note some of its
properties for later use.

Observe here that the limiting process that led from the smooth delay equations (1.1),
to the discontinuous delay equation (2.1) had some negative consequences: first, we had
to modify our phase space (and to leave C' loosing the trivial steady state ug = 0 on this
way) in order to keep the limiting semiflow continuous. Second, we lost the injectivity of
the maps F_,gon(t,-), t € R, as is most easily seen by considering two initial values ¢
and ¢ in X with

p#1¢, signop=signoy on [-1;0], and ¢(0)=v(0) :
Then (2.4) immediately implies 2% (t) = z¥(¢) for all t € R{ and, hence,
F—asign(ta 80) = F—asign(ta ,QZ}) for all ¢ € [la +OO) :

This explains what was meant above with the sequence that the shape of the initial value
is not as important for determining a solution as its sign distribution, and that (2.1) can
be understood as a minimal knowledge feedback system.

Clearly, this is the price we have to pay for our rather strong simplification but on the
other hand the advantages should also be mentioned now: Due to the choice of our phase
space and the existence of the solution formula (2.4) we are able to compute the solutions
of (2.1) explicitly, and this feature will prove extremely helpful in the sequel. Moreover,
X is dense in C' and still contains the non-trivial steady states u;, j € {—,+}, at which

26



the semiflow F_ g,y is differentiable with respect to the state variables, and the partial
derivatives with respect to the state variable at u;, j € {—, +}, are given by

DZFfasign(ta U])T/) =Yt ,

where y : [—1; +00) — R is a solution of the initial value problem
{ y(t) =—py(t) ,teRT
Yo =veX ’

such that we are able to linearize (2.1) at the non-trivial steady states. This is the basis

for a detailed investigation of the stable sets of the non-trivial steady states that will be

tackled in Section 4 of this chapter. To prepare this we introduce now some subsets of X

that will help us to characterize the stable sets as well as the escape sets (cf. Section 1.4).
For all p € W, where

a

W 3:{¢€X I T/JZO,@/)(O):—E} :
we obtain x{ = u, from (2.4) and, thus, zf = wu, for all ¢ € [1;400). Analogously,
¢ € W, , where

Wf::{z/)eX : ¢§0,¢(0):%} ,
vields z7 = u_ for all ¢ € [1; +00). Consequently, we have

W] c We(u;) forj e {—, +} (2.5)

which shows that the stable sets W*(u;) are not trivial.
Furthermore, since we have M_,gg, = supr | — asign| = a we infer with the same
notation and similar arguments as in Section 1.4 that

W, = {¢ e X : ¥(0) > —%} cEr (2.6)

since € W,' yields 2% (¢) > 0 for all + € R*, such that z¥ is ultimately strictly increasing
and "escaping” to infinity; cf. DEFINITION 1.4.2 and 1.4.3. Also, every initial state in

W, = {weX : ¢(0)<%}

continues to an ultimately strictly decreasing solution of (2.1) escaping to —oo, and this
proves

Wy Cc & . (2.7)

Clearly, the sets W/, (k, ) € {1,2} x {—, +}, are positively invariant under the semiflow
Ffasigna Le.

Fosign(RT x W) c Wi for (k,j) € {1,2} x {—,+} ,

and we are now able to give the announced characterization of W*(u;), j € {—, +}.
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PROPOSITION 2.1.1 Let j € {—,+}. Then

Wou)={peX : (FteR] :af e W)} .

PROOF: We prove the assertion for j = 4+, since the proof for j = — is completely
analogous. Furthermore, since we have already proved W,;" € W#(u,) above (cf. inclusion
(2.5)), it remains only to show the reverse inclusion

Woéuy) C{peX : 3teR] :af e W)} .

Suppose that this inclusion does not hold, and take o € W#(uy): then there exists ¢, € Ry,
such that zf > fuy > 0 for all ¢ € [t;;00) (since zf — uy as ¢ — co). By assumption,
xf ¢ W, such that

zf(0) <& forall t € [t;+00)

because otherwise either zf € W, (which is not allowed by assumption) or xf € W,

(which would imply z¥(t) / +oo in contradiction to x7 — uy for t — o) would yield
contradictions.
Hence, (2.1) would give #¥(t) < 0 for all ¢ € [¢;; +00) meaning

lim 2%(t) < 2 (t)) = 27 (0) < &F

t—00

in contradiction to ¢ € W*(uy).
U

In view of the results on WIJ and WQj, j € {—,+}, one may ask now what we can say
about solutions evolving from initial values ¢ € X satisfying |¢(0)] < —. These yield
(eventually) oscillating solutions and we remind the reader of the definitions in Section 1.5
that will be used without further mentioning.

2.2 Explicit computation of periodic solutions

We now turn to the investigation of periodic or, more generally, slowly or rapidly oscillating
solutions. It is by no means surprising that for small absolute values of ;1 € R™ we expect
a behaviour which is similar to the case y = 0 described, e.g., in Chapter XVTI of the
monograph [16].

LEMMA 2.2.1 Foru € (—oo; — log 2| there cannot exist any (eventually) slowly oscillating
solutions around £° = 0.
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PROOF: Assume that one can find an (eventually) slowly oscillating solution x around
€% =0, and denote by (¢,)nen, the ordered sequence of its zeros in R*.

1. If there exists a n € N such that sign(z(¢,—)) = —1, then consider ¢ := z,:
For z being slowly oscillating, i.e. t, —t,_1 > 1, we have sign(z(¢)) = —1 for all
t € [t, — 1,t,] such that

x(t) = ~Lemntt=t) & forall ¢ € [tn;tn +1] .
[ fu
Since p < —log2, we obtain from
I
[ TR

that

z(t, + 1) zé if p=—1log2

such that z;, ., € W," in this case, and
z(t, +1) > - if p < —log2
1

such that x; 1 € W; in the other case.

Therefore, in either case this yields a contradiction to our assumption: because in the
first case we infer from PROPOSITION 2.1.1 that zop € W*(u.) such that x; = uy >0
for all ¢t € [t,11;+00). In case u € (—oo; —log2) we obtain from the inclusion (2.6)
that z(t) — 0o as t — +o00 such that x does not oscillate around zero in either case.

2. If there does not exists a n € N such that sign(x(t,—)) = —1, we have
sign(z(t,—)) =+1 foralln e N.
As in the first step we obtain
xy, €W, if p=—log2,

and
xy, €Wy ifp< —log2,

which gives again a contradiction to our assumption.

O

Loosely speaking, the proof of the preceding lemma shows that we cannot obtain slowly
oscillating solutions around zero for ; being too large in absolute value since then the steady
states u;, j € {—,+}, will be too close to uy = 0 to allow the existence of amplitudes of
slowly oscillating solutions. The reason for this lies in the inclusions (2.6) and (2.7) that
prevent bounded solutions from crossing the values 1 := —w and ¢~ ;= Moesien (as
well as in the fact that every unbounded solution escapes strictly monotonically either to
+00 or —o0o). Summarizing this arguments, we have proved the following result.
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LEMMA 2.2.2 There cannot exist oscillating solutions of (2.1) around the steady states
uj; ] € {_7 +}

As expected, for the remaining parameter values we can prove the existence of slowly
oscillating periodic solutions around £° = 0.

The special feature that the nonlinearity in (2.1) is an odd function simplifies the
treatment of periodic solutions since periodic solutions then also display a certain symmetry
which can be used to find or to construct them.

LEMMA 2.2.3

(1) For all ¢ € X and all t € Ry we have 2(=9)(t) = —x%(t).
(2) Let ¢ € X with ¢(0) = 0 be given such that the smallest positive zero
z=min((y|_ )7'(0))

of the solution y := x¥ of (2.3) satisfies the relation y, = —yo. Then y is periodic
with minimal period p = 2z and

y(t) = —y(t+2) foralteR . (2.8)
PROOF:

1. Tt is sufficient to prove the first assertion only for ¢ € [0;1] and then to apply the
method of steps. For ¢ € [0;1] the variation-of-constants formula (2.2) yields

t—1

) = ) 0) —ar [ H () (5)ds =
= — e_“tcp(())—a-/6_“(t_1_s)sign(g0(s))ds = —z%(t) .

2. If we choose 9 := y,, then initial value problem (2.3) has 2% = y(z + -) as its unique
solution, and we have, by the first assertion and because of —1) = —a¥ = yj,

y(t) =a%(t) =2 ¥(t) = —2¥(t) = —y(z +t) forallt € R},

hence
y(t+22) =y(z+ (t+2)) = -yt +2) = —(—y(t)) = y(?)
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for all + € R such that y is periodic with period p = 2z on Ry .

Let us assume the existence of a p' € (0;p) with y(t +p') = y(¢) for all t € R. From
0 =y(0) = y(0+p) = y(p') we see that p’ would have to be a zero of y in RT.
Therefore, p' € [2;p) = [2;22) because, by assumption, z is the smallest positive zero
of y in R". Since p' = z would contradict (2.8) we must have p' € (z;2z). But then
(2.8) implies that 2’ :=p’ — z € (0; 2) is a zero of y since

y(#) =~y +2) = —y(@) =0

which yields a contradiction to the choice of z.

O

Observe that we didn’t use the special form of the nonlinearity such that the statements
of the last lemma will also hold in the context of any odd continuous function f (if we use
(1.4) instead of (2.2) in part 1. of the proof). Now we are in a position to prove one of the
main results of this section.

PROPOSITION 2.2.1 For i € (—log2;0) there exists a slowly oscillating periodic solu-
tion 2 around £° = 0 with (9 (0) = 0, sign(z(® (0—)) = —1 and minimal period

Pu :pg)) =2 (1 +log V2 — e*l‘) .

Proor: We choose “ a
o:[-1;0]2t— ——e ™+ - cR

M H

as initial value and show that this leads to the wanted slowly oscillating periodic solution.
Since sign(¢(7)) = —1 for all 7 € [-1;0), we obtain

x¥ :[0;1]9t|—>—267“t+2€[0;—9> :
[051] Iz 7 K
note that z¥(1) = —%e™ + & < —7 because of the choice of p € (—log2;0). Now,

sign(z¥(7)) = +1 for all 7 € (0;1) implies

2
x? [1,t1 + 1] St <——6 ® —a> e t=l) _ 2 o (2; _2>
[L5t1+1] 7 7 v
where . X
ti1:=14logd{¥2—e+*=1——log
" 2—eH
is the first zero of z¥ in (0; 4+00). Furthermore,
a 2a 1 1 a a a
x?(s) = ¥ t, +s) = <__e#_|_ _> e M58 scmn _ Z — Zpmhs _ Z — __¥P(g
0 (s) (1 + 5) LT . 6(s)
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for all s € [—1;0] such that we obtain 2} = —z;. Now the assertion follows from LEMMA
2.2.3 (2) with y := z¥ and z := ;.
0

We included this rather extensive proof here since we will need the special shape of
the graph of the slowly oscillating solution in Chapter 3 when we try to establish the
existence of slowly oscillating solutions for a certain class of continuous nonlinearities close
to —asign. A sketch of the graph of 2(®) (for p = —% and a = 1) is depicted below.

20

1L

0.5

The next remark may be interpreted as a trivial consequence of the frequently mentioned
fact that our nonlinearity —a:sign uses only minimal information about the initial phase
states.

REMARK 2.2.1 (1) Every p € X with ¢ # 0 on [—1;0) and »(0) = 0 initiates a slowly
oscillating solution x¥ of (2.1) which coincides on Ry either with x(o)‘ Lo ife(t) <0
RO

for all t € [=1;0), or with y := —z©)

o otherwise.
RO

(2) With Kf = {go €X : 0< oy, p(0)< —%} let us define the truncated cone
Ky = KHU(-K7) .

Setting t, : Ky > ¢ — ilog(l + M) € R™ we obtain

a

_ .0 _
L. (@) — Tt or xf—l—t*(tp) =Y

for all t € [1;4+00) and all p € K.

T

(3) For every (eventually) slowly oscillating solution x : [—1;+00) — R of (2.1) ezists a
time T, € RT such that

xy € Oq for all t € [T,;+00) ,

where
Oy == {xEU) : teR}
denotes the orbit of (0 in C.
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PROOF:

1. Obviously, every initial value ¢ € X with ¢(0) = 0 and sign(p(t)) = —1 for all
t € [-1;0) yields z{ = x§°) by virtue of (2.4). Hence, x“" L= z(© .» and the full
R

0 0

assertion follows from LEMMA 2.2.3.

2. Without loss of generality assume ¢ € K. By definition of ¢, we obtain z?(t,) =0
from (2.4). Now, ¢ := ] fulfills the assumptions of (1) which implies

® xf,
Loy, — Ty = Ty = Ty

for all t € [1;+00).

3. For every eventually slowly oscillating solution z : [—1; +00) — R of (2.1) there exists
a Ty € RS such that any two zeros z > 2’ of z in [T}; +00) have a distance z — 2’ > 1.
Let z be any zero of z in [T} + 1;+00). Thus, the assumptions of (1) are met by
¢ := x, which yields x; € Oy for all t € [z + 1; +00).

O

A particular aspect of the preceding lemma is that z(® : R — R is the unique global
slowly oscillating solution of (2.1) up to translations of time. In Chapter 3 we will need a
special time translation of (¥, namely y := (¥ (- + 2¢) = -2 and we draw some of its
properties up from the proof of PROPOSITION 2.2.1.

REMARK 2.2.2 Consider the slowly oscillating periodic solution y := —z of (2.1).

(1) The unique first zero of y . is given by
R

z2(p) =1+ %log (2—e"),

and y has minimal period p, = 2z(u).
Note that cosh(—p) = 3(e *+¢#) > 1 for all p € (—log 2;0) implies p > log(2—e*)
and, hence, z(p) € (2;+00) for p € (—log2;0).

(2) More explicitly, we have

%(e*“lt -1) , if te[0;1],
y(t) = { &((1—2eme+1) , if teLz(p)+1],

such that y is strictly negative on (0;z) and strictly positive on (z;2z), and we have

g(t) <0 forte (0;1) and () >0 for t€ (1;2(n)+1).
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Evidently, we have

max [y| = [y(1)| = —y(1) = —— (™" — 1) .

(3) The periodic solution y is continuous on R, satisfies (2.1) on R\ (Zz(u) + 1), and
has the symmetry property

y(t) = —y(t+z(u)) forall teR.

Finally, we add some remarks to clarify the transition from p € (—log2;0) to the well-
known case u = 0 (cf. FRIDMAN et al. [20, 21, 22] and DIEKMANN et al. [16]).

REMARK 2.2.3 Let us denote the zeros of the slowly oscillating solution z(© =: z(O*) of
(2.1) for p € R by £ , n €N, and its minimal period by p,,.
(1) It is evident from our construction that W = nt&“) =n(1+log{/2—e ), neN.

(2) Since tg“) = 1+1log/2—e# — 2 as p — 0, we easily obtain t4 — t = 2n,
n €Ny, and p, — po =4 as p— 0.

(3) Furthermore, the segments of the slowly oscillating solution O constructed above
converge pointwise to the segments of the periodic slowly oscillating solution ©(%% of
(2.1) with u = 0. More precisely, we have locally compact convergence of x(™*) to

209 on R\ (Zt” + 1) as pp — 0.
(4) It should also be mentioned that

lim
pN—log2
which reflects the fact that, for p = —log2, every element ¢ € X as in REMARK
2.2.1 (1) gives rise to x{ € W, j € {—,+}, such that p € W*(u;).

tg”):oo,

We illustrate the results of this remark which will be revisited several times (in this
as well as in the following chapter) by a sketch of the period p, of £ as a function of
p € (—log2;0).

Pu

unw=-—0.1
14 1
12 +
4 6 8 10 t
10 +
-0.5
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) and translates thereof there also exist a countable number of

(N) N € 2N, as we intend to show now.

Beside z(* and y := —af
rapidly oscillating solutions x

PROPOSITION 2.2.2 Forpu € (—log2;0) and for eachm € N, let 7.(n, m) € (0; 72.(;1”1)

be the unique solution of

2
@m+ 1)1+ log(2 —e ") =1 . (2.9)
I
Then there exists a rapidly oscillating solution x®™ around zero with x(zm)(()) = 0,
sign(x(?™(0—)) = —1 and minimal period
]_ ]- — Ix )
pgm) =2 (T*(u, m) + — log(2 — e‘”*(“’m))> _ - wm (2, m) )
I m

PROOF: Let p € (—1log2;0) be given and fix an integer m € N.

1. For any 7 € R" we have 2 — e #7 < 1. Note further that for ;1 € (—log2;0) we have
the estimate 5.5 < 1 < 1%2 (for all m € N) such that

a a a
——e M4 — < ——  forall T € (0; 5~
M :U’ M ( 2m+1)

and

2—e* >0 forallTe (0; 2m1+1) )

I Y ", . I Y ",
From cosh(ﬁ) = % (e4m+1 +e 4m+1> > 1 we obtain eim+1 > 2 — ¢ #m+1, hence

1
< —log(2 — e_ﬁ)
1

dm + 1
implies
2m 2m o
— —log(2 — e mm+1) >0 .
1t loe2 e )

2. The function

2
B (0:25) 37— Cm+ 1)+ “log(2—e *) —1 €R
i

is strictly increasing on (0; WIH) since recalling 2 — e #7 € (0;1) from step 1. yields

o
S > Mt 1+ 2me T > dm 1> 0

n =2 142
(7) m+1+ my—

35



for all 7 € (0; 4ml+1). Furthermore, h(0) = —1 and

2m

2 - 1.
+ —mlog(2 —etit) > 0

(A=) = —
( ) dm +1 7

4dm—+1
such that the existence of 7, € (O; m> is a consequence of the Intermediate

Value Theorem (while the uniqueness is evident from the strict monotonicity of h).

. Now, we can define the initial value ¢ := ngm) that continues to the announced

rapidly oscillating periodic solution. Therefore, set

1 _ 29 1 —T,
wk o Tx —1 2 — i) "= )
T Te + . 0g(2 — e ™) 5
let
—%e*“t + % , t€[0;7] .\
T :[0;Tus] Dt Cr - € Ry
<—%e “*+2u—a>e plt *)—% , b E [T Tk

and define ¢ := z{*™ as follows:

(1) For I € {0,...,2m — 1} let

\[_(HI)T oy U DR n ] 5t () EE 4 (4 D) € R

such that we have defined ¢ in this step on the interval [—2mrT,,; 0] = [-1+47; 0].
(2) Finally, let

‘ [-L-1+7n]3t— —T(t+71.+1—-7)ER.
[—1;—-1+7]

. It remains to show that ¢ continues indeed to a (rapidly oscillating) periodic solu-
tion (™ which is now an easy calculation: from equation (2.4) we readily obtain

o) f[ } since sign(¢(7)) = —1 for all 7 € [-1; -1 + 7,) and ¢(0) = 0. In
0;7x 037

the next step we have signg(7) = +1 for 7 € [-2m7,.; —(2m — 1)7,,) which implies

¥

in particular x¥ = 7 and, hence,
[057x]

Y — _
x'r**_ 907

such that z# = £(?™ is a rapidly oscillating periodic solution of equation (2.1) with

minimal period pgm) = 27T.. (as a consequence of LEMMA 2.2.3(2)).
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The existence of these rapidly oscillating periodic solutions should — as in the case = 0
— be seen in connection with the fact that, as o = «y increases to +o0o, more and more
complex conjugate pairs of characteristic values of the linearization

#(t) = —pa(t) + fo(0)x(t — 1)

of equation (1.1), (at the trivial steady state) move into the right half plane (cf. REMARK
1.3.2), giving rise to HOPF bifurcations (see, e.g., [16, Chapter X]).

REMARK 2.2.4 For ;i € (—1og2;0) and m € N the rapidly oscillating solutions 2 (2m)
defined in PROPOSITION 2.2.2 have the following properties:

(1) The distance of two consecutive zeros is

_ 1 - T*(,U,,m)

1
- =T, Zog(2 — e kT(1m)
Tow (1, M) T(uﬂn)+/iog( e ) 5

(2) The number of zeros of the initial values ¢ = a:g2m) in the interval (—1;0) is

N(¢) =2m € 2N .

(3) For u — 0 we obtain pgm) AW p(()Qm) = 4"f+1
™) converge pointwise to the segments of solutions of (2.1) for = 0, where the

convergence is locally compact on R\ (ZT. + 1).

for all m € N, and the segments of

IDEA OF THE PROOF: While (1) and (2) are obvious from PROPOSITION 2.2.2 we only
sketch the proof of (3). Fix m € N.

1. By pgm) — 1=mlem) ¢ suffices to show the existence of lim 7, (1, m) =: 7.. In this case

m pn—0
(2.9) implies 7, = 4ml+1 such that lim pgm) =L = 477;1“ will prove the assertion.

n—0

Since 7.(p,m) € (0 ) it is enough to show that 7. (-, m) is monotonic.

L1
7 dm+1
2. For this purpose consider

h: (—log2;0) x (0

2
) 2 (17) = (mo D7+ =S log(2 e ) — 1 €R
o

and observe that h. (1, 7) = 2m+1+2m- 522 > 0 for all p € (—log 2;0) (as we al-
ready know from step 2. of the previous proof). Therefore, the Implicit Function The-
orem yields 7.(-,m) € C'(—1log2;0) with h(u,7.(u,m)) = 0 for all u € (—log2;0)

and

B 7) o ate + Elos 2 )
(T*)u(/l,m) = - = p—
hT(/L, T) (p,7« () 1+2m- [1 + 2_(3,;”]

(e (usm))
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Now, h(p, 7) = 0 for (u, 7) = (@, T (2, m)) implies 27’" log(2—e#")=1—(2m + 1)7.
Inserting this into the expression for (7,), above yields

- [2m7’<2 = M—|—1>—1+T]
14+2m- [1+ ;2]

2—e— KT

rom) = —ReleD|

ho (g, ) 1

B 1
/‘L 28;1,7'

. Finally, proving 7 —

(Mﬂ'* (M:m))

(ﬂ‘vT* (M:m)) ‘

" > 0 for 7 = 7,.(u, m) will complete the proof. Because

1 2—e KT
_ _ 1% il
2— ) =exp (—o(1 - 2m+ )r)) > exp (-
2—e™)" =exp (-5 (1= @m+ 7)) >exp| -7 ),
and
1 - 1
T—————— >7T—
1+ z_t’l’u, 1+ 4mexp(— 4er1)
it suffices to show h(u, 1+4mexpl(_ = )) < 0 since the monotonicity of h(u,-) yields
4m+1
To(p,m) =1 > Hme}(&jﬁﬂ). The map
2 1 2 I
H:(—1log2;0) > pu+> mt +_m10g< 1+4mexp(_m%)> _1eR
1+ 4mexp(—giy)

is monotonically increasing because of H,(x) > 0 for all 4 € (—log2;0) and

2m +1 2m
H(0)= lim H = —1=0
(0) ug(r)l— (1) 1+4m+1+4m
which proves H(u) = h(u, 1+4mexg( )) < 0 for all 4 € (—log2;0). Therefore,

Tl

(7:)u(p, m) > 0 for all p € (—log2; 0) and the assertion is proved.

O

In this context it is reasonable to refer to the work of NussBAUM and SHUSTIN [50]

as well as to work of AKIAN and BLIMAN [2] which contains a discrete LyAPUNOV func-
tional for a class of equations containing equation (2.1) completely analogous to that for
smooth delay equations treated in Section 1.6. In the next section we will develop a similar
approach.
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2.3 Description of the semiflow on a subset of B

The last paragraph provided us with a first insight into the dynamics in X: we were able
to compute explicitly (infinitely many) periodic solutions of (2.1). The next step is to
determine sets into which each solution x¥ enters after some finite time and stays in.

A. Criteria for the boundedness of solutions

The boundedness or unboundedness of a solution x¥ for given ¢ € X can be determined
completely within one time unit. This is the assertion of

LEMMA 2.3.1 Let p € (—1log2;0). For every ¢ € X we have

(1) either there exists a t, € [0;1] with [x?(t,)| > =3 (and, thus, p € ETUET),

(2) or it is 2 (Ry) C [ =5

PRrROOF: Let 2¥ be the solution of (2.1) with xy = ¢ and assume that there exists a

to € (1;+00) such that % (to) & [&; — 7] but 2¥([0;1]) C [%; —3]; without loss of generality

let 29(tg) > —2 which means ¢ € £ because of z;, € W," by (2.6).

b

1. Let

x=|e

t, :=sup {t € [Lto] : 2¥(t) < —
By definition it is ¢, € [1;¢p) and z¥(t,) = —£.

2. We claim that =i > 0.
Assume the existence of a 7 € [t, — 1;t,] with z#(7) < 0. Since all zeros of z{ are
isolated (cf. LEMMA 2.1.2), set

z =1, + max (a:f*)fl (0) .

Clearly, z € [t — 1;.) since 29(t,) = —5 > 0. Because of i?(t) < —px(t) + a for all
t € [z;t.], formula (2.4) implies

zP(t) < Lemnt= 1 L forallt e [2;t.] ,
1 u

and together with 2(¢,) = —% we must necessarily have
1
ty —z>——1log2>1,
i

such that z < ¢, — 1 in contradiction to z € [t, — 1;t.).

39



3. Now we conclude from steps 1. and 2. that 2 € W;" C W*(uy) in contradiction to
pelt.

O

Evidently, the preceding lemma contains the assertion that there cannot exist any
(neither slowly nor rapidly) oscillating solutions around the nontrivial stationary points
u;, j € {—,+}, and, thus, yields an alternative proof of LEMMA 2.2.2.

For the remainder of this chapter let us assume
(H) i e (~log2;0)

instead of (H1). Note that this assumption gives bounds on the slope of our solutions by
(2.4) such that we can draw a number of extremely helpful conclusions from LEMMA 2.3.1
now.

COROLLARY 2.3.1 For pu € (—log2;0) we have

Bz{(pGX : x”(Rar)C[%;—%]}:{weX : ||xf||§—%} :

Moreover, due to LEMMA 2.3.1 we are in a position to improve PROPOSITION 2.1.1.
In order to check whether ¢ belongs to W*(u;) (for some j € {—,+}) or not, it is sufficient
to compute x7.

COROLLARY 2.3.2 Let j € {—,+}. Then

Wou;) ={peX 1 (3toe[01] : af e W)} .

The following corollary is essentially THEOREM 3.6 of FRIDMAN et al. [20] and gives a
sufficient (and easy to verify) criterion on ¢ to be the initial value of a bounded solution of
(2.1). In some sense, it reflects the influence of the ”affinity” of (2.1) to ordinary differential
equations which evolves from the fact that the nonlinearity in (2.1) is piecewise constant
such that the single value ¢(0) is enough to yield information about the solution z%.

COROLLARY 2.3.3 For pu € (—log2;0) we have

{90 €X : |p(0) < —%(26“ . 1)} cB.
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PrOOF: By LEMMA 2.3.1 we only have to check #*([0;1]) C [; —%]. We consider the
case ©(0) > 0 without loss of generality. The trivial estimate sign(z¥(t — 1)) > —1 yields

24 (t) < <<p(0) - 9) ety 2 < <<p(0) - 9) e+ 2<% forallte|01]
" M " b

by choice of p(0) < —(2e" —1).

O

Furthermore, since B contains the stable sets of the nontrivial stationary solutions, let
Z:=B\(W(uy)UW?u_)) .

In view of LEMMA 2.3.1 we singled out again the initial values that yield bounded solutions
and, therein, those which stay bounded but do not ”converge” to one of the steady states.

We introduce a last subset of X which will turn out to be a subset of Z and will be
needed in the next section again. Let

Waim {o e X & o)) < -2 -1}

As a consequence of COROLLARY 2.3.3 we readily obtain

COROLLARY 2.3.4 We have W3 C Z. Observe that the inverse implication can not be

true (as can be seen by choosing ¢ :=r -1 for r € [=3(2e" —1); = %) as initial value which
yields a slowly oscillating solution by REMARK 2.2.1).

We prepare the introduction of a discrete LYAPUNOV functional on B by a series of
lemmata. Our first aim is to show the existence of an unbounded sequence of zeros of a
solution z of (2.1) in R* where x changes sign.

DEFINITION 2.3.1 Let ¢ € X be given. A zero z of ¢ in (—1;0) or of z¥ in (—1;+o0)
is called stmple, iff sign(z¥(2z—)) = —sign(z¥(z+)). Otherwise we call z a multiple zero.

Please notice that we deviate from the usual denotation of multiple zeros because by
our definition a function mustn’t have a sign change at the multiple zero.

LEMMA 2.3.2 For every ¢ € Z the solution x¥ has infinitely many zeros in RY, and all

these zeros of x¥ in RT form an unbounded strictly increasing sequence (7,(¢)),cn-
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In particular, this lemma shows that every solution starting in Z is necessarily oscillating
around &£° := 0 while all other solutions (the escaping as well as all solutions with initial
value in the stable set of a steady state) stay away from zero within one time step.

