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ORBIT EQUIVALENCE OF GLOBAL ATTRACTORS
OF SEMILINEAR PARABOLIC DIFFERENTIAL EQUATIONS

BERNOLD FIEDLER AND CARLOS ROCHA

ABSTRACT. We consider global attractors Ay of dissipative parabolic equa-
tions
Ut = Ugpz + f((E,U,’qu)

on the unit interval 0 < z < 1 with Neumann boundary conditions. A permu-
tation 7y is defined by the two orderings of the set of (hyperbolic) equilibrium
solutions u¢ = 0 according to their respective values at the two boundary points
xz = 0 and x = 1. We prove that two global attractors, Ay and Ag, are globally
CY orbit equivalent, if their equilibrium permutations ¢ and mg coincide. In
other words, some discrete information on the ordinary differential equation
boundary value problem u: = 0 characterizes the attractor of the above partial
differential equation, globally, up to orbit preserving homeomorphisms.

1. INTRODUCTION AND RESULT

On the unit interval 0 < z < 1, the interplay of linear diffusion with nonlin-
ear, spatially heterogeneous reaction and drift terms can be modeled by the scalar
parabolic partial differential equation

(1.1) Ut = Ugy + [T, U, uy).

Equations of this form arise in many applied contexts. We just mention population
dynamics in mathematical biology [CS80], reactor dynamics in chemical engineering
[Ari75], viscosity limits to hyperbolic conservation laws [Smo83], clustering effects
in astrophysics [Wol92], [Wol94], and phase transitions in materials sciences [CP89),
[FHS9].

The present paper aims at a global analysis of the long time behavior of the
infinite dimensional dynamical system (1.1). For definiteness, we impose Neumann
boundary conditions

(1.2) ugy =0, forx=0,1.

Let f be twice continuously differentiable: f € C?. By standard semigroup theory,
the (local) solutions v = u(t, z) of (1.1) with initial condition «(0,z) = up(x) then
define a dynamical system

(1.3) 0<tw—ut,)eX,
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258 BERNOLD FIEDLER AND CARLOS ROCHA

see [Hen81] or [Paz83]. The state space X can be picked here as the Sobolev space
H? of z-profiles

(1.4) x — u(t,x)

with Lebesgue square integrable second x-derivative u,,, intersected with the ap-
propriate Neumann conditions,

(1.5) X = H*([0,1],R) N {us =0 at z =0,1}.

By Sobolev embedding, the xz-profiles are at least once continuously differentiable,
X C C'. Moreover, the time-t maps

(1.6) ug — u(t, 5 ug) € X

are compact for ¢ > 0, by the smoothing action of diffusion.

We assume the nonlinearity f to be dissipative: there exists a fixed large ball
B C X which attracts each solution. In particular, solutions (1.3) are defined for
all t > 0, and for any ug € X there exists tg = to(up) > 0 such that wu(t,-) € B,
for all ¢ > tp. Then our dynamical system possesses a global attractor Ay. This set
can be characterized as the maximal compact invariant subset of X. It is also the
smallest subset of X which attracts all bounded sets. Equivalently, A consists of
all those ug € X which, for ¢t = 0, lie on an orbit u(t,-) € X of (1.1) which is defined
and uniformly bounded for all real times ¢, both positive and negative. See [Hal88],
[Tem88], [Lad91], [BV89] for reference. We state explicit sufficient conditions for f
to be dissipative, which we assume to hold in this paper. There exists a constant
C4 > 0 such that

(1.7) f(z,u,0)-u<0

for |u] > C4, and moreover there exist continuous functions a,b as well as an
exponent v < 2 such that

(1.8) |f (@, u, p)| < a(u) + b(u)|p|”

for all ,u,p. For dissipativeness under conditions (1.7), (1.8), viz. for bounds on
sup |ug|, see [Ama85], Theorem 5.3. We defer a discussion of these rather restrictive
conditions to section 8.

