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ON THE GLOBAL DYNAMICS OF ATTRACTORS
FOR SCALAR DELAY EQUATIONS

CHRISTOPHER McCORD AND KONSTANTIN MISCHAIKOW

1. INTRODUCTION

This paper serves two purposes:

1. to describe the global dynamics on the attractor of scalar delay differential
equations with negative feedback;

2. to suggest a potentially computable approach for describing in coarse terms
the global dynamics of families of dynamical systems.

By now it is well known that not only do non-linear systems typically exhibit ex-
tremely complicated dynamics, but what’s worse, that the structure of the dynam-
ics changes dramatically as a function of natural parameters. A generally accepted
means of describing these structures is to prove the existence of a conjugacy with
respect to a well understood or more easily computable system, e.g., the invariant
set of the Smale horseshoe and the shift dynamics on bi-infinite sequences of two
symbols. While from a qualitative and theoretical point of view such a description
is quite desirable, in practice there are at least two serious drawbacks to this ap-
proach. First, starting with a specific evolution equation, i.e., a system of ordinary
differential equations, partial differential equations, or functional differential equa-
tions, obtaining a rigorous proof of the desired conjugacy can be extremely difficult.
Second, even if a conjugacy for a fixed parameter value is given, determining the
range for which the conjugacy is valid or how the conjugacy changes as a function
of the parameter is a daunting task. To see this, one needs only note that there ex-
ist conjugacies between structurally stable and non-structurally-stable flows, e.g.,
% = —z and £ = —z3. These drawbacks can be a serious handicap. For many
models arising from the sciences and engineering, not only are the parameters not
known to great precision, but often the class of potential non-linearities is large.
Therefore one is faced with the task of providing a rigorous description of the dy-
namics for classes of equations for which one expects (or for which the numerics
indicate) a wide range of behaviors.
The family of scalar delay differential equations with negative feedback, i.e.

(1) &(t) = —f(x(t), x(t — 1)),
where 7f(0,n) > 0 for all n # 0, provides a concrete example of the problems

described above. These equations have been suggested as models in physiology and
non-linear optics, and have been the subject of considerable numerical investigation,
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e.g. Farmer [3] and Mackey and Glass [11]. These numerical works strongly suggest
that for certain non-linearities and parameter values complicated, possibly chaotic
dynamics can occur. On the other hand, to the authors’ knowledge there is no
exact rigorous characterization of these systems.

Faced with the problem of trying to describe such a potentially diverse set of
dynamical systems, we have given up on the idea of establishing a conjugacy with
a simpler system. Instead, we use the weaker notion of semi-conjugacy; the goal
being to establish a minimal dynamic structure which is present for all equations
in a given family. This approach is not without precedent. Consider the following
theorem due to C. Conley [2].

Theorem 1.1. Let S be a compact invariant set under a flow ¢. Then, there exists
a semi-conjugacy to a gradient-like flow. More precisely, there exists a space X with

a gradient-like flow v : R x X — X and continuous surjective map f : X — X
such that

Rxs 4%f pyx

® P

commutes.

It is essential to remark that in this theorem the map f is obtained by collapsing
each distinct component of the chain recurrent set to a distinct point. The resulting
quotient space is X and the flow 1 is that induced by ¢. The point of Theorem 1.1
is to show that the dynamics on S can, in a rigorous manner, be divided into the
recurrent motion and non-recurrent or gradient-like motion. While this theorem
provides an important framework for interpreting the global dynamics of invariant
sets, it is too general to be of use in analyzing any particular system. There are
two reasons for this:

1. a priori the space X and the flow ¥ are not known;
2. all the dynamics within the chain recurrent set are ignored.

While our work is not strictly speaking an application of Conley’s theorem, it cer-
tainly resembles it in spirit. We will study a large class of flows (precisely described
below) which include delay equations with negative feedback. We will identify a
“minimal structure” that such flows must posess, by constructing a semi-conjugacy
from the flow onto a specific flow on a disk. As in Conley’s recurrent — gradient-like
decomposition, we will collapse out most (but not all) of the information about
the internal dynamics of the recurrent set. However, our result differs significantly
from Conley’s decomposition in that the space and the flow that we project onto
will be explicitly given.

To precisely state our results, we begin with a description of this “model flow”
on the disk. Let z = (20,...,220p_1) € R*’. Then, in polar coordinates z = r(,
where 7 > 0 and ¢ € S?P~! the unit sphere in R?”. Let A : R?’ — R?” be a
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matrix of the form

Ay 0 0
0 A
A:
0 Ap
-1
where A, = [ €2W p2_7T1 },p: 1,2,...,P. Let D** = {2 = (20,...,22p_1) |

Zi}:g ! z2 < 1} be the closed unit ball in R?”. Consider the flow

(2) ¥ : R x D?*! — D?F
generated by the equations

(3) ¢ = AC — (AC, )¢,

(4) r=r(l—r).

If one observes that (3) is obtained by projecting the linear system Z = Az onto
the unit sphere, it is easy to see that the following proposition holds.

Proposition 1.2. ¢ is a Morse-Smale flow for which:

(i) The origin 0 = II(P) is a fized point with a 2P dimensional unstable manifold
Wu(0) and cl(W*(0)) = D3P,
(ii) For eachp=0,...,P —1, the set

I(p) :={z = (20,.-. , 22R-1) | zgp + z§p+1 =1} C Dy,

is a periodic orbit with period 1 and cl(W¥(II(p))) is the (2p + 1)-sphere
{z| 225" 22 =1}

(iii) M(D?F) == {Il(p) | p = 0,..., P} is a Morse decomposition of D?** with
ordering 0 <1 < ... < P.

We will show that delay equations with negative feedback must posess at least
this much structure, in the sense that there is a semiconjugacy onto this flow on
D?P . In fact, we will produce such a semi-conjugacy for any flow satisfying the
following five assumptions.

Al: A is a global compact attractor for a semi-flow ® on a Banach space. Fur-
thermore, if @ denotes the restriction of ® to A, then ¢ defines a flow on
A.

A2: Under the flow o : R x A — A

M(A)={M, |p=0,...,P}

with ordering 0 <1 < ... < P is a Morse decomposition of A.

A3: For eachp=0,...,P—1, M, has a Poincaré section =, defined on a neigh-
borhood of M.

A4: The cohomology Conley indices of the Morse sets are

Z ifk=2P,

- N
CH"(Mp,Z) N{ 0 otherwise,
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and forp=20,... , P—1
. Z ifk=2p2p+1,
CH"(M,,Z) ~
0 otherwise.

A5: For each My, p < P, there is a continuation of the flow in a neighborhood
of M, to an isolated invariant set which consists of the disjoint union of a
hyperbolic periodic orbit and a set with trivial Conley index. The continuation
preserves the Poincaré section.

For an explanation of the terms used in these assumptions, the reader is referred
to Section 3. It will be shown in Section 2 that these are natural assumptions for
delay equations with negative feedback.

The remainder of the paper is devoted to proving the following theorem.

Theorem 1.3. Let the flow ¢ on A satisfy assumptions A1-A5. Then there exist
a continuous surjective function

f:A— D?*F

for which M, = f~Y(II(p)) (p =0,...,P) and a continuous flow ¢ : Rx A — A ob-
tained via an order preserving time reparameterization of ¢ such that the following
diagram commutes:

Rx A 4] g por
© P

f

A D2P

Before turning to a rough sketch of the proof, let us consider the implications of
this theorem. A good place to start is with the flow . It is easy to check that it
satisfies A1, A2 and A4 (in particular the homology indices for p < P are those of
hyperbolic periodic orbits). Furthermore, any sufficiently small 2P — 1 dimensional
disk perpendicular to II(p) acts as a transverse section, therefore A3 and A5 also
hold. It is reasonable to ask whether, in this case, f is an isomorphism. The
answer is: probably not. As the reader will see from the proof, the construction of
f is dependent on the transverse section chosen. For example, under f, all orbits
connecting the origin II(P) to the stable periodic orbit II(0), which do not intersect
the transverse sections =,, p = 1,... ,P — 1, will be mapped to the same orbit.
The point to be made is that even for very simple flows our proof can lead to a
significant collapse of orbits.

On the other hand, one should not be under the impression that assumptions
A1 - A5 force ¢ to be as simple as . To begin with, it should be clear that
A1 does not imply that A is homeomorphic to a unit ball in R2? for some P. It
should, also, be remarked that global compact attractors exist for a wide variety of
different evolutionary equations and systems (see Hale, Magalhaes, and Oliva [10],
Hale [9], Temam [21], and references therein).

Since all compact invariant sets have Morse decompositions (a corollary of The-
orem 1.1), the content of A4 lies in having a useful characterization of the Morse
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sets, i.e. knowing how many, their ordering, and their Conley indices. This infor-
mation is in general difficult to obtain. On the other hand, it should be emphasized
that knowing the Conley index of an isolated invariant set provides very little infor-
mation concerning the structure of the invariant set itself. In particular, a Morse
set M, with index given by A4 could be made up of fixed points, periodic orbits,
or even contain chaotic dynamics. This latter case is exactly what is suggested by
the numerical work cited earlier.

A3 is a fairly restrictive assumption. It precludes the existence of fixed point for
any Morse set other than Mp and allows one to define an “angle” coordinate for
every other Morse set. Because of this assumption, it is natural to try to map each
Morse set onto a periodic orbit. Theorem 1.3 says that this can be done, obviously
at the expense of any complicated dynamics which might occur.

A5 is the least understood of these assumptions and will be discussed further in
Section 3.

In summary, Theorem 1.3 provides a description of what might be considered
the minimal dynamics which must occur on the invariant set .4 under the flow .
Furthermore, this simple picture is obtained by collapsing any non-trivial recurrent
dynamics in a Morse set onto a simple periodic orbit.

The proof of Theorem 1.3 occupies Sections 4 — 7. Section 3 provides a terse
description of the Conley index and related ideas needed for the proof. Section 4,
while technical in nature, can be viewed as motivation for the more complicated
construction presented in Sections 5 — 7. The flow ¢ : R x A — A is constructed in
Section 5 by reparameterizing ¢ with respect to time (observe that this is equivalent
to defining a homeomorphism G : A — A and letting ¢ represent the flow induced
by ¢ under G). Section 6 describes the construction of the map f and in Section 7
it is proven that f is onto.

The results of this last section are of interest in and of themselves. A. Floer [4]
has shown that a lower bound on the homology or cohomology of an invariant set
can be determined by homotoping from a normally hyperbolic invariant set while
maintaining control of the topology of the isolating neighborhoods. More precisely,
if an invariant set is hyperbolic, it has an isolating neighborhood such that the
inclusion-induced map is an isomorphism on cohomology. Under small perturba-
tions, the neighborhood continues to be an isolating neighborhood. In contrast,
the topology of the isolated invariant set can change drastically. In particular, the
inclusion-induced cohomology map need not be an isomorphism. However, Floer
showed that it will continue to be an injection — the isolated invariant set of the
perturbed flow will have “at least as much” cohomology as the original isolated
invariant set. The point is, a weaker algebraic condition than normal hyperbolicity
is sufficient to obtain a “lower bound” on the cohomological complexity of the in-
variant set. However, no indication as to how this condition can be satisfied, aside
from checking a normal bundle condition, is presented in [4].