PROOF: Let o € Z. If ¢ 1(0) # 0, set 2, := infp™'(0). If z; = —1, then let 2y :=

inf(¢p ( ])_1(0) or z, = 0 in case that ((p‘( ])_1(0) = 0. If o=1(0) = 0, set 2; := —1 and
—1;0 —1;0

79 := 0. Furthermore, define

sign(p| | ) #

sign , 21 = —1
g (90‘(1;22)) 1

Sq 1= 1

In case that ¢(0) # 0, the continuity of z¥ yields |z#(¢)| > 0 for some £ > 0. In case
©(0) = 0 we obtain from (2.4)

2?(t) = sg—e M — saE #0
T T

for all t € (0;¢), € € (0;&p) where

- zn+1 2 #-—1
07 ) z4+1 ,5y=-1 ("

Hence, we have |2¥| > 0 on some interval (0;¢), € > 0; we assume z#(¢) > 0 for all ¢ € (0;¢)
without loss of generality.

1. The assumption x¥(t) € (O; —%) for t € Ry leads to

29 (t) = (ﬂ(n + g) e _ 2 forall £ € [1;+00).
But since z%(1) € (%, —%), this would imply tligfn x(t) = —oo in contradiction to
—+00

z¥ > 0 on [0; 4+00).
2. Thus, there must exist a 71 () > 0 with 2# (7 (¢)) = 0 given by
mi(p) :=inf{t e RT : 2¥(t) <0} .

Furthermore, there must exist infinitely many zeros of ¥ in R*, recursively defined
as

Tot1 () = inf((2%)71(0) N (a(); +00))
forming the sequence (7,,(¢)), oy since otherwise one could apply the same reasoning
as above to z7 ») instead of ¢ (where 7y () is the largest of the finitely many zeros)
and derive a contradiction since all segments of x¥ have finitely many isolated zeros
by LEMMA 2.1.2.
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Analyzing the proof of the foregoing lemma, it is clear that there must necessarily exist
simple zeros of z¥ in RT, at least from time to time. Moreover, it is not difficult to prove
the existence of infinitely many simple zeros of ¥ in R* refining the proof above. Our
aim is to prove more than this rather crude information, namely, to derive an analogue of
COROLLARY 1.6.3 which guarantees that all zeros of ¥ are simple from some finite time
t, € R" on.

B. A discrete LyaApunNov functional for (2.1) on Z

Guided by LEMMA 2.3.2, we want to determine more explicitly the behaviour of the
solutions in Z. Thus, our next step is to define a discrete LyAPUNOV functional (completely
analogous to the approach of MALLET-PARET-CAO-ARINO in Section 1.6) and to prove
that for every ¢ € Z there is a time ty(¢) € R* such that all zeros are simple from that
time on.

DEFINITION 2.3.2 We set
o: R x Z 3 (t,9) — inf ((2¥)71(0) N [t; +00)) € Ry ,
and call

a(pst)

a discrete LYAPUNOV functional for (2.1) on Z.

U:RS x 25 (t,0) ‘(ﬂ )*l(om[_m]‘ eN

Before we can proceed to give a detailed description of the dynamics in Z, we collect
the basic properties of U which are completely analogous to those in [12, pp. 368-371];
cf. also Section 1.6 for the ”continuous counterpart”. This shows the good applicability
of the discrete LYAPUNOV functional (due to MALLET-PARET, CAO and ARINO) even to
this discontinuous situation. Furthermore, the discrete LyApuNOV functional U is similar
to the frequency function of FRIDMAN et al. [20, 21, 22] from which it differs slightly in
its definition.

An elementary observation concerns the ”computation” of U(ty, ) for given ¢ € Z and
to € R : the definition of o and U yield

U(t,p) = Ulto, ) forallt € [to; o(to, )] , (2.10)
or, setting n := inf{k € N : ¢ty € (74_1(¢); ()]} we see that

o(to, ) = Ta ()

such that
U(t, o) = U(ru(p),p)  forall t € (1,-1(0); T(9)]

where (7,,(¢))nen is the unbounded strictly increasing sequence of all zeros of z¥ in R
from LEMMA 2.3.2(1). Trivially, note that U(t,p) = U(co(t, ¢), ») holds for all t € Ry .
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LEMMA 2.3.3 Let ¢ € Z be given.

(1)

(2)

For any two zeros t; € Ry, j € {1,2}, of x¥ with t; < ty there exists a simple zero s
of x¥ in (t; — 1;ty — 1).

If there exist zeros t; € Ry, j € {1,2}, of x¥ with ty € (t1;t1 + 1], then we have
U(t27 (10) S U(tla (10) .

Moreover, if t, € R" is a multiple zero of x¥, then t; — 1 is also a zero of ¥ and
U(t27 90) S U(tla 90) —-1.

The mapping
R >t Ult,p) €Ny

1S NON-INCTeasing.

If To(@) € R is a multiple zero for some n € N, then

U(t,o) <U(ta(@),0) =1 for allt € [t,(p) + 1;+00) .

Proor: We fix ¢ € Z throughout the whole proof.

1.

Under the assumption that there is no simple zero of z¥ in (¢; — 1;t, — 1), we may
assume that ¥ > 0 on (t; — 1;¢5 — 1) without loss of generality. Since zeros of z¥
have to be isolated by definition of X and LEMMA 2.1.2, the variation-of-constants
formula (2.2) would give

22(t) = —Ze =) 4 L forall t € [ty h)

hence z%(ty) = —%6’“”2’“) + % > 0 contradicting z%(ty) = 0.

. We denote the zeros of ¥ in [t1; 5] by 2;, j € {1, ..., N1}, such that z; := t;, 2n, = 1o,

and z; < zj41 forall j € {1,..., Ny — 1}. Part (1) of this lemma yields corresponding
simple zeros s; € (z; — 1;2zj44 — 1) for all j € {1,..., Ny — 1}.

2.1 We denote the zeros of ¥ in [ty — 1;4,] C [t1 — 1;t1] by 2, j € {1, ..., N2}, such
that 2; >ty — 1, 2y, = t; and 2} < 27, for all j € {1,..., Ny — 1}. The total
number of zeros in [ty — 1;15] is therefore

Ulta, ) = [(@%)7H(0) N[ty = T t0) |+ [(29)7H(0) N [ta; 0] | =
= {22y H+H {2, 2z = No— 14 Ny
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Since sy, -1 € (2n,—1 — L;28, — 1) = (2n,-1 — 1;t2 — 1) is a simple zero of z¥,
we have
{817 -y SN1—1; Zia "'7Z;V2} - (x@)—l(o) N [tl - 17t1]

such that
U(tl,(p) > ‘{81, ...,SNI,I,ZQ, ,2&2}‘ = Nl -1+ NQ ,

which gives U(ty, p) > Ul(ta, ¢).

2.2 If t; € R* is a multiple zero of ¥, then z¥(¢;) = 0 but ¥ does not change sign
at t; which means that there exists an € > 0 such that either

sign(z?(t)) =+1 forallt € (t1 —e;t1 +2) \ {t1}
or
sign(z?(t)) = —1 forallt € (ty — ety +¢)\ {t1} .

Without loss of generality let us consider only the first case (since the second
can be treated in a completely similar fashion). We claim that

.'L'Lp(tl —]_) =0.

To prove this, we assume to the contrary that z¥(t; — 1) # 0.
2.2.1 If x%(t; — 1) > 0, then there exists an 1 € (0;¢) such that z#(¢) > 0 for all
t € [ty — 1;t, — 1+ n) (by continuity of z¥). Hence, formula (2.4) gives
a

¥ (t) = ;e‘“(t_tl) - % for all ¢ € [t1;t; + 1)

such that z#(t) < 0 for all t € (t1;¢t1 +n). In fact, this contradicts our
assumption sign(x¥(t)) = 1 for all ¢t € (t1;t1 +¢) D (t1;t1 +n).

2.2.2 In case of x¥(t; —1) < 0 we we can find an n € (0;min{e, 1 —¢;}) such that
z?(t) < 0 for all t € (t; — 1 —n; ¢, — 1]. Consequently, formula (2.4) implies
that z%(t) < 0 for all ¢ € (t; — n;t1) in contradiction to our assumption.

2.3 By definition we have
Zp >8>z —1=t—1

for all £ € {1,..., Ny} and all j € {1,..., N; — 1}. Since ¢; is a multiple zero,
t; — 1 is also a zero of z¥ (by step 2.2) and we get

{tl - 17 Sty -3 SN1—1, 217 SRS Z;VQ} - (xcp)*l(o) N [tl - 1;t1] :
Hence, we obtain

U(tlagp) -1= |{t1 - 17517 ---aSlelazlla Z;V2}| —1=N+N,—1= U(t27()0) :
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3. Choose any ty € Rf; we want to show U(t, o) < Ul(ty, p) for all t € [ty; +00). By
virtue of (2.10), we have U(t, ¢) = Ulto, ) for all ¢t € [tg; o(to, p)]. Thus, instead of
considering all ¢ € [ty; +00), we discuss t € (o (o, ¢); o(to, ¢) + 1] since the assertion
follows then by a method of steps (renaming o(to, ) + 1 by t, and repeating the
arguments).

3.1 For t € (o(to, v); o(to, ¢) + 1] we define
ty := max{7 € [o(to, ¢),t] : z¥(r) =0}

and claim
Ulty, ) < Ulo(to, ), ¢) .

To see this, let us first consider the case that ¢; = o(ty,¢). Then we have
Ulty, ) = Ula(to, ), ) < Ula(to, 9), %) -

Otherwise we can apply part (2) because of t; € (o(to, );0(to, ) + 1] and
obtain
Ult,¢) <Ulo(to, #), )

too.
3.2 Let t € (o(to, v); o(to, ¢) + 1]. We distinguish between the following cases.
3.2.1 In case of o(t, ) = t; we have

Ulo(t, 0), ) = Ultr, 0) £ Ulol(to, 0), ) .

3.2.2 If o(t, ) € (t1;t1 + 1], we can apply (2) again which leads to

U(o(t,0),0) < Ut 0) £ Ulolto, @), @) -

3.2.3 In case of o(t,p) > t; + 1 we have z¥(7) # 0 for all 7 € (t1;0(t,)) by
DEFINITION 2.3.2 and

3.1
U(a(t,p), ) =1 <U(tr, ¢) < Ulolto, 9), ¢) -
In either case, we have
Ult, @) =Ulo(t,9),9) < Ulo(to, ¢),9) = Ulto, ¢)
for all ¢ € [to; o(to, ) + 1) which proves the assertion.
4. To shorten notation, set to := 7,(¢) for the given n € N.

4.1 First, the second part of assertion (2) yields that ¢, — 1 is also a zero of z¥ since
to € R* is assumed to be a multiple zero. This guarantees U (ty, ¢) > 2.
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4.2 Now, set ¢} := 7,11(¢) such that t} > to by definition of the sequence (7, (¢))nen-
Furthermore,
t){ < U(tU + 17 ()0)

because it is o(ty + 1,¢) = (@) for some m € N with m > n such that the
monotonicity of (7x(¢))ken yields

olto+1,0) > Tusi(p) =17 .
4.3 If t} < to + 1, then assertion (2) yields
U(t){a (10) < U(tﬂa 90) -1 )

and in case t§ > ty + 1 we have U(t}, ) = 1 such that part 4.1 of this proof
yields
Ut o) =2 -1 <Ulto,) — 1.

Thus, in any case, U(t, ¢) < U(ty, ¢) — 1 holds.
4.4 Since t] < o(ty + 1, ¢) holds by 4.2, part (2) of this lemma yields

Ut ) > U(o(to+1,9),0) = Ulto + 1, )
such that we have
Uty o) > U(to+1,9) > Ul(t, ) forall t € [to + 1;+00)

by assertion (3).
Now, together with step 4.3 we obtain

U(t,o) <Ulty, ) —1 forall ¢ € [ty + 1;+00)

which completes the proof of this assertion.

O

This technical lemma enables us to describe the behaviour of solutions of (2.1) in terms
of oscillation numbers of their segments since we can infer from assertions (3) and (4) that
the zeros of x¥ are eventually simple and decompose Z identifying those solutions that
have the same limit frequency (oscillation number).
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PROPOSITION 2.3.1 Let p € Z.

(1) There exists a smallest number ny := ni(¢) € N such that all zeros 1,(p) € R,
n € NN [ni(p); +00), are simple.

(2) The map ng : Z — N given by ny(p) := min M () for ¢ € Z where

M(p) = {n € N : a7 ) has only simple zeros in (—1;0) and

w7 (y(=1) # 0 for all k € NN [n; oo)}

Tk
is well-defined. Furthermore, we have ng(p) > nq(p).

(3) Finally, setting
tr(p) == Tk+n0(¢)_1(<p) for ke N,

we conclude that i, (=1) # 0 and U(ta(¢),¢) € 2No + 1 for every n € N.

PROOF:

1. Since the mapping RT > ¢ +— U(t,¢) € Ny is monotonic (by LEMMA 2.3.3(3)) and
bounded, there exists a tp € Rt and a N € Ny N [0;U(0, ¢)], such that U(t,¢) = N
for all t € [ty; +00). Now, LEMMA 2.3.3(4) shows that there cannot exist multiple
zeros in [ty + 1;+00). Consequently, the set

A={keN : 7(p) >ty +1}
is non-empty and
AcC{neN : 7(p) is a simple zero for all k € NN [n;4+00)} .
Thus,
ni(p) :=min{n € N : 74(y) is a simple zero for all £ € NN [n;+00)}
is well-defined and this definition yields that all zeros 7, () are simple for n > ny(y).

2. By step 1., all zeros 7,,(), n € NN[ny (¢); +00) are simple and U(7,(¢), ) is constant
for all n € A. This together with LEMMA 2.3.3(2) implies that M () is a non-empty
subset of NN [ny(p); +00). Hence, ng : Z2 — N is well-defined and ny(p) > ny(p) for
all p € Z.

3. Let n € N be given and set 1) := xfn((p).
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3.1 The definitions of ny(¢) and (£,(¢))nen yield

P(-1) = x;‘;(w)(—l) #0= xr;((p)(o) = 1(0) .

3.2 By 3.1 it suffices to prove that ¢ := xfn(w) has an even number of zeros in
(—1;0).
Denote the finitely many simple zeros of ¢ in (—1;0) by z;, j € {1,...,N},
chosen such that z; > z;; for all j € {1,..., N — 1}. Furthermore, set z, := 0,
zny1 = —1, and s; := (sign o ¢)(z;+) for j € {1,..., N + 1}.
Clearly, we have s;;; = —s; for all j € {1,..., N} and s¢ := (signo)(0—) = sy,
since z; is the largest simple zero of ¢ in (—1;0) such that ¢ does not change
sign between z; and z; = 0. Therefore, we get

SN+1 = (_1)N50 .

If we assume to the contrary that N is odd, i.e. N € 2Ny + 1, the last equation
would give (sign o ¢)(zy41+) = —(sign o ¥)(zp—). Assuming without loss of
generality sp = (signo¢)(2p—) = +1 we could find an £ > 0 such that () < 0
for all t € (—1;—1 + ) (by continuity of ¢). But this would give z¥(t) =
—aemmt + 4 > 0fort € (0;¢) by (2.4) contradicting the simplicity of ¢, (¢) since
we would have

(sign 0.2%) (ta(p)+) = (signoa¥)(04) =
= 1 7& -1 = —Sp =
= —(sign o 2¥)(0—) = —(sign o 2¥)(tu () ) .
Consequently, N € 2N, for every p € Z.

Thus, U(t,(¢), ) = N +1 € 2Ny + 1.
U
Notice that Ul(t,(p), ¢), ¢ € Z fixed, is not necessarily constant for all n € N. Clearly,

there is a n, := n.(p) € N such that U(t,(p),p) = Us € 2Ny + 1 for n € NN [n,; +00),
but we will have n, > 1 in general (as illustrated in the figure below).

¥
peZ |
L Tn(p) = tn(p) for all n € N
ne =7
T - . ) 4 t
h ~ g S v - [\ ~ J
U(t1(p),9)=5 Ul(te(9),0)=3 T P or—1=T
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We can interpret the last result as follows: every trajectory
Yo iR Dt Flygign(t,0) € X
which started at a point ¢ = F__ ;4,0 (0, @) in Z enters the set
Zi={peZ:p0)=0#p(-1), U0,p) € 2Ny + 1, ¢ has only simple zeros in (—1;0)}

after some finite time #1(¢) = 7u,(¢) and from this time on all segments zf ., k € N,
belong to this set.

Observe that the initial values x((fm), m € Ny, of the periodic solutions of (2.1) defined
in the previous section are contained in the set Z;. Also, all segments IZ;(@)’ n € N, from
the example in the figure on the previous page evidently belong to Z;.

All in all, the asymptotic behaviour of a solution z¥ evolving from ¢ € Z will be
described by the behaviour of a solution zX starting in y := xfl(w) € Z; whose segments
x’T‘n(X) belong to Z; for all n € N. This motivates a deeper study of these solutions.

C. Behaviour of solutions starting in 2,

In view of the results just mentioned, it is sufficient to consider only those initial values x
in Z; whose segments xfn(x) belong to Z; for all n € N. Therefore, we assume that

= xfl(w) € Z, and xfn(x) € Z foralln e N

throughout the whole subsection, i.e. we consider only initial values from
Zy={pe2 : 2t € Z foralneN} .

In particular, for every y € Z5 we have 7,(x) = t,,(x) for all n € N. We will use this fact
several times (without further mentioning).

In order to apply formula (2.4) to compute the solution zX, y € 2, we need some more
notation which follows [16, pp. 433ff.].
DEFINITION 2.3.3 For ¢ € Z; set
N(p):=U(0,p) —1€2Ny and 2z(p):=0.

If N(¢) € 2N, denote the simple zeros of ¢ in (—1;0) by z;(¢), 7 € {1,..., N(¢)}, such
that z; > z;1; holds for all j € {1, ..., N(¢) — 1}. Furthermore, we define

$n(p) := (signo p)(z,—) foralln e {0,..,N(p)} .
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Since all zeros of ¢ € Zy in (—1;0) are simple, it is clear that

sn(p) = (=1)"so(p) for all n € {0,...,N(p)}, (2.11)

and, thus, we notice sign(¢(—1)) = sy (@) = so().

DEFINITION 2.3.4 Let ¢ € Zj be given. In case N(¢) = 0, set v1(p) := 1, otherwise, if
N(p) € 2N, set

vn(p) = zn,lj(vg(o))— zn(p)  forallm e {1,..,N(p)},
UN(py+1(p) = 1— Z Un () -

To illustrate the definitions above we consider the initial states of the periodic solutions
™) m € Ny, as examples. Clearly, we have N(a:(()2m)) = 2m for all m € Ny, and the zeros

of z{"™ in (=1;0) for m € N are given by

m 1 .
zl(ng )) = - (7‘* + ;log(? —e ““)) , le{l,..,2m},

where 7, := 7.(p, m) denotes the unique solution of (2.9). Hence, the distances are given
by

™) = 7. 4 S log(2 — e ) =
uaf™) =7+ - log(2 - ™) =~

, led{l,....2m};
see also REMARK 2.2.4.
With this preliminaries, the next result is an immediate consequence of (2.4) (succes-

sively applied to the intervals (a; 3) := (zx11(¢) + 1; zx(@) + 1) for & € {0, ..., N(p)}).

PROPOSITION 2.3.2 For ¢ € 2y, set w_1(¢) := ¢(0) = 0 and, recursively,

welp) = (wr1(9) + 5w o(#)2) € PO — sy ()2 Jor L€ {0, N(p)} -

Then the local extrema of the corresponding solution x¥ in the interval [0; 1] are given by

v (Z UN(@)Jrlk(‘P)) = 1% (2n(p)—e(p) + 1) = we(p)

k=0

for ¢ € {0,...,N(p)}. More precisely, for t € J, := [ZN((p)_g_H((,D) +1; 2y (p)—e () + 1],
¢ e€{0,....,N(¢)}, we have

z?(t) = (wg,l(go) + SN(W)_K(QO)%) e Mt=2Nn(p)—e41—1) _ SN(np)—é(SO)

e
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PROOF: Let ¢ € Z; be given.

1. Recall from the definitions above that

¢ ¢ N(p)—t
Z'UN(@)-H—k(SO) = UN(¢)+1(<P) + ZUN(w)H—k(SO) =1- Z vk (p) =
N(p)—t
= 1= > (m1(0) — 2(9) = 1= (20(9) — 2n) ()

2N t(9) F1=D ungeyrikl(p)  for £€{0,...,N(p)} .

2. Now, we can apply (2.4) to the intervals (a; ) := (2n(p)—t41(¢) + 1; 2n(p)—e(9) + 1)
for £ € {0,..., N(¢)} and obtain the desired results because of

sign(@(t)) = sn(p)—t =: Sa  for all t € (zn(p)—r+1(9); 2n(0)—e(¥)) -
[l

It should be useful to find an explicit expression for the values wy(p), £ € {0, ..., N(¢)},
instead of the above recursion formula. The elementary computation is rather lengthy and
yields

w(p) = 229 (ze: [(_1)N(w>—e+k exp((—lu) . zk:vN(w)H_Hm(@))] . 1) (2.12)

K k=0 m=0

for ¢ € {0, ..., N(p)} as we mention here without proof.

Recall that ¢ € Z; does not only exclude any multiple zeros on R*. For these initial
values we obtain ¢,(¢) = 7,(p) for all n € N. In particular, ¢,(¢) is the first zero of z¥ in
R* and is necessarily simple.

COROLLARY 2.3.5 For every ¢ € Zy we have sign(wo(¢)) = —sn) (@) = —so(p) # 0.
In case that

sign(wy,(¢)) = sign(wo(p))  for all n € {0, ..., N(p)}, (2.13)
x¥ does not change sign on (0; 1], which implies t1(p) € [1;+00) and

sign(4¥(t)) = snp) (@) = so(p)  forallt € (1;2) .

Hence sign(z#(t)) = —sn(p) (@) for all t € (0;1].
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PROOF: By definition of wy(¢) in PROPOSITION 2.3.2 (or by (2.12)), the first assertion
follows at once from

sign(wo(p)) = sign (781\7(@;}@)@ [emromtorn (@) — 1]> =

G*IWN(W)H(LP) —1

m ) = —SN(w)(SO) #0

since p € R, a € RY, and vn(p)+1(¢) € RY. All other assertions follow easily from (2.4)
or (2.1).

= Snp)(p) - sign(a) - sign <

O

DEFINITION 2.3.5 We define a map j : Zy — N as follows: for ¢ € Zj set
() = N(p)+1 , if (2.13) holds,
= min {ke{l,...N(p)} : sign(wg(p)) = —sign(wo(p))} , otherwise.

REMARK 2.3.1 The range of 7 : Zy — N is the set of odd non-negative integers, i.e.

PROOF: Let ¢ € Zp and set N := N(¢), wy := wr(p), 2z := zx(p), and s := sx(¢) for
k€ {0,..,N}.

1. Obviously, the assertion is true if (2.13) is satisfied (since N(¢) € 2Np). So, we only
have to deal with the case that (2.13) does not hold.
2. We assume j := j(¢) € 2N for p € Zy. Recall that 2¥ has only simple zeros in R".

2.1 If sign(w;) = —1, then sign(wy) = sign(wy) = +1 for all k£ € {0,....,j — 1} by
definition of j. Note that the first part of COROLLARY 2.3.5 yields

sy = —sign(wy) = —1 .
On the other hand we infer from PROPOSITION 2.3.2
a a
w; = |wj_;+ SN_'—> e HINHS — gy i— =
j ( j o o
— wj_le_/“}NJrlfj + SN—jg (e_MUN+1—j _ 1)
such that w; < 0, w;_y > 0, and %(e*uvml—j — 1) < 0 imply sy_; = +1. Since

j € 2N (by assumption), N € 2Ny, and sy_; = (—1)¥ 775, this gives s = +1
and, thus, the contradiction

~1=sy=(-1)"sy=+1
by means of (2.11)
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2.2 If sign(w;) = +1, one can argue in a completely analogous fashion as in 2.1 to
derive a contradiction, too.

Therefore, j = j(p) € 2Ny + 1.
l

COROLLARY 2.3.6 If ¢ € 2 is such that (2.13) does not hold, then the first simple zero
of ¥ in (0;1] is given by

i(p)—1
1 %
@) = D0 o)+ log (1= [Lwio-i(9)]) =
k=0

1 %
= 2ZN(p)-j(p)+1 T 1+ . log (1 - |gwj(a0)*1(‘10)|>

and satisfies

J(p)—1
ti(p) € Jjp) == ( kZ_IO UN(p)+1-k(P); Z UN(p)+1- k(%@)) = (2N(p)-j(p)+1H 1 2N (p)—j(p) 1) -

PROOF: As in the previous proof, we use the abbreviations j := j(¢), N := N(p),
sk = Sk(p), and wy := wg(p) for given ¢ € Z; to simplify the notation.

1. The first zero of 2% in R is necessarily simple with xfl(w) € Z; by choice of Zj. In
particular, this proves t;(¢) # 1.

2. Without loss of generality we assume w; = z¥(zy_; + 1) < 0, i.e. sign(w;) = —1.
By definition of j we have sign(w,) = sign(wy) = +1 for all n € {1,...,57 — 1}.
Consequently, PROPOSITION 2.3.2 implies that 2¥(t) > 0 for all ¢ € (0; zy41-; + 1).
Therefore, a change of sign and, thus, the first simple zero of ¥ in (0; 1] occurs in
the interval J; by continuity of z¥. Due to

j—1

N1+ 1= E UN+1—k
k=0

PROPOSITION 2.3.2 implies

j—1
z¥(t) = (w] 1+ SN ) exp ( (t — ZUN“’“)) — SN,]-%
k=0

for all ¢t € J; such that solving the equation z¥(t¢;) = 0 gives the unique simple zero
t1 = t1(p) € J;. First, we obtain

j—1 SNl fiw -1
2 : I J+1
exp UN+1— k = = (1 + 7) .
Wj—1 + SN,J'E SN—ja

k=0
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Since F_,gign (RT x Z) C Z, we have wy, € (ﬁ, —%) and, consequently, % € (=1;+1)

for all £ € {0,...,N} and all [ € {0,..., N}. Furthermore, we have sign(w,_;) =
—sign(w;) = sign(wy) = —sy by definition of j = j(¢), such that

)

fop [ Wizt sign(w;—_1) - sign(p) _ (=sw)-(=1) (1Y — _
sig ( ) (~1) = -1

SN_ja sign(sy_j) -sign(a)  (=1)N-isy-1
since j € 2Ny + 1 by REMARK 2.3.1. Thus, g}v”ﬁ = —|%w;_4| and
- pwjgn 1
o4 ) o )
0 SN_]'CL a

yields the desired expression for ¢ := t1(p) € J;.

O

Although there are infinitely many simple zeros of z# in R" (cf. PROPOSITION 2.3.1),
and in view of the ”"standard approach” to the investigation of oscillating solutions via
return maps, it is tempting to ask whether t,(¢) depends continuously on ¢ € Zy ?

In this context our approach via a LYAPUNOV functional that led to the ”asymptotic
phase space” Z; in Z gets a further justification since the next remark will guarantee the
continuity of the return map on Z;.

REMARK 2.3.2 The map Zy > ¢ — t1(p) € R" is continuous.

PROOF:

1. We prove an auxiliary (and additional) statement first, namely, that ¢; is continuous
on Z,:={p € Z : (0) #0, 2% ) € Z for all n € N}.
To see this, let ¢ € Z, and ¢ € (0;min{t;(p),t2(p) —ti(¢)}) be given and set
tr = t(p) for k € N as in PROPOSITION 2.3.1.

1.1 Forall § > 0 and for every x € Us(p)NZ, there must exist a first zero ¢;(x) € RY
of £X which satisfies

zX(t1(x)) = 0 # (sign o %) (t1(x)—) = —(sign o 2%)(t1 (x)+)
due to PROPOSITION 2.3.1. Without loss of generality we assume
(signo x¥)(t;—) = +1

and choose 7y € (g;t — t1) such that sign(z?(¢)) = —1 for all t € (t1;t, + 70).
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1.2 LEMMA 2.1.1 yields for

t:=t1(p)+ 7o

and

7 = min {% min{z?(7) : 7 € [0;t1(p) — €]}, —%x“"(tl(go) + 6)} >0

the existence of a §(¢, ) > 0 such that
2% (t) — 2% (t)] < n for all t € [0;7]

and all ¢ € Us(¢) D Us(p) N Z,.
1.2.1 Since z#(t) > 2n for all t € [0;¢; — €] (by choice of 1), we obtain

2(t)y>n >0 foralltel0;t, —e].