Let £ C X denote the set of equilibria, that is, of solutions u € X of the Neu-
mann boundary value problem for the second order ordinary differential equation

We assume all equilibria to be hyperbolic, that is, the linearized equation
(1.10) 0277mm+fp'771+fu'77

with Neumann boundary condition 7, = 0, for = 0,1, possesses only the trivial
solution n = 0. Here the partial derivatives f, and f, of f = f(z,u, p) are evaluated
at v = u(x), p = uy(x), for equilibria u € &;. Equivalently, the real part of all
eigenvalues \ of the linearization

(1.11) M) =Nga + fp N+ [n-n

is nonzero, for all v € &;. In fact, all eigenvalues must be real, because the Sturm-
Liouville problem (1.11) is selfadjoint, under an appropriately weighted L? scalar
product. We note that hyperbolicity of £ is a generic assumption on f, see [Smo83],
[BPS7].
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By the implicit function theorem, hyperbolic equilibria are isolated in X. Because
Er C Ay is compact, the set of equilibria is finite:

(1.12) Er={u',... ,uN}.
Here the numbering is chosen such that
(1.13) w <u? <. <ul, atz=0.

Indeed, the equilibria are strictly ordered by their values at x = 0, due to uniqueness
of the initial value problem for (1.9) and because u® = 0 for all k, at = 0. For
the same reason, the equilibria can be ordered by thelr other boundary value, at
2 = 1. This defines a permutation m = 7 such that

(1.14) u® <™ @ < <™ atz=1.

Note that the permutation 7y only encodes ordering information on the boundary
value problem for the ordinary differential equation (1.9). We call 7y the shooting
permutation associated to the equilibria of f.

To compare the global attractors Ay, A, of (1.1) for different dissipative nonlin-
earities f, g, we recall the usual notion of C? global orbit equivalence of Ay and Ag:
there exists a homeomorphism

(1.15) H: Ay — A,

which maps f-orbits {u(t,-) € X[t € R} C A; onto g-orbits, preserving the time
direction of the orbits. We use the notation

(1.16) Ap = A

for global orbit equivalence. With this definition we can now state our main result.

Theorem 1.1. Let f, g € C? satisfy dissipation conditions (1.7), (1.8). Assume
they possess only hyperbolic equilibria with associated shooting permutatzons T, Tg.
Then the global attractors Ay and Ay are globally orbit equivalent, Ay = Ay, if

(1.17) Tf = Tg.

An outline of the proof will be given in section 2. The proof itself fills sections
3 to 7. We conclude with a detailed discussion, in section 8. We conclude this
introduction indicating the two main features which make our theorem work: Morse
structure and nodal properties. For a survey see [Fie89].

The Morse, gradient, or wvariational structure of (1.1) is given explicitly, for
f = f(z,u) independent of p = w,, in terms of the Lyapunov functional V on X
defined by

(1.18) V(u) = /01 <%(uz)2 - F(x,u)) da.

Here F' is a primitive function of f with respect to u, that is, F,, = f. Inserting
solutions u(t, z) of (1.1), we obtain

(1.19) DV (ut, ) = - / (ur)?d

In particular, V' is bounded on the compact attractor Ay, and is strictly decreasing
with time, except of course on the equilibrium set £¢. A similar, though less explicit,
Lyapunov functional V' : Ay — R with these properties also exists in the general
case where f = f(x,u,p) is allowed to depend on p = u,, see [Zel68], [Mat88].
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260 BERNOLD FIEDLER AND CARLOS ROCHA

By its Morse structure, our global attractor \A; decomposes into equilibria ¢
and their heteroclinic or connecting orbits. These orbits, by definition, limit onto
(different) equilibria for ¢ — +o0 and t — —o0, respectively. Indeed, %V =0on a-
and w-limit sets, and therefore these sets are given by a single, isolated hyperbolic
equilibrium, each. In short

(1.20) Ap = &7 U {heteroclinic orbits}.

Investigation of the geometry of the heteroclinic set is an ongoing topic of research.
We mention [Hen81], [Hen85], [Ang86], [BF88], [BF89], [AF88], [FRI1], for partial
results on equations of the form (1.1). Recently, [FR96] have settled the question
for which u’, u? € € does there exist a heteroclinic connection from u’ to u’/. The
complete answer can be given by an explicit and constructive process, which only
uses information on the equilibrium permutation 7¢. The precise global geometry
of the connections, however, remains unresolved.