The results of Section 7 are similar in spirit. We use assumption A5 to guarantee
the existence of a homotopy to a setting in which we can use normal hyperbolicity
to compute the necessary topological invariants.! These are, however, topological
invariants for the individual Morse sets. In the setting of a Morse decomposition
of an isolated invariant set, this should be viewed as local information. What we

L As in Floer’s case all that is actually required is an algebraic condition. This will be explicitly
stated in Section 3 as assumption A5'.
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show is that using the connecting homomorphism of attractor repeller pairs we are
able to obtain lower bounds on the homology or cohomology of the total isolated
invariant set. Thus we obtain information concerning the global structure from the
local structure. Furthermore, the global algebraic invariants we obtain are exactly
the algebraic invariants Floer computes via his homotopy. Finally, it must be
emphasized that our construction was not done as an academic excercise. For the
delay equation, there is no known manifold structure to which the entire attractor
can be homotoped. The best we can do, and this will be described in detail in the
next section, is to homotope the individual Morse sets to hyperbolic periodic orbits,
i.e. Ab is verified via a homotopy which does not preserve the Morse decomposition
of A2.

2. DELAY EQUATIONS

In the introduction, the results of this paper were presented in a rather abstract
form. This was to emphasize that the assumptions A1 — A5, and consequently
Theorem 1.3, are independent of the evolution equation which generates the flow
. This is important since this same structure appears in a variety of settings, [7]
and [17]. Nevertheless, we now take the opportunity to demonstrate that these
assumptions are quite natural in the setting of delay equations with negative feed-
back. In fact, as will become quite clear by the end of this section, our work was
strongly motived by the results of J. Mallet—Paret [12].

The assumptions are really of two types:

1. A1 — A3, which are statements concerning the particular dynamical system
being studied, and

2. A4 and A5, which are most naturally verified via a carefully chosen homotopy
to a well understood system.

With this in mind, our discussion proceeds as follows. We begin with a very general
class of equations

() o(t) = —f(x(t), z(t — 1))
which is assumed to satisfy the following three hypothesis:
H1: (i) f:R? > R is C;

(i1) nf(0,nm) > 0 for all n # 0;

(iii) B > 0 and A+ B > 0, where A = L%") 0,0y and B = 9f (&) (0,0
s (

o on >
i) Given K1 > 0 there exists Ko > 0 such that for any ¢ € X := C[-1,0]

¢l < K1 = [[T(1)¢] < K»;
(ii) There exists Ko such that for any ¢ € X
tim sup |T(1)6] < Ko.
t—oo

H2

H3:

&En>0 = f(&n) >0,
En<0 = f(&n) <0.
The first step is to show that A1 — A3 hold under the stronger assumption that
f is analytic.
Next, we consider a particular delay equation known as Wright’s equation for
which assumptions A4 and A5 can be verified directly. Since Wright’s equation is
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analytic and satisfies H1 — H3, the induced flow satisfies all the assumptions of
Theorem 1.3, and hence, we have a semi-conjugacy to describe the global dynamics
of this equation.

Finally, we extend the result, by considering a specific class of equations satis-
fying H1 — H3 for which we can construct a homotopy to Wright’s equation while
preserving A2 — A5 and the essential properties insured by Al. As will be seen, the
two crucial points which must be addressed are that the attractor remain compact
and that the Morse decomposition be preserved throughout the homotopy.

We begin now by summarizing the results of [12] and along the way verify A1-
A3.

The general theory of delay differential equations (see [8]) guarantees that (5)
generates a semiflow ® on the Banach space C[—1,0]. The existence of the global
attractor A C C[—1,0] can be found in [12]. If one assumes that f is analytic, then
® restricted to A C C[—1,0] is a flow

p:RxA— A

i.e., A1 is satisfied. Unfortunately, if f is only C'°°, then ¢ need not be a flow. To
circumvent this technicality define

A= {z € C(—00,00) | z(t) is a bounded global solution of (5)}
endowed with the usual compact open topology of C(—o00,00). Now define
@(tax(s)) = LE(S—Ft), s € (—O0,00);

then ¢ : R x A — A is a flow. This creates a different problem, however. A is no
longer a subset of C[—1,0] and ¢ is not the restriction of ®. Therefore, A1 is not
satisfied. We will return to this point later. For the moment observe that there is
a well defined map 7 : A — A given by restricting the function x € C(—o00,0) to
C[-1,0], and in the special case that f is analytic 7 is a homeomorphism.

As was mentioned in the introduction, one of the more challenging aspects of
verifying the assumptions is to obtain a useful characterization of the Morse decom-
position. To do this Mallet-Paret introduced a discrete Lyapunov function which
measures the rate of oscillation of solutions in A. In particular, for z € A\{0}
(where 0 denotes the function identically equal to zero) let ¢ = inf{t > 0 | z(¢) = 0}
and define

(6)
the number of zeroes (counting multiplicity) of z(¢) in (¢ — 1, o];
V(z) = . .
1 if o does not exist.
Theorem 2.1 ([12, Theorem A]). Given H1 and H2:
(i) if z € A\{0}, then V(p(t,x)) is a non-increasing function of t € R;
(ii) V(z) < oo and is an odd integer for each x € A\{0};
(iii) V is bounded on A\{0}.
Given this Lyapunov function one is led to the following definition:

(1) My, ={zecA|V(p(t,z))=2p+1foralteRand 0 ¢ w(z) Uw* ()}

This collection of sets cannot define a Morse decomposition of A since the trivial
solution 0 € A, but is not contained in any of the sets M. Furthermore, since V'
is not defined at 0 it is not obvious where 0 should lie in the partial ordering. To
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resolve these questions one must consider the characteristic equation for (5) at the
point O,

(8) A+ A+ Be*=0.

Let 2P denote the number (counting multiplicity) of solutions A of (8) such that
Re A > 0. Now define

9) Mp={zx e A|V(p(t,z)) > 2P forallt € R}UO.

The following theorem verifies A2.

Theorem 2.2 ([12, Theorem B|). Given H1 and H2,
(10) M(A) = {M, |p=0,1,..., P}
is a Morse decomposition of A and p > p — 1 defines an admissible order.

Actually, this is a coarse version of Mallet-Paret’s result. In his paper this
theorem is stated in terms of Morse sets M, for p = 0,1,2,..., and a distinct
Morse set containing at least 0. As presented here, all the sets M, for which
p > P are contained in the same Morse set as the trivial solution 0, namely Mp.
The justification for this will be given later. Turning now to A3, we again follow
the lead of [12] (in particular Proposition 4.1 and the remarks following) and for
p=20,...,P—1, define

(11) 11, : M, — R*\{0}

by

(12) I, (z) = (x(0), 2(0)).

A Poincaré section for M, is given by

(13) Ep = M, NI *({(0,2) | & > 0}).

For p > 0 the image of the orbit z(¢) winds around the origin infinitely often as
t — o0, and hence, M,, has a Poincaré map. The only point at which hypothesis
H3 has been or will be used is to guarantee the same result for M.

Remarks. The assumption A3 excludes critical points and suggests the existence
of periodic orbits. With regard to the delay equation it is known (see [12] and
references therein) that each Morse set M), contains a periodic trajectory. However,
the numerical work referred to in the introduction suggests that the dynamics
within each Morse set may be much more complicated. The point to be made
is the following: there exists a lower bound on the complexity of the Morse sets
(isolated periodic orbits), but no a priori upper bound.

On a more general level it has been shown by M. Mrozek and the authors [15]
that given Morse sets which satisfy assumptions A3 and A4, there always exists a
periodic orbit.

Having verified A1 — A3 in the case of analytic nonlinearities, we now turn to
Wright’s equation,

(14) #(t) = —et=) — 1),

(Observe that the change of variable z = log(1+vy) puts (14) into the classical form
of Wright’s equation, namely,

(15) y(t) = By(t = D1 +y()].)
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We choose this equation for two reasons: first, it is analytic, and second, as a
function of 3, the local bifurcations about the solution 0 are completely understood.
Since Wright’s equation is analytic, 7 : A — A is a homeomorphism that commutes
with the flows ¢ and ¢ defined on the respective spaces. Thus, all Conley index
computations performed on A are valid on A (see [13]). The local bifurcation
information is summarized in the following proposition due to S.-N. Chow and
Mallet-Paret [1].

Proposition 2.3. For 8 > 0 the bifurcation values for the zero solution to (14)
are

(16) ﬁp=2p7r+g, p=0,1,2,...,

and at these values a generic supercritical Hopf bifurcation occurs. Furthermore,
setting B—1 = 0, if B € (Bp=1,08p), then 0 is a hyperbolic fized point with a 2p
dimensional unstable manifold.

Proof. The bifurcation values are well known, and [1], Theorem 9.1, shows that
these give rise to generic supercritical Hopf bifurcations. O

Proposition 2.4. For 3 > (,,

Z ifn=2p2p+1,
0 otherwise.

CH"(M,) = {
For g € (ﬂpaﬁp—kl)

Z ifn=2p+2,
0 otherwise.

Proof. The details of this proof involve making use of the algebra associated with
the Conley index theory. The reader who is not familiar with this theory may wish
to read this argument after consulting Section 3 and the references therein.

For the purpose of this proof we shall use the following notation. Let

M(p):={x € A|V(p(t,z)) =2p+1foralltecRand0¢w(z)Uw (s},

p=0,1,2,....
Define
M: 0 B lfﬁe (ﬂp7ﬁp+l)7
{re A|V(g(t,x)) =2p+1lforallt e R}UO if §=p,.

According to [12], Theorem B
{M(p)lp=0,1,2,...} U {M}
is a Morse decomposition for Wright’s equation with admissible ordering
MO)<...<M@p) <M<Mp+1)<....

Observe that for 8 > 3,, M, = 7=1(M(p)) and for 3 € (B, Bp+1), M = 0. Thus,
by Proposition 2.3, for 8 € (8, Bp+1)

IR

CH™(M)

Z ifn=2p+2,
0 otherwise,



1104 CHRISTOPHER McCORD AND KONSTANTIN MISCHAIKOW

and hence the Conley index of M(P) is determined. We shall use an induction
argument to compute the index of M (p) or equivalently M,.
Observe that for all values of

M(p)NM(q) =0 if p#q.

Therefore, the only point in parameter space where M (p) loses isolation is at 3,
where a bifurcation involving 0 occurs. Thus, CH*(M (p)) remains constant on the
intervals (0, 3,) and (3,,00).

Let 3 < e~!. Then, for (14) A consists of exactly 0 and our Morse decomposition
is of the form

OU{M(p)lp=0,1,2,...},

where M(p) = 0 for all p. Thus, CH*(M(p)) = 0. Furthermore, Proposition 2.3
implies that

CH"(A) = CH"(0) = {Z ifn =0,

0 otherwise.

Now consider 8 € (5o, 51). For these parameter values

. Z ifn=2
CH™(M) = CH™(0) = nn=s
0 otherwise,

and CH*(M(p)) =2 0 for p > 0. If we now construct the connection matrix (see
[6, 16]) associated to our Morse decomposition, we obtain a degree +1 matrix

[ 2 8 } . CH*(M(0)) & CH*(IT) — CH*(M(0)) & CH*(N).

Since CH"(A) remains unchanged, the rank condition forces

Z ifn=0,1,
0 otherwise.

CH™(M(0)) = {

Since the Conley index of M (0) is constant over (3p, 00), we have computed the
desired result for this Morse set. We now apply the induction argument, so assume
B € (Bp,Bp+1) and that CH*(M(q)) has been computed for ¢ = 0,...,p — L.
Again, constructing the connection matrix associated to our Morse decomposition
we obtain a degree +1 matrix where the only unknown entries are

A, : CH*(M(p)) — CH*()
and
Ay s CH*(M(p— 1)) — CH" (M(p)).
Again, the rank condition forces

Z ifn=2p2p+1,
0 otherwise.