Hence, it is
ti(y) >t —e forally € Us(p)N Z, .

1.2.2 By assumption z¥(t; + ) < 0, such that we obtain
¥t +¢) < %x“"(tl +¢)<0.
Therefore, we conclude
t1(y) <ty +e  forall y € Us(p)N 2,
because of the continuity of x¥ on [—1; +00).
This proves the assertion.

2. Now, let p € Z,.

2.1 By definition of Z, we have sign(p(—1)) = so # 0, so we may assume ¢(—1) < 0
without loss of generality. Furthermore, let any € € (0; —p(—1)) be given. We
denote the first zero of ¢ + I by

z. :=inf ((p +1)7'(0)) € (=1;0] .

Clearly, we have 1(t) < 0 for t € [—1;z.) for all ¢» € U.(p) D U(p) N Zy.
Finally, let 2. denote the first zero of 2¥ — ell[_1,; ) in RY,

2= inf (2% = 1) 1400)

) 10)
where I1_1; 100y [=1;+00) 21— 1 € R, and set t. := max{z + 1,2} € R".
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2.2 As a consequence of the continuous dependence on the initial value ¢ (LEMMA
2.1.1) we can find a § € (0;¢) such that

|29(t) — 2% (t)| < e fort €[0;t.]
holds for all ¢ € Us(p) C U-(¢). Step 2.1 guarantees
#(t) >0 and 2Y(t) >0 for ¢t € (0;t.]

for all 1 € Us(p) N 2, which implies #f € 2, for all ¢ € Us(¢) N Z,.
Now, fix t. > 0 and observe that ¢ := 2 is in Z,. As we know from step 1., #;
is continuous on Z,, i.e. we can find a § € (0;0) such that

() — ()] < e

for all ¢ € Us(p) N Z..
Furthermore, by continuous dependence on the initial value ¢ € Z, there exists
a o€ (0 6)forg1vent >0, 6 € (0; 6) and ¢ € Z, with

af € Us(p) = Us(af) for all ¢ € Us(p) N 2y .

Using
ti(x) =t +ti(z)f) forall x € Us(p) N2

(which follows from |zX| > 0 on (0;¢.] and by definition of ¢; (z} )) we have found
a 0 > 0 such that

(W) — ()] = [(t+ti(2])) — (t +ta(2))| =
= |t(z}) —ti(af)| <

for all 1 € Us(p) N 2y, such that ¢; is continuous on Z,.

O

Finally, these preparations give us the possibility to describe 1) := xfl(w), Y € Zy, in detail.

COROLLARY 2.3.7 Let ¢ € 2 be given. Then the segment 1) := x;’;(w) of the solution
x? has the following properties:

(1) 17 j() = N(p) + 1, then N(¢) = 0.
(2) If j(e) € {1,...N(¢) =1} N (2Ny + 1), then N(¢p) = N(p) = j(¢) + 1, such that
N(¢) € 2Ny, and it s

() =ti(p), and  ve(Y) = v 1(p) for k € {2,...,N(p) —j(p) + 1} .
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PROOF: To prove the assertions, set N := N(p), 7 := j(¢), sk := si(p), vx = vr(p),
wi := wi(p), and t1 := t1(p).
1. Assertion (1) is trivial by virtue of COROLLARY 2.3.5.

2. First, recall that ¢ := x{ € Z; such that all zeros of ¢ are simple. Now, COROLLARY
2.3.6 yields t; — 1 € (2n_j+1;2n—j). Hence, the zeros of 2% in (¢; — 1;¢,) are given
by {2n_j, 2N_j_1,-.., 21, 20} since |z#(t)| > 0 for all ¢ € (0;¢;). Thus, we have

N() = Han—js 2n—j-15 0 20, 203 = N(p) = j () +1
as well as 2p(¢) = 0 and
2 (¥) = 2r-1(9) —ti(p)  for k e{L,... N(¥)} ={1,... N(¢) —j(e) +1}
which yields the third assertion by virtue of vy, (¢)) 1= 2zx_1 () =2k (¢), k € {1,..., N(¢)}.
Recalling j(¢) € 2Ny + 1 from REMARK 2.3.1 shows N () € 2Ny.

O

The central aspect of COROLLARY 2.3.7 that we want to focus on is that this corollary
enables us to define a return map

R:2y2 ¢ = F_gsam(ti(e), @) € 2 .

The goal is therefore to study the dynamics of (2.1) on Zj in terms of this POINCARE map
which is continuous by REMARK 2.3.2 and the continuity of the semiflow. For convenience,
we note the most obvious elementary property of the return map R.

REMARK 2.3.3 We have
R(x((fm)) = —x(()Qm) for allm e Ny ,
such that the initial values xﬁf’"’ € 2y, m € Ny, define fized points of R? = Ro R.

The investigation of the return map R can be done in the following way: we associate
with R a transformation on the vectors

v(p) = (Vi(), s Un() (©))

which are uniquely determined by ¢ € Zj since these vectors together with sq(p) contain
all the information needed about ¢ to determine xfl((p) = R(p) completely.
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D. A conjugated discrete dynamical system

Using the abbreviation RY := (R*)" let us define
Qo :={1} x {-1,+1},
and

N
QN::{UGRf : Zvn<1}x{—1,+1} for N € 2N .

n=1

Moreover, set
N

ons1(v,0) = 1—Zvn =1—-1y5-v

n=1

with 1y := (1,...,1) € RY as wells as (in view of (2.12))

wi(v,0) = % (i: [(_I)N_Hk exp((—u) . zk:UNH_Hm)] - 1) , e {0,..,NY},

k=0 m=0
for (v,0) € Qy, N € 2N. Observe, that sign(wy(v,0)) = —o for all (v,0) € Q.
Finally, let €2 be the disjoint union of the topological spaces Qy, N € 2Ny,

Q0= L—l_-JQN.

Ne2Ny

The mapping which ”extracts” the necessary information from any given ¢ € Z
(namely, the distribution of simple zeros in (—1;0) and s¢(p)), and transforms it into
an element of {2 can now easily be defined in view of DEFINITION 2.3.3, DEFINITION
2.3.4 and COROLLARY 2.3.5.

DEFINITION 2.3.6 For N € 2N let

vizoaw{ (1), - on(@)s0(9)) i N(g) € 2N } .
(1, 50(¢)) ,if N(p) =0

Clearly, the ”"coordinate map” V is surjective, since for any given w € ) we can choose
at once a ¢ € Z; with the given sign distribution on [—1;0], e.g., an appropriately chosen
interpolation polynomial.

While the evolution of ¢ € Z; under R is described in COROLLARY 2.3.7 in the original
setting, we have to find a corresponding self map of €2 which reflects the same dynamics,
i.e. we want to find a map f : 2 — Q such that the following diagram commutes:

R

ZO — ZO
vy LV (2.14)
Q i> Q
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LEMMA 2.3.4 Define f:Q — Q) as follows

(1) forw = (1,0) € Qy set f (w) = (1,—0),
(2) if w=(v,0) € Qn, N € 2N, with sign(wy(v,0)) = —c for alln € {0,..., N}, let

fw):=(1,-0) €,

(3) and in case (v,0) € Qn, N € 2N, but sign(w,(v,0)) = o for some n € {1,..., N},

set
f((.d) = ((;%UN+1_]€ + ;log (]_ - |ij_1|> , U1, ---;UN—j)a —0'> € QN_]'+1 s
where

j:=j(v,0) =min{n € {1,...,N} : sign(w,(v,0)) =0} € 2Ny + 1,

and wj_1 = Wj(ye)-1(v,0).

ThenVoR = foV, ie. the diagram (2.14) commutes. Furthermore, we have
VoR"=f"oV

for all n € N.

PROOF:

1. Let ¢ € Z,. Without loss of generality let us assume so(¢) = +1 (since the case
so(p) = —1 can be treated in a completely similar way).

1.1 If N(p) = 0, then we have V(¢) = (1,1) € Qo and f(V(p)) = (foV)(p) =
(1,—1) by definition of f (cf. (1)). On the other hand, we obtain =y = y, for
all t € [1;400) by (2.4) (cf. also REMARK 2.2.1). Hence, t(p) = z(u) and
R(¢) = y.(u)- Because of V(y,(,)) = (1, —1) we have

(VoR)(p) =V(R(¥) =V(Yw) = (1, -1) = f(V(p)) = (fo V)(p)

which proves the assertion in this case.
1.2 If N(¢) € 2N set N := N(p) and v := v(p). Observe V() = (v,+1) € Q.
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1.2.1 In case that (2.13) holds, we have sign(w,(v,1)) = —s¢(¢) = —1 for all
n € {0,...,n} and the definition of f in (2) yields (f o V)(p) = f(V(p)) =
f((v,1)) = (1,-1). Furthermore, COROLLARY 2.3.5 yields t;(¢) > 1 and
we obtain R(y) = xfl(w) = Y.(u) again. Hence, this proves

(Vo R)(p) = V(R(¥)) = V(y:m) = (1, =1) = f((v, 1)) = (Fo V)(¢) -
1.2.2 If (2.13) does not hold, we are to use (3) and obtain (foV)(¢) = f(V(¢)) =

f((v,1)) = ((jz_ivzwl—k + % log (1 - |gw]’—1|) y Uty ---,UN_]'), —1) .

k=0
On the other hand, COROLLARY 2.3.6 and COROLLARY 2.3.7 yield

U(x(tﬁ) = (t1(®), v1(e), ---,UN—j(SO)) € Qn_jq1 -
Hence, for the first component of V(R(¢)) we obtain
V(R = v(ag ) = (ta(9), 01(9), - on—(9))

and so(¥) = so(z} () = —sn(p) = —s0(p) = —1 gives (V(R()))2 = —1
which proves (f o V)(¢) = (V o R)(p) for those ¢ € Z; for which (2.13)
does not hold.

Therefore, we have (V o R)(¢) = (f o V)(p) for all ¢ € Z, which proves that the
diagram (2.14) commutes.

2. The second assertion follows by induction on n € N using

VoR”:(VoR"il)oR:(f”floV)oR:f”oV for2<neN.

For every element (v,0) in the subset
Qno :={(v,0) € Qn : sign(wy(v,0)) =0} , N € 2N,

of Qx we have j(v,0) =1, and therefore f takes the value

1
Fv.0)= ((UNH #1105 (2= exp () s 01 ), —a) € O

by LEMMA 2.3.4. Its first component, (f(v,0)); € RY, is given by the restriction gy of
the nonlinear map

—~ 1
gy Xy Dv— (1 —1y-v+ Elog(? —exp ((—p)(1 =1y -v))) ,Ul,...,le) e RY

to the subset
QNOI lz{UER_iA_T : UN>]_—1N'U>0}

of the open standard simplex %, :={v € RY : 1y-v <1} in RV,
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REMARK 2.3.4 On the complementary subsets of Qng, denoted as
Oy :=Qv \ Qv ,N €2N
we have either f(v,o0) € Qy or
j(v,0) € B;N(v,0) —1]N 2Ny +1)  and  f(v,0) € Qn_jwe)+1

by definition of f in LEMMA 2.3.4.

In some sense, the subset €2y, determines the ”exit set” of 2y because every point
in Qu; is transported to a set Qn 4, [ € {2,..., N} N (2N), under the action of f. So, it
remains to discover the behaviour of trajectories (f™(w))nen starting in Qpyp 3 w.

LEMMA 2.3.5 Let N € 2N. Each iterate (gn)*, k € N, of gn := Gn has ezactly one

. Qno1
fized point, namely,

N —Ix —Ix
U( )32 (1]\;— ,...,IZ\Q—)GQN(H,

where T, := 7.(p, %) denotes the unique solution of (2.9).

Proor: We fix N € 2N throughout the whole proof and set g := gy.

1. First, we claim that v(¥) is a fixed point of g in Q1. A vector v = (vy, vy, ..., vy) in
Qno1 is by definition a fixed point of g, iff v = g(v), such that

N N
1
(v1, V2, ..y UN) = (1 - ka + —log (2 — €xXp ((_M)(l - ZW)))M% ---,UN—1>
k=1 H k=1
yields
vj=wv forallje {2, .. N}
and, thus,

1
vy =1— Nuv, + p log (2 —exp ((—u)(1 = Nvy))) .
Making a change of variable, replacing v; by

1—7
V1 ‘= N

with some 7 € (0;1) which is to be calculated, we end up with

1—71

1
=7+ . log (2 — exp (—urt))
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which is equation (2.9) with m = %N, and has the unique solution 7 = 7, € (0; 2N1+1)‘
Observe that 1y -v™ =1— 7, < 1 and

vy _1-7

vy = N >T*:1—].N'U(N)

because of 7, € (0; ﬁ) such that v®) is indeed in Quo;.

. We claim that ¢? = g o ¢* has no other fixed point than v™) in Q.
Let u = (uy, ug, ..., up) € Qnoy be a fixed point of g2. We will prove u = v(V). Setting

vim o) = (1_zuk+ o (2= (-0 3 ) )

we calculate

From the fixed point equation ¢g?(u) = u we get the following system of equations in
u, k€ {1,...,N}:

(
o= 1= (v + 0 w) + ilog <2 — exp <(—,u)(1 — (o + ) uk))>)
w = 1= wt+ og (2= exp (=) (1= S w) ))
Uz = Uy
Ug = U2
(| UN = UN-2
where

N

Ul—l—Zuk+ulog<2—exp( I—Zuk>> .

Consequently, the last (N — 2) equations in the above system yield

S ,ifj e [3; NN (2Ny + 1)
77wy, ifj € [3; NN 2N,
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for j € {3,..., N} (in case 4 < N € 2N) such that the above system in N unknowns
reduces to a system in two unknowns u; and uy: using N € 2N,

N-1

N N -2
Zuk Ul + UQ) and Z U = 5U1 + 9 U9
k=1

to simplify the expressions, we end up with

{ w, = up— i]og (2 _ e—u(l—%(uﬁ-uz))) 1 log (2 —[2—e —p(l— (u1+u2))]€*uw)

uy = 1—Z(us+up) + ilog (2 —exp ((— u)(l — L (u1 + u2))))
(2.15)
We aim to derive detailed information about u; + us from this system in the sequel.
First, inserting the second into the first term of the first equation of (2.15) yields

u=1-— %(ul + ug) + ;log <2 —[2— e r- N (w1 +uz)) Je™ um) ,
hence
utuy = 1-— g(ul + ug) + % log(e"?) + % log (2 —-[2- e_”(l_%(“ﬁ“z))]e_““z) =
= 1- g(ul + ug) + % log (26‘“‘2 —[2 — e H (“1+“2))]) :
Because of the second equation of (2.15) we have
9ehuz — 9on(1-5 (urtuz)) [2 — e~n(1= % (wFu))]
such that we infer
U +uy = 1-— g(ul + ug) + log (26“( 3 (wtuz)) _ 1) +
+ L og (2 e (u1+u2>>) _
u

But since

1 2 log (Qeu( Y (ur+un)) _ 1) _ 1 log (euuf%(uwm)) (2 _ e*u(lf%(mﬂz)))) _
I I
N
= 1- 5(u1 + ug) + log (2 — e 1= (“1+“2)))
we arrive at

N 2
Uy +up = 2 (1 - 5(“1 + U2)> — log (2 e Hl- (“1+“2)))
I

64



or, equivalently, at

’LL1—|—U2

1
£=1— NE+ —log(2 — e I NO) with ¢ := (2.16)
7]

Now, using the change of variables
1—71
6 T N
for some 7 € (0;1) we get equation (2.9) with m = N again (exactly as in step 1.).
Therefore, we infer from PROPOSITION 2.2.2 that £ = %2“2 = = i5 the unique

N
solution of (2.16). Hence, every solution (u;,us) of (2.15) has to satisfy

Uy + Ug . 1— T
2 N’
and inserting this into the second equation of (2.15) gives

l—7 1 1—7
up, = 1—N- NT+;log<2—exp<(—,u)(1—N- NT>):

1 :
= n+—log2—er)
I
1=
= N
which implies u; = uy = I*TT Recall that this yields v = v(V) = (I;VT*,---, 1777)

which proves that there cannot exist other fixed points of ¢2.

3. It is now easy to conclude that v) is the unique fixed point of ¢* in Quo for k € N
since step 2. contains the essential ideas required for induction on k£ € N: whenever
¢* has v™™) as unique fixed point in Qyo; for some k € N, similar arguments as in 2.
provide that ¢**' = g o ¢* cannot have an additional fixed point in Qpo; \ {v™}.

O

In order to determine the stability properties of these fixed points under the action of
the map gy, N € 2N, we have to linearize gy at v(™), which is the content of following
lemma.

LEMMA 2.3.6 For N € 2N let 7. := 7.(i, ) denote the unique solution of (2.9) in
(0 L ) The Jacobian of g at v™™) is given by

) IN+1
af af - o af
1 0 0 0
Ty =| 0 1 00|,
0 0 1 0

where o* == a*(p, N) = =1 —exp (—&(1 — 7*(1, §))) € (—o0; —2).
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PrOOF: Since J,, (vV)) = (3(571\;)1‘(@(]\7) )( - 2 we only have to indicate how to
ij)e{l,...N

obtain the first row of the Jacobian. For j € {1,..., N} an easy computation shows

B N (V)
A(gn)1 (U(N)) _ exp (( ) (1 Zk:1 U, )) _
v 2 — exp ((—M)(l - UéN)))
_ . ep(pr)
2 —exp(—pr.)
and because of 1

1
=7.+—log(2—e ™
T, MOg( & )

we get

8(9N_)1 (™M) = -1 — exp (—%(1 — r*)) =: o (u, N) .

O
For completeness, we mention without proof (which can easily be done combining the

continuity of the map o*(-, N), N € 2N, with the proof of REMARK 2.2.4(3)).

REMARK 2.3.5 For every N € 2N we have lir% a*(pu, N) = =2.
—

Certainly, we are now interested in the local behaviour of gy near the unique fixed
point v¥). Therefore, we have to determine the position of the eigenvalues of J,, (v)).

LEMMA 2.3.7 Let N € 2N. Then o (J,, (v™))) c C\ D.

PROOF: For any A € o (J, N v (M) we have to prove [A| > 1. Choose a corresponding
eigenvector v = (vy,...,oy) € CV \ {0} to the given eigenvalue A\. Then

N
(a* . ka, Vi, .., UN_1> = (Avy, Avg, ..., A\uy)

k=1

yields the system of equations

N
* J—
{a D e Uk = Ay

Vg1 = AU fOI‘j € {2, ,N}

which is the subject of our investigations in the sequel.
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1. Notice first, that 1 € o(J,, (v™))) since otherwise A = 1 yields v,_; = v for all
k € {2,...,N} such that vy = v, for all k£ € {1,..., N}. Thus,

N
o - E e =a*N-v; =Xy =13

k=1
such that we obtain contradiction
1=a*N <0.

Therefore, we assume A # 1 for the remainder of this proof without further mention-
ing.

2. From the last (IV — 1) equations of the above system we obtain by induction
v = AV Fyy forallk e {1,..,N},

which implies, inserted into the first equation,

=

-1

a*zN:)\N—k_a* )\k_a*l_)‘N_)\.)\N—l_)\N
k=1 - k=0 o l=A - '
Hence, we must have for \ # 1,
M (14 o)\ +a*=0. (2.17)

Now, we want to apply ROUCHE’s Theorem to prove that there is no solution of the
”characteristic” equation (2.17) in D\ {1}. For this purpose, set

hi:CoA= A eC and hy:CoA—= —(1+a)\ +0a*cC
such that hy(A) + ha(A) = AV — (1 4+ a*)AY + o* holds for all A € C.

2.1 For r € (0;1) set _
Y i [0;1) 29 = re?™ € C
and denote the trace of the JORDAN curve v, by U, == |y,| = {z € C : |z] =r}.

2.2 Evidently, hi(A) # 0 for all A\ € U,, while we can only have hy(\) = 0 for those
A € C which satisty

1
MW=1- :
a*+1
By virtue of a* € (—o0; —2) we have 1 — ﬁ > 1, such that the last identity

implies that hy does not have a zero in D D U,.
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2.3 Clearly, it is
lha(\)| > || = |1+ a7 > (|| = 1+ a*)rN =Y > N = |h ()|
for all A € U, (where we used a* € (—o0; —2) to conclude |o*| — |1 + of| =
—af — (—(1+a"))=1).

2.4 Now, ROUCHE’s Theorem [53, p. 218] yields that hy and h; + ho must have the
same number of zeros in int |7,|, the closed interior of the trace of the JORDAN
curve 7., which proves that all solutions A of (2.17) satisfy |A| > 7.

(™))  C\ D

Since r was chosen arbitrarily in step 2.1, we conclude o(J,,

3. It remains to prove that there are no eigenvalues on the unit circle.

3.1 By LEMMA 2.3.6 we know that o* € (—o0; —2), such that o* +1 € (—o0; —1).
Thus, the circle
oo i={2€C : |z—(1+a")] =l|a*|}

has center 1+ a* € (—oo; —1) and radius |a*| > 2, such that it intersects the
unit circle tangentially at z = 41, i.e.

Cor NOD = {+1} .

3.2 Now, let us assume that there exist eigenvalues A € D\ {1}. These eigenvalues
have to satisfy
A= (L4 af)] == o

as we conclude from equation (2.17), such that
€ (@BD)\ {1})Nca- =0

which gives the contradiction.

O

Using the Principle of Linearized Stability for maps we obtain that the fixed point v(),

N € 2N, is unstable (or, more precisely, is a source). But we need more.

LEMMA 2.3.8 Fiz N € 2N.

(1) The set
AN = {U € QNOI . gfv('l}) € QNUI fOT‘ all k € N() }

has LEBESGUE-measure zero in RY .
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(2) Moreover, Ay is a closed subset of Qno1 and, therefore, nowhere dense in Qyo;.

(3) There is an open neighborhood U C Qnoy of v™) with the following property: for
every v € (UN Ay) \ {v™M} there is a k € N such that g% (v) N U = 0.

(4) Let v e Ay \ {v'N)}. Then there does not exist a p € N and a ky € Ny such that
on" (W) = gk (v)  for all k € [ko; +00) NNy .

In other words: Ay does not contain any cycles.

PRrOOF: We write A := Ay for short throughout the whole proof.

1. Let us assume that Ay(A) # 0.

1.1 By definition of A we have
gécv(A) - QN()1 forall ke N.
In particular, we get

Av (95(A4)) < Ay Qo)  forallk eN.

1.2 For every v € Qo1 we obtain (exactly as in LEMMA 2.3.6)

10 0 0
Jon (v) = 1 00
0 0 10

with

exp ((—p)(1 =1y - v))
2—exp ((—p)(1 -1y - v))
Consequently, we can compute the determinant of the Jacobian expanding it by
its first row minors: this yields

Oé:QN()lBU'—)—l— eR.

exp (=p)(1 = 1n - v))
2 —exp ((=p)(1 =1y -0))

det (Joy (v)) = (=1)""a(v) = —a(v) = 1 +

for all v € QNOI-
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1.3 Because of u € (—log2;0) and v € Qg1 we have exp((—p)(1 — 1yv)) > 1 and,
thus,
exp ((=p)(1 — 1y - v))

2~ exp (—u)(1— Ly -0)

—a(v) =1+
for all v € Qyo1. Hence,

det (Jyy(v)) >2 forall v e Qo -

1.4 Let k € N. We notice that gy is a C'-diffeomorphism with C''-inverse given by
the restriction of the map

N
1 1
hy : Rf Sw (wQ,wg, Wy, 1 — Zwk — —log <§(1 + 6”“’1)>> eRY
k=2 K
to g(QNOI) C R_']Y
N
To check this, note that hy is a C* map, let w € A := g(Qno1) C ]Rf, and set z := Y wy =

k=1
1— log (5(1 +e#*)). Now, we have

N
(gN o hN‘A)(u)) = gN<w2,w3,...,'LUN,1 — E WE — %log (%(1 +€Uw1))> =
k=2

1
(1 —z+ —log (2 — e*"“*z)) , Wa, W3, ...,wN> =
7

1 1 1 1
ﬁlog (5(14—6““’1)) + ;log <2—exp (—log <§(l+e’“"1)>>> ,U)2,U)3,...,’LUN> =
(1+ i) +llog 22— | Wy, w3, ..., wN | =
u 1+euw1 ) ) ) )
) i
J— .e
]
> 1
]

I
N TN TN N N
=

= (U)l,w2,...,’LUN):'LU

such that gy o hN‘A = ida. On the other hand, we also have hN‘A ogn = idg,,, since we
get for v € Qo1

N N
(] o an)0) =], (1= & o0+ F1og (2= exp(nlt = 3 00)) oy 1) =
A A k=1 k=1
= (Ul,...,’UN_l,

1- Zill v — 3 log (%(1 + exp (M(l - kfz\f:l vk + 3 log <2 —exp(—p(l - Izv: vk)))>)>>>

= (Ul, ..y UN -1,
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1_I§Uk_%10g(§ (- exp (a1 - )(2_exp(_u<1_§vk)>)))>:
= (vl, L ON_ 1,1—21;,6—; og (a1 Zexp<u1—§:vk)>—1)> =

o)
|

(
= (vl,...,vN_l, 1- Nzl vp — (1= % Uk)

k=1 k=1

= (Ul, yUN— 1;1—Evk—— og

(v1, ., UN—1,UN) =V .

Therefore, hN‘A = g;,l and gy : Qnor — A is a Cl-invertible map as needed for applying
the transformation rule.
Hence, using the transformation rule yields

wih() = [aw= [ ldee)ane =2 [ aw,
gk (A) gy H(A) gy ()

such that induction on £ € N implies

Av (95 (4)) > 28An(4) forallk e N.

1.5 Finally, choosing k := Pog)‘N(QNfgg;OgAN(A)-‘ we obtain

A (gh(4)) > 2°An (4) > An(Qvor)
from 1.4 in contradiction to step 1.1.

2. Let w € Qpp; be a limit point of A. We claim that w € A. Otherwise, w € Qyg; \ A
and there is a sequence (w’);ey in A C Qngr with lim w/ = w.
j—o00

2.1 First, we show the existence of a »r € N such that

g]’f,(w) Z Qnoy -

Since w € Qo1 \ A, either w € Qnp; \ A or w € IQpnp; and we investigate these
cases separately below. Before we do this, we need a last preparation. Observe
that p € (—log2;0) yields that gy can be extended continuously to the open
set

N
1
{UERN: 082 <§ vk} [0; +00)Y D Qwor -

For simplicity, we denote this extension by gn again.
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2.1.1 If w € Qpo1 \ 4, then there exists a (minimal) » € N such that
gh(w) € Qnoy  forall k € {0,...,2c— 1} and g% (w) € Qo

by definition of A.

2.1.2 For w € 0Qpq; we have gy (w) € Qpno1-
To see this, set

N
B; := {v €[0;1]V : v;=0and 1 —Zvl € [O;UN]}
=1

for j € {1,..., N},

N
By = {vG[O;l]N : 1—Zvj:0} :
7=1
and
N
BNH::{UEE?V : 1—Z'UjZUN} )
j=1

and note that
N+1

o = |J B;

=0

because of Qg1 = E?\T N {U eERYN 11— Zjvzl v; < UN} =: E?\f N Hy,
N N N

82?\7 = {U € [0, l]n . ZU]' == 1} U U@ENJ == BO U U@EN,]'

j=1 j=1 j=1

with

GEN,]' = {U S [0, ]_]N LU= 0 and (Ul, vy Uj—1, Uj41, ...,UN) S E(])V—l}
for j € {1,...,N}, and
Nyt = (03 NHy)U (XY NHy) =

= (ByNHy)U ((CJ 0N ;) ﬂH—N) UByi1 =

7j=1
N
- B()U (U(@ENJ ﬂHN)> UBN+1 .

J=1
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Now, we compute gy(B;) for every j € {0,..., N + 1}. First,

1
gN(BN-H) = {(UN + ; log <2 - 6_“UN>,01, ---;UN—1> U E BN—H}

together with vy + ilog (2 — e ) > 2uy shows that we have

N N N
1—ZUj:1—u1—ZUj<1—UN—ZUj:—Un+UN:0
j=1 j=2 j=1

for
1 _ .
U= <UN+—log <2—e “”N>,v1,...,vN_1> with v € By
1

such that gn(By11) N Qo1 = 0.
Similarly, we see that

gN(BO) = {(O,Ul, ...,’UNfl) TV E BU}
which ylelds gN(BO) N QNOI == @

Now, consider

gy (B) = {QN(O,W,---,UN) 1 — ka € [O;UN]} )

For every v € By we have

u=gyv) = (1 - zN:vk + ilog(2 - e_“(l_zgﬂ”’“)), 0, v, ..., UN_1>
k=2
such that uy = 0 implies u = g(v) € Qno1. Hence,

gy (B1) N Qo1 =0
and completely analogous arguments yield

gy (Bj) N Qnor =0
for all j € {1,...,N —1}. For j = N and any v € By we obtain

gy (v) = gn(v1, .oy on—1,0) = (0,01, ..., o8 1)

because of 1 — Z,]cvzl vg = 0 = vy such that

gn(Bn) N Qo1 = 0

holds, too.
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2.2

Therefore, we proved the assertion 2.1.