The crucial importance of nodal properties for the qualitative understanding of
equations of the form (1.1) was first noted by [Mat82]. Take any two solutions
ul(t, ), u(t, ). Let z(u' —u?), for fixed ¢, denote the number of strict sign changes
(nodes) of the z-profile x — u'(t,z) — u?(t, ). Then

(1.21) t— z(u(t,-) —u?(t,-))

is nonincreasing with time ¢. In fact, z(u!(t,-) —u?(t,-)) drops strictly whenever the
x-profile u' —u? possesses a multiple zero u! —u? = 0, ul —u2 = 0. Indeed, the nodal
property follows because the difference @ := u! — u? satisfies a (time-dependent)
linear parabolic equation. For comprehensive nodal properties in the linear case
see the recent account by [Ang88|. The autonomous linear case is classical [Stu36],
[Pol33].

Nodal properties have many important, and sometimes surprising consequences.
For example, just by hyperbolicity of the equilibria £ alone and without further
genericity or nondegeneracy assumptions on f, our dynamical system (1.1) turns
out to be Morse-Smale, see [Hen85], [Ang86]. In fact, unstable and stable manifolds
W4 and W* of any two equilibria necessarily intersect transversely, by the above
nodal property. Together with the Morse structure this makes our dynamical Morse-
Smale system structurally stable: small dissipative perturbations of the nonlinearity
[f to f yield global attractors Ay, A7 which are globally (C?) orbit equivalent. In
finite dimensions this result is due to Palis and Smale, see [Pal69], [PS70], [PdM82].
The infinite dimensional case is due to [Oli83]; see also [HMO84].

In view of Morse-Smale stability our strategy for a proof of our theorem seems
simple. If we find a homotopy 7,0 < 7 < 1, from f% = f to f' = g, such that
the equilibrium set £~ remains hyperbolic throughout, then Ay and A, are orbit
equivalent by Oliva, Palis, and Smale. Indeed we can cover the compact parameter
interval 0 < 7 < 1 by finitely many open intervals of structural stability. In the
next section we explain why matters are not all that simple, in fact, and how our
proof takes a few more meanders before completion.
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2. OUTLINE OF PROOF

Throughout, let the assumptions of Theorem 1.1 hold. In this section we explain
our overall strategy of proof for our theorem on global orbit equivalence. Structural
stability of Morse-Smale systems will be the main actor, though mostly somewhat
behind the scene. We first explain the difficulty which a naive homotopy f7 is
facing, in the spirit of the end of the introduction section 1. We then indicate
how discretization will help, in section 3. Section 4 is devoted to normalizations
which involve dissipativeness. Our crucial trick, gaining additional freedom for
homotopies, is the insertion of additional, artificial discretization points, in section
5, which essentially produce a high-dimensionally unstable suspension of the original
global attractor Ay in an augmented discrete system. Sections 6 and 7 will highlight
the additional freedom gained by augmented discretization. In fact, the additional
freedom reduces the question of finding a suitable homotopy f7, on the augmented
discrete level, to a purely topological result on the fundamental group of a certain
space of diffeomorphisms. With those details at hand, the outline of proof given
below will then have solidified into a complete proof.

Let us first try the most naive, standard homotopy

(21) fT:(l_T)f+Tgv OSTéla

between dissipative nonlinearities f,g with global attractors Ay, A,. By dissipa-
tion condition (1.7), (1.8), global attractors respect bounds |u| < Cy,|uy| < Cs,
uniformly in ¢, x. Modifying f, g to become

(2.2) f=g=-u,

for |u| > 2Cy or |ug| > 2C5, as explained in section 4 below, ensures dissipative-
ness throughout the homotopy. The homotopy parameter 7 induces a bifurcation
diagram for the sets £~ of equilibria. If all equilibria remain hyperbolic, for all
0 < 7 < 1, then the Morse-Smale property implies equivalence of Ay and A,.
However, bifurcations of saddle-node type could occur, for some 0 < 7 < 1. Saddle-
nodes are lethal for our Morse-Smale proof. To understand the difficulty in avoiding
saddle-nodes, we use a shooting, or “time” map approach to the equilibrium ODE
(1.9), alias

Uy = D,

with Neumann boundary conditions p = 0, at x = 0,1. At = 0, consider the line
of initial conditions

(2.4) u=a, p=0,

parametrized by a € R. Letting = evolve forward, according to (2.3), we obtain
solutions u(z; a), p(z;a) and the shooting curves

(2.5) a— S§(a) == (u(z;a),p(z;a)) € R?
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FIGURE 2.1. A stylized shooting curve Sj?zl for the Chafee-Infante
problem (37)? < A\ < (47)%.

in (u,p) space. See for example [FR91], [Roc91], [FRI6] and the references there.
Each shooting curve is a planar C? Jordan curve. Their collection for 0 < z < 1
defines the shooting surface

(2.6) Syt (x,a) — (z,57(a)) € [0,1] x R?

in (z,u,p) space. Note that the equilibria & are described by the values a at
intersections of S§=' with the u-axis:

(2.7) S (a) = (u(z = 1;a),0),
corresponding to the Neumann boundary condition
(2.8) p(z =1;a) =0.