CH"(M(p)) = {
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Remark. Observe that a similar argument shows that for 3 < 3,, CH*(M,) = 0.
This implies that the index theory can give us no information relating M,, ¢ > P
(assuming, in fact, that it is nonempty) to the structure of the attractor. This
justifies defining Mp as in (9). Also, note that Proposition 2.4, in conjunction with
the previous results, implies that Wright’s equation satisfies assumptions A1 — AS5.
We now extend this result to the following class of delay differential equations.

Theorem 2.5. Consider the equation
(17) @(t) = —Ax(t) — Bg(z(t — 1)),

where A > 0, B > 0, g € C°(R,R), ng(n) > 0 for alln # 0, ¢'(0) = 1, and
g(n) > —K for some positive constant K and for all n. Then assumptions A1l —
A5 are satisfied.

In [12] it is shown that (17) satisfies hypothesis H1 — H3 and hence A2 and A3
hold. Assumptions A4 and A5 will be taken care of simultaneously by prescribing
a homotopy from an arbitrary equation of the form (17) to Wright’s equation. Since
these assumptions are involved with the Conley index, the homotopy must be such
that the index information is preserved. Thus two conditions must be met:

C1: the property of a global compact attractor is preserved,
C2: alower bound on the number of eigenvalues of 0 with positive real part greater
than zero is maintained.

In actuality, it is sufficient in C1 to show that each Morse set M, remains compact
over the homotopy, though in applications we do not know how to take advantage
of this fact.

As will be seen in the proof of Theorem 1.3, A1l serves two essential purposes.
The first is to guarantee that the semi-conjugacy is defined from a flow. In the case
of the delay equation this is satisfied by defining ¢ on A. The second purpose is
to be able to compute the Conley index of the attractor (see Corollary 3.2). Using
Wright’s equation we could determine that the Conley index of A is the same as
that of A. Furthermore, since the compactness of A will be preserved over the
homotopy, the Conley index of A remains unchanged. Thus, A1 is not required for
this application.

With this in mind we use the following homotopy

(18) F(§,n,s) = sAL = b(s)(sg(n) + (1 = s)(e” — 1))
where b(1) = B, and 0 < s < 1. Clearly
z(t) = —F(z(t),z(t—1),0)
(19) = —b(0)(e"""M —1)
is Wright’s equation and
z(t) = —F(z(t),z(t—1),1)
(20) = —Az(t) — Bg(z(t — 1))

s (17). C1 is easily verified since
(21) s(t) = —F(x(t), z(t — 1), 5)

is of the form of (17), and hence, there exists a compact attractor for each value of
s €0,1].
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Maintaining a lower bound on the number of eigenvalues with positive real part
is slightly more complicated. Observe that

oF
(22) 8_€|(£7n,s):(0,07s) = AS,
oF
(23) 8_T]|(§,n,s):(0,0,s) = b(s).
It is easily checked (alternatively, see [12], proof of Theorem 6.1) that the eigenvalues
w; £y, i =0,1,2,..., of the characteristic equation about 0 are given by
(24) pi(s) = —As—b(s)e ") cos(vi(s)),
(25) vi(s) = b(s)e ™ sin(vi(s)).

Analysis of these equations leads to the following result (see for example [12, The-
orem 6.1] and references therein).

Theorem 2.6. If B > 0 and A+ B > 0, then the roots A = p+ w of the charac-
teristic equation A + A+ Be™» = 0 have the following properties:

1. All roots lie in the strips
Eik:2/€7T<:|:V<(2/€+1)7T, k>1,
and

Yoy <

[\

Y1 contains exactly one root uy £ wy, and it ts simple.

3. Xg contains two roots counting multiplicity: either complex conjugate roots
o g, v >0, or real roots Mgy > Ao

4. The real parts of the roots are ordered,

Ao Or g > f4g > g > ... — —00.
5. Both roots in ¥q lie on the same side of the imaginary azis, or both are purely
maginary.

Since we are only concerned with a lower bound on the number of eigenvalues
with positive real part and to simplify the notation, let u(1) & w/(1) denote the
eigenvalues with smallest positive real part. We will prove that there exists a
homotopy F' with the property that

(26) wu(s) = pu(l) for all s € 0,1].

Before providing the proof we shall explain why this is sufficient to verify A4
and A5. As was indicated before we need to show that the homotopy preserves
the Morse decomposition. Thus, along the homotopy we define the Morse sets as
follows. Let 2P be the number (counting multiplicity) of solutions A of (8) such
that Re A > 0 for the equation (17). Then for p < P define

(27) Mps:={z € A|V(¢°(t,z)) =2p+1forallt € Rand 0 ¢ w(zx) Uw"(x)},
where ¢° is the flow induced by (21). Define
(28) Mps:={z € A|V(e*(t,z)) > 2P for all t € R} UO.

Observe that if for some 0 < s < 1, there are more than 2P eigenvalues with positive
real part, then the additional invariant sets are lumped into the top Morse set Mp,;.



THE GLOBAL DYNAMICS OF ATTRACTORS 1107

Thus the lower bound of 2P on the number of eigenvalues with positive real part
is sufficient to preserve the Morse decomposition throughout the homotopy.

Also, observe that throughout the homotopy the set defined by (13) defines a
Poincaré section for each Morse set M,, p=0,... ,P —1.

We still have a free parameter in our homotopy, namely the function b(s) and
we shall now prove that it can be chosen in such a way that (26) is satisfied. This
will be done by showing that there exists a solution for 0 < s < 1 to the following
system of ordinary differential equations:

0 = —A—-Vbe*cosv+be Hsinvy,
d
(29) V' o= Ve Fsinv+ be *cosvr/, "= I
s
which was obtained by differentiating (24) and (25). Simple algebraic manipulations
give that

Asinv
30 7
(30) Y be=H — cosv
assuming, of course, that be™ — cosv # 0. Applying this to (29) results in the
following pair of equations:
yoo_ A(e* —beosv)
 be R —cosv
Asinv
31 =
(31) v be=F — cosv

We need to solve this system from the point

(32) (b(1), ¥(1)) = (B,v(1))

to the point

(6(0),1(0)) = (8, (0)).

While (B, v(1)) is uniquely determined by (17), we do not actually know the value,
nor do we know, a priori, (3, v(0)). However, for our purpose it is sufficient to show
that the solution exists from time s = 1 to time s = 0. Furthermore, having started
with the initial condition (32) which satisfies (24) and (25), for any value of s for
which the solution exists, equations (24) and (25) are valid. Let s € (s, 1] be the
maximal interval over which the equations are valid given the initial condition (32).
We need to show that so < 0. We begin the analysis by observing that

p=p(s) =p(1)>0
and hence, via equation (24)
w=—As—b(s)e *cos(v(s)) > 0.
This implies that b(s) # 0 and cosv > 0. Since b(1) > 0, for sg < s < 1,

(b(s), v(s) € R = {b>0, (2P + %)w < u(s) < (2P + 1))

Referring now to Figure 1, which is the phase portrait for (31), we see that R
is invariant in backwards time for all values of s such that F(-,-,s) satisfies the
assumptions of Theorem 2.5. Thus sg < 0.

This completes the proof of Theorem 2.5.
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FIGURE 1. Phase portrait for equation (32).

Concluding Remarks. We finish this section with the conjecture that A1 — A5 hold
for all scalar delay equations with negative feedback which satisfy the hypotheses
H1 — H3. The major difficulty in proving this conjecture is to show that all non-
linearities for which these hypotheses hold can be homotoped to Wright’s equation
while preserving C1 and C2.

3. THE HYPOTHESES

In this section, we review the background material needed to construct the semi-
conjugacy f and to show that it is surjective. In particular, we will develop in
greater detail the assumptions set forth in A1-A5. Hypotheses A1 and A2 are
global statements; A3—AS5 are local statements. Since the key to the construction
of f will be the ability to connect the local and global information, we will give
special attention in this section to the Conley index machinery for relating local
and global invariants.

We begin with a brief review of the relevent portions of the Conley index theory.
The basic references for this material are [2, 13, 14, 19, 20]. The Conley index
was introduced to study isolated invariant sets: a set S is an isolated invariant
set if S+ R = S and there is a compact neighborhood N of S such that S is the
maximal invariant set in IN. The neighborhood N is an isolating neighborhood for
S. The Conley index of S studies the nature of the flow around .S, rather than
on S itself. But there are various ways of decomposing the flow on S which are
significant in the index theory. The most important of these is an attractor-repeller
pair decomposition. If S is an isolated invariant set, A, R C S, then the pair (4, R)
is an attractor-repeller pair in S if

1. Ais an attractor in S: there is a positively invariant neighborhood U of A in
S with w(U) = A.
2. R is the dual repeller to A in S: R =S5\ {z|w(z) C (4)}.
Note that A and R are both isolated invariant sets, and if

C(R,A)={x € S|alx) C Rw() C A},

then S = RUC(R, A)UA. That is, an attractor-repeller pair gives a decomposition
of S into (two) finer invariant sets and connecting orbits between them.

More generally, a Morse decomposition is a decomposition of an invariant set
into a finite number of invariant subsets (i.e. Morse sets) and connecting orbits
between them. That is, a Morse decomposition of S consists of a finite collection
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of isolated invariant subsets M), indexed by some set P, with a partial order < on
P. The requirement is that, if x € S\ UpeP M, then there exist p < ¢ such that
x € C(My, M,). That is, the partial order must respect the flow: orbits can only
flow “down” through the partial order. A partial order on P which respects the flow
is referred to as an admissible partial order. The most natural way to produce an
admissible partial order is to let the flow generate it. Set p < ¢ if C(M,, M,) # 0,
and take the transitive closure.

If {M,}pep is a Morse decomposition of S, then each M), is an isolated invariant
set. S contains more isolated invariant sets, some of which can be produced by the
partial order on P as follows. A subset I C P is an interval in P if r € I whenever
p <r < gqandp,q € I. Disjoint intervals I and .J are ordered I < J if i < j for every
1 € 1,5 € J; they are adjacent if IJ = IUJ is also an interval (i.e. if no element of P
lies “between” I and J). If I is an interval, let M (I) = U;cr MiUU; ;e C(M;, M;).
Then each M (I) is an isolated invariant set, and if I and J are adjacent intervals
with I < J, then (M (I), M(J)) is an attractor-repeller pair for M (I.J).

In the present work, we will let P denote the set {0,1,..., P}, with ordering
0<1<...<P.IfIis an interval, we will denote the largest index value in I by
i; the smallest by i. That is, I = {i,...,i}. Let i = 27 — 2i + 1. Note that I < .J if
i < j, and are adjacent if 7 + 1 = j.

These are the structures the Conley index studies. The Conley index of an
isolated invariant set is defined in terms of an index pair: a compact pair (N, L)
such that

1. N\ L is an isolating neighborhood for S.

2. L is positively invariant in N, i.e. if € L and z-[0,T] C N, then z-[0,7T] C L.

3. L is an exit set for N, i.e. if x € N and x-T ¢ N, then z -t € L for some
0<t<T.

An index pair is further said to be regular if, in addition, the function w : N —
[0,00) defined by

_f sup{t>0Jz-[0,¢] CN\L} ifzeN\L,
w(x)_{o ifzelL,

is continuous. Observe that this implies that for a regular index pair L is a neigh-
borhood deformation retract (along flow lines) in N. Index pairs (indeed, regular
index pairs) always exist, and the homotopy type of the quotient space N/L is
independent of the index pair chosen. It is that homotopy type which defines the
Conley index of S.