Notice that a repeated application of the arguments in step 2.1.2 will show that
for any w € 0Qyo1 there is a 3 := 3x(w) € Ny with

9% (W) & ot -

To clarify this, we only need to consult step 2.1.2 again: If w € Qxg1, then there
isaje{0,..,N+1} with w € B;: Since we have already shown

gN(Bn4+1) N Qo =0

there it remains to deal with the cases j =0 and j € {1,..., N}.

If w € By, then either gy(w) € Qo1 or gy(w) € B;. Now, whenever there
isaw € Bj, j € {l,..,N — 1}, we conclude that gy(w') either belongs to
the complement of Qg or to Bj; as follows easily from the definition of gx
(because of the ”shift part” of gy).

Therefore, for any w € By, j € {0, ..., N — 1} we either have gy(w) € Qno; (and
we are done) or there is a k € {1,..., N} with g% (w) € By.

Finally, for all w” € By we have

N-1
gy (W) = (0,w],...,wh_;)  with 1 — Z wi =0
j=1

such that
912V(W”) = (07 Oawila "'7(")?(#2) ¢ Qnor

which proves the existence of a 3 € {1,..., N + 1} with ¢%(w) & Quo for every
w e 8QN01.

We shall illustrate the results of steps 2.1 and 2.2 for N = 2 in the following
figure wherein 0Qpg; and gy (02n01) are plotted.

gn (B2)
B
By
gN (B3)
—> gn (Bo) gn (B3
Bs
By gn(B1)

Different gray levels refer to the different sets B;, j € {0,1,3}, and Bs is the
singleton {(1,0)} in this special case. Thus, gy expands and rotates 0Qyp; in
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such a way that the first or second iterate of every w € 0{2x0; can not longer
belong to Qyo;.

Furthermore, the figure above demonstrates that gy expands the volume by a
factor larger than 2 as we have already seen in step 1. of this proof.

2.3 Since g% is continuous on {2y¢; we have
lim gﬁ(wj) = gn(w) € Qnor -
j—oo
Therefore, for any given € > 0 there exists a j. € Ny such that
lgx (w’) — g (w)[l < e

for all j € [je; +00) N Ny.
2.4 If g%(w) & Qno1, then we choose £ € (0; sdistgn (95 (w), Qno1)). Hence, the
previous step implies
gu(w?) & Qnor  for all j € [j; +00) NNy
such that _
w! ¢ A forall j € [j;+00) NNy
in contradiction to (w?);ey C A.

2.5 In case g¥(w) =: w € 001 step 2.2 enables us to find a 3¢ € Ny with

gn(w) = g5 (w) & Qwor -

Consequently, the arguments from step 2.4 apply for s replaced by ¢ + 3 and
yield the desired contradiction, too.

2.6 Hence A is a closed subset of Qyg;. Since A must not contain inner points by
assertion (1), we conclude that

i.e. A is nowhere dense.

3. The third assertion is a trivial consequence of the Principle of Linearized Stability
for maps and LEMMA 2.3.7.

4. Assertion (4) is only another formulation of LEMMA 2.3.5 (for A C Qpp).

O

The preceding lemma states that gy is "ejective” almost everywhere on Q gy, i.e. every
orbit (g% (v))ren starting in Qyg; \ Ay has to leave this set in a finite time. The exceptional
set An of initial values of orbits that do not leave Qg contains the fixed point v¥) and
is a nowhere dense zero set in Qyo;. It is tempting to conjecture Ay = {v™)} but this is
still an open question which should be addressed in further investigations.

Apart from this we obtain some elementary consequences stated as
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COROLLARY 2.3.8 Every periodic solution of (2.1) is a translate of some z(™), N € 2Nj.
Moreover, all periodic solutions ), N € 2N, are unstable.

IDEA OF THE PROOF: For N = 0 use REMARK 2.2.1(3) to show that all slowly oscillating
periodic solutions are translates of z(%).
Since the LYAPUNOV functional has a constant value U, = 2N 4 1 on the orbit of every
periodic solution for some N € 2N, a periodic solution defines necessarily a fixed point
of gn. Consequently, we can use LEMMA 2.3.5 to prove that all periodic solutions are
translates of (™, N € 2N. Finally, the instability of these rapidly oscillating solutions is
an immediate consequence of LEMMA 2.3.8(4).

O

Finally, we can draw the similar conclusions as in [16, p. 439] concerning the global
dynamics of (2.1) on Z.

E. Geometric description of the action of the semiflow on Z

Let ¢ € Z be given. PROPOSITION 2.3.1 asserts the existence of a t1(p) € R" such that
xfl(w) € Z, and
Vi(zf ) € Qn  for some N € 2N .

If N =0, then the trajectory
Y, Ry 2t af € Z

of ¢ in Z merges into the orbit O, of the slowly oscillating solution z(*) as we know from
LEMMA 2.2.1(3).

For N € 2N we have to distinguish the following cases.

LIf (V(zg,)h = v™ then the segment Ty, has the same sign distribution as
(V(zf ()2 - x(()N) in [—1;0] such that (2.1) yields that the trajectory -, of ¢ in Z
merges into the orbit of the corresponding periodic solution 2™ in Z,

Oy :={z{™ : teR}.

IL If (V2 )1 # o), either V() ) € Qi or V(af ) € Qwo.

IL1 If we have V(z, ) € Qno, then we have to distinguish two possibilities.
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IL1L IE (V(2f(,)))1 € Ay where Ay is the nowhere dense zero set defined in
LEMMA 2.3.8, then the trajectory 7, remains in {25 from that moment on.

I1.1.2 In case (V(xfl(w)))l € Qno1 \ An the trajectory 7, reaches the set Qy at

some time t' € (¢;(y); +00), due to LEMMA 2.3.8.
IL2 If V(2 ) € Qn, then set ¢ =t (p).
Consequently, in cases I1.1.2 and I1.2 there is a ¢ € [t'; +00) such that
zy, € 2y and V(x},) € Q,
where [ € [0; N — 2] N (2Ny), as follows from REMARK 2.3.4.
Observe that almost all trajectories v, ¢ € Z, eventually merge into one of the periodic

orbits Oy for some N € 2N;. Furthermore, there is only a nowhere dense zero set of initial
values in each level set V1(Qy), N € 2N, which stays on that level.

We may visualize the dynamics in the set Z; (and, thus, in Z) roughly as follows:

Oo

Herein the disks correspond to the sets V™'(Qy), N € 2N, where the centers of these
disks represent the orbits Oy of the periodic solutions (™. The other points in each
disk represent those trajectories that remain in ¥V ~1(Qy). Finally, the arrows indicate the
action of R in Z,.

For the example given in the figure on page 49, one can draw the following picture to
demonstrate the action of the semiflow on Z (or 2, respectively):

peEZ

©
=Tt1(p) o
. " - -’”tm) =Yo
L] xgp
¥ ¥ Tte(p)
. .
V—1(Q4) V—HQ9)

Note that the orbits Oy (and, therefore, the disks) approach a "hole” in Zy, namely 0 & Z;.
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If the conjecture Ay = {v™)} is true, then we can remove the additional points in
each disk in the above figures. In this case one can also hope to prove that the domain of
attraction of Oy is open and dense in Z;.

2.4 The stable sets of the non-trivial steady states

Now, we address to the question of a description of the remaining part of B which is formed
by the stable sets of the non-trivial stationary points u;, j € {—,+}. Our aim is to gain a
deeper understanding of the geometry of these sets that form in some sense the ”boundary”
of the set B.

For simplicity, we will only consider the stable set W*(u, ) throughout the whole section
since the treatment is the same for W#(u_). Furthermore, remind that due to the oddness
of —asign and LEMMA 2.2.3(1) we have W¥(u_) = —W?*(u,) since uy = —u_.

As in the smooth case one would like to start with the linearization at the steady
state u in order to understand the local behaviour of the semiflow near this equilibrium.
Unfortunately, the fact that X is not a linear space causes some difficulties which will be
overcome by a formal affine phase space decomposition.

A. A formal affine phase space decomposition

We have already seen in Section 2.1 that F_ .4, is a continuous semiflow on X which is
differentiable at the steady state u,. In this subsection we want to describe the linearization
at uy in more detail in order to derive some kind of an affine phase space decomposition
similar to the results in Section 1.3.
Using the translation
Zi=T — Uy

and setting
g := —asign(- — g) + asign(—g)
1 1

we obtain — since g is continuously differentiable in a sufficiently small neighborhood of
z=20and ¢'(0) =0 (cf. also DEFINITION 1.5.3 as well as REMARK 1.5.2) — as linearized
equation

{iét) i JLEZ()?JF : t € R, (2.18)

where
X i={p—uy:peX}={peC:|p (=" <0} .
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Clearly, (2.18) does not only generate a continuous semiflow on X, but also on the vector
space C' D X ;. Therefore, we may interpret (2.18) as an initial value problem for a linear
differential delay equation in C' restricting the range of initial values to X .

According to Section 1.3 we find the well-known decomposition

C=QaeP
of the linear space C' D X, where
P .= {1/)(0)6’“' IRVNS C’} =R-e " and @Q:= {1/) —Y(0)e ™ : ¢ e C’} .
Notice that () has codimension 1, and that the linear projection onto () along P is explicitly

given by
Prg:Copm—=»p—9p0)e ™ ecq.

We want to stretch the fact that it was necessary to leave X, for the above consid-
erations since X is obviously not a vector space. In order to return to the phase space
X, we introduce a formal decomposition with respect to the above vector space spectral
decomposition in the following way.

Let any ¢ € X, C C be given. Due to the spectral decomposition of C' there exist
uniquely defined ¢ € P and x € @ such that ) = ¢ + x = Prp(¢)) + Prg(¢), namely,

e=v0)e™™ and x=v¢ —1(0)e ™ withy e X, .

Thus, we may write suggestively
Xy =P Q@ (2.19)
defining
Py :=Prp(Xy)=P and Q4 :=Pro(X;)={p—p0)e ™ : pe X},
where we call (2.19) the formal decomposition of X with respect to (2.18).

Since we prefer to work in X instead of X, we have to decompose X =u, + X, as a
sum of two formal ”affine” subspaces,

X =(up +Pr) @ (uy + Q) =us + (PO Q) , (2.20)
which means that for every ¢ € X there exists a uniquely defined ) € X, such that

p=up+P=uy +90)e™ + (¢ = P0)e™) € uyp + (PO Q) .
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For this reason we call (2.20) the formal affine decomposition of our phase space X
(with respect to the linearization at w). This is the setting in which we will work for the
remainder of this section.

A standard approach to obtain at least a local description of a stable (or unstable) set of
a hyperbolic equilibrium is to try to find a graph representation over the underlying linear
stable (or unstable) manifold of the linearization at the equilibrium (see, e.g., DIEKMANN
et al. [16, Chapter VIII] or HALE et al. [26, Chapter 10]). For this purpose let us define
the formal projection

Pry,1g, : X 2 p—=uy +Pro(p —uy) € up + Q4

onto the formal affine space u, + @), of X which corresponds to the mentioned stable set
of the linearization at u. .

Inspired by Section 3 of KRISZTIN, WALTHER and WU [33, pp. 17-21] it is tempting
to ask for the properties of this formal affine projection which will be the subject of the
following subsections.

B. Non-injectivity of Pr, g, on W?(u,)

Recall from COROLLARY 2.3.2 that for every ¢ € W¥(u,) the trajectory
Rf ot—azfeX

enters W™ (for the definition of W" see page 27) within one time unit. In other words,
there exists a map which associates with each p € W*#(u,) its first entry time to W,

to: Wo(uy) > o inf{t € [0;1) : zf e Wi} €[0;1) .

Clearly, this map is surjective, since for every 7 € to(W?*(uy)) = [0;1) every initial value
¢ € X satisfying

o(t) <0 , te[-1;,-1+71),

o(t) =0 , t=—14+71,

o) > 0 e (—147:0), (2.21)
pt) =—4Q2em=1) , =0,

gives rise to z¥ € W' by (2.4), such that ¢ € W?*(uy,) due to COROLLARY 2.3.2, and
to(p) =7

It is of importance to recognize once again that a solution z% of (2.1) is uniquely defined
by the sign distribution of ¢ in (—1;0) and the value ¢(0), i.e. that the particular shape
of the graph of ¢ € X in the intervals [-1; —1 4 7) and (—1 + 7;0) satisfying (2.21) has
no influence on the fact that ¢ € W#9(u,). This "high degree of non-injectivity” of the
semiflow F_, e enables us to prove
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REMARK 2.4.1 The restricted projection Pr,, o, " of Wé(uy) onto uy + Q4 is
W (uy
not injective.

PROOF: We have to show the existence of ¢ and ¢ in W*(u) with

Pru++Q+ ((10) = Pru++Q+ ('l/)) but ¥ 7& 'l/) .

This means ¢ — 1) € ker Prg, \{0} = P, \ {0} = (R\ {0})e *. Hence, we are to construct
¢ and ¢ in W*(uy) such that
p—th=rel
holds for some r € R\ {0}.
Fix any 7 € (0;1) and choose for this 7 a ¢ € X satisfying (2.21) and, additionally,

%(1_6%”) <p(t)<0 forall te[-1;—1+7), (¥)

such that ¢ € W#*(u;). Now, let us choose

and set
Yi=p+re .
Thus, ¢ satisfies ¢ > 0 on [—1;0] due to (*) and the choice of 7, and 1)(0) = ©(0) +r = —

such that ¢ € Wt C W¥(uy).
Explicit examples of such ¢ and 1 can easily be constructed, as the next figure indicates.

==

z¥

x¥

O
Therefore, the set W#(uy) is "not flat enough” with respect to the projection onto the

formal affine subspace u+@Q to enable a representation as a graph over Pr,, ¢, (W?*(u4)).
The reason for this lies in the non-injectivity of the nonlinear semiflow.
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Analyzing the proof we see that ¢ and ) given there are the initial values of trajectories
which enter W™ at different times. It might be interesting to ask whether there may also
exist ¢ and ¢ in W*(uy) such that ¢,(p) = to(¢)) and ¢ — ¢ € P, \ {0}.

For 7 € [0;1) let us define

M =t (1) = {p € W*(uy) :to(p) =7},
such that

W (uy) = U ME = U to'(7)
)

T€[051 T€[051)

i.e. W*(uy) is the disjoint union of its fibers with respect to ¢,. Note that this could also
be interpreted as a partition of W#*(uy) with respect to the equivalence relation ”~” on
Ws(uy) given by

oY= to(p) =1to(¢¥) .

REMARK 2.4.2 For every 7 € [0;1), Pry, 1, . 1s injective on M*.
M.

T

PROOF: Let ¢ and ¢ in W*(uy) be given with ¢y(¢) = to(¢)) =7 € [0;1) such that

Pru++Q+(90) - Pru++Q+ (w) .

Then, ¢ — 1) = re™* for some r € R, and we have to show r = 0 in order to prove the
injectivity of Pry, ¢, e on M*.

T

1. If 7 = 0, then (0) = (0) = £ by definition of W," such that r = ¢©(0) — ¥(0) = 0
implies the injectivity of Pr,, ¢, g on My = Wi

T

2. For 7 € (0;1) we argue as follows:

2.1 Let x € {¢,v}. By definition of 7 := t(x) and continuity of zX there is an
e € (0;min{7,1 — 7}) such that

2X(t) € (0;¢%)  forallt € (1 —e;7) C (0;7)
and xX(t) = & for all t € (157 +¢) C (73 1]. Therefore, x € X,
#X(t) >0, and 2X(t) € (0;¢1)

yields zX(t — 1) = x(r — 1) < 0 for all t € (7 —£';7), &' € (0;¢), by virtue of
(2.1) while
() =0 and a2X(t)=¢t=-2
0
implies 2X(t — 1) = x(t — 1) > 0 for all t € (7;7 +¢€") by (2.1). Consequently,
the continuity of x gives aX(17 — 1) = x(7 — 1) = 0.
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2.2 It is evident from step 2.1 that o(7 — 1) = 0 = (7 — 1) because of ty(¢) =7 =
to(¢)). Hence,
ot —1) —p(r —1) =re "1 =

gives r = 0.

O

Although Pr,, ;q, is not injective on W#(u,), it is injective on each of the t,-fibers
of W#*(uy). On the other hand, we can still ask whether the projection of W#(u,) onto
U4 + Q+ is already U4 + Q+.

Up to this point we did not have to bother about

Uy +Q+ = Uy +PI'Q(X+) ccC.

But in order to use the results of the previous sections we are to modify this ”crude
approach” in order to guarantee

uy +x+seteX

for all s € R for any given x which ”stems” from (uy + @ ;)N X in a sense to be described
in detail now.

First, we introduce the equivalence relation ”~” on X by
prp = [ignop=signop and (0) = p(0)
for {¢, 1} C X, and denote the equivalence class of any ¢ € X by
[pl:={YeX : o~} .
Clearly, given ¢ € X we recall from Section 2.1 that
2¥(t) = 2%(t) forallt € Ry and all ¢ € [¢] .

From this point of view every [¢] € {[¢)] : ¢ € X} = [X] gives rise to a single ”solution”

aj[‘p] — xw

. . of (2.1) given by the trace of the solution x“p‘ . of any of its representatives
RO RO RO
Y € [p]. Keeping this in mind we return to our original problem.

Since we are only interested in a description of the dynamics of (2.1) on X, we prefer
to consider only that part of the set u, + @, that lies in X, i.e. (uy +@Q4) N X. Defining

up +Qp = [(uy + Q)N X ={[¢] : Y € (uy +Qy)NX},

it is easy to see that for any u, +¢ € (uy +@Q+)NX there exists a representative u, +x € X
of [uy + ¢] such that
uy+x+se”eX forallseR

(choose, e.g., an appropriate piecewise linear function g =: uy + y € X with ”"saw-tooth”
graph such that g(0) = — + ¢(0) and sign o g = sign o (u4 + ¢) on [-1;0]).
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C. The image of W*(u,) under Pr, ,q,

Using the elementary machinery developed in Sections 2.1-2.3 we can show

PROPOSITION 2.4.1 [Pr,, .o, (W*(uy)) N X] D uy + Q..

PRroOF: For simplicity we denote F'_, ey by F' throughout this proof. Let u, +1 € u++@:
be given and choose a representative u, + x € [uy + 1] such that

Yo =ur+x+oeteX foralloeR

In order to prove the assertion we have to show the existence of a real number o = ()
such that
Yo =uy +x+ae €W (uy)

because of [Pry, 1q, (va)] = [us + x] = [u+ + 9.

1. There exists a o € R such that F(0,p,) € W3 as follows from the definition of W;
(on page 41) choosing o € R such that

a a

(2¢" —1); -

—9+X(0)+a-1e<
0 I I

(2e" — 1)) .

2. There exist 0; € R, j € {—, 4}, such that F(t,¢,,) € & for some ¢ € [0;1]. To see
this, take any ¢ > 0 and set

b

min (s -+ (0| mag (04 000 2

0p = max
te[—1;0]

Consequently, F(0, p,,) € W, and F(0,¢_,,) € W, which gives the assertion with
o_ = —0y and o, = 0.
3. Now we can introduce the following sets.

Ay ={oeR : 3t e|0;1] such that F(t,¢,) € W, } |
A_ :={oeR : Jte€]0;1] such that F(t,¢,) € Wy
A, ={oeR : 3tec Ry such that F(t,p,) € Ws} ,

Y

and let A := {A;,A_, A,}. We need some elementary facts about the elements of
A. Let A € A be given.

3.1 The set A is open, since W2j, j € {—,+}, and W; are open subsets of X:
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3.1.1 Let ¢ € W5 be given and fix any ¢, € [0; 1] with 2% (¢,) > —. Now, the
continuous dependence on the initial value ¢ € X yields that we can find a
0 € R" for given € € (0;29(t,) + ) with
|2?(t) —x¥(t)| <& for all t € [0;t,] and all ¥ € Us(yp) .

Therefore, z¥(t,) > x%(t,)—c > x%(t,) —x%(t,) — & = —4forally € Us(p)
which yields Us(p) C W, and, hence, the openness of W,'.
3.1.2 Analogous arguments as in 3.1.1 yield that W, is open, too.
3.1.3 Let ¢ € W3 be given. Choosing 6 € (0;] — (2" — 1) — [p(0)]]) yields
Us(p) C W3 which shows the openness of Wj.
3.2 Step 1. and step 2. show that A # (.

33 If Be A\ {A}, then BN A = 0.
To see this we prove two auxiliary statements first.

3.3.1 Let j € {—,+}. Then we have o € 4; if and only if ¢, € £.
If 0 € Aj, then ¢, € & by LEMMA 2.3.1(1). On the other hand, let
0y € &7. Then the analogue of LEMMA 1.4.1 implies the existence of a
t € R such that [z{7(0)| > —%. Now, we infer ¢ € [0;1] and 27" € W as in
the proof of LEMMA 2.3.1 . Thus, o € A;.

3.3.2 We have 0 € A, if and only if ¢, € Z C B.
If o € A,, then there exists a t € R with zf” € Wj. Recalling W3 C Z
from COROLLARY 2.3.4) implies ¢, € Z. Now, let ¢, € Z. We infer
from LEMMA 2.3.2 that there is an unbounded sequence (7,(¢,))nen of

zeros of z¥7 in R*. Therefore, we obtain 0 = |27 (11 (¢,))| = |27, ,(0)] <
—(2e* — 1) such that 277 € W; for t = 71(¢p,) and, thus, o € A,.

Hence, 3.3.1 and 3.3.2 together with
X =E UBUET
vield BNA=0forany A€ A, Be A\ {A}.
Thus, the connectedness of R shows that
R\ (A, UA_UA,)=M=#0.

Now,
X=E UW'(u )UZUW*(uy)UET

and the fact that p, € EUZUET ifand only if 0 € A UA,UA, (cf. step 3.3) yield
that the elements of M have the following property.

34 If o€ M, then p, =uy +x+0o-e " € Ws(u_ ) UW?(uy).
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4. We claim that A, is bounded from below.
Otherwise, there should exist o € Ay with o < ay := 2% — |[|x|[; for these a

a _a
90a<80a#:u++X+(2;—“XH)'€ K <;]I:u_

would imply ¢, € £~ contradicting ET N E~ = (). Hence, A, C [ay; +00).
Consequently, we can define

a:=infA, .

The next step is devoted to prove that o € M.

5. We have « € R\ (AL UA_UA,).

5.1

5.2

5.3

5.4

Since A, is open (cf. step 3.1) we have
o — inf A+ € A+ .

As a consequence of step 5.1 and the definition of «, there exists a sequence
(an)nen in Ay with ay, > a for all n € N and nlg& o, = Q.
Observe that
||90a _(PanH = |a_an| =0Qp —
such that ¢, € Us(p,) whenever a,, —a < 9.

If a belongs to A_, then the openness of A (cf. step 3.1) would imply the
existence of a € R" such that Us(«) C A_. For this 6 € R" we could find a
ns € N with a,, € Ay for all n € NN [ng;+00) and |a — o | = @, — @ < 6 by
step 5.2. Now, this would give o, € A_ N A, for all n € NN [ng; +00) which
contradicts the fact that A, and A_ are disjoint as we know from step 3.3.
Therefore, o ¢ A_.

Finally, a € A, since otherwise the openness of A, will imply a contradiction to
the disjointness of A, and A, again (similar to the previous step).

6. Now, we have o € M by step 5., such that 3.4 implies that v, € W*(u_) UW?(uy).
Clearly, we must have ¢, € W#*(uy) since the other case will obviously lead to a
contradiction to the continuity of the semiflow because of LEMMA 2.3.1 as we will
show in the sequel to complete the proof.

If we assume

Yo =Ur +x+ae ™ e W (u),

there would exist a t, € [0;1] such that z7* € W~ by COROLLARY 2.3.2. Due to
the continuous dependence on the initial value ¢, there exists for every ¢ € (0; —2%)
ad=0d(ty +1,8) > 0 such that the estimate

oV (t) < 2% (t) + ¢
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holds on [0;t, + 1] for all ¢ € Us(py).

By step 5.2 there exists a ns € N such that a,, — a < 6 for all n € NN [ng; +00).
Note that a,, € Ay for all n € NN [ng; +00). Consequently, there exists a t,, € [0; 1]
with e (t) > —% for all ¢ € [t;;+00) D [1;+00) for every n € NN [ng;+00) as
a consequence of LEMMA 2.3.1. Hence, z%o»(t) > —7 for all ¢ € [1;+00) and all
n € NN [ng; +00).

In fact, we arrive at the contradiction

— L < gpen (1) <z¥(t) +e< 2 9% forallte [max{ta, 1};te +1] .
7 pooTpop

O

The proof above seems to be long-winded and unnecessarily lengthy. In our opinion
this can be justified by the fact that only slight modification will enable us to generalize
most parts of the proof to the case of continuous nonlinearities.

Obviously, LEMMA 2.3.1 (as well as its corollaries) and the continuous dependence on
the initial value (or, equivalently, the continuity of the semiflow) are the crucial tools that
provided the proof.

D. Geometric description of W*(u,)

We are now in a position to draw a geometric picture of the stable set of u,.. PROPOSITION
2.4.1 yields that for every uy + ¢ € (uy + Q1) N X there is a uy + x € [uy + 9] such that
we can find a s € R with

uy +x +se e Wi (uy) .

Therefore, for every [u, + 1] € u, + Q- the set
I(ug +9)) :={r e R : Juy +x € [uy + ] with uy + x +re € W*(uy)}

is non-empty and contains in general more than one element according to REMARK 2.4.1.
This enables us to write

(W2 (uy)] = U (e + 9+ 1wy +4]e™)

[ug+y]€ut +Q1

which gives a representation of [W#(u, )] over the formal affine space u, + Q. in terms of
a graph of the set-valued function

Sep: uy + Qy D [ug + 1] = [ug + I([ug +]) - e ] € Pluy + Py) |

such that we may write
[W#(uy)] = graph(Sep) ,
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and illustrate this in the following figure.

uy + Py

[ut +x] + I([u+ +x])e™

We want to refine this picture in view of REMARK 2.4.2: therefore, let us rewrite
I([us +1]) as the disjoint union of all those ty-fibers of W#*(u ) that intersect with the set

[uy + ] + I(Jus +Y])e ™. Let [uy + ] € uy + Q4 be given. For 7 € [0;1) we introduce
L(lup +¢)):={r e R : Juy +x € [up +¢] with uy + x +re * € M} |

such that
I(up+¢) = | T(us + ) -

T€[0;1)
For 7 € [0;1), we infer from REMARK 2.4.2 that I ([u, +1]) contains at most a single real
number, but it could also be the empty set, depending on [uy + ]. Therefore, we define

Tiup+Qy 3 fuy + ¢l = {r€0;1) : Lfuy +¢]) #0} € B(R)

which measures the ”thickness” of W*(u.) over the point [u, + 1] € uy + Q,. Thus, we
have

W) = Y U (s + o+ L(uy + e ™)
[u++w]6u++@\; T€T([u++¢])
where I, (-) is a real number for every 7 € T'(-) such that we can describe [W?*(u )] in form

of this sections of the set-bundle over u, + ().
This representation is illustrated in the following figure where the different gray levels
on [W*(u,)] correspond to different sections of the set-bundle.

uy + Py

W (ut)]
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We conclude this section with a short list of open problems that will initiate further re-
search on this topic.

To begin with, we could ask for any kind of ”smoothness properties” of the mapping
Gep. Typically, one introduces the notation of upper semicontinuity for set-valued func-
tions (cf., e.g., EISENACK and FENSKE [18, p. 209] or ZEIDLER [75, Section 9.2] and the
references therein), and it will be the subject of further research to clarify whether Gep is
upper semincontinous or, more generally, whether this is the right concept of ”smoothness”
in our setting: In particular, is [W*(u,)] "tangential” to u, + @ in some sense 7

Furthermore, one may ask for a more detailed description of the sets I([uy + ¢]) for
[us 4+ 1] € uy + Q4 which would give a deeper insight into the structure of [W*(u,)]. Ob-
vious questions could be: Is I([uy + ¢]) an interval ? If not, does it contain inner points,
or can we say anything about its LEBESGUE measure ? Do there exist [u, + ] € uy + Cj?:
such that I([us + ¢]) is a CANTOR set ?