It turns out that £ is hyperbolic if, and only if, S}”:l intersects the u-axis trans-
versely. If Sjﬂffl touches, and crosses the u-axis during a homotopy f7, then a
saddle-node bifurcation of equilibria occurs. Clearly, saddle-node bifurcations might
occur during a naive standard homotopy f™ = (1 —7)f + 7g, with destructive con-
sequences for the geometry of the global attractors Ag-.

There is a very special case though, where the naive, standard homotopy (2.1)
works well. If the shooting surfaces of f and ¢ coincide entirely,

(2.9) Sy =5y,
then S+ is independent of 7, also at x = 1. Consequently, the global attractors Ay
and A, are then orbit equivalent. Therefore it will be sufficient to focus on just the

shooting surfaces, when constructing a less naive homotopy f7.
As a simple specific example, we consider the Chafee-Infante problem [Cha74],

[CIT4]
(2.10) fx,u,p) = Mu(l —u?).

As in all dissipative systems, there exist a lowest and a highest equilibrium u, ;
here u = —1, @ = +1. In the (u,p)-plane the shooting curve points south-west,

to the left of the lowest, and north-east, to the right of the highest equilibrium.
See Figure 2.1. Observe the transverse intersections of S;f:l with the u-axis corre-

sponding to the equilibria u!, ... , 4. Numbering the equilibria along the shooting
curve S}”Zl provides the Chafee-Infante permutation
(2.11) r=(2 8) (4 6)
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in the case of Figure 2.1. Parenthetically we note that the Morse indices, or unstable
dimensions, of all equilibria are also determined by 7r; see again [Roc91], [FRI6].

Consider a less naive homotopy f7 from f to g next; this homotopy should
preserve the transverse intersections of S;?fl with the w-axis, enacting a Morse-
Smale application. Since 7y = 7,4, by assumption, there exists a diffeotopy

(2.12) o"

of the (u,p) plane, ¢° = id, which provides a deformation from 5’?:1 to S’gzl,
such that transversality of the curves to the wu-axis is preserved throughout the
homotopy. Our proof would be complete, if we could now find a homotopy f7 such
that for x =1

(2.13) St = TS

But we cannot. The obstruction lies in the second order system (2.3) which con-
strains the evolution of shooting curves 5. Indeed, let n € R? denote a unit normal
to S at (u,p), and o the normal speed of propagation of the curve S% in the direc-
tion of n, as x increases. Then o is the normal projection of the vector field (2.3),
that is,

(2.14) o= ( —f(a:p,um) ) '

Varying f freely, this does not impose any restriction on the speed o, unless n =
(1,0) is horizontal. In that latter case, SJ? possesses a vertical tangent (pictorically:
a nose), and

(2.15) o=p.

Summarizing: higher noses move faster to the right, as x increases. It is this
constraint on the shape of the shooting surfaces Sy, S, which we could not overcome
in our attempts to construct a homotopy f” which preserves the Morse-Smale type
hyperbolicity condition (2.13) throughout 0 < 7 < 1. Such a homotopy might in
fact exist. But we did not secure a general algorithm for constructing one.
Therefore we discretize, in section 3. The discrete equations take the form

(2.16) U = filwiz1, ws, wigr),

i = 0,...,n, where each f; has strictly positive partial derivatives with respect
to its off-diagonal entries u;—1 and wu;41. Following [FO88] we call (2.16) a Jacobi
system. The Neumann boundary conditions become

(2.17) U1 = Uy, Uptl = Up.

The global attractor of (2.16) is orbit equivalent to Ay, for equidistant symmetric
finite difference approximations f; and large enough n (see section 3). Dissipative-
ness is also inherited (see section 4). We denote the global attractor of (2.16), (2.17)
by Ay, again.