If regular index pairs are ordered by inclusion, we have an inverse system
{H*(Ny, Ls)} of index pairs, with the inclusion-induced cohomology map
H*(Ny,Lo) — H*(Ng,Lg) an isomorphism for every § < «. The inverse limit
of this system, denoted CH*(.9), is the cohomology Conley index of S. Since each
bonding map in the system is an isomorphism, we have CH*(S) & H*(N,, Ls)
for every a. That is, the cohomology of any index pair represents the cohomology
Conley index.

The following propositions will be of heuristic value in understanding the coho-
mology index assumptions of A4. However, before stating the first proposition we
recall some definitions. Let ® : R* x X — X be a continuous semi-flow on the
metric space X. A set A C X attracts a set B C X under @ if for any € > 0 there
exists T' = T'(¢, A, B) such that ®(T, B) is contained in an e-neighborhood of A. A
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compact invariant set A is a global compact attractor (see Hale [9]) if every compact
invariant set of ® is contained in A and w(B) C A for every bounded set B C X.

In the following proposition we shall use the Conley index theory for arbitrary
metric spaces as developed by K. Rybakowski [19]. The essential difference between
the theories is that Rybakowski replaces the assumption of local compactness in the
space X with a form of asymptotic compactness of the semi-flow called admissibility.
In particular, the definition of index pairs remains the same, however, compactness
is replaced by closedness.

Proposition 3.1. Let A be a global compact attractor in X. Let A C A be an
attractor in A and hence, in X. If B is a bounded isolating neighborhood of A,
then there exists a natural inclusion-induced monomorphism CH*(A) — H*(B),
which is an isomorphism when B is positively invariant.

Proof. Since A is an attractor, given any neighborhood U of A there exists a
bounded neighborhood N C U such that (NN, () is an index pair for A. Thus
CH*(A) > H*(N).

Now choose B to be a bounded neighborhood of A such that N C B. Then there
exists T > 0, sufficiently large, such that ®(T, B) C N. Observe that this implies
that ®(R*, B) = ®([0,T], B). Now ®(R*, B) is a bounded positively invariant
neighborhood of A and hence, w(®(R*, B)) = A. Therefore, the inclusion map
B — ®(R™T, B) induces a map CH*(A) — H*(B). Of course, if B is positively
invariant, B = B - RT and the map is an isomorphism.

In general, we have the following diagram of maps (with all unlabeled maps
inclusions) and ®r(z) = ®(T, x):

®R*,B) ¥ o(T,x),B) — ®R",B)
1 1 N 1

B — ®(T, B) — B
Since ®(R*, B) is positively invariant, the map ®7 is homotopic to the identity in
®(R ™, B), and so the composition
H' (®(R, B)) — H*(9(IT,0), B)) = H"(@(R*, B))
is the identity isomorphism. In particular, H*(®(R*, B)) — H*(®([T,00), B)) is
an isomorphism which factors as
H*(®(R, B)) — H*(B) — H*(®([T, 00), B)).
Thus the inclusion-induced map H*(®(R*, B)) — H*(B) is injective. |
Corollary 3.2. If X is a Banach space and A is a global compact attractor for a
continuous semi-flow ® on X, then

Z ifn=0,
0 otherwise.

CH*(A) {

Proof. Let B := {z € X|||z|| < K} for K sufficiently large. Then B is a neighbor-
hood of A and w(B) = A. Therefore, CH*(.A) maps monomorphically into
{ Z ifn=0,

H™(B) = 0 otherwise.
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Since A # (), the CH*(A) is as above. O

Proposition 3.3. If S is a normally hyperbolic invariant set for a flow on a man-
ifold with orientable unstable manifold of (normal) dimension u, then C HIT4(S) =
H1(S).

In an attractor-repeller decomposition, the Conley indices of the total invariant
set, attractor and repeller are naturally related by an index triple. An index triple
for an A-R pair (4, R) in S is a triple of compact spaces (N, M, L) such that (N, L)
is an index pair for S, (N, M) is an index pair for R and (M, L) is an index pair for
A. Such triples exist for any attractor-repeller decomposition, as do regular index
triples: triples such that both L and M are neighborhood deformation retracts in
N. Then the cohomology exact sequence of the triple

2, HE(N, M) — H*(N,L) — H*(M,L) >

induces an exact sequence

S CHMR) — CH*(S) — CH*(A) %
which is known as the cohomology attractor-repeller sequence. The boundary map
6 is called the connection map, as § # 0 implies that connections between R and A
exist.

All of these objects have generalizations to Morse decompositions. Index triples
are generalized to index filtrations, and the attractor-repeller sequence is general-
ized to the construction of connection matrices. However, we will not require this
additional machinery in this work, so we will forgo a description of it.

For systems satisfying A1, A2 and A4, the attractor-repeller sequence allows
us to compute the cohomology Conley index for any set M (I).

Proposition 3.4. If I is an interval in P, then

Z ifk=2iork=2i+1<2P,
0 otherwise.

CHM(M(I)) = {

Proof. We proceed by downward induction on i —3. If i —4 = P, then I = P
and the statement is true by Corollary 3.2. Now assume the result for all J with
7 -j> i —i. We can also assume that i —% > 0. Suppose i > 0: let k=14 — 1, and
let K =T Uk. Then the attractor-repeller sequence of the pair (k,T) is

— CH" M (M(K)) — CH" Y (Mj,) > CH™(M(I)) — CH"(M(K)) —;
CH™(M(I)) is flanked by zeros, except in dimensions 2k+1, 2i and (possibly) 2i+1.
It is easy to see that CH?*(M(K)) — CH?*(My), 6 : CH**(My) — CH*(M(I))
and CH**H(M(I)) — CH**'(M(K)) must all be isomorphisms.

If : = 0, then « < P and we can work with the attractor-repeller pair (I, k),
where k =i + 1. The calculation in this case is similar. O

Corollary 3.5. If I and J are adjacent intervals, then 6 : CH? Y (M(I)) —
CH*.(M(J)) is an isomorphism.

In our present work, we will need to consider one new feature of the cohomology
index: a pairing of the cohomology Conley index of an invariant set and the Cech
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cohomology of the invariant set. If (IV, L) is an index pair for an isoloated invariant
set S, the cup product defines a pairing

HP(N)® HY(N,L) — HPYI(N,L).
Since the collection
{Na | (Na, L) is an index pair}
is cofinal with the set of neighborhoods of S, this pairing defines a pairing
H?(S)® CHY(S) — CHP™(S).
This pairing exists for any invariant set in any flow. In our setting, if 77 €
CH?(M(I)) is a generator, there is a map
Or: HP(M(I)) — CHPT(M(I))
defined by
O(z) =2 UTr.

Note that ©(1) = T7.

Another important aspect of the index will be its behavior under semi-conjugacies
(cf. [13, 14]). The essence of the matter is that the index theory is natural with
respect to semi-conjugacies, as long as one works with pre-images, rather than im-
ages. A technicality is that the semi-conjugacy must be a proper map: pre-images
of compact sets must be compact. That is, if f : X — Y is a proper semi-conjugacy,
and S an isolated invariant set in Y with index pair (N, L), then T'= f~1(S) is an
isolated invariant set in X with index pair (f~*(N), f~1(L)). Thus there are maps
fe : CH.(T) — CH,(S) and f*: CH*(S) — CH*(T). The pairing defined above
commutes with this map: there is a commutative diagram

HP(S)® CHY(S) — CHPtI(S)
e L/
HP(T)® CHYT) — CHPY(T)

Similarly, if {M,} is a Morse decomposition of S, then {T,, = f~1(M,)} is a
Morse decomposition of T, and any admissible ordering on S gives an admissible
ordering on T'. Thus we can use the same ordering for both decompositions, and if T
is an interval in that ordering, there is a map CH*(M(I)) — CH*(T'(I)). Moreover,

the attractor-repeller sequence is natural: if I and J are adjacent intervals with
I < J, there is a commutative diagram

L cHP(M(J) — CHP(M(LJ) — CHP(M(J) —
5 L L LF

= CH»(T(J)) — CH/(T(IJ) — CHP(T(J) -

We now turn to the a consideration of the cross-section hypothesized in A3 and
the homotopy hypothesized in A5. It is not obvious that these two conditions
are related, but we will see that the homotopy assumption will provide crucial
information about the dynamics on the cross-section. We define a set = C A to be
a (local) transverse cross section or Poincaré section if there is an open set U in A
such that

1. There exists an € > 0 such that, for every x € E, - (—¢,6) NE = x.
2. IfueU,thereexist t_- <0<ty withw-t_,u-t; € E.
3.2ENU #0.
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Note that we do not require that = C U. There may be points in = whose orbit
never intersects = in forward time, or whose orbit never intersects = in backwards
time. If S is an isolated invariant set, we say that = is a Poincaré section for S if
ScU.

We can define on U a “first-intersection time”

(33) T(u) =min{t >0 |u-t € E}.

T is necessarily discontinuous at ENU (if € ENU, then T'(z) > 0, while T'(z-—¢) =
€), and define = to be a continuous Poincaré section if the only discontinuity of T'
is the obligatory one at = in E - (—¢,0]. In particular, if the Poincaré section is
continuous, there is a continuous “first-return map” r : =N U — = defined by
r(z) =z - T(zx). (For a more general discussion see [15].)

This map defines a discrete dynamical system on =. If = is a Poincaré section
for an isolated invariant set S, then S N Z is an isolated invariant set for this
discrete system. Mrozek [18] has developed a cohomological Conley index theory
for discrete systems which is very much analogous to the continuous index theory.
The cohomology index of the map r and the isolated invariant set S NZE consists of
a pair (CH*(SNE),r*), where CH*(S N E) is a cohomology algebra derived from
index pairs for SN E and r* : CH*(SNE) — CH*(S N E) is an automorphism
induced by r. The precise details of the construction of CH*(S N =) are rather
lengthy, so we will content ourselves with listing the following relevant properties
of the discrete index (cf, [15, 18] for details):

1. The discrete cohomology index (CH*(SNE), r*) is independent of the section
= chosen.

2. If 2N is a hyperbolic fixed point with unstable dimension u and r orientation
preserving on the unstable manifold, then

Z, n=u,

CH"(EmS;Z):{ 0 i

and r* = 1d.

3. If S is an isolated invariant set in a flow with a Poincaré section Z, there is
a long exact sequence, known as the index suspension sequence, which relates
the continuous index of S and the discrete index of =N S:

— CH™(S) % CH™(SNE) "% cH™(SNE) S cH™(S) — .

4. This sequence is natural with respect to semi-conjugacies: Suppose S,T are
isolated invariant sets in flows which are related by a semi-conjugacy f, with
S = f~YT). If T admits a Poincaré section Y, then Z = f~(T) is a Poincaré
section for S, and there is a commutative diagram

~ CH™S) Y% cH"(SnE) = cHMSnE) L cHMY(S) —

L L L L
-~ CH™T) % CH™TNTY) "““% cHYTNY) > CcH™\T) —

5. All of these structures are invariant under continuation: Suppose M x [0, 1]
admits a parameterized family of flows (i.e. there is a flow on M x [0, 1] which
is constant on the [0,1] variable) and S is an isolated invariant set in M x [0, 1].
Then each S; = SN M x t is isolated in M for the ¢ flow. Moreover, if = is
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a Poincaré section for S, then each =y = ZN M X t is a Poincaré section for
S¢. Then the Conley indices of Sy and Sy N E; are independent of ¢ (up to
isomorphism, of course).