Following ZEIDLER [75, p. 463] we call a single-valued map f : W — M satisfying

f(w) € F(w) forallweW

a selection of the set-valued mapping § : W — B(M). Naturally, this raises the question:

Are the sections of the set-bundle over u, + (), continuous (or even smooth) selections of
Gep or of restrictions of Gep 7

2.5 Supplementary remarks

This final section is devoted to set the results of this chapter into perspective, and to give,
by the way, further references to related work and questions.

As already mentioned, the main part of our presentation in Section 2.1-2.3 follows the
lines of DIEKMANN et. al. [16, Section XVI.2] and serves as generalization of this work
on one hand, as well as a rudimentary model from which we hope to derive information
about the dynamics generated by (1.1) for continuous nonlinearities f on the other hand:
this will be the content of Chapter 3.

In order to draw a complete picture of the action of the semiflow generated by (2.1) on
Z we had to introduce a discrete LYAPUNOV functional which is adapted from Cao [11].
There are similar (and slightly different) definitions of so called ”frequency functions” due
to SHUSTIN et al. [20, 21, 22, 54, 50]. In fact, the main issue of most of this articles is
not to give a detailed description of the behaviour of the semiflow: These are concerned
with the question of non-existence of so called super-high-frequency solutions (SHFS), and
we refer to the work of NussBAUM and SHUSTIN [50] or AKIAN and BLIMAN [2] for a
state-of-the-art overview.

Summarizing this, we can say that Sections 2.1-2.3 combine the merits of the other
approaches: a detailed study of the long-term behaviour of the solutions of (2.1) is provided,
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and CAO’s approach to discrete LYAPUNOV functionals is applied for the first time in
a discontinuous setting yielding some results which were not covered by the papers of
SHUSTIN et al..

Section 2.4 is completely independent of all problems and questions treated in the litera-
ture, and, to the author’s knowledge, the first investigation of a stable set for discontinuous
differential delay equations. It provides a geometric visualization of the stable set in terms
of sections of a set-bundle over the affine subspace u, + () that correspond to the entry
times into the set W~ which gives rise to further research.

There were two principal goals we wanted to reach with this chapter:

First, we were able to give an almost complete description of the dynamics of a model
equation which is of the special feedback type (an instantaneous growth process governed
by delayed negative feedback) in which we are interested.

Second, we hope that equation (2.1), as the limiting case of the prototype equations
(1.1),, will display the rudimentary dynamical structures that may occur for (1.1) such
that this chapter provides in some way a ”program” for the further investigations: In fact,
our Chapters 3 and 4 as well as Chapter 5 resemble problems in context of the continuous
equation (1.1) which were also investigated in Sections 2.2-2.3 as well as 2.4, respectively,
for the discontinuous model equation (2.1).

The first step from the discontinuous limiting equation (2.1) back to the delay equation
(1.1) is done in the subsequent chapter, where we will prove the existence of slowly oscil-
lating periodic solutions of equation (1.1) for continuous nonlinearities f which are close
to the sign nonlinearity in some special sense.
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3

Contracting return maps for a class
of differential delay equations

In this chapter we intend to return to the consideration of equations of type

#(t) = —pa(t) + f(x(t — 1)) (1.1)

for continuous nonlinearities f : R — R. We recall briefly that the segment xf;fl of a

solution z#7/ of (1.1) with initial value z£”/ = ¢ € C' is given by

n+1+t
220 () = 29T (n+ 14 t) = 297 (n)e #+D / e M=) £ (0 (s — 1))ds  (3.1)

n

for every integer n € Ny and all ¢t € [—1;0], as we infer from the variation-of-constants
formula (1.4).

Motivated by analogous results of WALTHER [67, 68] for decay delay equations and
numerical experiments, we will take the following approach: in Section 3.1 we define a
certain class of bounded continuous odd nonlinearities which are close to

g := —asign

outside a small neighborhood of 0. These nonlinearities f lead to solutions %/ which
are close to the slowly oscillating solution y of (2.1) on some interval containing [0; z(u)]
for some closed convex set A of initial values ¢ € C. This permits us to prove that the
solutions z#/ with initial values ¢ € C enter —A at some time q := ¢(y, f) which leads
to the definition of a return map R in Section 3.2. The fixed points of R, define slowly
oscillating solutions for (1.1). Applying the SCHAUDER Fixed Point Theorem, we can
guarantee the existence of slowly oscillating solutions and show in the fourth section some
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stability properties of the unique periodic solution for nonlinearities for which the return
map is a strict contraction.

We will follow the notation of WALTHER [67] throughout this chapter rather closely as
far as possible, whereas it turns out that we have to make essential changes concerning
some techniques used in [67].

With respect to the results of Chapter 2 let us fix
p € (—log2;0)

for the remainder of this chapter, i.e. we assume (H1’) to be valid.

3.1 A class of nonlinearities for (1.1)

The aim of this section is to answer (at least partially) the question

(x) If the nonlinearity f in (1.1) is — in some sense — close to g := —a sign, what do
solutions of (1.1) have to do with those of (2.1) ¢

In a way, the results of this section help to understand why we have considered the dis-
continuous limiting equation (2.1) in order to infer more information about the dynamics
of (1.1) for continuous nonlinearities f.

We fix @ € R* and remind the reader of the slowly oscillating solution y = —z(%) for the
discontinuous model equation (2.1). The properties of y that will be needed throughout
this section could be found in REMARK 2.2.2.

DEFINITION 3.1.1 For ¢ € R' fix b € (a;+00). For every ( € (0;—%) and every

e € (0;a) denote by N(3,€) the set of all functions f € C(R,R) satisfying the following
four conditions:

Ni) f(§) = —f(=¢) forall € € R,

|£(&)] < b forall € € (0;3),

|£(§) = (=a)| <& for all £ € [§;00),

N,) The equation —pé + f(€) = 0 has exactly two solutions in R\ [—3; (], denoted as
§f € (B;400) and § = S;F € (—oo; —f), for which we have

N,

(N1)
(N2)
(Ns)
(Na)

a a a a
S < (et -1 <0< ——(eF-1)<EF < —— .
L <& u( ) u( ) <& .
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Hypothesis (Ny) is only included to clarify the investigations and to permit shorter
proofs here.

REMARK 3.1.1 Assumption (Ny) is not essential for the results of this chapter (e.g., all
results hold for fi € C(R/R) as depicted below, too).

The last condition, (/NVy), assures that the non-trivial stationary solutions of (1.1) with
f € N(B,e) have values which are larger than the values of the corresponding slowly
oscillating periodic solution y of the "nearby” equation (2.1) because of

a
= — = —— —H
max |y| = —y(1) lL(e 1).

REMARK 3.1.2 Condition (Ny) can certainly be replaced by (N}): the equation
—pE+ f(§) =0

has more than two solutions in R\ [—05; 8], and 5% should be understood as

{; = max{¢ € (—o0;—f) : —pl+ f(§) =0}
and
¢ == min{¢ € (B;+00) : —p+ f(§) =0}

i the above estimate.

Observe that My = sup |f| < max{b,a + ¢} for f € N(3,¢) such that N(3,¢) forms a
R

subset of all continuous nonlinearities which satisfy the hypotheses (H2.3) and (H2.4); for
the moment we do not need further smoothness assumptions.

Furthermore, it is noteworthy to mention that the set N(3,¢) contains nonlinearities
which

e do not satisfy a negative feedback condition (1.2), or

e are not monotonic on R, or

e have finitely many stationary states with values in (—f; ),
as well as the prototype nonlinearities from EXAMPLE 1.1.1 and ExXAMPLE 1.1.2 for
appropriately chosen parameters.

f1 € C(R,R) satisfying (N2), (N3), (N}) f2 € N(B,¢e)
+b

| ]

i, .
)
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DEFINITION 3.1.2 Let (8,¢) € (0;—%) x (0;a) be chosen as in DEFINITION 3.1.1. For
f € N(B,¢) let us define

A(B) = {90 € C: ol s =2 plt) 2 5 vt € 1501, 000) = B} .

REMARK 3.1.3 It is evident from DEFINITION 3.1.2 that A(S) is a non-empty, closed,
bounded, and convex subset of C'\ {0}.

In contrast to the situation considered by WALTHER in [67] and [68], where u € R", a
slowly oscillating periodic solution for u € (—log2;0) has an arbitrarily large minimal
period depending on p since p, = 2z(u) — +oo as p N\, —log2 (see LEMMA 2.2.3).
Therefore, we introduce the following number since we want to take advantage of the
variations-of-constants formula (3.1) using a method of steps.

For o € (—log2;0) let

[2(12)] , 2(n) ¢N (3.2)

and
r(p) = [n(w)]
where [[] R —inf{(€Z : £<(}€Zand |-] Ro&—sup{(€Z : (<&} €.
By this definition and REMARK 2.2.2 we have n(u) € [3;+00), () € NN [3;+00),

5 < 0 for J € {2, ey (1) — 11} U (1) — 1}, 91 < 0, and gy (0) = y(n()) > 0 (cf. the
figure below for illustration).

For parameter values (5,¢) close to (0,0), the nonlinearities f € N(3,¢) are close
to g := —asign: furthermore, the solutions z#/ of (1.1) with f € N(f,¢) and initial
values in A(J) are close to the slowly oscillating periodic solution y of (2.1) on [0;n(u)],
as numerical simulations indicate (e.g., we obtain the subsequent picture of ¥/ for the
nonlinearity f = f; (depicted on the left hand side of the figure on page 93) and initial
datum ¢ = I € A(f)):

0.4

Rt

-
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The following proposition will explain this observation and gives a precise answer to
question (x).

PROPOSITION 3.1.1 We have

(8,£)=(0,0) '\ feN(B,e),0eA(B),t€[0;n(1)]

lim ( sup 297 (1) — y(1)] ) =0.

PROOF:

L. For all (B,¢) € (0;—7) x (0;a), f € N(B,e), p € A(B), t € [-1;0] we have the
estimate

[Er (L)1) — ()] =

1+t 142

= ‘Be_”wrt) + /6_“(1+t_s)f(g0(s —1))ds — (0 — / e PIH=9)g4s)| <

0
1+t

0
< pet 4+ ‘ /e”s(f(q)(s -1)) - (—a))ds‘ e < (BHe)e”
0
as a consequence of (N3). Thus, we obtain

lim sup Fy(1,0) =1 =0.
(8.£)=(0.0) ( feN(ﬂ,e),weA(ﬁ)“ eyl

2. Now we claim

(B,6,4)=(0,0,y5) \ feN(B,e)

for all j € {1,2,..., [n(p) — 1|} U {n(p) — 1}.

Fix j € {1,2,...,[n(u) —1]}U{n(u) — 1} throughout this part of the proof and recall
from REMARK 2.2.2 that we have y, < 0 for all k € {2,..., [n(pn) — 1]} U{n(p) — 1}
and y(7) < 0 for all 7 € (—1;0] which implies

lim ( sup ||Fp(1,7) — yjql| ) =0

g(y(s - 1)) = —a- Sign(y(s — 1)) = 4q

forall s € (j;7+1+t],t€[-1;0].
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2.1

2.2

Because of

[Fr (1, 9)(t) —yin(B)] =

1+t
= fpe s e s - 1))ds
0

JH+1+t

J
(o=l + /v ) = alds) e

for all (5,2) € (0;—2) x (0;a), f € N(B,2), ¥ € C, and t € [~1;0], it is
sufficient to prove

0

sup [ 17(0(0) = alde 50 as (3.56) > (0,0.35).

FEN(B.e)

Let n > 0 be given.
For § = d(n) € (0, m), we obtain due to the boundedness of f for all

(B.¢) € (0:—2) x (0;0), f € N(B,2), and 4 € C,
—146

/ F(6(s)) — alds < (M + ) < 2.
Since y; < 0 and y; > y(l) = (e —=1) > & on [-1+6;0], there exists
p(0) € (0; IIIIII{—T ) such that
£ +B(0) <y; < —=2B8(5) on[-1+40;0],
and for all ¢ € C with || — y;|| < (), this yields
§ <y <—B(6) on[-1+40].
For all (5,¢) € (0; 5(0)) x (0;a), f € N(B,¢), and ¢ € C with [[¢ —y;|| < 5(9),

we get £ <1 < —f on [~1+6;0], and, as a consequence of |f(§) — af < & for

all £ € (—o0; —f),

[ |wten —afis < -9 <.

—1+6
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Hence we obtain for (3,¢) € (0;3(0)) x (0;2), f € N(B,¢), ¢ € Uss)(y;), and
J €L [n(p) = 1]} U {n(p) — 1},

—1+6

/\ —a‘ds< / \f —a‘ds+ /0 ‘f(w(s))—a‘ds<77,

—146

3. Finally, let n > 0 be given.

3.1

3.2

We define recursively some variables and notations which we will need in step
3.2. Set Op(u—1 := 1. In case that 2(u) € N, we can apply part 2. to find a
Oln(u)—1] € (0; 5n(u)—1) such that

HFf(la 1/)) - y”(M)H < 671(#)71

holds for all ¢ € U . - . (Yn(w=1), (B,€) € (0;0|n(uy-1))% and all f € N(B,¢).
Now, 0n(u-1] is defined in both cases (z(u) € N and z(p) ¢ N) such that we
can return to a more general consideration.

Applying part 2. enables us to find a 6|,,(4y—2] € (058 n()-1/) such that

[Er(1,4) = Yinguy || < Oingw—1

holds for all ¢ € Us,, ..o, (Uinwy-1)), (B,€) € (050n()-2/)?, and all f € N(B,¢).
Clearly, we can repeat this procedure of finding §;_; € (0;0,) recursively: for

je{1,...,|n(p) — 1]} we obtain §;_; € (0;0,) (applying part 2.) such that

| Fr(1,4) =yl <0

holds for all ¢ € Us,_, (y;), (8,¢) € (0;0;-1)%, and all f € N(B,e). Thus, the
obtained finite sequence (6x)kefo,...,|n(u)—1]}u{n(u)—1} Satisfies

0< (Sk < 5].;-1—1 < 5n(u)—1 ="

for all k € {0, ..., [n(pn) — 2]}.

Part 1. guarantees now the existence of a ¢ € (0;dy) such that for all (5,¢) €
(0;0), f € N(B,¢), and ¢ € A(SB), we have

1E¢ (1, 0) —wnll <o,
which gives in particular
22T (t) —y(t)| < 8o <n forall t € [0;1] .
Choosing ¢' := F;(1, ) € Us,(y1) we obtain, applying 3.1,
1Fp (1,97 = yell = I1F5(2,0) = gell <01,
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such that

|27l (t) —y(t)| < 6 <n  forall t €[1;2] .

Setting 1 := Fy(j,¢) € Us,_,(y;) we can repeat these arguments for all
Jj€42,...,|n(pn) — 2]} and obtain

@2 (t) —y()] < for all ¢ € [0; [n(p) —1]]

and all 3, ¢, f, and ¢ as above.

3.2.1

3.2.2

If we have z(p) € N, then |n(u) — 1] = n(u) — 1 € N and we can repeat
the previous argument once more with j = |n(u) — 2] +1 = n(p) — 1. This
yields

579 (6) = y(0)] < Guggr =1 for all £ € [0; (1)

and all 3, ¢, f, and ¢ as above. Thus, the proposition is proved in this case.

In case z(¢) € N we have to make an additional step first: As above we
obtain
1ER (L O — gl = 15 (1n(w) ], ) = yingan Il <
< Olnw-1]
for j = |n(p) — 2] +1 = |n(p) — 1]. Therefore, we conclude from this
estimate together with ||Fr([n(x) — 1],¢) = Yinw-1] || < djn(u)—2) that

1
[ F¢([n(pw)] - §,<P) - y[n(y)Jf%” < Oln(u)-1] »

and a further application of part 2. (for j = [n(p)| — 5 =n(u) — 1) yields

N[

|x#f (t) — Yn() ()] < Ongy—1 =n  for all t € [0;n(p)]

and all 3, ¢, f, and ¢ as above (since [n(p)] — 3 +1 = |n(x)| + 3 = n(p)
by (3.2)). Thus, the proposition is proved in this case, too.

O

COROLLARY 3.1.1 There exist 3y € (0; —%), g0 € (0;a) such that for all B € (0;F),
e € (0;e9), f € N(B,2), and ¢ € A(B) we have

|27 (1)] < §f < —% for all t € [0;n(p)] -
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PROOF: By (N,) we have £; > —y(1) = maxg |y|. Thus, for any given n € (0;&; +y(1))
we can find Sy € (0;—%), €0 € (0;a) such that we have
[ (8) — y()| <

for all ¢ € [0; n(p)] by PrROPOSITION 3.1.1, which yields the desired estimate.
0J

It should be mentioned that up to this point it is not clear whether the intersection
Ws(uy)NA(S) is empty or not. In order to prove that solutions which start in A(f) return
to this set (or, more precisely, enter the set —A((3)) and do not converge to the stationary
solution associated with u, we have to introduce some further denotations.

. n(p)=2
Define, for ¢ € (O, z(u)_l],

we(p) = (z2(p) — 1) - c= ﬁlog (2-e*) . (3.3)

REMARK 3.1.4 For every c € (0; :&L))j] we have

L+e<lHw(p) <n(p)—1<z(p) <np),

while y < 0 on [wy(p);n(p) — 1] holds for all v € (0;1), i.e. in particular for v = c.

To illustrate the preceding remark we include the following figure that displays the
mutual positions of n(u), z(p), and 1 + we(p) for ¢ € <0; n(H)—Q].

z(p)—1

y

{1+ wew) s ce (628=3]}

z(n)-1
that for each (B,2) € (0;8.) x (0;¢.), f € N(B,¢), and ¢ € A(B) we have the following

properties.

PROPOSITION 3.1.2 Let ¢ € (O; n(“)_Q]. There exist 5. € (0;00), . € (0;20) such
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(1) The function x = %7 satisfies —3 < z(n(p)) and

r<—f on [we(p);n(p) —1],
<0 on (0;1),
0<z on (1 +we(p);n(p)) -

(2) For the unique solution ¢ = q(¢, f) of the equation

227 (t) = =8
in (n(p) — 1;n(p)) we have
Titen) € ~AB) -

(3) Furthermore, if ¥ € A(B) with Fr(1 + w.(1n), p) = Fr(1 4+ we(p), ¥) then

q(o, f) =q(, f) .

PROOF: Set for short w := w.(u), z := z(p), and n := n(u).

1. Since y < 0 on [w;n — 1] we can choose a d, € (0; 5y) N (0;&p) such that y < —J, on
[w;n — 1] C (0; z). Hence, PROPOSITION 3.1.1 implies the existence of a 6 € (0;0,)
such that for all (3,¢) € (0;0) x (0;4), f € N(B,¢), and ¢ € A(B) we have

w9l < —6, < —0<—B<0 onwn—1]

and

x“"’f(n)>@>0>—ﬁ.

Thus, we proved the first two assertions in (1).
The monotonicity properties of y yield

—puy(t) —a < —py(0) —a=—-a <0 for ¢t € (0;1) and
—py(t)+a>—py(l) +a>al2—-e*)>0 fort € (1;n) .

Choose n > 0 such that
—a+n(l—p) <0<a@-e™)—(1-pn,

and then 8. = ¢, € (0;0) N (0;7n) so that PROPOSITION 3.1.1 once again yields for
all (8,¢) € (0; B) x (0;ec), f € N(B,¢), and ¢ € A(B),

‘x“"’f(t) —y(t)| <n forallte[0;n].
For such 3, ¢, f, and ¢ as before the solution z := z#/ satisfies
#(t) = —px(t)+ fo(t—1) < —plyt) +n) —a+e <
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—u(y(0)+n) —a+e < —a+n(l—p)<
0

ANVAN

for t € (0;1).
Now let t € (1 4+w;n) C (1;n) and recall from the first paragraph of this part of the
proof that we have x(t — 1) < —f since t — 1 € (w;n — 1). Consequently,

#(t) = —pa(t) + fet-1)) = —ply(t) —n) +a—-c>
—uw(y(1) =n)+a—-n=al2—e") = (1—pn>
0

\YARVANI

for t € (w+ 1;n).

2. We give a rather comprehensive proof of assertion (2) in this part in order to comment
on the special choice of ¢ and its consequences later.

2.1 Since x := 2%/ is continuous on [—1; +00) and because of x < —3 on (w;n — 1)
and z(n) > —f by assertion (1), the Intermediate Value Theorem implies the
existence of ¢ = q(p, f) € (n — 1;n) with z(q) = —p.

2.2 We choose qo := inf{t € (n—1;n) : z(t) = =B} € (n — 1;n). Because z < —f3
on (w;n — 1) and this particular choice of ¢y we obtain z < —/ on (w;¢q) and,
thereby, z, € —A(f) (since otherwise we would obtain a contradiction to the
definition of gp).

2.3 Due to c € (O; Z((Zgj] , the solution x = %/ is strictly increasing on

n—1;n) = (w;n—1]N(1+w;n),
which implies the uniqueness of ¢ = q(p, f) € (n— 1;n).

3. The last assertion is shown using 2%/ = 2%/ on [1 + w; +0), 1 +w < q(p, f) and
1+ w < q(¥, f).

O

In contrast to WALTHER [67] where ¢ € (0;1) could be chosen independent of u, we
had to choose
n(p) — 2}

SECECE e

here. As part 2.3 of the last proof indicates, it was necessary to introduce this restricted
parameter range for ¢ in order to ensure that 1 + w.(u) < n(p) — 1, which guarantees the
uniqueness of ¢ = q(p, f) whereas the existence of ¢ € (n(p) — 1;n(p)) with 22/ € —A(p)
remains valid for all ¢ € (0;1) as one can infer from parts 2.1 and 2.2 of the proof. In other
words, we have
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REMARK 3.1.5 Let ¢ = ¢(p) € (O, :ég)) ] be given and choose (3,¢) € (0;8.) x (0;&,).
Then
A(B) 2 ¢ = qle, f) € (n(p) — 1;n(p))

is @ map for every f € N(f3,¢).

Furthermore, it is evident from this remark and part (3) of PROPOSITION 3.1.2 that
the relations

si) =q(e, f) =n(w) + 1€ (0;1), ¢ =Fr(n(p) =1,¢), ¢ APp)
define a map sy : Fr(n(p) — 1, A(B)) = R for f € N(B,¢) and (5,¢) € (0;5.) x (0;¢,).

3.2 A LIPSCHITZ continuous return map

The crucial conclusion of PROPOSITION 3.1.2 is that solutions evolving from A(/3) return
to this set (by virtue of the oddness of f, cf. also LEMMA 2.2.3(1)). Therefore, we can
consider the return map

Ry A(B) 3 ¢ = =Fy(alp, ), 9) € A(B)

for (8,e) € (0;8:) x (0;e.) and f € N(B, ).
This self-map of A(3) is extremely helpful for proving the existence of slowly oscillating
periodic solutions of (1.1) with f € N(f,¢) as the following lemma shows.

LEMMA 3.2.1 For every fized point p € A(B) of Ry the corresponding solution x = x9f
defines a periodic solution P of equation (1.1) with minimal period 2q(p, f) and symmetry

P(t)=—=P(t+q(e, f)) forall teR.

PROOF: To see this observe that the function
w:[—1;400) Dt —x“”f(t +q(p, f)) ER

is a solution of (1.1) since f is odd by (/N;), and use wy = Rs(y)

) = 0, which yields
z(t) = —az(t +qlp, f)) in [=1; 400), thus z(t) = z(¢ + 2¢(y, f)) on [~

gp:
1; 400).

O

In view of LEMMA 3.2.1, we wish to apply fixed point theorems to R; in order to prove
the existence of periodic solutions. As a first step towards this direction, we show that
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Ry is LIPSCHITZ continuous if f € N(f,¢) is assumed to be LIPSCHITZ continuous. For
this purpose we rewrite 2y as a composition of the following three maps: the restricted
time-1-map

followed by

and then by the map

Sp: Fy(n(p) —1,A(B)) 2 ¢ = —Fr(sf(p), ) € C,

where sy : Fp(n(pu) — 1, A(5)) — (0;1) is the map defined at the end of the last section.
Thus, we obtain
Rf :SfanfZOFl - _Ff(Q('af)a') :

Recall that LiPSCHITZ constants of maps T': X D Dy — Y are given by

T(z) =T
L e 2@ =TWy
ceny  [le = yllx
veDT\{z}
when (X, || - ||x) and (Y, || - ||y) were normed linear spaces.

Combining the subsequent four lemmata which yield LIPSCHITZ constants for the map-
pings Fi, F,,_2, sy and S, respectively, we can prove the LIPSCHITZ continuity of the return
map R;.

LEMMA 3.2.2 Let (B,¢) € (0;8.) x (0;.). Suppose f € N(B,¢) is LIPSCHITZ continuous

and let Lg := L(f|,.,) be the LIPSCHITZ constant for the restriction f‘[ ; Then
' By+oo
L(Fy) :==e "Lg is a LIPSCHITZ constant for F}.

PROOF: For ¢, in A(f) and t € [—1;0] we get, using ¢(0) = 5 =1(0), 8 < p and 5 < 1,

1+t

[Er(1,0)(#) = Fr(Ly)(#)] < 0+ / e MU fp(s = 1)) = f((s = 1))lds <

0
< e Ly lle =9l

which yields the LIPSCHITZ constant for Fj.
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It is important to recognize that functions in N(f, £) have in general large global LIPSCHITZ
constants
a—¢

L(f) > 3

as follows from f(0) = 0 (due to (/NV;) and the continuity of f) and |f(§)| > a — ¢ for
all £ € R\ (=4;5) by (N3). In fact, the LIPSCHITZ constants L(f) become large as
(8,2) = (0,0).

On the other hand, N(f, ) always contains functions with small LIPSCHITZ constants
Lg = L(fljg,n) of the restrictions of f € N(B,¢) to [3;00). The smallness of these
LIPSCHITZ constants Lg := L(f|...)) is of crucial importance because it ensures that the
LipscHITZ constant L(Ry) of the return map R; becomes small.

LEMMA 3.2.3 Let (3,¢) € (0; 8.) x (0;e.). Suppose f € N(3,¢) is LIPSCHITZ continuous
with LIPSCHITZ constant L := L(f). Then L(F,_s) := ((1+ L)e=*)"" =21 js ¢ LipscHITZ
constant for Fy,_s.

PROOF: Set n := n(u). Using the same arguments as in the proof of LEMMA 3.2.2
(replacing Lz with L as necessary) we readily obtain for w and x in C' D Fy(1, A(f)))

1Fr(1,w) = Fy (L)l < e™(1+ L) - [lw = xI| -

If z2(u) € N, then n—2 = [n—2] € N and repeated application of this formula (n—2)-times
using the semiflow property Fy(t,:) = Fp(1, Fp(t —1,+)) for t > 1 yields

[n—2

1Fp(n = 2,0) = Fy(n =2, < (e(1+ L))"+ flw = x|

which proves the assertion in this case. For the case z(p) € N we have [n] € NN [4; +00)
such that we obtain in a first step

1F(Tn —3],w) = Fy([n = 31,00 < (e7#(1+ L)™' Jlw — ] -

As in the proof of PROPOSITION 3.1.1 we have to make a further (half-) step because of
n—2=[n—3]+1 by (3.2). Hence,

1F5(n —2,0) = Fyn =20 = [F5(Tn =31, Fy(5,) = Ey(Tn = 3], Fy(5.0)] <
< ()" F G 9) - Bl
together with the rather rough estimate
1F5(5.0) = Fy (5,00l < (1 4+ L)l = x|
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(which can be obtained exactly as in the proof of LEMMA 3.2.2) implies

_ [n—2]
IFr(n = 2,w) = Fy(n =2, < (e "1+ L)) " 7 - [lw = xII -

REMARK 3.2.1 One can certainly get a sharper estimate for the LIPSCHITZ constant of
F, 5 taking into consideration that PROPOSITION 3.1.2(1) implies

w#l < =B on [w(u);n(p) —1]
for any ¢ € A(B) such that we can use the smaller LIPSCHITZ constant Lg = L(f|5..,)
on this time interval: again it will be of the form

(L+L)e ™) - ((1+ Lg)e )"

with appropriate | and k such that | + k = [n(p) — 2|. This will not affect our subsequent
investigations too much such that we will use the rougher estimate from LEMMA 3.2.3
instead.

Since Sy is composed of sy and Fy we begin studying the LIPSCHITZ continuity of the
map sy : €' — R before calculating a LIPSCHITZ constant for Sy.

LEMMA 3.2.4 Let (3,¢) € (0;5.) x (0;¢.) such that

—Bu<a—c.