We now describe the crucial trick, an n(m — 1)/2-dimensionally unstable sus-
pension of Ay in a singular perturbation manner, which will gain us enough addi-

tional freedom to realize the shooting curve diffeotopy ¢”. For ¢ = 0,... ,n, k =
1,...,m—1and for 0 < j :=i+k/m < n we define the augmented discrete system
as
(218) uz = fi(ui—l/mauiaui+l/m)u

Euj = Uj1/m tUjr1/m-
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Here m > 5 is chosen congruent to 1 mod 4. We keep Neumann boundary conditions
(2.17) in the adapted form

(2.19) U1 /m 7= U0,  Upil/m = Un,

and let w = (U0, U1 /m, -+ » Un—1/m>Un) € R™™+1 The linear (n + 1)-dimensional
subspace

(2.20)

M = {u;_1/m + tjt1/m = 0, for all noninteger 0 < j < n}

contains all the equilibria of the flow (2.18) and is entirely composed of equilibrium
points of the formally reduced system for e = 0 in the fast time variable 7 = t/e.
Note that, for the reduced flow, M contains the original global attractor A since
m =1 (mod 4) implies
(2.21) Uit 1 /m = Wikl
on M. For small £ > 0, the invariant manifold M is normally hyperbolic with
n(m — 1)/2-dimensional strong unstable and strong stable fibers. By singular per-
turbation theory, (2.17), (2.18) possess a maximal compact invariant set A orbit
equivalent to As. These facts will be proved in section 5; see Lemma 5.1.

In section 6 we study the analogue of the shooting curves 57 for the augmented
discrete system (2.18), rewritten as a Jacobi system

(2.22) Uy = fi(Uj—1/m>Uj, Ujr1/m),
j=0,1/m,...,n. For equilibria, & = 0, we obtain
(2.23) 0= fi(Wj—1/m>Ujs Ujt1/m)-

Because the off-diagonal derivatives are strictly positive, these equations can be
solved for w1/, defining the shooting recursion

(2.24) Uit /m = @ (Uj—1/m 15)-

Note that the partial derivative of cpjf- with respect to uj_y,y, is strictly negative.
Given such a ¢;, we may also conversely define f; by f; := w;41/m — ¢;, and obtain
a system (2.22) with Jacobi structure.

Rewriting (2.24) as a system

Uj = Vj—1/m,
2.25 vl J J
(2.25) ’ v = sof(uj_l/m,vj_l/m)
we see that the diffeomorphisms 1/){ replace f-evolution maps from x = (j — 1)/n

to x = j/n, in the discretized case. Also, for non-integer j, the map wjf is a pure
rotation R by 90 degrees,

(2.26)

DL (W1 jms Vi1 ym) = R s V=1 /m) = (051 jm —Uj—1/m)-
In particular
(2.27) <P§C(Uj—1/mavj—1/m) = "Ui-1/m

for non-integer j. If j = 4 is integer, then z/Jlf was already defined by the original
discretization f;. Let the shooting quadruple

(2.28) )] = ¢f+3/m o...opf

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



ORBIT EQUIVALENCE OF GLOBAL ATTRACTORS 265

be the composition of any four consecutive ¢-maps with non-integer j,... , j+3/m.
Clearly w'f = id in this case of four rotations by 90 degrees. In Lemma 6.1 we prove

that, by small perturbations of npj +3/m <pj +2/mo the shooting quadruple 1/~)Jf can be
forced to realize any diffeomorphism near identity. This is the crucial additional
freedom which will enable us to complete a non-naive structurally stable homotopy
from Ay to A,. Indeed, between any two maps 1; with integer ¢ we have now
inserted (m — 1)/4 € N shooting quadruples @j, each of which can realize any near
identity diffeomorphism.

Our non-naive homotopy is constructed, in section 7, as follows. Consider the
diffeomorphisms

(2.29) ol =yl o oyl

1 =1,...,n, which accumulate diffeomorphisms %f , i integer, defined by (2.25).
For g, we define ¥¢ analogously. Comparing with (2.13) we observe that ¥/ in-
duces the permutation 7, by the discrete shooting curve intersecting the diagonal
transversely in the original attractor region {|u| <,|v| < 1}; see section 6. Here
we assume n is chosen large enough, of course. Similarly, ¥¢ induces 7, = 7y, for
large n. In a neighborhood € of the attractor region, we now prescribe homotopy
paths