The index suspension sequence shows that the continuous index CH*(S) can
be computed from the discrete index (CH*(S N Z),r*), i.e. there is a short exact
sequence

0 — coker(id — r"~'*) — H™(S) — ker(id — r™*) — 0.

This sequence also shows that the discrete cohomology algebra CH*(SNZ) cannot
be reconstructed from CH*(S). In [15], for instance, there is an example of two
isolated invariant sets which both have Poincaré sections, and which have the same
continuous index, but which produce discrete systems on the cross-sections with
non-isomorphic discrete indices. What the continuous index does compute is the
subalgebra

Ei(r*) = {z € CH*(SNE) | r*(2) = 2}.

So in our application, the assumptions A3 and A4 provide enough information
to compute this “l-eigenspace”. Unfortunately, this is not quite sufficient for our
purposes. We will require knowledge of the “generalized 1-eigenspace”

GE,(r*) ={z € CH*(SNE) | (r* —id)*(z) = 0 for some k},

and will need the additional hypothesis A5 to compute it.

Specifically, A3 assumes that each Morse set M,,p < P, admits such a Poincaré
section Z,, A4 gives the continuous index of M, and A5 assumes that the Morse
set and its cross-section continue to a set which is the disjoint union of a hyperbolic
periodic orbit and a set with trivial index. The existence of the Poincaré section
guarantees the existence of the index suspension sequence

— CH"(M,) — CH™(M, NE,) "% CH™(M,NZ,) - CH" " (M,) —
and the knowledge of the continuous index of M,, decouples this long exact sequence
into the following sequences:
0—Z— CH>™(M,NE,) "5 CH*(M,NE,) —Z—0
and
0— CH"(M,NZ,) =5 CH"(M,NZ,) =0
for all n # 2p. From this we see that

~ ) 4, n=2p,
El_{ 0, n#2p.

Since S continues to a disjoint union of an orientable hyperbolic periodic or-
bit and a set with zero index, the index suspension sequence decomposes into
the index sequence of a hyperbolic periodic orbit and an index sequence with
GEy(r*) = E1(r*) = 0. Of course, an orientable hyperbolic periodic orbit pro-
duces a hyperbolic fixed point on the section, whose discrete index is given above.
Thus GE; = FE;. This will prove to be exactly the property we need, and for
convenience we label it as

A5': For each M,,p < P, the corresponding isolated invariant set M, N =, for
the discrete dynamical system r, : 2, NU, — E, has a discrete cohomology

Conley index (CH* (M, N Ey),ry) with Ey(ry) = GE1(ry).
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An equivalent statement is that the composition CH*(S) Lo oH *(S) is an iso-
morphism. All of this can then be summarized as:

Proposition 3.6. A system which satisfies the assumptions A1 — A5 also satisfies

the assumption A5, and for such a system, there is an isomorphism CH*(S) Sor,

CH*(S) which is natural with respect to semi-conjugacies.

As mentioned above, there are examples that show that S can have the index of
an orientable hyperbolic periodic orbit (cf. [15]) and admit a cross-section, yet not
satisfy A5’ (which can be loosely thought of as “A3 and A4 do not imply A5’ 7).
On the other hand, it is not clear whether or not A1 — A4 imply A5’ — that is,
whether these counter-examples can be embedded as Morse sets in an attractor in
a manner consistent with the assumptions.

4. THE FLOW ON D?F

In this section, we explicitly construct the model flow on D?F and explore some
of its properties. Our development of this construction may seem unnecessarily
labored, but it will serve two purposes. First, it will provide all of the needed
ingredients for constructing the map f : A — D2’ and proving that it is surjective.
Second, it serves as a motivating example — the features of the flow on D?? that
are brought out by this construction are those that we seek to display for the flow
on A.

To begin, consider
P
X =] S, x{P}xo,P]x1"".
p=0

We will construct D?P as a quotient space of X, and define the flow on D?¥ in
a natural way during this construction. First, we define an equivalence relation
on [0, P] x IP=Y If (x,71,... ,7p—1) € [0, P] x I¥~1, define I,r : [0,P] x I*~! —
{0,...,P} by

P ifx=P,

Wa,m,...,TP—1) = E itk<zm=1 andVk<p<uz71 #1,
0 if no such k exists,
0 ifx=0,

r(x,m,...,7p—1) = kE ifk<zmn=1 andVex <p<k,7#1,

P otherwise.

Define an equivalence relation on [0, P] x I”~! by (z,7) ~ (2/,7') if 2 =
o x,7) = U2, 7)), r(x,7) = r(2',7") and 7, = 7, for every l(z,7) < p < r(z,7).
Let

(34) n:[0,P]x "1 = Q=1[0,P] x I"71/ ~

be the quotient map. That is, we identify points on the face 7, = 1 which have the
same value for z and the same values for some of the 7,’s (which ones are required
to agree depends on z, via the functions [ and r). This process (with P = 3) is
illustrated in Figure 2. The identification map collapses {x = 0} and {x = 3}
each to a point, and collapses each of the lines {7y = 1,2 = ¢ | 0 < ¢ < 1} and
{re =1,z =c| 2 < ¢ < 3} to a point.
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T2

= e - =

FI1GURE 2. The identification map 7 for P = 3.

Note that, since 1 only identifies subfaces to points, ) is homeomorphic to I
(though 7 is not a homeomorphism). Now choose a homeomorphism A : Q —
AP which sends [k,0,...,0,7 = 1,0,...,0] to the vertex vy and sends n({r;, =

. = 7;, = 0}) to the subface opposite v;,,... ,v;, (i.e. the subface expressed in
barycentric coordinates as {t;;, = ... =1t;, = 0}). Define
P-1
X =] S x{P} xA®
p=0

and define a map o : X — X by o = (id x A) o).

To construct a map from X to D?P , we make use of the join construction.
Recall that the join of two spaces A and B is defined by Ax B = Ax B x [0,1]/ ~,
where (a,b,0) ~ (a,b’,0) and (a,b,1) ~ (a’,b,1) are the only nontrivial equivalence
relations. A multiple join Ag * Ay * ... * A, can be defined by taking successive
joins ((...((Ag * A1) x Ag)...) x A,,), but it can also be defined as follows. Take
Ap x ... x A, x A™ and define the equivalence relation

(35) (@gy - sty v ) ~ (A s thy e s Th)

if (to,...,tn) = (t(,--. ,t),) and, for every i, either ¢t; = 0 or a; = al. A useful

way to view the multiple join is to take m : Ag * Ay % ... x A, — A", defined
by 7 : [ag,... ,an,t0s.-- s tn] = (to,...,ts). Then the preimage of (to,...,tn)
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is A, x ... x A, where A; is included in the product if and only if ¢; # 0. In
particular, if o = [v;, ... v;,] is the closed face of A™ spanned by vertices vy, , ... , v;,,
then 7_; (o) is naturally homeomorphic to A;, *...* A, .

Two standard join constructions are SP % S9, which is homeomorphic to SPT+1,
and A x pt, which is homeomorphic to C'A, the cone on A. With these two con-
structions, we obtain the following fact:

Proposition 4.1. The multiple join S§ * ...* Sh_, is homeomorphic to S*'~1;
the multiple join S§ + ...* SL_, * {P} is homeomorphic to DT

We may assume that the homeomorphism g : S§ * ... * Sp_; x {P} — D?F
takes {P} to {0}, S} ... %S} to {x | S22 — 1) and Spx...xSp_y x{P} to

r=p
{2 | 2, = 0forr < p}. The map 7 : X — D?P that we seek is then just the natural

identification map Hj__ol Sy x {P} x AP — S§x...x SL_y «{P}, followed by g.

Denote the composition

XlXiSé*...*S};_l*{P}‘—q»DQP

by

Q=gonon.
Note that there is a well-defined function
(36) p: D" — 0, P]
with p(p(ao, ... ,ap_1,2,71,.. - Tp_1) = .

We now construct a flow on X which induces the desired flow on D*”. On each
S}, take the rotational flow with period 1. On [0, P] x I”~1, define a flow which
has as its rest point set {z = 0, P} U Ukpz_ll{:r = k,7, = 1}, and otherwise has a
“decreasing horizontal” flow:

(z,7) -t = (¢(x,T,t),7)

with ¢(x, 7, t) independent of 7; for i < I(x,7) or i > r(z,7) and é(x, 7,0) < 0 for all
x and 7. Such a flow clearly exists: choose a function h : Q — [—1,0] with ~A=1(0)
as prescribed above, and let & = hn(z,7),7 = 0. This flow on X then induces flows
on X and D?P in the natural way. That is, the quotient map 1 has the property
that, if n(z) = n(y), then n(x -t) = n(y - ). The other quotient map involved, 7,
has the same property. The map @ is, by construction, a proper semi-conjugacy
between the flow on X and the induced flow on D?F.

If (ag,...,ap-1,2,71,...,TP—1) € X, then the z-coordinate is a Lyapunov
function: & < 0, with & = 0 only at rest points. Also, the functions ! and r now
have dynamical interpretation: the w-limit set of (o, ... ,ap_1,2,71,... ,7p_1) is

pP-1
11 Sh x AP} < {(Uz, 70, .. o 7po1) s 7po1)}
p=0

and the a-limit set is
P-1
I St < 4P} x {(r(z.70,... ;7po1), 70, 7po)}
p=0
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The conditions that define r and [ thus define the stable and unstable sets of each
rest point set X, = {r =p,7, =1},p=1,... ,P—1:

W*(X,) = {z<pm=1andVe <q<p,7, #1},
Wi(X,) = {z>2pmp=1LlLandVp<qg<uz,1 #1},
while Xo = { = 0} and Xp = {z = P} have
Wu(XO) = X07 Wu(XP) = {fL' > max {Iﬂ | T = ]_}}7
Wi (Xo) = {e<min{k|m=1}}, W(Xp) = Xp.

All of this implies that the collection {Xp};;o is a Morse decomposition, with
flow-defined order 0 < 1 < ... < P.

Since Q is a semi-conjugacy and p- Q is a Lyapunov function on X, p is a “weak”
Lyapunov function. That is, p is non-increasing on orbits, and is only constant on
the sets IT, = Q(X,) = {«3, + 23,,, = 1} (for 0 < p < P) and IIp = 0 = Q(P).
Each of these sets consists of a single periodic orbit (except, of course, for 0, which
is a fixed point). From the construction of Q and the information on stable and
unstable sets above, we see that {HP}Z::O is a Morse decomposition, with flow-

defined ordering 0 < 1 < ... < P. Moreover, Wu(Ilp) = D?*" while Wu(II,) =
Sl g2 — 1} . That is, this flow on D?" is conjugate to the flow 1 described in

r=0 I8

Section 1. Let
(37) G:D** — D*F

denote this conjugacy.
Some of the properties of this flow will be of particular importance in the con-
struction of the semi-conjugacy:

Lemma 4.2. If I is an interval in 7),~then II(I) is homeomorphic to the i-sphere
if i < P, and is homeomorphic to the (i — 1)-disk if i = P.