If the restriction of f € N(B,¢) to [B;+00) is LIPSCHITZ continuous with LIPSCHITZ
constant Lg := L(fl5..), then sy is LIPSCHITZ continuous with LIPSCHITZ constant

1+L5
Lesn ===

PROOF: Once again we use the abbreviations n := n(u), w := w.(u), and z := z(u). Let
¢ and @ belong to Fy(n — 1, A(f)) and set s := s;(¢) and 5 := s;(®). Without loss of
generality let us assume 5 < s. Since o € (0;1) and 2%/ (0) = —f3 for o € {s,5}, we get

g

B = p(0)e " + / e 0 F(y(t — 1))dt

0
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with ¢ = ¢ or ¢ = p according to 0 = s or 0 =5, respectively. Evidently, we obtain from
this

ler” — | = | / e f (p(t — 1))dt + [p(0) — P(0)] - / M@~ 1)) = flo(t — 1)l

> | / (ot — 1)et] ~ o — 7] - | / @~ 1) = Tt~ D)l

By assertions (1) and (2) of PROPOSITION 3.1.2 we have ¢ < —f and < —f on [—1;0],
such that we get
min [f(p(t = 1)) =2 a—¢

te[s;s]
by (NV3) since [s—1; s—1] C [—1; 0], and because of [-1;5—1] C [—1; 0] we have furthermore
[f (@ =1)) = fle(t =)< Lg - [o(t = 1) — ot = 1)| < Ly - [[o — || forall # € [0;5] .
These estimates lead to
Ble —e| >[5 —s]-(a—¢) — [lo — 2l - Ll — ol ,

and together with
Blett — e | < Blul - [5 = s| = —Bu- |5 — 5|
we obtain
(0—c+ 8-l =5 < (1+ Lg) - [7
which proves the assertion.
O

Finally, the following last lemma of this series of lemmata guarantees the boundedness
of the LIPSCHITZ constants of Sy in case when (3, ¢) is close to (0,0).

LEMMA 3.2.5 Let (f,¢) € (0;5.) x (0;e.) such that

—Bp<a—c.

If the restriction of f € N(f,¢) to [B;+00) is LIPSCHITZ continuous with LIPSCHITZ
constant Lg = L(f|5.,,)), then Sy is LIPSCHITZ continuous with LIPSCHITZ constant

L(Sp) = L(sy) - ((=p) - &f + My) + (1 + Lg)e™
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Proor: We adopt the notation and abbreviations from the proof of LEMMA 3.2.4. Thus,
let ¢ and @ be in Fy(n — 1, A(B)), i.e. there is ¢p € A(S) such that ¢ = Fr(n — 1,1)), set
again s := sp(p) and 5 := s7(¥), and assume 5 < s without loss of generality. Because of

Si(p) = Sp(®) = —Ff(8,90)+Ff(§,90)—FfE§,¢)+Ff(§,

|
—
8
S
L
+
[
|
8
S
L
+
|

- (Ff(§,¢)—Ff(§,¢)) =

we estimate the two parts separately.
For ¢t € [—1;0], denoting by I; the interval I, ;= [n—1+35+t;n— 14 s+t C [0;n], we
have

Si(1)] = ‘/ du—‘/ ) + (2 (u — 1) <

< k—ﬂ-Q—m-%%w(M%Hg§U@(u—UH)-

Using COROLLARY 3.1.1, the boundedness of f, and LEMMA 3.2.4, this implies

IS < Js =351 ((—m) - & + M) <
< Lisp) - lle =2l - (=) - & + My) .
Now, set J; := [—1; =53] and Jy := [=5;0]. For t € [-1;0] = J; U Jy it is
e(5+1t) —p(s+1t) i ,te g
S2l) =Y emuts0[5(0) - (n+?ﬂﬂwﬂwwﬂwu—n>—ﬂ¢w—1mmt,tek

So, it is obvious from PROPOSITION 3.1.2 (2) that

[Saf] < (14 Lg) -7 - llo =2l

which yields
L(Sy) = L(sy) - (=) - 6 + M) + (L4 Ly) -

O

Summarizing the auxiliary lemmata we have proved the LIPSCHITZ continuity of Iy.
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THEOREM 3.2.1 Let (8,¢) € (0;8.) x (0;&.) with —fu < a —¢e. Suppose f € N(j,¢)
is LIPSCHITZ continuous with LIPSCHITZ constant L(f), and that Lg := L(f|...) is the

LipPSCHITZ constant for f‘[ . Then Ry is LIPSCHITZ continuous with
B;+o0

1—|—Lg

R ((=p)-&F + My) + (14 Lyg)e™

L(Ry) = e~ Ly (1 + L(f))e™) 2. [

Since A(B) € C'\{0} is a bounded, closed and convex subset of C', and Ry a (LIPSCHITZ)
continuous self-map of A(f3), it is tempting to try to apply

SCHAUDER’S FIXED POINT THEOREM (cf. ZEIDLER [75, p. 57]) If U is a nonempty
closed bounded convex subset of a BANACH space and T : U — U s completely continuous,
then T has a fized point.

Herein amap T : X D U — X defined on a subset U of a BANACH space X is called
completely continuous (or compact) if T is continuous and for any bounded set B C U
the closure of T'B is compact (i.e. T'B is relatively compact).

LEMMA 3.2.6 The return map Ry is completely continuous.

PROOF: Let B C A(f3) be given; we are to show that R;B is relatively compact. COROL-
LARY 3.1.1 implies [(R;p)(t)] < &f for all t € [~1;0] and all ¢ € B such that R;B is
pointwise bounded. Furthermore, R;B is equicontinuous since for all £ € [—1;0] we have

d

0| = 15701 = e 1) + )] =
= | = px?(q(o, )+ ) + f(@® (a(p, /) +1 = 1))] <
< _Mé‘;cr + Mf ,

such that the relative compactness of R;B follows from the ARZELA-AScOLI Theorem (cf.,
e.g., ZEIDLER [75, p. 772]).
O

Combining THEOREM 3.2.1, REMARK 3.1.3 and LEMMA 3.2.6, the SCHAUDER Fixed
Point Theorem implies the existence of fixed points of R; in A(S) that yield periodic
solutions according to LEMMA 3.2.1.

THEOREM 3.2.2 Let u € (—log2;0), (5,¢) € (0;5:) X (0;¢.) with —fpu < a — ¢, and let
f € N(B,e) be LIPSCHITZ continuous. Then there exist fized points of Ry in A(f), and
each fized point of Ry is the initial state of a (nontrivial) periodic solution to (1.1).
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In case that Ry is a strict contradiction, i.e.
L(Rg) <1,

we get a unique fixed point ¢ in A(S) from the classical BANACH Fixed Point Theorem
(cf. ZEIDLER [75, p. 17]). Nevertheless there may still exist slowly oscillating periodic
solutions whose orbits in C' do not intersect A(f3), i.e. slowly oscillating periodic solutions
with (initial) segments which do not belong to A(f)!

Can we hope to find any nonlinearities f € N(3,¢) for which Ry is a strict contraction
on A(f) 7 Indeed, we will outline a short sketch of how to ”construct” some nonlinearities
of this type now. For this purpose, let

1€ (—log2;0), a € RT, b€ (a;+00) andc€ <0; Z((Zg:f]

be given. Furthermore, according to THEOREM 3.2.1 choose (,¢) € (0; 5.) x (0;&.) with

—ub <a—c¢.

Now, choose

e a LIPSCHITZ continuous odd function g : [—f;+3] — [—b; +b] satisfying
g(B) € [-a—¢e;—a+¢€]
with LIPSCHITZ constant L(g), and

e a LIPSCHITZ continuous function h : [3;4+00) — [—a — &; —a + €] with h(5) = g(5)
whose LIPSCHITZ constant L(h) satisfies L(h) < L(g) and

T 1+L(h)

L) ((L+ Lge) " ST

(2-max{b,a +¢e})+ (1 + L(h))e ™| < 1.
Finally, h should be chosen such that there exists a unique solution 5;[ of the equation
—p€ + f(&) = 0 in (B;+00), which satisfies 5 € (—y(1); —).
Thus,
—h(=¢) , £ € (o0 =)
fiR3E= ¢ 9(§) , £ €[5 5] cR
h(&) , € € (B +00)
defines a LIPSCHITZ continuous odd function that belongs to N(/3,¢) with (global) Lip-
scHITZ constant L = L(f) = max{L(g),L(h)} = L(g) whose restriction to [3;+0o0) has
the LIPSCHITZ constant Lg = L(h) such that THEOREM 3.2.1 implies

L(Rf) <1.

Consequently, Ry is a strict contraction and has, by BANACH’s Fixed Point Theorem, a
unique fixed point that defines a periodic solution P of equation (1.1).
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3.3 Attraction and hyperbolicity for nonlinearities that
yield a strict contraction Ry

Certainly, we can also obtain continuously differentiable functions f € N(f,¢) for which
Ry is a strict contraction with unique fixed point Py := ¢ € A(f) initiating a slowly
oscillating periodic solution P : R — R. For the remainder of this section we are now
interested in such smooth nonlinearities which yield a contracting R; only: for these we
add the proof of the following theorem which is almost the same as in [67] but we include
it here for the sake of completeness.

THEOREM 3.3.1 Let u € (—log2;0), (8,¢) € (0;5:) X (0;e.) with —fBu < a — ¢, and let
f € N(B,e)NC* such that L(R;) < 1. Furthermore, let o € A(B) denote the unique fized
point of the contraction Ry. Then the orbit

Op:={P, : teR} CC

of the periodic solution P of equation (1.1) given by the initial value Py = ¢ € A(B) is
hyperbolic, stable, and exponentially attractive with asymptotic phase.

Before we proceed to prove this theorem, we should recall some basic definitions from
Chapter XIV of the monograph [16] which serves as a source for the theoretical background
in all what follows.

DEFINITION 3.3.1 The orbit Op of a periodic solution P : R — R of (1.1) is called
asymptotically stable, if for any given open neighborhood V' of Op we can find an open
neighborhood W of Op in C' such that

Fi(t,p) €V forallte R" and diste(zf,0p) >0 ast—oo.
DEFINITION 3.3.2 The orbit Op of a periodic solution P : R — R of (1.1) is called
stable and exponentially attractive with asymptotic phase if Op is asymptotically

stable, and, furthermore, there exist positive constants v > 0, K > 0, a neighborhood W
of Op, and for every ¢ € W a t, € R such that

2(t) = P(t+t,)| < Ke Mo — Py |

holds for all ¢ € R] .
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The basic method to prove stability properties of a periodic solution P is to consider
a POINCARE map II associated with this periodic solution, and we refer the reader to
[16, Section XIV.3] for a detailed presentation and further information about POINCARE
maps. Notice that all results of [16, Chapter XIV] on periodic orbits and POINCARE maps
apply in our situation, since the restriction of Fy to the set (1;400) x C' is continuously
differentiable (cf. Section 1.2).

Thus, we intend to construct a POINCARE map II associated with the periodic solution
P, and the subsequent two propositions are devoted to prepare the definition of II.

Let H := H(f3) denote the closed hyperplane

H:=H(p)={¢veC : ¢0)=7},

such that Py = ¢ € H.

PROPOSITION 3.3.1 There exist a bounded open neighborhood U of ¢ in C and a C*-map
C:U — (n(p) — 1;n(w)) so that for all o € U we have

Fy(C(4), ) € —A(B) ,

and for all ¢ € U N A(p),
(W) =q¥, f) .

PRrROOF: The curve
Rat— P eC

is differentiable at t = q(¢, f), and Py,.5(0) = P(q(p, f)) > 0 implies

D(s = Ps)(a(p, [))1 = Pypp) {0 € C : ¢(0) =0}

where {1/) eC : ’QZ)(O) = 0} = TFf(q(prf)pr)(—H).
Using the Implicit Function Theorem we find an open neighborhood V' of ¢ = P, in C' and

a Cl-map 7:V — R with

() = qlo, f) and  Fy(r(¢),¢) € —H forallyh € V .

Choose a neighborhood U of ¢ in V' so small that

Tyilyy <6 on [=1,0] and  7(¥) € (n(n) — ()

for all » € U. Note that one can choose U (by continuous dependence on the initial value
p € A(f)) so small that we obtain furthermore 2%/ (1) < £f < —% for all v € U and
t € [0;n(p)] (cf. COROLLARY 3.1.1).
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For all 1y € UNA(j3), PROPOSITION 3.1.2 yields that we have &%/ (t) > 0 on (n(u)—1; n(u))
and 2%/ (q(y, f)) = =B, ie.

el €—H and ap ¢ —H forte (n(p)—1Lin(p)\ {g@w, )} .

It follows that on U N A(f), 7(¢v») = q(4, f). Therefore, the second assertion is already

proved and setting ¢ := 7| will conclude the proof of the theorem: First, recall
U

Fr(C(), 1) = Fr(r(¥), ) € —H forallyy cU CV

which implies x?(j;)(()) = —f. Furthermore, the choice of U above gives

ry <—B foralyeU.

)
N i) 1-¢()]

Finally, the continuity of 2%/ and the fact that ¢ := 7| is a (first return time) map yield

U
for each ¢y € U

o, f

Te(h) <=8,

[n(p)—1=¢(%);0)

too, such that x?(i) < —f for all ¥ € U. Hence, Fr(¢(¢),v) = x?@i) € —A(p) for all
pel.
U

The C'-map
Q:UNH>¢— —F(C(v),¥) € H
has ¢ = P as fixed point and has its values in A(S3), with @ = Ry on UNA(S). For j € N
the iterates ' : D; — H of () are defined by
D,:=UnNH, Q' =0,
Dipy:={Y€D; : Q) eUNH},  Q"(¢):=Q(Q (V) .

Although (D;);en is a decreasing sequence of open subsets of U N H, the intersection of all
D;, 7 € N, contains an open neighborhood of .

PROPOSITION 3.3.2 Let L := L(Ry) € [0;1) be a LIPSCHITZ constant for Ry. There
exists an open neighborhood V' of ¢ in U such that

VNHC()D;
JEN

and _ _ .
1Q7(¥) = (Il < Q) — Q)|
for all ¢p and x in VN H and all 7 € N.
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PROOF: For k € Nlet N>y :={n €N : n>k}and Ngy, := {1, ..., k}.

1. Since U is a bounded neighborhood of ¢, there exists an r; := r(U) € RT with
llp — || < rq for all p € U. Furthermore, the openness of U guarantees the existence
of an ry := ry(U) € (0;71(U)) with U,,(¢) == {x €C : ||[x —¢|| <r:} CU. Now,
the contraction property of R; and the fixed point equation R;(¢) = ¢ combined
yield

IR} () — ol = 1R} () — RA@)| < L7 - [ — || < L7 vy forall i € UNA(B) |
which, in particular, shows

Ri(1) € Upy(p) CU

ra(U)

lo
for all » € UN A(B) and all j > [1()52%1(%))-" Thus, there exists a natural number

k € N>y such that
Ry(UNA(B) CU forall j €Noyy .

Using Q(¢) = ¢, QU N H) C A(B), and Qlyna(5) = Bflynacs We obtain from this
an open neighborhood V' of ¢ in U so that V. N H C Dy, and the monotonicity of
(Dj)jen implies

VNHCD; foralljeNg .

Note, that we have (by definition of D;, j € N)

Q' (Y) eUNH forallyy € D;jand all j € Ney_; .

2. We prove (1)) = Rfc_l(Q(@/))) for all j € N and all ) € D; by induction on j:

(i) For j =1 the assertion is obvious.
(i) Suppose that Q7(v)) = R?I(Q(L/))) holds for some j € N and all ¢y € D;.
(iii) Now, let ¢ € D;,1. Then (¢)) € UN H and

Q(¥) = Q) £ QIR QW)) |
Using Q = Ry on UNA(B) and Q(UNH) C A(B) we get QI+ (1)) = R4(Q(v)).

3. Proof of VN H C Dj for all j € N>, by induction on j:

(i) For j =k, see the definition of V' in part 1.
(ii) Suppose that V N H C D, holds for some j € N5.
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(iii) Part 2 gives Q’(¢) = R]f_l(Q(tb)) on D; D V N H. By the choice of V, it is
Q(VNH)CU. Using QUNH) C A(f) and j — 1 > k — 1 we infer

Ry HQVNH)CU.
Thereby, @Q7(V N H) C U, which implies Q" (VN H) Cc UNH, or
VNHCDjq .
4. Combining steps 1. and 3., we obtain

VNHC()D;.

jEN
5. Furthermore, steps 2. and 4. together with the contraction property of Iy yield

1Q7 () = Q7 ()l = IRF Q) = Ry QO < IV QW) — Q)|
for all 7 € N and all ¢ and y in V N H.

The oddness of f implies
Fy(t) = Fy(t,—4) on R* x C

as follows easily by virtue of the variations-of-constants formula (3.1) (cf. also the proof
of LEMMA 2.2.3(1)). From this and the semiflow property it follows that the C'-map
I1 := Q? satisfies

() = QQWY)) = Q(=F(¢(¥), )):_Ff(( Fp(C(4),¥)), —F(C(¥), ¥)) =
= Fr(C(=Fp(C(®), ), Fr(C(), ¥)) = Fr(C(=F; (C(4),4)) + C(), )

for all ¢ € Dy C H. Hence,
I:VNH>p— Filo(p),p) € H

is a POINCARE map in the sense of [16, p. 370] for the periodic solution P, where the
return time map is given by

o:VNH3 Y= q(=F(C(),%), f) + () € R

—Fr(C(¥), ) = Q) € A(B)NU

and
C(x) =qlx, f) forall x € UnA(B)
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due to PROPOSITION 3.3.1 and the choice of the domain of II. Clearly, ¢ := P is a fixed
point of II, since in this case we have o(¢) = q(—Fr(C(¢), @), [) + C(p) = 2q(p, f).

To point out the connection between POINCARE maps and the stability properties of
periodic orbits, we restate the central result of [16, Section XIV.3], Theorem XIV.3.3, here
in the following proposition.

PROPOSITION 3.3.3 If P : R — R is a periodic solution of (1.1) with associated
POINCARE map II which satisfies

o(DII(Py)) Cc D,

then Op 1s hyperbolic, stable, and exponentially attractive with asymptotic phase.

In order to prove THEOREM 3.3.1 it is therefore sufficient to show that the spectrum
of the derivative
DIl(y) : T,H - T,H :={p € C : ¢(0) =0}

at the fixed point ¢ = P, is contained in the open unit disk D := {\ € C : |A| < 1} in the
complex plane. Recall that spectra of continuous linear operators in BANACH spaces over

R are defined as the spectra of their complexifications, and that DII(p) is a compact map
(cf. [16, Proposition XIV.3.5(ii)]).

PROPOSITION 3.3.4 [t is o(DIl(p)) C D.

PROOF: In view of the Spectral Radius Formula

sup  |A| = lim ||DII(p)7 |7
A€o (DII(p)) J—o0

(see, e.g., Theorem V.3.5 of TAYLOR & LAY [58, p. 280]), the definition of complexifica-
tions, and L(Ry) < 1 it is sufficient to show

lim sup || DII()’||” < L(Ry) .

Jj—00

There is a convex open neighborhood W of ¢ in C' with W N H C V N H such that
derivatives of the C'-extension of Q,

Q: Wy —F(C(¥),v) eC,

are bounded by some ¢ > 0. For all ¢ and xy in W N H and all j € N, PROPOSITION 3.3.2
yields

ITPE) - = [@¥() -7 (| <
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< LR)HQW) — Q) <
< L(RyYellv—x|

which in turn gives

|DII(¢)’|| = | DIF(4)|| < L(R;) e,

or

|DTI(@) || < eI L(R;) forall j€N.

O

An application of PROPOSITION 3.3.3 using PROPOSITION 3.3.4 proves THEOREM 3.3.1.

3.4 Possible improvements and comments

As in the originating paper of WALTHER [67] we only made weak assumptions on the shape
of f € N(B,¢) up to this moment. In particular, f could be chosen almost arbitrary on
(—pB; B) (except for LIPSCHITZ continuity, boundedness, and oddness, of course). Further-
more, it is not obvious whether we can get strict contractions Ry for the usual nonlinearities
from ExaMpPLE 1.1.1 or EXAMPLE 1.1.2.

It seems to be possible to improve the results of this chapter and to derive sharper estimates
for the LI1PSCHITZ constant of ?y by taking into account

e that
f(§) el—a—eg—a+e] for&e€lf;+),

giving

eR

+ +
yi’E:RBtH<w(O)+a 6>e“t—“ °

I

as comparison functions for the segments ¥/, ¢ € [1;400), (instead of y) if the
segment v := xf;’i satisfies ¢ > (3, and

e that we can derive better a-priori information about solutions z#/ starting in A(/3)
if, additionally,

f' is strictly negative on (—/; 3) and satisfies a growth condition there.

The monotonicity of f will enter this refined approach in a similar way as we used
it in step 5. of the proof of LEMMA 1.5.2 yielding a better comparison function
for measuring the diverging behaviour one time unit after the solution traversed the
p-neighborhood of 0 where the nonlinearity is monotone and steep.
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This will generalize the results of WALTHER [68] to the case of growth systems governed by
monotone negative feedback, and is work in progress that will be contained in a forthcoming
paper [44].

Nevertheless, it is clear that the smooth nonlinearities from EXAMPLE 1.1.1 and EXAM-
PLE 1.1.2 belong to N(/3,¢) for certain parameters such that we can infer from THEOREM
3.2.2 the existence of slowly oscillating periodic solutions of (1.1) for all these nonlinearities
(which could be found via the return map Ry).

EXAMPLE 3.4.1 Let p € (—1log2;0), a € RY, and (B,2) € (0;5.) x (0;¢.) with
m(a—¢)

2a
function f:= fou from EXAMPLE 1.1.1 belongs to N(B,¢), and for every equation (1.1)
with f = fam exist slowly oscillating periodic solutions.

—Bu < a—ec be given. If we choose M := a and o € (% tan ;—i—oo), then each

EXAMPLE 3.4.2 Let p € (—1log2;0), a € RY, and (B,e) € (0;5.) x (0;¢.) with
—Bu < a—c be given. If we choose M := a and a € <%Artanh%;+oo), then each

function f:= fom from EXAMPLE 1.1.2 belongs to N(B,¢), and for every equation (1.1)
with f = fo,m exist slowly oscillating periodic solutions.

Consequently, we still raise the question whether there may exist more than one slowly
oscillating solution with initial value in A(S) for these smooth odd nonlinearities.

To answer this we will generalize an approach of CA0 [12] in the next chapter which
will give even more information than we would expect from our above investigations: for
a class of smooth nonlinearities whose derivatives satisfy a certain convexity condition we
will prove the uniqueness of slowly oscillating periodic solutions. Since this class covers
the nonlinearities from EXAMPLE 3.4.1 and EXAMPLE 3.4.2 we conclude that the slowly
oscillating periodic solution with initial value in A(f) is not only unique in A(S) but in
the whole phase space C'!

Before we turn to this investigation we should include some further comments and
remarks about the results of this chapter.

One of the main differences of our approach to that of WALTHER [67] concerns the
problem of boundedness of solutions which is also the reason for the difficulties that arise if
one tries to use the approach towards the existence of slowly oscillating periodic solutions
via the Ejective Fixed Point Principle (cf. NussBAUM [48] as well as the monographs
[26, 16] and the references therein): the boundedness of the solutions starting in A(f3) is
guaranteed by COROLLARY 3.1.1 and is a consequence of hypothesis (Ny).

Furthermore, the fact that the period of the comparison solution y of (2.1) may be
extremely long causes some problems as we already mentioned in the text.
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We should also mention that there is also another possibility to obtain results analogous
to THEOREM 3.3.1 (as also outlined in WALTHER [67]). One can find nonlinearities which
coincide with ¢ := —asign outside a small neighborhood of 0, such that (1.1) has a periodic
solution P similar to the slowly oscillating solution y of (2.1) with an orbit Op into which
many solution curves F(-, ¢) will merge. An associated POINCARE map II is then constant,
and, thus, DII(P) = 0. A perturbation theorem as in LANI-WAYDA [35] would then lead
to a set of C''-nonlinearities so that equation (1.1) defines a periodic orbit near Op which
is hyperbolic and stable as above.

Another result (for a ”complementary” situation to our situation) which is based on
this approach can be found in IvANOV, LANI-WAYDA and WALTHER [29, Corollary 4.2].

9

Allin all, this chapter extends the method of WALTHER [67, 68] to scalar growth systems
governed by negative feedback and yields a first existence result for slowly oscillating
periodic solutions around £° = 0 in this setting. Furthermore, there are also forthcoming
extensions of this method to systems of delay equations due to WU [73] and to state-
dependent delay equations due to WALTHER [69)].
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4

Uniqueness of slowly oscillating
periodic solutions

In the preceding chapter we proved the existence of slowly oscillating periodic solutions
around £° := 0 for the differential delay equation

#(t) = —pa(t) + f(x(t — 1)) (1.1)

with f belonging to a rather general class of nonlinearities and p € (—log2;0).

Following the approach of CAO [12] here we will prove the uniqueness of slowly oscillat-
ing periodic solutions for equation (1.1) with p and f satisfying hypothesis (H1)—(H2) from
Section 1.1 as well as an additional hypothesis (H4) which will be introduced and discussed
in Section 2. Here, by "uniqueness of a slowly oscillating periodic solution z : R — R” we
mean the uniqueness of its orbit O, in C: if x is such a unique slowly oscillating periodic
solution and y : R — R is any (other) slowly oscillating periodic solution of (1.1), then
Oy = Oy, i.e., there is a t, € R such that z; =y, forallt € R

Surprisingly at first sight, the method of CA0 [12] does not rely on arguments in the
phase space C' concerning the orbits O of slowly oscillating periodic solutions. It is based
on earlier work of KAPLAN and YORKE [30, 31], WALTHER [61] and NussBAuUM [49], and
considers the ”projection” of the orbit O, C C into the real (z, &)-plane (somehow analo-
gous to ordinary differential equations). These ”projections” into R? are JORDAN curves
for slowly oscillating periodic solutions and one can obtain the uniqueness from a condition
prescribing the mutual positions of these JORDAN curves corresponding to different slowly
oscillating solutions: this key result (PROPOSITION 4.3.1) will be proved in full detail
whereas we will only sketch the preliminary results of the first section. The general refer-
ence for this part is, of course, CAO’s article [12] which contains the basic material which
can be adapted to our situation. Furthermore, we should mention the Diploma Thesis [23]
of GOMBERT who worked out the article of CAO [12] in great detail.
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Observe that the hypothesis (H2) implies

E-f(&) <0 forall &€ e R\ {0} (4.1)
and, in particular,
f'(§) <0 forall€e [%, —%] : (4.2)

4.1 SOP-solutions and their orbits in R?

Throughout the whole chapter we assume (H1) and (H2) without further mentioning. Since
we want to show uniqueness properties of slowly oscillating periodic solutions we introduce
the following normalization of a slowly oscillating periodic solution around £° = 0.

DEFINITION 4.1.1 A periodic solution z : R — R of (1.1) with minimal period ¢ oscil-
lating around £° = 0 is called a SOP-solution (slowly oscillating periodic solution around
€% = 0) if there exists p € (1;+00) such that ¢ —p > 1,

z(t) >0 forallte (0;p)

and
z(t) <0 forallte (p;q) .

We should note some facts about SOP-solutions z : R — R for later use. Obviously, it
is
0=2(0) ==z(p) ==(q) and @(p) <0 <i(q) =i(0)
for every SOP-solution z : R — R. Furthermore, notice that the g-periodicity of z yields
that  is also periodic since

2t +q) = —px(t +q) + f(@(t + ¢ — 1)) = —px(t) + f(z(t = 1)) = ()

holds for all ¢ € R, and recall from COROLLARY 1.4.2 and REMARK 1.5.1 that a SOP-
solution x of (1.1) is necessarily bounded and satisfies

2(R) C Ig = (%—%) . (4.3)

B

The smoothness assumptions on f force SOP-solutions z to have very simple graphs with-
out multiple relative extrema (as already proved by MALLET-PARET & NussBauMm [40,
Corollary 3.1]) and allow us to obtain a-priori information about x which is collected in
the lemma below.
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LEMMA 4.1.1 If x is a SOP-solution of (1.1), then & is also slowly oscillating and the
zeros t; € (0;p) and ty € (p;q) of © satisfy to —t; > 1, t; +q — to > 1, such that

jj|[0§t1)U(t2;‘ﬂ >0 and :t|(t1;t2) <0.