(2.30) Ur, 0<7<1,

from \I/f = UY to WY = W} in the space Diff(Q2) of diffeomorphism of Q. We will
assume \I/f = Uy = U7, outside Q, without loss of generality. At the end point
i=n, correspondlng to x = 1, we specifically prescribe ¥7 to provide a diffeotopy

™ of the discrete shooting curves from f to g, analogously to the construction
of ¢T_, in the continuous case; see (2.13), (7.9). Moreover we choose a standard
homotopy

(2.31) O7 o= (1= 7)pf + 7p?

of diffeomorphisms (2.25) at integer values j = ¢ =0, ... ,n—1. The maps t; at non-
integer values of j between n — 1 and n will compensate for this mortal sin against
hyperbolicity and the Morse-Smale property during the homotopy 0 < 7 < 1.

In section 7, Lemma 7.2, we will prove that there exists a continuous two-
parameter family ¥(r,¢) € Diff(Q2), 0 < 7,& < 1, of interpolating diffeomorphisms,
which compensates for the mortal sin (2.31). More precisely, as indicated in Figure
2.2

(1.¢

(7—35:
(r=0
=1

v
(2.32) v

S— N N
[l

—~
’i@

393

\/

L

=

3

s

0
1
§
v(r=1,¢)

This fact uses essentially triviality of the fundamental group m; of the space
Diff,(2) of diffeomorphisms of £ which fix 9Q:

(2.33) 1 (Diff. () = 0,

I
S
@

by Smale’s theorem. See Lemma 7.1 below.
In the final step of our proof we fix m large enough to sufficiently discretize
the ¢-variable in the interpolating family of diffeomorphisms ¥(7,¢). In fact, all
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T
A g m
qJn-l lpn
1
interpolate
Wi Wird) ¥ Wh
f g
W1 /m
0 >
0 1 3
F1GURE 2.2. Constructing interpolating diffeomorphisms.
diffeomorphisms
(2.34) U7 g o= W (T, Eppn) 0 (U(7, &)

with & = 4k/(m — 1), k = 0,...,(m — 5)/4, are uniformly close to identity in
Diff (). They can therefore be realized, at last, by quadruple shootings 1Z~)j as in
(2.28). This is the pay-off out of the freedom gained by n(m — 1)/2-dimensionally
unstable suspension of the global attractors Ay and A,.

Returning to the cumulative shooting maps W7, a Morse-Smale homotopy is
realized between the suspended attractors flf and /ng and, consequently, between
the original attractors Ay and A,. Therefore, Af and A, are indeed globally C°
orbit equivalent, and our main theorem will be proved.

3. DISCRETIZATION
As outlined in section 2, we discretize the original semilinear parabolic equation

(31) Ut :umm+f(x7u7uw)

In fact, equidistant semidiscretization in z of step size 1/n and the method of lines
in t-direction yield

(3.2) U = fi(wi—1,ui, Uig1),
1=0,...,n, with f; given explicitly by
(3.3)

filwimr, ui uir) = n*(wimy — 2u; +wipr) + f(0/n,ug,n(u; — ui—1)).
Clearly, u; represents u at * = i/n. As noted before, Neumann boundary conditions
become

(3.4) U_1 = Uy, Uptl ‘= Up-

We do not advocate (3.2)—(3.4) as a particularly efficient discretization from a
numerical point of view. Rather, we prefer this discretization because, for large
enough n, it preserves

(i) nodal properties of solutions,

(ii) the Morse-Smale structure,

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use
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(iii) the global attractor Ay, up to orbit equivalence, and

(iv) the shooting permutation 7.
Properties (i)—(iii) are essentially known and are surveyed below. Property (iv) will
be addressed in section 6.

Recall that u := (ug,...,u,) € R*"™! will also denote solutions of (3.2), in
addition to denoting solutions of (3.1); context will avoid confusion. Properties
(i),(ii) hold for general systems (3.2), (3.4), if only f; has positive off-diagonal
partial derivatives, alias Jacobi structure, as in (2.16). This is indeed the case for
the discretization (3.3) and large n, by our dissipation normalization (2.2).