Proof. Recall that ¢ = 2i — 2i + 1. First, consider the case of i < P. From
the discussion above, it is clear that the connecting orbit set Cy, = W*(II,) N
Wu(Il,) between II, and II, is the image of S; X S’;H_l X ... X S;_l X Sé X
int(span{vy, vp41,. .. ,Vg—1,0q}) under gn. Thus, II(I) is the image of S} x ... x
S’% x span{v;, ... ,v;}. But Proposition 4.1 implies that this is a i-sphere.

The argument when ¢ = P is similar. O

Corollary 4.3. The flow 1 on D?*F satisfies the assumptions A1 — Ab5.

Proof. We need only verify the Conley index statements of A4. For 0 < p < P, let
N, = p71([0,p+ 3]), and let N_; = (). Then the pair (N, Np—1) is an index pair
for II,,. It suffices then to show that
1. If p < ¢ < P, then the pair (N,, N,) has the same homotopy type as the pair
(S2q—i—17 5121)—1)'
2. If p < P, then the pair (Np,N,) has the same homotopy type as the pair
(DQP, S2p+1>'
(Cf. Proposition 3.4.)
Clearly, Np = D?F. Any attracting interval I = {0,...,p} with p < P has
(I) = S**+1 with dual repeller TI(P \ I) = D?P=2P=2 Any N(I) must have
empty intersection with TI(P \ I). If D?F is viewed as S?PT! x D?*P=2P=2 then
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any positively invariant neighborhood of S?’*! which has empty intersection with
D?P=2r=2 must have a strong deformation retraction onto S?+1. O

Corollary 4.4. For every interval I in P, the map H"*(II(I)) AR CH*2(TI(I))
is an isomorphism.

Proof. The case of ¢ = P is trivial, so we consider only the case ¢ < P. We can
view S%H1 as §2-1 x S and (S%F1 §%71) as (S x C(S%71), 8% x §%71). Then
the map H*(II(I)) O, CHF24(TI(I)) is represented by the map

Hk(S’% « 0(521—1) ®H21(Sg « 0(521—1)752 % 521—1)
= HM(ST % O(8%7Y), 87 x %7,

This map is clearly an isomorphism. O

5. REPARAMETERIZING THE FLOW

The first step in the proof of Theorem 1.3 is to reparameterize the flow ¢ with
respect to time. The new reparameterized flow ¢ will have the following three
important properties.

1. @ preserves the qualitative behavior of ¢, in particular, for every = € A,
(R, z) = o(R, z).

2. In the vicinity of each Morse set, the orbits of ¢ have a constant “velocity”
with respect to an angle coordinate. This will be used in the next section
to map, via the semi-conjugacy, each Morse set to a single periodic orbit. In
order to do this continuously a uniform rate of return on each component of
the chain recurrent set is required.

3. Away from the Morse sets the orbits of @ have a constant “velocity” with
respect to a global Lyapunov function. The Lyapunov function will be con-
structed in the next section and will be used as a global coordinate on A.
Roughly speaking, what will be required is that given two points which have
the same Lyapunov value and which cannot be distinguished by local infor-
mation, i.e. via their behavior near Morse sets, must maintain the same
Lyapunov values throughout their orbits.

A brief outline of this section is as follows. We begin with an abstract description
of how the flow will be reparameterized. This is followed by a specific choice of iso-
lating neighborhoods for the Morse sets. Then in these isolating neighborhoods we
reparametrize p, thereby obtaining a new flow ¢’. Then a global reparameterization
is performed and ¢ is obtained.

5.1. Defining reparameterizations. Let ¢ : R x A — A be a continuous flow
on a compact metric space A. Let D be a compact local section of ¢ and assume
that there exists a continuous function

7:D — (0,00)
such that for every x € D,
©((0,7(z)),z) N D = 0.
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The compactness of D and Urysohn’s lemma imply the existence of a local section
U which contains D and a continuous function p : A — (0, 00) of the form

itz € D,
(38) oo ={ 1@ Hrs0
such that ¢((0, p(z)),z) NU = 0. Define ¢ : [0,1] x U — A by

(39) i(t,x) = p(tp(z), ).
Let
= )([0,1] x cl(U)) = {o(t,z)|x € cl(U), 0 <t < p(x)}.
Observe that I' is compact. Now let « € A; then there exists a sequence of intervals
{lo7 (2), 07" ()] C Rl < o714}
such that
) ot far e () o

Obviously, the number of intervals depends on the point xz. For some points no
intervals will exist, while for others some intervals might be unbounded. To stan-
dardize the notation, if the intervals exist, we shall assume that they are labeled
so that 0} < 0 < of. We can now extend the map ¢ to a flow inductively in the
following manner. Assume that o, <0 and ¢t > 0. Let

_ o (@) —, +
vp(z) = TUC)_Fn_'—Z(Ui (x) — 0" (2)),
T LN

mle) = T 0+ 3 (07 (@)~ o4 (x)

and define
t—VUp, @' (Un, ) it t € [vn,nn]
41 / t’x — <p( Y ) R 3 3
e con={ RS ey
The definitions for ¢ < 0 or o, > 0 are similar. Since p(z) =1 if x € U, it is easy

to check that ¢’ is a continuous flow.

Definition 5.1. Using this inductive definition we shall refer to ¢’ as the reparam-
eterization of ¢ through D.

Observe that if 7|spp = 1, then U can be chosen to be D and ¢’ will still be
continuous.

5.2. Isolating neighborhoods. For technical reasons which will become apparent
later, we need more control on the isolating neighborhood of M,,. To obtain this,
we need to make a slight digression.

Proposition 5.2 (Conley [2]). Let A be a compact invariant set under a flow ¢
with Morse decomposition M(A) = {M,|lp=0,...,P}. Then, there exists a Lya-
punov function
V:A—|0,P]
such that:
(i) if x € My, then V(z) = p,
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(ii) ifz ¢ U;D:o M, then V(z) > V(e(t,z)) for all t > 0.
Given the Lyapunov function V' of Proposition 5.2, let
Q" (v) = {reA|V(2)>v},
Q (v) = {zedA|V(z)<v}
and define
(42) Ry(t,6) = A\{([0,1], Q" (p +6)) Up([~,01,Q (p — 6))}.
The following proposition indicates how this Lyapunov function can be used to

choose isolating neighborhoods.

Proposition 5.3. Let K, be an isolating neighborhood for the Morse set M. De-
fine

_1
N, = c(R,(t, Z))7 p=0,...,P.

Then, there exists t, sufficiently large, such that N, is an isolating neighborhood of
M, with the following properties:

(1) NP - KP;

(ii) if p # q, then N, N N, = 0;

(iii) ON, = Ly UL, , where

P’

. 1
Ly = {zeNV(e(-ta) =p+ 7}
_ 1
L; = {eeNV(pda)=p- 1)
(iv) o(R,z)NN, = o(Ip(z),x) where Ip(z) is a closed interval (possibly empty or

unbounded);
v) (N,, L) is a reqular index pair for ¢ and (N,, L) is a reqular index pair for
P p ¥ pr=p
©*, the flow obtained from ¢ by reversing the direction of time.

Proof. (i) If z € Aissuch that p— < V(z) < p+3 and p(R, z)N(Q* (1)UQ~ (v)) =
0, then € M,. Furthermore, if U is a neighborhood of M, then there exists T > 0
such that if p— 1 < V(p(t,2)) <p+ 2 forall t € [-T,T], then z € U.

(ii) and (iil) are obvious.

(iv) Since V is a Lyapunov function, if x € N, and ¢(s,z) € N — p for some
5> 0, then (t +t,2) € Q7 (p— 1) for all t > 5. Hence ¢(t,x) & N, for all t > s.
A similar argument applies if p(s,z) € N, and s < 0.

(v) This follows from the fact that V is a Lyapunov function and (iii). |

Since by this proposition I,(z) is a closed interval, we shall write

(43) Ip(z) = lap(x), by(z)]
with the understanding that if I,(z) = 0, then a,(z) and b,(x) are not defined, and
if I,(z) is unbounded, then a,(z) = —oo or by(z) = co. Let

Op :={z € All,(z) # 0};
then the fact that (Np, L;,t) are regular index pairs implies the following lemma.

Lemma 5.4. The functions ap, b, : ©) — [—00,00] are continuous.
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5.3. A local reparameterization. We now concentrate on the flow in neighbor-
hoods of the Morse sets. By A3, for each M), there exists a neighborhood K, with
Poincare section =,. Recall (33) that this implies the following. If x € K, N =),
then there exists T'(x) > 0 such that o(T'(z),z) € E, and ¢((0,T(z)),z) N E, = 0.
Let ¢’ be the reparameterization of ¢ through U;D:O E, induced by T'.

Let K, be an isolating neighborhood of M, such that if x € 5, N K, then
¢'([-2,2],z) C K,. Of course, this implies that ¢'(£2,z) € E,. Furthermore, if
x € K, then there exists a unique &, € Z, and a unique s, € [0,1) such that

(44) @' (82,82) = .
For the remainder of this paper N, is as in Proposition 5.3, i.e. N, = cl(R,(t, 1)).

5.4. The global reparameterization. By Proposition 5.3(iv), for each z € A
there exists an interval I, (x) such that

¢ (R, z) NN, = ¢ (I (2), ).

As before, let I,(z) = [ay,(x), by (z)]. Observe that aj, b, : ©, — [—00,00] are still
continuous functions.

Before we can describe the global reparameterization we need some technical
results. Let us begin by defining functions

1
Wi Ly —[pp+ Z]

and

L 1
Wp :Lp _)[p_17p]

2

Lt (%)
p—i—%tan < 5 )

where tan™!(+00) := 3. Since a},(x) and b/, (z) are continuous, using these defi-

nitions the following statements are obvious:
e x € L N L, implies that a},(x) = b},(z) = 0, and hence, W (z) = p;
e if 2 € L}, then

b/
Wi(z) = p—|—itan_1 ( p(x)> ,
2

5
O
|

1

e ifz €L, then

1

° W;L is continuous.
Let
Zp={z € AlV(z)=p+ i}
Define
D; = <P(t_7 Zp)
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and observe that L; C D; . Now set
.~ +\ T+
Dy = L; U(DI\L))

and observe that D, is a compact local section for ¢'. Extend the functions Wf
to

- 1 1
as follows:

- Wi(x) ifzelL}

+ — P P

Wy (z) { P otherwise,

= _ W (z) ifxel;

- P P>

Wy (@) { P otherwise.

Define 7: D — (0, 00) by
#(r(x),2) € DY,
Let Ay : D, — (0,1) be defined by
Ap() =Wy (z) = W0 (¢ (7(2), 2)),
and let Ay, = {(t,2)|0 <t < A\p(x), z € D, }. Define g} : Ay — A by
~1 ta) =y (tTl(x) ,ZC) )
QOZ( ) 12 )\1 (CE)

Let @' be the reparameterization of ¢’ through A;. Inductively, for p=2,... , P
define @” to be the reparameterization of gP~! through A, generated by ¢/ : A —

A, where
= (1282, 0).
At = (1525

3

Finally, let
F=o"
6. THE SEMI-CONJUGACY

The construction of the map f : A — D2 of Theorem 1.3 involves several steps.

Step 1. Define a discontinuous function
. _ P—1
(45) fiA=X = (@ S;> x {P} x [0,P] x [0,1)7~*
p=0

Step 2. Using the quotient map Q : X — D?P described in Section 4, show that
f: A— D2P given by f = Qo f is continuous.

Step 3. Define ¢ : R x f(A) — f(A) b

(46) U(t, f(x) = f(@(t )

and show that zz is a continuous flow.
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Step 4. Define
f=Golf,

where G : D* — D?2P is the conjugacy of Section 4, and observe that f is the
desired map.