PROOF: From i(p) < 0 < #(0) = @(q) the existence of zeros t; € (0;p) and 5 € (p;q) of &
is obvious. Then, the boundedness property (4.3) together with a slight adaptation of the
approach of MALLET-PARET & NUSSBAUM [40, pp. 66-76] yield the assertions about the
sign of & in [0;¢]. This can be done in exactly the same way as in CA0 [12, pp. 49-50].
Now, notice that y := & solves the non-autonomous delay equation

y(t) = —py(t) + f'(@(t = 1))yt — 1)

on R. This equation is of type (1.15) such that we can define the discrete LYAPUNOV
functional V' as in DEFINITION 1.6.2, and the arguments of the proof of [12, LEMMA 3]
yield that y = z is slowly oscillating with 5 —¢; > 1 and t; + ¢ — t5 > 1.
Alternatively, the assertions can also be derived by elementary but rather lengthy and
technical arguments, cf. GOMBERT [23, pp. 12-42] (notice that the methods in [23] apply
with only negligible changes to the general case p # 0).

OJ

We are now able to draw a precise picture of the shape of a SOP-solution x in [0; g| by

virtue of the last lemma:
T T

As it turns out, we will also need a scaled version of (1.1) for our investigations,
2(t) = —pz(t) + A f(AT2(t = 1)) (4.4)

for A € [1;+00), and p and f as above. The connection between slowly oscillating solutions
of (1.1) and those of (4.4) is given in

REMARK 4.1.1 Let A € R". A function x is a SOP-solution of (1.1) if and only if
z:= \-x is a SOP-solution of (4.4).
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PROOF: Let z be a SOP-solution of (4.4). Since

MNi(t) = 2(t) = —pz(t) + AF\T'2(t = 1)) = —pAx(t) + Af(z(t — 1)) =
= AMopa(t) + fz(t=1))),
we see that x satisfies (1.1) and therefore it is a slowly oscillating solution of (1.1). On the
other hand, if z is a slowly oscillating solution of (1.1), we obtain from multiplying (1.1)

by A that z solves (4.4) and is therefore a slowly oscillating solution of (4.4).
0

We now turn to the principal object of our interest in this chapter, the projection of
the orbits of SOP-solutions into the real plane R2.

DEFINITION 4.1.2 The R2—orbit of a SOP-solution z : R — R is the trace of the curve
[,:R>tes <x(t),j;(t)) ER?,
denoted as

IT,| = I.(R) = {(x(t),a&(t)) cR? teR} .

The g-periodicity of a SOP-solution x and the regular shape of x described by LEMMA
4.1.1 permit a more detailed description of the R?-orbit of x which is the content of the
following remark that restates COROLLARY 3 of CAO [12, p. 49].

REMARK 4.1.2 Let |Uy| be the R*orbit of a SOP-solution z : R — R of (1.1). Then
T, = {(x(t),(t)) : t €[0;¢)}, 'y is a JORDAN curve and (0,0) € int |T',|.

Even more could be said about the regularity of R2—orbits of SOP-solutions: the trace of
the corresponding JORDAN curve is the union of two graphs of functions defined on the
interval z(R).
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LEMMA 4.1.2 Let x be a SOP-solution of (1.1) and set J := x(R). Then there exist
continuously differentiable functions ¢* : J — R§, v € {—,+}, with ¢*(J°) C R* for
k€ {—,+} and

T'a| = graph(y™) U graph(y ™) .

IDEA OF THE PROOF: From LEMMA 4.1.1 we obtain J = [x(t3); x(t1)]. Furthermore, the
sign conditions on & imply that x is strictly monotonically increasing on [0;%1) U (25 q].
Therefore, the inverses of  on these intervals, 7 := x|[_0,1t1] and 7y 1= x|[;21,q], give rise to

+. : £(m(§)) , if &€ [0;x(th)] +
2 [x(t2)’x(t1)] > § = { x(Tg(g)) : iff c [x(tg);()] } < RO '

Clearly, <,0+|(0;x(t1)) and g0+|(x(t2);0) are continuously differentiable, and with some additional

work one can establish o™ € C'(J°) = C'((x(t2);x(¢1))): this is similar to the ideas we
will use in step 3.3 of the proof of PROPOSITION 4.3.1 such that we omit the details here.
O

Since R?—orbits of SOP-solutions are JORDAN curves around the origin, we note some
elementary geometric properties of such constellations that will be of importance in the
sequel. For simplicity, we endow R? with the euclidean norm,

[ [lo: R 5 (&n) = VE+1? € RS .

LEMMA 4.1.3 Let I';, j € {1,2}, be JORDAN curves in R? with I'y # T'y and (0,0) €
int |I;| for j € {1,2}. Then there exists a p € (1;400) such that

either o|T'1| ¢ ext |Ty| or o|Ts| ¢ ext || .

IDEA OF THE PROOF: Since (0,0) € int |I';]| set

ri=sup{r €eR" : {(&,n) € R« (&2 <7} Cint|Ty[}

and
ry i=max {[|(§,n)ll2 : (§,m) € [Taf} .

Now, we have r|[';| C ext |I'y| for all r € [:—f, +oo), such that we can set

o:=sup{r e R" : r|['y| ¢ ext|Ty|} .

In case o € (1;+00) exchange the roles of I'; and T’y above.
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DEFINITION 4.1.3 For ¢ € [—3; Z) we define the ray

((9) == {r-(cos¥,sind) e R* : reR"} .

Clearly, each ray £(9), 9 € [—2;Z), intersects a JORDAN curve around the origin
at least once. Generally, it is not clear whether these intersections are singletons, or in
geometric terms, whether the orbit of a SOP-solution is star-shaped (as in the figure above).
Anyway, we can define the following functions that give the ”earliest” and the ”latest”

3m.

intersection point of a R*-orbit with the ray £(0) for every angle 9 € [—2F; Z), respectively.

DEFINITION 4.1.4 Let = be a SOP-solution of (1.1) of period ¢ and, for n € Z, let
D,, :=[(n — 1)¢;ng). Then we can define

Une  (-2;2)29—inf{t €D, : (z(t),i(t) € {(I)} € Dy,

Vo @ (-32)> 9 sup{teD, : (x(t),,x(t)) € ((V)} € D,.

) 272

As it turns out, the functions v, , and ¥, , are strictly monotone for every fixed n € Z.
This is the assertion of PROPOSITION 3.3 of KRISZTIN & WALTHER [32, p. 16] which we
restate here as

LEMMA 4.1.4 Let n € Z. Then the maps 1y, , and ¥, , are strictly decreasing.

4.2 An additional assumption

The approach of CAO necessitates the introduction of the following assumption in addition
to (H1) and (H2). We will discuss the role of this at the end of Section 4.3.

(H4) Let the nonlinearity f be given such that the auxiliary function

£/'(€)

h:R\{0} 3¢ — G

eR

(H4.1) has range A(R\{0}) C (0;1), and
(H4.2) is monotonically decreasing on R, and monotonically increasing on R™.
o

Notice that assumption (H4) is valid, e.g., for our prototype nonlinearities from Section
1.1 as an easy calculation shows.
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EXAMPLE 4.2.1 The hypothesis (H4) is valid for all f := fom from EXAMPLE 1.1.1.
EXAMPLE 4.2.2 The hypothesis (H4) is valid for all f := fon from EXAMPLE 1.1.2.

So, there is a large class of interesting nonlinearities which satisfy (H1), (H2) and (H4).
We will need a last preparatory result which is an easy consequence of (H4.1).

LEMMA 4.2.1 Let f be such that (H4.1) is satisfied, and fir x € R\ {0}. Then
H(2):RY 35X = Af(A'z) €R

is (strictly) monotonically decreasing if x € R, and (strictly) monotonically increasing in
case r € R™.

PrOOF: Let A € RT. From

dH (), )
A

we obtain, due to (4.1) and h(R\ {0}) C (0;1),

= FEA Y AL @A D (—h 2) = FaA ) - (L= h(eA )

dH(M\,z) [ <0 , >0,
A >0 ,2<0,

which proves the lemma.

4.3 Influence of parameters on the shape of the orbits

The key result of this chapter gives a geometric description of the general position of the
R?*-orbits of SOP-solution 27 of (4.4) for A := );, 7 € {1,2}, in case that the parameters
satisfy Ay > Ap.

PROPOSITION 4.3.1 Let 27 be SOP-solutions of (4.4) for A= X;, j € {1,2}. If Ay > Ay,
then
IT2| Cext [Ty .
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PROOF: Set a:= 1. For j € {1,2} let 2/ be a SOP-solution of (4.4), i.e., 27 satisfies
() = —ua’ (1) + MO 27t - a)) )
We set |I';| := |['| for j € {1,2} and assume to the contrary that
ITo| & ext |T'y] .

Thus, |T'5| is not totally in the exterior of |T';|, and a completely analogous reasoning as in
the (sketch of the) proof of LEMMA 4.1.3 shows the existence of

o:=max{r e R" : r|[y| ¢ ext |[1|} € [1;+00) .
With this p € [1; +00) we define
Xo:=p0)\o, and z°:=p2?,
such that z° solves (\g) and we have |Ty| := |[,0| = 0|T2|.

1. Clearly, |T'y| N |T'1| # 0 implies the existence of (at least) one intersection point, i.e.,
the existence of #/ € R, j € {0, 1}, such that

(a2(#),2°(t")) = (=" ('), 2" (1)) . (4.5)

2. We claim that
b:=3"(t") =3'(t") #0. (4.6)

2.1 To prove this assertion we derive a contradiction from the assumption
P2t =a'(t") =0.
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2.2

Because of (4.5) and (0,0) ¢ |T'g| U |T'y] it is
2% =2 () =1c#0

such that we may assume without loss of generality ¢ > 0 since the treatment for
¢ < 0 is similar. From LEMMA 4.1.1 we know that 7, j € {0, 1}, is slowly oscillating
such that we obtain from 27(#) = ¢ > 0 and DEFINITION 4.1.1,

i/(t) >0 forallt e[t/ —a;t’), j € {0,1}.
We have
0<2°(t" —a) <a'(t' —a). (4.7)
To see this, let j € {0,1}. Since # is a local extremum of 27, we obtain from (H1)
0=d'(t) = —pa? () + (27 (¥ — @) > +f(2/(t —a)) .
Consequently, the negative feedback property of f, (4.1) yields
() —a) >0 forje{0,1}.

Subtracting equation (\g) at time ¢° from equation (\;) at time ¢' and using z°(¢°) =
' (t') = 0 as well as 2°(¢%) = 2' (') = ¢ we get

Now, an application of LEMMA 4.2.1, recalling \; < )¢ and z7(# — a) > 0 for
j € 40,1}, yields

o f (%ﬂ_o‘)) = Mf <@):H(Al,xl(tl—a))>

S~ H (Moya (1 — ) = Aof (M> ,

Ao
() ()

Thus, the strict monotonicity of f on [%, —%], (4.2), gives

such that we have

which proves z°(¢* — o) < z'(t' — «).
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2.3

2.4

2.5

For j € {0,1} set d; := 27(#/ — «) and consider the JORDAN arcs
Vi [t = a;t)] 3t (27(t), 47 (1) € R?

whose traces lie in the first quadrant R? except for the right endpoint (¢, 0) € |v;].
As a consequence of |y;| C |I;|N(Rf)?, @7 > 0 on [t/ —«,t’), and LEMMA 4.1.2, we
obtain

1 = graph(p;)  with ¢; == @]
and ;(€) > 0 for all € € [d;;¢), j € {0,1}.

\

Y

[djic]

[7ol
1]

N

d° d! c

By construction, || is in the closure of the exterior of |T'y|. Thus, we infer using the
JORDAN Curve Theorem after some rather lengthy but elementary plane-topological
considerations (cf. also GOMBERT [23])

po(€) = ¢1(§) >0 forall § € [di;c) . (4.9)

Observe that dy = 2°(t° — a) < 2'(t! — a) = d; by step 2.2.
Obviously, we obtain from (4.9) the estimate

/ /<P1 /<P0901 B (4.10)

Fix j € {0,1}. For every t € [t/ — a;t/] we have (27(t),47(t)) € |v;| = graph(yp;),
such that there exists a £ € [d;; ¢] with 27(t) = £ and 7 (t) = ¢?(§) = p(27(t)). This
means, that 27 satisfies the ordinary differential equation

(1) = o, () on [¥ — ;1))

Furthermore, step 2.3 guarantees the positivity of p; 0z on [t/ —a;t7) for j € {0,1},
and we obtain for ¢ € [t/ — a; /)

t t ) 2 (t
. J
t—t'+a = /dT: L.T)dT: / do )
| Jpi(@i(T)) )
t—« t—« I (¢ —ar)



Now, the continuity of 27/ at #/ yields

zJ (t) c

. d d
a=lim(t —t + ) = lim / 7 :/ J

t toe ) p(o) pj(o)
ol (t —a) dj

using the abbreviations d; = 27(#/ — «/), and our assumption ¢ = 2/(#/), j € {0,1}.
2.6 The Mean Value Theorem guarantees the existence of 7; € (#/ — a;t7) such that

() -2 (V- ) _c—d,
(1) ()

o=

for j € {0,1}. Hence, this identity combined with (4.7) yields

—d
R0 ) < i n) - (4.11)
C — d1

j’fo (To) ==

Furthermore,

d—dy = 2'(t' —a)—c+c—2°(t"—a)=
= 2'(t' —a) —2'(t") +2°(°) = 2°(t" — a) =
—ait () + ai’(7)
yields
dy — dy = (=i (1) + i°(70)) -
2.7 Finally, setting

1
My;:= max —— >0
o1 ¢€ldo;dr] o (§)

we obtain from

c c dy
1 1 @10 [ 1
0 = a—a=/—— 15 /—s(dl—do)-Mo,lz
¥o 1 ©o
do di do

= (—i'(n) +3°(70)) - - My,

the contradiction
Ztl(’rl) S Zt'o(’/'())

to (4.11).

Thus, we established (4.6).
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3. Now, we prove that (4.6) implies a contradiction such that the assumption

|F2| ¢ ext |F1|

was false.

This step is for the most part a reproduction of the proof of ”Claim (B)” of CAo0 [12,
pp. 52-55] (except for steps 3.5 and 3.6), and is included only for completeness. Our
presentation of this part follows the lines of GOMBERT [23] rather closely.

For simplicity, we continue in our notation from above and recall the definitions

ci=a'(t’) =2'(t") and b:=i(°) = ')

as well as

dj =2/ —a) forje{0,1}.

Recall that we assume 2°(¢°) = &' (¢') # 0.

3.1

3.2

By continuity of &7 and b # 0 there exists a neighborhood U; of #/ such that 0 & 27 (U;)
for j € {0,1}. Thus, each 27|, is an invertible C"-map with C"'-inverse

) ) -1

and V; := 27 (U;) is an open neighborhood of ¢ = 2/(#7) for j € {0,1}.
Furthermore, the maps

©; ::x'joyj:Vj—>R, j€{0,1},

are well-defined and in C' because 47 is continuously differentiable by ();).
For j € {0,1} we define the JORDAN arcs

wi U2t (2(t),i(t) € R?

and claim
|wjl = graph(p;) := {(£, ¥;(§)) : £€Vj} .

To see this let 2 € graph(y;). Then thereisa § € V; with 2z = (£, ¢;(£)). By definition
of V; there is a s € U; such that £ = 27(s) and ¢;(£) = (7 o y/ o 29)(s) = i (s).
Hence, we have z = (27(s),47(s)) € |w;|. For the proof of the reverse inclusion let
z € |wj], i.e. there is a s € U; with z = (27(s),4’(s). Consequently, we obtain
£ :=1ai(s) € V; and s = y/(£) such that #7(s) = (27 0 y/)(§) = ¢,(§) which proves
z € graph(yp;).

In this step of the proof we show that the traces |wy| and |w;| intersect tangentially
at the point (z7(#7), 27 (t')) = (c,b) (as one would expect by definition of T).
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3.2.1 We show that
wolc) = p1(c) . (4.12)
This assertion follows immediately from 3.1 and
polc) = (i%0y”)(2(t")) =a"(t°) =b=a'(t") =
= (@' oy")(@'(t)) = vu(o).
3.2.2 Now, we can claim
wolc) = ¢i(c) - (4.13)
In order to establish this identity we assume (once more) to the contrary that
wo(c) # ¢'(c). By (4.12), we have

— lim wolc+h) —pi(c+h)

lim ; #0, (4.14)

s 7= gp(c) — ¢i(c)

and we may assume s > 0 without loss of generality (because similar arguments
apply in the case s < 0).
According to the sign of b one has to distinguish the cases b < 0 and b > 0.

3.2.2.1 In case b > 0 we infer from || C ext|['y| (using the JORDAN Curve
Theorem; cf. GOMBERT [23] for details)

@o(§) = ¢1(§) forallEe VoV (4.15)

Clearly, Vy, NV} is again an open neighborhood of ¢ such that we can find a
natural number ny with ¢ — nio e VoNV; and

po(c — n—o) — (e — n—o)

according to (4.14). But this would imply ¢o(c — =) < ¢i(c — LX) in

contradiction to (4.15). " "
3.2.2.2 In the case b < 0 one uses (&) < ¢1(&) for all £ € Vo N V; to derive the
contradiction in a completely similar fashion.

This completes the proof of (4.13)

3.3 We prove
PO = () .
For j € {0,1} and & € VN V; the identity
R 103),
w7 (€)  »i)

pi(§) = (37 0 y)'(€) = & (1 (€)) -

together with 47 (c) = ¢/ and
i0(t°)
@o(c)
shows the validity of our assertion.

= gh(e) 2 (o = L)
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3.4 As in part 2.2 we obtain (4.8) here, too. Furthermore, equation (4.8) guarantees
sign(dy) = sign(d,) .

Differentiating (\;) and using step 3.3 yields

f! (W) (" —a) = f (@) Mt —a) . (4.16)

We may assume d; > 0, j € {0,1}, without loss of generality, possibly after some
transformation of time as we shall explain now for short: If d; = 0 we infer dy = 0
from (4.8), and (4.16) implies

P’ — a) = 2 (t' — )
because of f'(0) < 0. Setting # = #/ — o and dy = 0 = d,, the point
(P @).8°0)) = (' (7). ()

is yet another intersection point of the JORDAN arcs wy and w; and we can repeat all
arguments of this step if we assume 2°(t°) = z!(¢') = b # 0. Now, the fact that the

solutions 27, j € {0,1} are assumed to be slowly oscillating yields d; := 27 (# —a) # 0
such that we would proceed with these instead of the original d;.

3.5 Exactly as in the second part of step 2.2 we obtain again from d; > 0, j € {0, 1},
0<dy<d.

At this point we use the assumption that A is monotonically decreasing on R™ and

A1 < Ag, to infer from

dy dy dy
0< =2 « 2 2
< N < N < N

() = a(2) o i

3.6 From (4.8) and (4.16) we conclude that
h(xo(to — a)) 29(t° — ) _ h(a:l(tl — a)) 't — a) (4.18)

Ao 20 (1 — ) A1 . z(t — )

the estimate

as one can easily establish using the definition of h. Consequently, (4.18) and (4.17)
yield three possibilities:

3.6.1 Either
Pt —a)=3'(t' —a)=0,
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3.6.2 or
0<

3.6.3 or
't —a) 20— «)

<0.
z(th —a) ~ 2010 — «)

PROOF of this claim: Because of

h(d()) (1 — a) 1y h<d1> i (t — ) 419 h(@) (! a)

o) 20(t0 — ) A 2t —a)

0

and h(ﬂ) > 0, it suffices to consider the cases

since o ) 1y )
: (17 — , 't —
S1g1 (m) = S1gn <m> (419)
which is an immediate consequence of (4.18) and (4.17).
In case (i), (4.19) yields % = 0 such that we obtain 3.6.1 in this case.
2Lt —a)

If we are in case (ii), we obtain (o > 0 from (4.19). Hence, (4.18) and (4.17)
imply

(" —a) h’(%) (it —a) (- a)
0< Ot —a) h(%) : 2 (t — ) < 1 (t — )

which gives 3.6.2.
Similarly, case (7i7) leads to 3.6.3.

3.7 Let ¥ € [—-Z;2) be given. The choice of ¢ above guarantees that the intersection
|To|N2(1I) is not closer to the origin than the intersection |T'y| N ¢(¥). More precisely,
we have

|lu'l] < ||u®]]  for all w’ € |Ty| N £(Y), j € {0,1} .

3.8 Let I := (—37”; %), n € 7Z, and let ¢ denote the period of 2°. Defining D, :=

[(n —1)g;ng) for n € Z (as in DEFINITION 4.1.4), we obtain from
R=|JD,
nez

the existence of ng and n; in Z such that t° € D,,, and t' € D,,,. For j € {0,1} let
us define o o
zj = (/¢ — a), i (t — «))
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and

e
N[x

V= arctan<w> e (-%1) .

T (t — ) ’

3.8.1 Obviously, this settings imply
zj € g(ﬁ]), jE {0, 1} .

3.8.2 If 3.6.2 or 3.6.3 hold, then
T
0< |190| < |191| < 5 , (420)
provided that ¥, - ¢¥; > 0.
3.9 According to DEFINITION 4.1.4 let t* € {9y, 40(V1), ¥p,0(V1)}. Consequently, it is
u® = (2°(t*),2°(t*)) € €(91) N |To]

Since
ul = Zl = (l‘l(tl —_— a),ftl(tl - Of)) 6 6(191) ﬂ |F1|

we can apply step 3.7 to obtain [|u°|| cos(d;) > ||u']| cos(¥;) and, thus,
(") = [[u’ll cos(¥) > [|u'[| cos(D1) = [|z1]| cos(v1) = d .

Hence, we have proved
22t >dy >0 (4.21)

3.10 If either 3.6.2 or 3.6.3 is valid, then
22(t° — a) > 2°(t) . (4.22)

We will derive this assertion using the monotonicity of 2° and the following conclu-
sions from DEFINITION 4.1.4, namely

to -« Z 1/)77,0,:1:0(190) Z wno,wo(ﬁl) if 191 Z 190 >0 )

and
tO — S \Ilno,mo(ﬁO) S \Ilno,wo('&l) if 191 S 190 <0.

3.10.1 In case that 3.6.2 holds, we have ¥, > ¥y > 0 by definition of 9;, j € {0,1}.
Now, choosing t* = t,,, z0(¢1) yields (4.21).

3.10.1 If 3.6.3 is valid, we observe that ; < dJy < 0, such that we choose t* = U, ,0(?;)
to obtain (4.21) again.
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3.11 Finally, we can conclude that
do >dy >0

must hold in either of the cases 3.6.1, 3.6.2 or 3.6.3 which contradicts 3.5 and
accomplishes the proof of this part. To see this we distinguish between the mentioned
cases.

3.11.1 Let us assume that 3.6.1 holds, i.e., it is 2°(t° — ) = 2! (¢! — @) = 0. Thus,
zj= (2t — ), (¥ —a)) € £0) N |T]
for j € {0,1} such that step 3.7 yields
0<d =z'(t' —a) = ||z| < ||zl = 2°(° — o) = d; .
3.11.2 If 3.6.2 holds, we set t* = 4, ,0(¢1). Hence, (4.22) and (4.21) show
do=2"(t° —a) > 2°(t") > d; >0 .

3.11.3 In case 3.6.3 is valid, we choose t* = WU, ,o(¥;) (instead of t* = ), ,0(?)1)) and
use (4.22) and (4.21) to obtain the desired assertion.

Finally, we arrived at a contradiction in either case due to steps 2. and 3.. Thus,
ITy| ¢ ext || must not hold.
OJ

The interested reader has already noted that we have proved indeed

REMARK 4.3.1 Let 27, j € {1,2}, be SOP-solutions of
i) =—pz(t) + X fF(A - 2(t — @) (4.4) 4
with o € RT and Ay > A\1. Then |Tp2| C ext |Ty1].

Please recall that the general framework for the proof is based upon CA0’s method [12]
but differs essentially from this in step 2. as a consequence of (H1) (whereas only minor
changes concern the steps 3.5 and 3.6).

Part 2. is more involved in our situation and does not yield the full generality of CAO’s
corresponding result [12, THEOREM 2] as one easily infers by comparison of step 2.7 and
[12, p. 52]:

REMARK 4.3.2 The above method of proof does not work for SOP-solutions 27 of (4.4)q;,
7 €{1,2}, with ag > vy > 0 and Ay > A;.

A thorough inspection of the proof shows that assumption (H4) cannot be weakened
if we want to follow the above scheme of proof: In particular, (H4.1) enters the proof via
LEMMA 4.2.1 in step 2.2 and step 3.4, while the monotonicity property (H4.2) is essential
for step 3.5.
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4.4 Uniqueness of SOP-solutions
We are now in a position to derive

THEOREM 4.4.1 If (H1), (H2) and (H4) are valid, then there is at least one SOP-solution
of (1.1).

PROOF: We argue by contradiction: Let 2 and y be two different SOP-solutions of (1.1)
and denote by I'; and ', their orbits in R2.

1. By assumption, I'; # I'y. Now, REMARK 4.1.2 and LEMMA 4.1.3 imply the exis-
tence of a o > 1 such that either o|I';| ¢ ext |I',| or o|I'y| Z ext |I'|.

2. In either case we will derive a contradiction.

2.1 If o|T'y| ¢ ext |I',], set z :== px. By REMARK 4.1.1, z is a solution of (4.4) where
A := p > 1. Since y is a solution of (4.4) with A = 1 we can apply PROPOSITION
4.3.1 to obtain p|I';| = |I',| C ext |[',| in contradiction to our assumption.

2.2 If o|I'y| € ext |I';], set z := py. By REMARK 4.1.1, z is a solution of (4.4) where
A := p > 1. Since z is a solution of (4.4) with A = 1 we can apply PROPOSITION
4.3.1 to obtain p|I'y| = |I';| C ext |I',| in contradiction to our assumption.

Thus, the assertion is proved.
O

Combining this uniqueness result with the existence result from Chapter 3 we obtain
PROPOSITION 4.4.1 Let p € (—1log2;0), (8,¢) € (0;5.) x (0;e.) with —fu < a — ¢,

and let f € N(B,¢) satisfy (H2) and (H4). Then there exists exactly one slowly oscillating
periodic solution of (1.1) around £° = 0.

PRrRoOOF: This is the conclusion of THEOREM 3.2.2 and THEOREM 4.4.1.
O

Clearly, well-known examples in the class of nonlinearities described in the assumptions
of PROPOSITION 4.4.1 are provided by our prototype nonlinearities. This follows easily
from EXAMPLE 4.2.1 and 4.2.2 combined with EXAMPLE 3.4.1 and 3.4.2, respectively.
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EXAMPLE 4.4.1 Let p € (—1log2;0), a € RY, and (B,e) € (0;5.) x (0;¢.) with
—Bu < a — ¢ be given. Then there exists a unique SOP-solution of

#(t) = —pa(t) + f(x(t — 1)) (1.1)

for every nonlinearity

2
fR3E— _?a arctan(af) € R with a € (% tan %; —|—oo> )

EXAMPLE 4.4.2 Let p € (—1og2;0), a € RY, and (B,e) € (0;5.) x (0;¢.) with
—Bu < a — ¢ be given. Then there exists a unique SOP-solution of

#(t) = —pa(t) + f(x(t — 1)) (1.1)

for every nonlinearity

f:R>Em —atanh(af) €R  witha € (%Artanh$; +oo) .

Although all these examples are odd functions, remember that condition (N;) was only
included to clarify the investigations and to permit shorter proofs in Chapter 3: It is not
essential and the assertions of PROPOSITION 4.4.1 are also valid without the oddness
hypothesis on the nonlinearity f.

Finally, we should emphasize the fact that the slowly oscillating solutions of EXAMPLE
4.4.1 and EXAMPLE 4.4.2 could be found as the fixed points of the return map Ry in the
set A() (see Chapter 3): This is of particular interest for numerical simulations, e.g., to
obtain estimates for the (minimal) period of the SOP-solution.

4.5 Comments and open problems

Clearly, this approach does not give any stability properties of the unique slowly oscillating
periodic orbit O,. We conjecture, that one may prove that O, is stable and locally attrac-
tive. However, the question of hyperbolicity of O, seems not to be accessible on this way.
Thus, an alternative approach that proves hyperbolicity of O, at least for the prototype
equations from EXAMPLE 1.1.1 and 1.1.2 is still desirable (and will be addressed in [44]).
Related to these questions is the work of XIE [74] who obtained stability and hyper-
bolicity of (given) periodic solutions to decay equations (1.1) with bounded nonlinearity.

In a way, the method of CAO itself should be the subject of further investigations. As
already mentioned in the introduction to this chapter, it seems to be somehow ”unnatural”
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to leave the phase space C' (in which the orbit O, lies) in order to consider the projection
of this orbit into the (z,&)-plane. This initiates the following questions:

What are the geometric consequences of assumption (H4) for the set of solutions in
the phase space 7 What are geometric conditions in the phase space C' that guarantee the
uniqueness of the orbit of a slowly oscillating periodic solution of (1.1) ?

In particular, these questions are of interest in view of desirable extensions of uniqueness
results to systems of delay equations or state-dependent delay equations.