Let the zero number z(u) denote the number of strict sign changes of the sequence
of coordinates uq, ... ,u,. Then

(3.5) t— z(u(t) — u?(t))

is noncreasing with time ¢, just as in the continuous case (1.21). In fact,
z(ut(t) — u?(t)) drops strictly at ¢ = o whenever a component i of the nontrivial
difference 1 := u' — u? vanishes and the difference components i + 1 are of equal
sign (“multiple zero”),

(3.6) ni(to) = 0, and n;—1(to) - ni+1(to) > 0,

for somei = 0,... ,n.In case n;—1-n;+1 > 0 this follows easily from the monotonicity
properties of f;, which imply

(3.7) sign 7; = sign 7;_1 = sign 741

at t = tg. For the general case see [MPS90], [FO88]. This settles claim (i).

The Morse-Smale structure (ii) of the finite dimensional system (3.2), (3.4) fol-
lows from the dropping properties (3.5), (3.6) of the zero number z; see [FO88],
[Ang86]. As in the PDE case outlined in the introduction, hyperbolicity of all equi-
libria automatically entails transversality of their associated stable and unstable
manifolds.

The properties (iii) and (iv) rest on the particular nonlinearities f; given by
semidiscretization (3.3). First note that (3.2), (3.4) is a dissipative system, in that
case. Indeed |u;| > 2Cy or |n(u;y+1 — u;)| > 2Cs imply

(38) U; = fi(ui_l,ui,uiﬂ) = n2(ui_1 — 2u; + Ui+1) — Uy;.

In particular ||u|| := max|u;(t)| decreases with time, as long as ||u|| > 2C4.

By dissipativeness, (3.2)—(3.4) possesses a compact global attractor A%. Orbit
equivalence of A% to the global PDE attractor Ay was announced in [Ha]94}, see
p.- 24. A proof is in preparation [Rau95]. We indicate our own viewpoint, for
convenience. Let d = dim Ay = max{i(u) | u € ¢} be the maximal Morse index of
any equilibrium u = u(x) € £;. Define a projection

(3.9) P: Ay - R

letting (Pu); := u(i/n), i = 0,...,n, denote actual values of the x-profile u. By
nodal properties on Ay, the projection P is injective if n 4+ 1 > d. In fact, P turns
out to be a diffeomorphic embedding of A into R"*1 [Mat95]. The main step here
is to show that 4 ¢ possesses a unique d-dimensional tangent plane everywhere, not
only on the d-dimensional unstable manifolds of its most unstable equilibria, but
also, by a limiting procedure, on their closure — which constitutes all of Af. Along
the lines of [FR96], section 3, these claims are consequences of the nodal properties
(3.5), (3.6) for the flow induced, by linearization, on the Grassmannian of d-planes.
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Along any heteroclinic orbit from u to @ € &, for example, these d-planes limit
onto the span of the first d eigenfunctions of the target equilibrium @. They are
then propagated further down in Ay, along W* (@), as unique tangent planes of a
non-unique generalized d-dimensional “center”-unstable manifold. At 4, of course,
this generalized center-unstable manifold is tangent to the eigenfunctions of the
first d eigenvalues. Propagating along W (@), its tangent spaces remain unique
even though the generalized center-manifold is non-unique.

With the embedding P at hand, it is then relatively easy to compare the flow on
Ay with the flows on the d-dimensional global attractors A%, for large n. Indeed,
for n — oo, all equilibria become hyperbolic, converging to £ with eventually
constant Morse indices. Their unstable manifolds converge, uniformly in C', and
so do the unique d-dimensional tangent planes, on the attractors A;}, to the non-
unique center-unstable manifolds constructed above. The final observation is C°
structural stability of Morse-Smale flows under C'-small perturbations. Therefore
Ay and A} are globally orbit equivalent, for large n.

Henceforth, we will fix such a large n and denote A%} by Ay, again. Also the
ambiguity of notation in our u seems thoroughly justified, by now.

4. DISSIPATION

In this section we discuss conditions for and elementary consequences of dissi-
pativeness, as defined in the introduction, for the continuous PDE case and the
(augmented) discrete system.

Recall the dissipation conditions (1.7), (1.8) for the original PDE (1.1), (1.2).
Dissipation, together with the parabolic comparison principle alias strong mono-
tonicity (e.g. [Smo83], [Hir88], [Mat86]), implies that (1.1) possesses a maximal
and a minimal equilibrium

(4.1) u,u €& C Ay

in the global attractor Ay. Indeed @, u arise, respectively, as w-limit sets of large
positive or negative initial conditions (taken for example z-independent). After a
linear transformation u — 1,

(4.2) u = a(z)t + b(zx)
we may assume
(4.3) a(z) = +1, ux)=-1,

without loss of generality. Indeed the transformation (4.2) preserves the form of
the PDE (1.1). In terms of the original z-dependent equilibria @,u in (4.1), the
coefficients a, b in (4.2) read

(4.4) a=(@—w)/2, b=(u+uw)/2.