Before proceeding with the details, we present an informal description of the
steps involved in defining f in an attempt to explain why this construction is
natural. Consider a point € A. To describe its dynamics in terms of the Morse
decomposition, there are several obvious parameters which should be included.

1. For each Morse set M, one would like to know how “close” the orbit of x
passes by M,,. Thus we shall define a function

T A—1[0,1, p=1,...,P—1,

with the property that 7,(z) = 1 implies that w(z) or a(z) C My, while
Tp(z) = 0 implies that the orbit of z does not intersect int(N,), the isolating
neighborhood of M,,.

2. Since our Morse sets have Poincaré sections, we should also measure the phase
with which the orbit of x passes near M,. This will be done via “angle”
functions

Hp:AHS;, p=0,...,P—1.
Since there is no Poincaré section for Mp, we set

3. Given a point x (not in a Morse set), we cannot yet distinguish x from its
integer translates x - n: 7,(z) = 7,(2’) and 8,(z) = 6,(z’) for every p. Thus,
to distinguish these points we shall make use of a Lyapunov function

V:A—]0,P].

Given these functions define

f({,E) = (00({,6), N ,9}9_1(1'), 913(1]), V({E)ﬂ'l (LL'), N ,Tp_l(x)) .
It is easily seen that f cannot be continuous. In particular, if the orbit of x does
not pass through N,, then the angle function 6, cannot be defined. Similarly, if
one considers a sequence of points whose w-limit set is in M, then 7, = 1 on this
sequence. However, this sequence may limit to a point whose w-limit set is in M,
where ¢ > p, in which case 7, = 0 for the limit point. The quotient performed in
step two addresses this problem, i.e. the resulting map f : A — D? is continuous.
Step 3 indicates that the image of @ under f induces a flow on D?F. At this
point it will become clear that Section 5 was written with this step in mind. Step
4 obviously concludes the construction.
Let us, finally, begin constructing f. We start with the definition of

GP:A—MS’; =R/Z, p=0,...,P—1.

Recall (44) that if © € N,, then there exists a unique &, € =, and a unique
sz € 10,1) such that ¢'(sz,&;) = z. Using the conventions described in Section 5,
let

?([ap(x), bp(z)], ) = (R, x) N Np.
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Define
0 if [a@, (2), by (2)] = 0,
6 (2)= 4 O ¥ 55w () > —oo,
! by(x) + 530y (x)2)) bp(z) < oo,
Sz otherwise.

Lemma 6.1. Let ©, = {z € A|[a,(x),b,(x)] # 0}. Then
0, : 0, — S;
and
Oy : A\Op — 5,
are continuous.

Proof. The result is obvious in the case of A\©O,, since 6, is constant in this case.
Observe that a,(x) and by(z) are continuous on ©,. Furthermore, if a,(z) > —o0
and b,(x) < 0o, then there exists n € {0,1,2,...} such that

$5(by(2),2)) — SE(@p(x),x)) T 10

Recall that if # € Ny, then ¢'([-2,2],2) C K,. Since N,, C int(K,), 6, is continu-
ous at € N,,. But 0,(z) = 0,(¢(t,x)) for all t € R, thus 6, is continuous. O

Let us now turn our attention to

(47) i A—[0,1, p=1,...,P—1
Define

00 if by () = 00, 0r @y() = —o0,
(48) Ap(z) =14 0 if I,(x) = 0,

by(x) —ap(x) otherwise.
and

2. 1

(49) rpla) = 2 tan~ (4, ),
where tan™'(co0) = Z. Observe that if 7,(z) = 1, then x limits to M, either in

forward time or backward time (or both). Furthermore, if 7,(z) = 0, then the orbit
of 2 passes no closer to M, than the set L7 N L. The continuity of @,(z) and

by(x) gives rise to the following lemma.

Lemma 6.2. x € A is a point of discontinuity of 1, if and only if there exists a
sequence {x,} C A such that , — = and w(z) C M, while w(x,) C M, with
q <p, ora(z) C M, while a(zx,) C M, with ¢ > p.

Finally, we need to define the Lyapunov function
V:A—|[0,P]
We begin by defining local Lyapunov functions

1 1
VP:NP_’[p_va‘FZ]
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by
p if x € My,
Via) = { W @) ) + g tan™ (257) i gy () > o
Wy (3(by (@), @) + 3 tan~t (2252 if By () < o

To define V' off of the isolating neighborhoods observe that if x € A\ Uf:o Ny,
then there exists a unique d, € D, , p € {1,2,..., P} and a unique o, € [0,1)
such that

?(ag,dy) = .
Now define
. P
V(z) = { pe — o o g Uy Ny,
V() if x € Np.
The following lemma is easily checked.
Lemma 6.3. The Lyapunov function V is continuous. Furthermore,
() i (0. 1),2) N (Uyo Ny) =0, then
Vig(t,z)) =V(x) —t;
(ii> if (5([ ,t],.%') C Np, &([Ovt]vy) C Np, 91,(:6) = H;D(y)z T;D(x) = T;D(y>’ and
V(z) = V(y), then
V(e(t,z)) = V(e(t y)).
With these constructions in mind fv: A — 7 is defined by

f(w) = (Oo(x),01(2),...,0p(x),V(z), 7 (x),... ,7Pp—1(x))
(50) = (0(z),V(2),7(2)).
As was mentioned in the introductory remarks of this section, this function is not
continuous. Hence we define

f=Qof.
Proposition 6.4. f: A — D?F is continuous.

Proof. Since Q and V' are continuous, it is clear that any possible lack of continuity
of f arises from the maps 7 and 6. As will be shown, the discontinuities induced
by 7 are eliminated via the quotient map 1 (34) while those of 8 disappear via the
quotient to the join (35).

Case 1. Assume p < V(x) <p+1and 7,(x) = 7p41(x) = L.

This implies that w(z) C M, and a(z) C Mp+1. In addition, for r # p,p+ 1,
I(z) =0, 7.(z) = 0, Ipy1 = (—00,bpt1(2)], and I, = (ap(z),00). Let {x,} C A
such that x, — z as n — oo. By continuity of the flow, for n sufficiently large
and ¢ = p,p+ 1, I(z) # 0, and |by(z,) — @p(2n)| — 0o. Thus 74(z,) — 74(2) as
n — oo, i.e. in this case 7, is continuous at x. Obviously, if 7.(x,) — 7(z) for all
r # p,p + 1, then we are done with this part of the argument. Therefore, without
loss of generality, we may assume that for some fixed r and for n sufficiently large
7r(x,) = 1. This implies that f(x,) — € X, where

xr = (G,V,Tl,... ,Tp_l,l,l,Tp+2,... ,7'7«_1,1,7'7«4_1,... ,Tp_l).
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By continuity,
V(z) = lim V(zn) =V

n—oo

and

04(z) = lim 04(zy,) = b0,.

n—oo

Thus, ng(z,) — n@(z), and hence,

lim f(z,) = f(x).

Therefore, in this case fis continuous.
Case 2. Assume p—1<V(z) <p+1and 7—1(z) = 7pqi1(z) = 1.

This implies that w(z) C M, and a(x) C Mp41. There are two subcases to
consider: int(I,(z)) # 0 and int(I, »(2)) = 0. In the first case, we have that I~p(:r) =
[ap(x),gp(x)] and a,(x) < bp( ). If 2, — = and 7p—1(xn) = Tpyi1(xn) = 1, then
the continuity of @, and gp implies that f(z,) — f(z). If 2, — = but for some
r=p—1,p+ 1 and n sufficiently large 7,-(z,) = 1, then the same argument as in
Case 1 applies. N

Therefore, we may assume that int(I,(z)) = 0. Again, assume that z,, — z and
that 7p11(x,) = 1. Then 7,(x,) — 7p(z) = 0, 7(x,) — 7p(x), and 0, (x,)(z,) —
0. (x) for r # p. This, of course, is the equivalence relation used to define the join
(35). Therefore, f(zn) — f(2).

One now needs to consider what happens when the condition 7,11 (z,) = 1 is
dropped. However, the argument once again reverts back to Case 1.

Case 3. Assume p—1 < V(z) <p+1and 74(z) =7-(r) =1 where g <p <.

This is, of course, the general case. As before, w(x) C M, and a(z) C M,. Let
Tp — x. U 7(2y) # 71(x), then I < g or I > r and one uses the argument in Case 1,
i.e. the quotient 7, to obtain continuity. If for some ¢ < ! < r, 0;(z,) # 0;(z), then
71(25) — 7 () = 0 and the argument in Case 2 applies, i.e. the quotient leading to
the join forces continuity. O

We are now at Step 3 and define ¢ by (46).
Proposition 6.5. ¢ is a continuous flow on f(.A) c D?P,

Proof. The continuity of {l; is clear; what needs to be verified is that it admits a
group action by R. It is trivial to check that w(() f( ) = f( 0(0,z)) = f( ) The
following three observations make it clear that 1(s + t, f(2)) = (s, ¥ (t, f(z))).
First, 7(x) = 7(¢(t,z)) for all t € R. Second, 0,(3(-,x)) is periodic in ¢ with
period 1. Third, if V(z) = V(y), 6(z) = 0(y) and 7(x) = 7(y), then V(5(t,x)) =
V(o(t,y)) for all ¢ € R. This last observation follows from the fact that if 7(x) =

7(y), then b p(2) —ap(z) = b, »(Y) —ap(y). Therefore, via . @ induces an action on a
subset of )~( with the same properties as the flow on X described in Section 4. O

Finally, by Step 4 we have obtained a continuous map from A to D?? which
commutes with the flows @ and .
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7. SURJECTIVITY OF f

In order to justify our assertion that the flow on A has at least as much structure
as the flow 1 on D?| we must show that the semi-conjugacy f maps onto D?F.
Before we do so, it is worth noting the roles our assumptions A1 — A5 have
played in developing the semi-conjugacy. The compactness in A1, the existence of
Morse decomposition in A2, and the existence of transverse sections in A3 have
all been used repeatedly in constructing f. The index assumptions in A4 and
the continuation of the Morse sets to periodic orbits in A5 have been of heuristic
importance in determining how to construct the flow on D?F, but they have not
been used in the construction of f or ¥ in any essential way. That is, we could have
constructed the flow 1 on D?F and the semiconjugacy f : A — D?F using only
A1 — A3. However, the remaining assumptions A4 and A5 will be crucial for the
next step: proving that f is a surjective.

To do so, note that f~1(IL,) = M,,. If 0 <p < g < P, let

Xq.p = C(Ilg, IIp) N pHp+ %)7
where p is given by (36), and let C, , = f~'(xq,p)- Then Cy, (resp. x4,p) is a section
of C(My, Mp) (resp. C(Ily,I1,)). So it suffices to show that f, = f | M, : M, — 11,
is surjective for every p, and f,, = f | Cyp : Cqp — Xq,p is surjective for every
p < q. Note that every II,, and every X, is either a point, a circle or a 2-torus. To
prove that every f, and every f,, is surjective, we make use of the following fact.

Lemma 7.1. Let f : X — [[;_, S} be a map. If the induced map on Cech coho-
mology, f*: H™([[}, S}) — H™(X), is nonzero, then f maps X onto [, S}.