KRISZTIN and WALTHER [32] recently applied CAO’s method to the ”mathematical
counterpart” of our feedback situation, a decay equation governed by delayed positive
feedback. Beside the first application of the method to a positive feedback situation, they
also adapt the approach even to periodic solutions with higher oscillation frequencies.
Using tools from MALLET-PARET and SELL [41, 42] prevents an easy modification to
growth systems governed by negative feedback.

The results are then applied to prove that the global attractor of this equation, which
occurs in models of neural networks (cf. Wu [72]), has the shape of a spindle (as conjectured
by KRrISZTIN, WALTHER and WU [33]). This indicates the importance of uniqueness results
on periodic orbits for the global dynamics.

The importance of eventually slowly oscillating (not necessarily periodic) solutions for
the global dynamics of (1.1) is well-known for decay equations. For p € RS, MALLET-
PARET and WALTHER [43] proved that the phase curves of all rapidly oscillating solutions
form a graph in C| given by a map with domain in a subspace of codimension 2 and range
in a complementary subspace. Consequently, the set of initial data for eventually slowly
oscillating solutions is open and dense in C' which proved a long-standing conjecture by
KAPLAN and YORKE [30].

This suggests the question whether the set of initial data for eventually slowly oscillat-
ing solutions is also dense in B in case of y € R™.

Another proof of the KAPLAN-YORKE conjecture can be obtained via an approach
which is based on the following observation: Rapidly oscillating solutions for decay equa-
tions with strictly monotone nonlinearity are necessarily unstable (cf. [37, 41]). — Is this
also true for growth systems governed by delayed monotone negative feedback ?

In fact, note that the situations of EXAMPLE 4.4.1 and EXAMPLE 4.4.2 display similar
properties as our limiting discontinuous equation (2.1): in both cases we obtain a unique
SOP-solution of (1.1) in analogy to the slowly oscillating solution y of (2.1).

138



5

Bounded solutions: an outlook

We conclude this treatise with a short description of two further research problems mainly
initiated by the results of the previous chapters. These could be the next steps to take in
the investigation of scalar growth systems governed by nonlinear delayed negative feedback.

5.1 The stable sets of the non-trivial steady states

A central question in dealing with growth systems evokes from the problem of guaranteeing
the boundedness of solutions. In our particular case of a growth system governed by delayed
negative feedback,

2(t) = —pa(t) + f(x(t = 1)), (1.1)
we still have to specify conditions on initial values ¢ € C' that guarantee the boundedness of
the solution x¥ of (1.1) with zy = . In other words, we are interested in a characterization
of the set B of initial values whose solutions remain bounded.

In the previous two chapters we dealt with special bounded solutions, namely, slowly os-
cillating periodic solutions of (1.1). A careful choice of (the set of ) nonlinearities f € N(/3,¢)
and initial values ¢ € A(f3) in Chapter 3 prevented solutions z#/ from escaping to infin-
ity. In Chapter 4 we did not have to care for boundedness since oscillating solutions are
necessarily bounded, as we already knew from REMARK 1.5.1.

The general question arises if one wants to study the whole set B instead of the os-
cillating solutions. Then we are faced with the problem of characterizing conditions for
boundedness.

)

Following our ”general strategy” it could be helpful to recall the approach for the
discontinuous model (2.1). In Chapter 2 the border or boundary of the set B was formed
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by the stable sets of the non-trivial steady states and there is some (numerical) evidence
to hope that this property persists in the smooth case (1.1).

By virtue of the linearization at uj, j € {—, +}, (cf. Section 1.3 for details and notation)
we obtain an affine phase space decomposition of C at u;,

C=(u+F) & (u+ Q) =u; + (P ©Qy) ,
where P; denotes the linear unstable subspace

0),
P; = Re¥

and (); its complementary subspace in C'. Furthermore, we denote by
PrUj+Qj 0 =y +Qj
the affine linear projection onto the affine linear subspace u; + Q; (along u; + F;).

Now, it is comparatively easy to prove the existence of a graph representation of the
local stable manifold of u;, j € {—, +}, exploiting the assumptions (H2.2) and (H3.2).

LEMMA 5.1.1 Fiz j € {—,+}. Then there exists an open neighborhood U; of u; in C
and a map
S€P; loc Pruj+Qj (WS(U,]) N U]) — Uj + P]

such that
Ws(uj) N Uj = {X + Sepj,loc(X) "X € Pruj-l-Qj (Ws(u]) N U])} = graph(sepj,loc) :

Certainly, this result initiates the question for a ”global version”: does there exist a
graph representation of the global stable set of the non-trivial steady state u;, j € {—, +}7
We conjecture the existence of such a graph representation.
CONJECTURE 5.1.1 Fiz j € {—,+}. Under hypotheses (H1)-(H3) there exists a map

sep; 1 Pry, 1, (W?*(u;)) — u; + P

such that

W (u;) = {x +sepj(x) : x € Pry;4+q,(W?*(u;)} = graph(sep;) .

The reason for calling the maps above ”sep” is motivated by the analogous denotation in
Section 2.4 and will be explained in more detail in the following paragraph.
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Clearly, W#(u;), j € {—,+}, is locally a C''-graph over the affine subspace u; + Q;, i.e.
Wi .(u;) is the graph of a C*-map in a neighborhood of u; in u; + @; (cf. the monographs
[16, Section VIIL.6] or [26, Section 10.1]).

But, as the well-known example due to HALE and LIN [25, EXAMPLE 2.2] demonstrates,
this is not enough to conclude that W*(u;) is a C'-manifold (see also [26, pp. 310-311]).
So, in case that CONJECTURE 5.1.1 holds, we can then ask for the smoothness properties
of sep;.

Basic material about invariant manifolds is contained in HALE and LIN [25] and in the
Diploma Thesis of NEUGEBAUER [47] which is based upon [25]. Related are also WALTHER
[66, 64] where the stable and unstable manifolds of periodic solutions are considered in the
context of decay delay equations.

5.2 Description of the semiflow on a subset of B

An obvious question was left open in the preceding section: Is there another description
of Pry; 1q,(W?*(u;)) or, more specifically, does possibly the inclusion

uj + Qj - Pruj+Qj (Ws(uj))

hold 7 The validity of this inclusion would enable us to follow the lines of Section 2.4 here
to find at least a set-valued graph representation for W*(u;).

Moreover, if additionally CONJECTURE 5.1.1 is true, then W*(u_) is a hypersurface
and one could follow the ideas of KRiszTIN, WALTHER and WU [33, Section 3] to show
that W*(u;) serves as a separatrix in C'.

In the discontinuous model case (2.1) the above inclusion holds true, so there is some
evidence to conjecture the validity of it in our situation, too. Reconsidering the proof of
PROPOSITION 2.4.1 (pp. 84ff.) shows that we will most probably need a deeper knowledge
about the behaviour of solutions of (1.1) starting in

Z =B\ (W(u_) UW*(uy)) .

Certainly, beside from this motivation the dynamics in Z is of independent interest. It is
convenient to ask the following questions.

In how far does the dynamics of the discontinuous model (2.1) reflect the behaviour
in the continuous situation in the set of bounded solutions which do not converge to one
of the non-trivial steady states ? Can we transfer results on the dynamics of (2.1) in Z
from Section 2.3 to delay equations (1.1) for (a subset of) nonlinearities in N(f,¢) ? For
instance, is the set of slowly oscillating solutions around zero dense in Z if f is a strictly
decreasing steep nonlinearity ?

Does there exist a global attractor in B (cf. HALE [24]) as one may expect in view of
decay delay equations (1.1) (cf. WALTHER [65]) ?
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Zusammenfassung
(Abstract)

Gemaf §7 Absatz 2 der Promotionsordnung der naturwissenschaftlichen Fachbereiche der
Justus-Liebig-Universitiat Gieflen wird in diesem Anhang eine ausfiihrliche Zusammenfas-
sung der in der vorliegenden Arbeit enthaltenen Resultate und Ergebnisse in deutscher
Sprache gegeben. Die Verweise beziehen sich auch in diesem Abschnitt stets auf die zur
Arbeit gehérende Literaturliste (siehe Seite 152 ff.).

0. Einleitung

In der vorliegenden Dissertation On scalar growth systems governed by delayed nonlinear
negative feedback wird die Klasse

#(t) = —pa(t) + fa(t — 1)) (1.1)

von Differentialgleichungen mit Verzogerung unter den im folgenden naher aufgefiihrten
Annahmen iiber die Nichtlinearitdt f und den reellen Parameter p untersucht:

(H1) Fiir den reellen Parameter p sollen ausschlieSlich negative Werte zugelassen werden,
d.h. es sei p € R := (—00;0).

(H2) Die Nichtlinearitit f : R — R geniige den folgenden Voraussetzungen:

(H2.1
(H2.2) f sei streng monoton fallend auf R und
(H2.3) f sei beschrénkt, d.h. es gebe ein M, > 0 mit |f(£)| < M fiir alle £ € R.

) [ sei stetig differenzierbar auf R,

(H3) Die Nichtlinearitét f und der reelle Parameter u seien wie folgt gekoppelt:

(H3.1) Es gelte
—f'(0) > —n,

und
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(H3.2) es gebe genau eine negative Losung u = £~ € R~ und genau eine positive Losung
u=¢t € RY der Gleichgewichtsgleichung

—pu+ f(u) =0

Fiir diese nicht-trivialen Losungen der Gleichgewichtsgleichung gelte ferner
0< —f'(u) < —p

fiir u e {7,671}

Diese Klasse von Differentialgleichungen beschreibt somit die zeitliche Entwicklung einer
skalaren Grofle z, die einerseits autokatalytisch wachst, was durch die Wahl des Parameters
(der Wachstumsrate) —u > 0 beschrieben wird, andererseits aber zeitverzogert (mit einer
Reaktionszeit r = 1) diese momentan steuernden Prozesse zu regeln versucht. Letzteres
geschieht durch verzogerte negative Riickkopplung beziiglich des Gleichgewichtes 0 € C' :=
C(]-1;0],R), wie durch

E-f(§) <0 firalle e R\ {0} . (NF')
analytisch verbalisiert wird: Diese Eigenschaft ist eine direkte Folge der Annahmen (H2)

und (H3) und begriindet den zweiten Teil des Titels der vorliegenden Dissertation, dessen
erster Teil durch die Voraussetzung (H1) motiviert wird.

Prototypen von Nichtlinearitaten, die diesen Voraussetzungen unter geeigneter Wahl
der Parameter geniigen, stellen die beiden Zweiparameterfamilien

2M
for :R2 &= ———arctan(af) € R
m
sowie

far :R2 &= Mtanh(af) € R

dar. Auf diese wird im Fortschreiten der Arbeit immer wieder zuriickgegriffen, um die
erzielten Ergebnisse daran exemplarisch zu demonstrieren.

In den folgenden Abschnitten werden zusammengefafit die Ergebnisse der Untersu-
chungen der Gleichung (1.1) unter oben aufgefiihrten Generalvoraussetzungen dargelegt,
wobei stets Bezug auf Formeln, Satze und Definitionen aus der vorstehenden Arbeit genom-
men wird. Der Aufbau ist dabei an die Reihenfolge und Struktur der Kapitel angelehnt.

1. Elementare Ergebnisse

Mit Hilfe der Variation-der-Konstanten-Formel und der sogenannten method of steps kon-
struiert man sukzessive fiir jedes gegebene ¢ € C' := C([—1;0],R) eine Lisung des An-
fangswertproblems

{ #(t) = —pat) + fla(t=1)), teR",
o — @ .
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Darunter versteht man eine stetige Funktion z¥:[—1;00) — R, die (1.1) auf Rt und
xy = o erfiillt, wobei wir mit

zf :[-1;0] 2 s—x¥(t+s) €R

das Segment der Losung ¥ (zum Anfangswert ¢ € C) zum Zeitpunkt ¢t € R} bezeichnen.
Dadurch wird ein stetiger Halbfluf3

Fr:Rf xC >3 (t,p)—af el
erklart, dessen Linearisierung an den drei Gleichgewichtspunkten
u; 2 [—1;0] St ¢ eR, je{-,0+},

welches die Anfangswerte der drei stationdren Losungen sind, in Abschnitt 1.3 ausfiihrlich
behandelt wird.

Im Gegensatz zum Fall 4 € R" treten in der von uns untersuchten Situation im allge-
meinen auch unbeschrénkte Losungen auf, wie man sich anhand der Beschréanktheitsvoraus-
setzung (H2.3) verdeutlichen kann, welche fiir hinreichend grofie Werte der Grofie « den
Wachstumsterm nicht mehr in hinreichendem Mafle ,,zu bremsen” in der Lage ist.

Alle unbeschrankten Losungen weisen infolgedessen die spezielle Eigenschaft auf, von
einem Zeitpunkt an streng monoton zu werden, so dafl die Menge der Anfangswerte mit
unbeschriankten Losungen in die beiden disjunkten Teilmengen £ und £~ zerfallt, je nach
bestimmter Divergenz der Losung x¥ gegen +oo oder —oo.

Daher geniigt es, sich hinsichtlich der Betrachtung der Dynamik auf die Menge B der
Anfangswerte zu konzentrieren, welche beschrankte Losungen besitzen. Fiir Anfangswerte
¢ € B erhalten wir (in LEMMA 1.4.2)

M
122(t)] < —7f fiir alle t € R, (A1)

was von zentraler Bedeutung fiir die Untersuchung periodischer Losungen von (1.1) in den
Kapiteln 3 und 4 ist.

Die Vorbereitung der Behandlung oszillierender Losungen von (1.1) steht dann auch im
Mittelpunkt der Paragraphen 1.5 und 1.6, in denen neben der verwendeten Terminologie
auch ein auf MALLET-PARET, CAO und ARINO zuriickgehendes LYAPUNOV-Funktional
erklart wird. Dieses Hilfsmittel erlaubt es, bereits in diesem Vorstadium der Untersuchun-
gen zu folgern, dafl es weder monoton gegen Null konvergierende Losungen noch einen
homoklinen Orbit durch den Gleichgewichtspunkt uy geben kann.

2. Eine unstetige Modellgleichung

Um zu einem besseren Verstdndnis der rudimentiren dynamischen Strukturen, wie sie
skalare Wachstumsprozesse mit zeitlich verzogerter negativer Riickkopplung zeigen, durch-
zudringen, empfiehlt es sich, zu einer einfacheren, leicht handhabbaren Modellgleichung

144



iiberzugehen, die eben jene Grundstrukturen aber immer noch aufweist.
Dies ist gerade fiir die unstetige Delay-Differentialgleichung

&= —px(t) — asign(z(t — 1)) (2.1)
fiir a > 0 der Fall, deren Untersuchung das gesamte Kapitel 2 gewidmet ist.

Zwar zwingt uns die Unstetigkeit der Nichtlinearitat f := —asign erstens dazu, von C
zum Phasenraum

Xi={peC : |¢(0)] < oo}

tiberzugehen, um einen stetigen Halbflufl der Segmente der Losungen von (2.1) garantieren
zu konnen, und verlieren wir zweitens aufgrund der speziellen Struktur zudem noch die
Injektivitat der Zeit-t-Abbildungen (gegeniiber dem Fall der bis dahin betrachteten mono-
tonen Nichtlinearitdten f), so werden diese Nachteile jedoch weitestgehend aufgewogen
durch die Moglichkeit der expliziten Berechenbarkeit der Losungen von (2.1).

In erster Konsequenz konnen wir damit bereits in Paragraph 2.2 alle — sowohl die
langsam als auch die schnell schwingenden — periodischen Losungen von (2.1) konstru-
ieren und Aussagen iiber deren Eigenschaften machen, was einen ersten Einblick in die
Struktur der Menge B der Anfangswerte der beschrinkten Losungen von Gleichung (2.1)
ermoglicht. Auf diese wird extensiv im Rahmen des dritten Kapitels zuriickgegriffen, in
dem wir die Existenz langsam schwingender periodischer Losungen fiir eine Klasse stetiger
Nichtlinearitaten zeigen.

Ferner ist zu beachten, daf§ in unserem Speziallfall £+ = —2= —% (und £~ = —=¢1)
gilt, so dafl nur fiir den Parameterbereich (— log2;0) iiberhaupt langsam um Null schwin-
gende periodische Losungen von (2.1) existieren konnen, da bekanntlich alle beschrénkten
Losungen unterhalb der Schranke —% bleiben miissen (vgl. auch (A.1)). Aus diesem
Grunde existieren auch keine langsam schwingenden Losungen von (2.1) um die nicht-
trivialen Gleichgewichtspunkte w;, j € {—,+}.

Dariiberhinaus wird in Paragraph 2.3 ein tieferer Einblick in die geometrische Struktur

der Teilmenge
Z =B\ (W*(u) UW*(uy))

aller beschrankten, nicht gegen eine der stationaren Losungen konvergierenden Losungen
gegeben.

Dazu wird zunachst eine alternative Charakterisierung von B anhand einfach zu iiber-
priifender Kriterien in Abschnitt 2.3.A gegeben, bevor in Abschnitt 2.3.B das diskrete
LyapuNov-Funktional nach MALLET-PARET [39], CAO [11] und ARINO [6] fiir die An-
wendung auf Gleichung (2.1) in der Menge Z verallgemeinert wird. Dieses Hilfsmittel
erlaubt es, uns fir die Betrachtung der Dynamik auf die Menge

Zy:={p € Z : p(0) =0, ¢ hat geradzahlig viele und nur einfache Nullstellen in (—1;0)}
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zu konzentrieren, da alle in Z startenden Losungen nach endlicher Zeit in dieser Menge
,landen”, was in dem Sinne zu verstehen ist, daf} fiir jedes ¢ € Z ein ty(¢) € Rt existiert,
so daf3
xf € Zy fiir alle t € (2%) 1(0) N [to(p); +00)

gilt. Daher studieren wir in Abschnitt 2.3.C das Verhalten von Losungen mit Anfangswerten
in Z, genauer, was in der Einfithrung einer POINCARE-Abbildung R : Z; — Z, kulminiert,
die im Abschnitt 2.3.D zu einem diskreten dynamischen System konjugiert wird, welches
eine detaillierte Beschreibung des Losungsverhaltens erlaubt:

Diese wird in Abschnitt 2.3.E gegeben und kann kurz wie folgt umrissen werden. Fast
jede in Z startende Losung ,flieffit” nach endlicher Zeit in den Orbit einer periodischen
Lésung von (2.1) hinein, was dort durch eine zur MORSE-Zerlegung &dhnlichen Struktur
beschrieben wird.

Schliefilich wenden wir uns im vierten Paragraphen des zweiten Kapitels einer Unter-
suchung der stabilen Mengen der nicht-trivialen Gleichgewichte u;, j € {—, +} zu, was die
Gesamtbetrachtung der Dynamik von (2.1) komplettiert.

Hierbei stellt sich heraus, dafl wir zwar einerseits die Surjektivitat der restringierten
Projektion

. s
Waws)] W (us)] = ug + Q4
auf die zum (formalen) affinen Unterraum u, + @), gehdérende Nebenklasse

s + Q1= {lug +¢—=9(0)e™] : Y e X} =[(uy +Qy) NX]

erhalten, andererseits aber auch nachweisen konnen, daf§ die Abbildung Pr, g, nicht

PI‘qu_i_@:

injektiv ist, was die , traditionelle” globale Graphdarstellung von [W*(u, )] iiber uy + Q,
unmoglich macht.

Stattdessen nutzen wir nur die Surjektivitat der Abbildung Pr, . = |Ws(u, ) indem
wir [W*(uy)] als Graph der mengenwertigen Abbildung

Sep : up + Q4 3 [ug + ] = [uy + I([ug +¢))e ] € Pluy + Py)

mit I ([ur+v]) :={r e R : Ju, + x € [uy + Y] mit uy + x +re " € W*(u, )} beschreiben
und diese geometrische Darstellung durch Betrachtung der Schnitte der Mengenbiindel iiber
dem affinen Raum noch weiter verfeinern.

Diese Methode wirft einige Fragen, beispielsweise nach Glattheit(sbegriffen) und einer

noch genaueren Beschreibung der Funktionswerte von Gep, auf, die als offene Probleme
formuliert und die Grundlage fiir weitere Untersuchungen sein werden.

3. Existenz langsam schwingender periodischer Losungen

Zentrales Anliegen des Kapitels 3 ist es, ausgehend von den fiir die unstetige Modell-
gleichung (2.1) gewonnenen Erkenntnissen, Riickschliisse iiber die Dynamik der Delay-
Gleichung (1.1) fiir stetige Nichtlinearititen f zu gewinnen. Dabei liegt der Focus auf
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der Frage nach der Existenz langsam schwingender periodischer Lésungen von (1.1) fiir
Nichtlinearitaten f, die in einem gewissen Sinne hinreichend ,,nahe” an der Signum-Nicht-
linearitat sind.

Als geeignet fiir unsere Zwecke erweist sich bei geeigneter Parameterwahl (3,¢) € R
die Klasse N(f3,¢) aller stetigen reellen Abbildungen, die ungerade sind, auflerhalb einer
p-Umgebung der Null nur Werte im Intervall (—£+a; a+¢) annehmen und genau zwei nicht-
triviale Aquilibria mit Absolutbetrag groSer als 3 besitzen. Dabei kann auf die Forderung,
dafl f ungerade sein soll, sogar verzichtet werden, sie ist einzig aus technischen Griinden
zur Vereinfachung der Argumentation aufgenommen.

Fiir Differentialgleichungen (1.1) mit f € N(3,¢) zeigt man nun fiir hinreichend kleine
B > 0 und € > 0, dafl Segmente x;/’ von Losungen von (1.1), die in der abgeschlossenen,
beschrankten und konvexen Menge

A(B) = {w €C i ol < ~2L w2 5 vt € 1504 0(0) - B}

starten, wieder in diese Menge zuriickkehren, so dafl man unter Verwendung der eindeutig
bestimmten Wiederkehrzeit ¢;(¢) € R* die Wiederkehr- oder POINCARE-Abbildung

Ry : A(B) > v = —Fy(gs(),4) € A(B)

erklaren kann.

Ist f zusatzlich noch LIPSCHITZ-stetig, so ist auch die Wiederkehrabbildung R; Lip-
SCHITZ- und vollstetig, womit der Weg fiir die Anwendung des SCHAUDERschen Fixpunkt-
satzes geebnet ist, welcher die Existenz periodischer Losungen von (1.1) liefert, da jeder Fix-
punkt von Ry der Anfangswert einer langsam um Null schwingenden periodischen Losung
von (1.1) ist (vgl. THEOREM 3.2.2).

Fiir stetig differenzierbare Nichtlinearititen f € N(f,¢), die eine kontrahierende Riick-
kehrabbildung R; definieren, zeigen wir dann in THEOREM 3.3.1, dafl der durch den
eindeutig bestimmten Fixpunkt ¢ € A(f3) von R, gegebene Orbit der zugehorigen peri-
odischen Losung hyperbolisch, stabil und exponentiell attraktiv mit asymptotischer Phase
ist. Daf} stetig differenzierbare f € N(,¢), fiir welche Ry kontrahierend ist, tatsichlich
existieren, wird durch die explizite Konstruktion einer solchen Nichtlinearitat gezeigt.

Die Resultate und Methoden des dritten Kapitels folgen und verallgemeinern zugleich
den erstmals von WALTHER in [67] beschrittenen Weg zum Nachweis periodischer Lésungen
von Delay-Gleichungen des Typs (1.1). Es steht zu vermuten, daf fiir glatte monotone
Nichtlinearitdten in N(3,e) analog zu WALTHER [68] einige technische Abschétzungen
weiter verfeinert werden konnen, so dafl die Aussagen von THEOREM 3.3.1 insbesondere
auf oben aufgefithrte Prototypen f, s (mit geeignet gewéhlten Parametern o und M)
angewendet werden konnen. Dies wird aber Gegenstand einer weiteren Arbeit sein wird.
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4. Eindeutigkeit langsam schwingender periodischer Losungen

Nachdem wir in Kapitel 3 bereits die Existenz langsam schwingender periodischer Losungen
von (1.1) fiir Nichtlinearitéten der Klasse N(f,¢) nachgewiesen haben, wenden wir uns
im vierten Kapitel der Frage nach der Eindeutigkeit der Orbits langsam schwingender
periodischer Losungen von (1.1) zu.

Hierzu folgen wir einem Ansatz von CA0 [12], den wir auf die Klasse der skalaren Wach-
stumsgleichungen mit negativer Riickkopplung verallgemeinern. Dabei betrachten wir
Nichtlinearitéten f, die neben (H1) und (H2) noch der folgenden Konvexititsvoraussetzung
gentigen:

(H4) Die Abbildung
§1'(€)

e <8

h:R\{0} 3¢ —

habe den Wertebereich
h(R\{0}) C (0;1)

und sei monoton fallend auf RT sowie monoton wachsend auf R~.

Da die (z,%)-Projektionen von Orbits langsam schwingender periodischer Losungen stets
JORDAN-Kurven im R? darstellen, die nach PROPOSITION 4.3.1 nur eine ganz bestimmte
gegenseitige geometrische Lage im R? einnehmen konnen, stellt der Beweis dieser Proposi-
tion den zentralen Schritt beim Nachweis der Eindeutigkeit des Orbits der langsam schwin-
genden periodischen Losung von (1.1) dar. Wie schon in der Arbeit von CA0O [12] geschieht
der Beweis von PROPOSITION 4.3.1 in zwei Schritten durch einen Widerspruchsbeweis,
wobei in unserem Falle der erste fundamental von dem in [12] abweicht, wéhrend der
zweite Schritt jedoch weitgehend analog mit nur kleineren Modifikationen gefiithrt wird.

Wie bereits erwahnt, dient dann PROPOSITION 4.3.1 dazu, die Eindeutigkeit des Or-

bits langsam schwingender periodischer Losungen von (1.1) in THEOREM 4.4.1 unter den
Annahmen (H1), (H2) und (H4) nachzuweisen.

Kombinieren wir nun die Resultate der Kapitel 3 und 4, so muf} festgestellt werden,
daf fiir alle Nichtlinearitaten f, welche sowohl den Voraussetzungen aus THEOREM 3.2.2
als auch denen aus THEOREM 4.4.1 geniigen, die verzogerten Differentialgleichungen (1.1)
einen eindeutig bestimmten Orbit einer langsam (um Null) schwingenden periodischen
Losungen besitzen.

Insbesondere ist dies wieder fiir die Prototypnichtlinearitdten f, s (bei geeigneter Pa-
rameterwahl) der Fall, wie man leicht durch konkretes Nachrechnen der Bedingung (H4)
verifizieren kann.
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5. Beschrankte Losungen: ein Ausblick

Alleinige Aufgabe des abschlieenden Kapitels 5 ist es, einen Ausblick auf eine weitere
mogliche Forschungsrichtung zu geben, welche wiederum durch die fiir die unstetige Mo-
dellgleichung (2.1) in Paragraph 2.4 erzielten Ergebnisse motiviert ist: Die Frage nach einer
genauere Beschreibung der Menge B der Anfangswerte, die eine beschrinkte Losung von
(1.1) initiieren, fithrt daher quasi zwangslaufig auf die Notwendigkeit der Beschreibung der
stabilen Mengen der nicht-trivialen Gleichgewichte u;, j € {—,+}. Hierzu werden einige
Vermutungen geauflert.
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Notations and symbols

N, Ny, Z, R, C — the set of positive integers, non-negative integers, integers, real and
complex numbers, respectively.

Mu +v:={mu+v : meM} forMe {N,Ny,Z,R}, u € Rand v € R.
1y :=(1,..,1) e RV, N € 2N.

C:=C(-1,0],R)

Cc := C([-1;0],C)

D:={z€C : |2|] <1}.

diste(p,U) = 1;1615 lp — 9| for p € Cand U C C.

distiy (v, U) = inf ||z —ys for = € RY and U ¢ R¥, N € N,
eve: C 3 pla) eR ac[-1;0].

[:[-1;0]>t—1€eR

idy : X>2x+— 2 € X, X any BANACH space.

ker v := v~1(0) for v € L(X, X), X any BANACH space.
B(M):={N : NC M}

1112 @ max fo(t)] € Ry

Il s RY 5 (&, év) = X0 1G] € RS, NEN.

-1l : RY 3 (&1, 0 bn) = /32 E2 €R, N €N
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RY := {v = (v, ..,un) ERYN 10w, > 0Vj € {1,...,]\7}}, N eN.

{%,g%o
0 ,&=0

}e {-1,0,+1} .
S ={veRY :1y-v<1}
[MT:Ro&é—inf{C€Z : £E<(}eZ.
J:Ro>&—sup{C€Z : (<Y e

C = P @ (@ — direct sum of the subspaces P and ().
AUB - disjoint union of the sets A and B.

Q, W)y — disjoint union of the topological spaces €2; and €.
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