Proof. If f is not surjective, then it maps into some ¥ = []"_, S} \ y. But YV
retracts onto an (n — 1)-complex in [}, S}, so H"(Y) = 0. Then H™([]}-, S}) —

m(Y) & fm(X) is trivial. O

In fact, to prove f is a surjection, it suffices to show that f; and fp, are
injections, where I = {0,...,P — 1}. We will actually prove a much stronger
cohomological statement. In doing so, we will make repeated use of the Conley
index information of A4, while the assumption in A5 about the continuation of
the Morse sets to hyperbolic periodic orbits will be used only once. Actually, it is
not A5, but the weaker cohomological assumption A5’, which we will use.

Theorem 7.2. Given a dynamical system which satifies A1 — A4 and A5', sup-
pose 1,J are disjoint intervals in P with I < J. Let

Xa1 = CIW), (D) N+ 5),

and let CJJ = f_l(XJJ). Then fI* :ﬁ*(H(I)) — H*(M(I)) and .fj]:[ : f{*(XJ,I) -

H*(Cyr) are injective.

The proof of this theorem occupies the rest of this section. In outline, the
proof is as follows. For any system satisfying A1-A3 and any interval I, the
map Oy : H¥(M(I)) — CH*2(M(I)) is preserved by f*. That is, there is a
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commutative diagram

A % CHM(INT))

(51) L7 Lf

EM(1) 2 CHM M)
But both H*(II(I)) Gif CH’”‘%H(I)) and CHFTL(TI(T)) AN CHFL(M(I)) are
isomorphisms, so f* : H*(II(I)) — H*(M(I)) must be injective. The injectivity of
I 1 then follows from the injectivity of f7 and f} by a few Mayer-Vietoris diagram
chases.

Proposition 7.3. If f; : CH?**(Il,) — CH?"(M,) is an isomorphism, then so is
fy s CHTHIL,) — CH?P (M)

Proof. The isomorphisms guaranteed by A5’ are intertwined by f*, i.e. there is a
commutative diagram

& oi

CH?(M,) — CH?**(M,)
L L
CH>(I,) % CH¥H(IL,)

Since all other maps in the diagram are isomorphisms, so is f; : CH PHIL,) —
CH?PTY(M,). |

Proposition 7.4. The map f; : CH*(II(I)) — CH*(M(I)) is an isomorphism
for every interval I.

Proof. We proceed by induction on the cohomology dimension. If CH?(M (I)) # 0,
then I is an attracting interval, and the cohomology indices are computed by the
cohomologies of neighborhoods N of TI(I) and N’ = f=}(N) of M(I). The map
fr : H(N) — H°(N’) is certainly an isomorphism. If CH'(M(I)) # 0, then
I = {0} and the result follows from Proposition 7.3.

Now, assume that for all I and all ¥’ < k, f* : CHF (II(I)) — CH* (M(I)) is
an isomorphism. We consider the cases of k£ even and k odd separately. If k is even
and CH*(M(I)) is nonzero, then k = 2§ with ¢ > 0. Let p=¢—1 and let J = pU[.
Then the attractor-repeller sequence yields:

= CHPYII(J) — CH¥(IL,) 5 CHANI) — ...

Lf7 Ly LT
.= CH™Y(M(J) — CH™\(M,) > CHAEMI) — ...
Since 6 is an isomorphism (for both I and M) and f, is an isomorphism by induc-
tion, f; is an isomorphism.
If k is odd and CH¥(M(I)) is nonzero, then k = 2i + 1. If I = {i}, then
Proposition 7.3 implies that f; is an isomorphism on CH*(II(I)). If not, let K =
I'\ {i} and consider the attractor-repeller sequence diagram

.= CHPMII(K)) — CH* 1) % CHPIL) — ...
| fi LI ) Lf;
..— CH*YM(K)) — CH¥ (M) &% CH* (M) —...

Then the maps p* are isomorphisms, as is f, so f7 is an isomorphism. O
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Lemma 7.5. The diagram (51) commutes.

Proof. If (N, L) is an index pair for II(I), then (N’, L") = (f~Y(N), f~1(L)) is an
index pair for M (I). There is a commutative diagram
U

H*(N)® H{N,L) = HFH(N, L)
(52) Lfrefr Lf
HE(N')® H{N',L') = H*H(N', L)
Since f; : CHYII(I)) — CHY(M(I)) is an isomorphism, the commutativity of this
diagram implies that diagram (51) commutes. O

This shows that f; : H*(II(I)) — H*(M(I)) is injective for all intervals I. We
now turn to the proof that f7 ; : H*(x,r) — H*(Cyr) is injective. We will consider
the cases P € J and P ¢ J separately.

Proposition 7.6. If I and J are disjoint intervals with I < J and P & J, then

i H (xo1) — H*(Cyp) is injective.

Proof. First, note that x5 = II(I) x II(J) = S x 9. To prove fir: H*(x71) —

H*(Cy,1) is injective, it suffices to prove f7 ; : H%i (1) — H™V(Cy ) is injective.
The naturalness of f7 ; with respect to the cup-product will then force the rest of

H*(x7.1) to inject as well.

First, assume that I and J are adjacent intervals. Then M (1) and M (J) form
an attractor-repeller pair for M (IJ). Choose an index triple (Nyj, Ny, L) for the
attractor-repeller pair (II(I),T1(.J)), and let

(N7y, N1, L') = (f 7 (Nrs), f7H(ND), f7H(L)
be the corresponding index triple for (M (I),M(J)). Let N(J) = N(IJ)\ N(I)
and N(J) = N(IJ)'\ N(I). Choose Ny and Ny sufficiently small that the maps
H*(N%.) 25 CH*(M(K)) are surjective for K = I,J and I.J. Let N = N; N N,
and N’ = N; N N%. Then C(M(J),M(I)) N N’ is a transverse section to the
flow on C(M(J), M(I)), and so is homeomorphic (via the flow) to C ;. Likewise,
C(II(J),II(I))N N is homeomorphic to x ;. Clearly, f(N;) C Ny and f(N’) C N.
Now consider the commutative diagram

HY%(N)@ H%(Np;, L) 2L HY%(NY) @ HE(N},, 1)

lé®id 1 & ®id
(53)  HU-%TN(N, )@ HE(N,, L) 220 gE-24 (N )@ HE(NG, L)
lu lu
H2+Y(Ny, L) AN H2j+1(N}J,L’)

where § and & are the Mayer-Vietoris boundary operators of the exact couples
(N1j; N1, Ny) and Ny ; Nj, N;) respectively.

The maps f* : H*(Nyj,L) — H*(Nj,,L') represent the map on the co-
homology Conley index, and so are isomorphisms. Likewise, the cup product
H2=24+ (N, 1) @ H%(N; 7, L) > H%*1(Ny;,L) is an isomorphism. If § is an iso-
morphism, then the composition from H? ~?4(N)® H*(Ny;, L) to H¥ (N}, L")
is an isomorphism, and f* : H¥~2(N) — H*~2(N") is injective.

But II(]) is a (2i — 2i + 1)-sphere, II(J) is a (2j — 2j + 1)-sphere, and II(1J)
is the join of II(J) and II(J). Therefore, up to homotopy, N;j, Ny, Ny and N
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are, respectively, St x §7 = Sititl i x C(S7),C(S") x §7 and S x S9. Then
the boundary map ¢ is represented by the boundary map of the Mayer-Vietoris
sequence

— H™I(ST) @ H™H(S7) — H'™ (ST x §7) & HIH+L(§H741)

Since H'TI(S") @ H™*(87) = HHIH1(§%) ¢ HIT1(S7) = 0, § is an isomorphism.
This completes the proof for adjacent pairs of intervals.
If I and J are not adjacent, let K = {p|i <p< Jt Then Cyrx =CrrNCrk

and XJIK = XJ,1 VXJK- Moreover, xj,1x = ~ G x (SZ * Sk) with x7,; embedded

as S x S' x C(S*) and X1,k embedded as 57 x Sk There is then a commutative
Mayer-Vietoris diagram
S HP(ST x SR HP(SIT @ HP(STTR) — HP(ST x §Tx SF) 5
L Lfrefrr L
% HP(N} k) — HP(N) ) ®HP(Nj ) — HP(Nj;NN)g) %
where NJI and NJK are compact neighborhoods of C;; and Cj i, and Njrx =
Nyru NJK Since J and I K are adjacent intervals,

frik: HHJMH(SJ X Sl+k+1) - Hz+j+];+1(N},IK)

is injective for N rk sufficiently small. But
H%+3+1}(Sj % S % qu) KN H%+3+1}+1(55 X S%+l%+1)

is an isomorphism, so

FrHITR(ST 5 87 % §F) — HIVTR(NY AN )
is injective. The cup product structure on H*(S7 x S x S’;) then forces

F5OHMI(ST % ST x 88— HHI(N) 0 N i)

to be injective. Since H;‘? (~S'5+€) — NHHE (S7 x S* x §F) is an isomorphism, this
implies that [, : H™/(S71") — H"/(N ) is injective. O
Prop051t10n 7.7. If I and J are disjoint intervals with I < J and P € J, then
frr i H*(x51) — H*(Cyr) is injective.

Proof. Since P € J, we have II(J) = DI~ and y; = Di=1 x B" x §%, where B" is
a point if I and J are adjacent, and an open r = 2j — 2i — 2 ball otherwise. Clearly,
it suffices to show that f7; : Hi(xs) — Fﬁ(C’JJ) is injective.

First, suppose I = P\ J, so that ¢ = 21 + 1 = 2j — 1. Then (N,L) =
(p~'[j — L, P],p1(j — 1)) is an index pair for T1(J) with L = xr. Let (N, L’) =
(f7Y(N), fY(L)). Since (N, L) ~ (Di~1,51=2), we have a commutative diagram

5

0 — H¥YL) % HY(N,L) — 0
e
Hp(N/) _ H2Z+1(L/) i) HQJ(NI,L/) N Hq(N/)

with f* : H*(N,L) — H9(N’, L) an isomorphism by 7.4. The composition from
H?*Y(L) to H¥(N’, L") is then an isomorphism, so f* : H(L) — H*(L') is injec-
tive.
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If I and J are adjacent, but K =P\ I.J # 0, then K and IJ form an adjacent
pair of intervals. Let L = p~'(j — 3), and let L' = f~'(L). Then L = x.; U X,k
with x 7 x open in L and xj 1 a strong deformation retract of some neighborhood
L. Let Lg = XJ,K and let L) = f_l(L]), /K = f_l(LK).

As noted above, Lx = DI~1 x B*t! x §*¥ and Lr = l?j_l x SP x Dkl The
intersection Lo = Lx N Ly is then homotopic to D7~! x §% x S*.

Now consider the Mayer-Vietoris diagram

N H%-i—fc(LI) o) H%-‘:-IE(LK) — H%-H;(LO) i) H%-ﬁ-fc-ﬁ-l(L) N
! ! !
s Hi+k(L/I> e HH'k(L/K) _ Hi+k (L6> i) Hi+k+1 (L/) _

The previous calculation shows that f* : HtF+1(L) — H+F+1(L/) is injective,
and § is an isomorphism, so f* : Hi+*(Ly) — H€+’~“(L6) is injective. Then, as in
Proposition 7.6, this implies that f* : H'(L;) — Hg(L'I) is injective.

The proof for I and J not adjacent now follows, using the same argument as in
Proposition 7.6. O
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ABSTRACT. A semi-conjugacy from the dynamics of the global attractors for
a family of scalar delay differential equations with negative feedback onto the
dynamics of a simple system of ordinary differential equations is constructed.
The construction and proof are done in an abstract setting, and hence, are valid
for a variety of dynamical systems which need not arise from delay equations.
The proofs are based on the Conley index theory.
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