Solutions u, like u itself, therefore satisfy Neumann boundary conditions because
az, by =0 at x = 0,1. We can now assume (4.3) to hold without loss of generality.

Lemma 4.1. Let (4.3) hold and consider u € Ay. Then |u(z)| < 1 holds for all x.

Proof. We argue indirectly, assuming u(xg) > 1 without loss of generality. Since u €
Ay, the o-limit set of w is an equilibrium v~ € &. Since z(u — 1) is nondecreasing,

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



ORBIT EQUIVALENCE OF GLOBAL ATTRACTORS 269

in backwards time, and by maximality of « = 1 in £¢, the zero number z of v~ — 1
is nontrivial:
(4.5) z(um —=1) > 1.

Now let ug(z) > u~(x),1 be another initial condition. Necessarily w(ug) = 1. But
because z is nonincreasing, in forward time,

(4.6) 2(1—u7) < z(up—u~) =0.
The contradiction (4.5), (4.6) proves the lemma. O

As mentioned in the outline, (2.2), we now replace the dissipation conditions
(1.7), (1.8) by the simpler condition

(47) f(x7u7p) = —u,
for |u| > Cy or |p| > 2C. Here C is a constant specified below.

Lemma 4.2. Let f satisfy the dissipation conditions (1.7), (1.8) for |u| > Cy > 1,
with the normalization (4.3).
Then |u| <1 < Cy and |uz| < C on the global attractor Ay, for some constant

C. Moreover, there exists a nonlinearity f = f(:v,mp) € C? which

(1) coincides with f on Ay and in fact on the larger set where |u] < (1 + Cy)/2

and |p| < 1.5C,
(ii) satisfies (4.7), and
(iil) possesses the same global attractor

(4.8) Af = Ay,
of course with the same dynamics on it.

Proof. The bound

(4.9) ju < 1

on Ay was proved in Lemma 4.1. The bound
(4.10) luz| < C

follows from compactness of the global attractor Ay C X C C' under dissipation
conditions (1.7), (1.8) on f. The gradient bound (4.10) depends on C1, a, b, v, but
not on f. Without loss of generality, we assume a(u) > |u| in our construction of
C.

We construct f as follows. Let ¥V C R? be a small open neighborhood of the set
where |u| > Cy or |p| > 2C, such that the open dissipation conditions (1.7), (1.8)
still hold on V. Let f := (1 — 7)f — 7u, choosing 0 < 7 = 7(u,p) <1 with 7 =0
outside V, and 7(u,p) = 1 for |u| > Cy or |p| > 2C. Then

(1) Ji(a},u,p) = f(ar,u,p), for (U,p) ¢ V,
(ii) f(x,u,p) = —u, for |u| > Cy or |p| > 2C, and
(iii) f satisfies (1.7), (1.8) on V.
Note that (iii) holds, with the same C1i,a,b,v, by convexity of the dissipation
conditions (1.7), (1.8) with respect to f. Clearly (i), (ii) above imply (i), (ii) in the
lemma.
To see that (iii) implies (iii), we first note that & = &7. Indeed, in view of

the bounds (4.9), (4.10), the nonlinearities f cannot possess an equilibrium u such
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that (u(z),us(z)) € V, for any fixed z or 7. To see that Ay = Aj, just recall
from (1.20) that Ay is the union of unstable manifolds W} (u) of u € £f. Because
lul] <1< Ch,lugl < C on Ay, we conclude W}f(u) = Wi(u) for all u € &F = &y
Taking the union over u € &, this implies (iii), AJ; = Ay, and the lemma is
proved. O

We note that 77 = 7, for the associated equilibrium permutations, because
Af = Ay implies £ = &f. Therefore we can assume (4.7) to hold for f and g in
our proof of Theorem 1.1, without loss of generality.

We now consider discrete equations with positive off-diagonal partial derivatives,

(4.11) U = fi(wiz1, ws, wign),

for i =0,...,n, as in (2.16), (2.17). An obviously sufficient condition for dissipa-
tiveness of such Jacobi systems is, in general,

(4.12) Ui fi(Uim1, ui, uig1) <0

for |u;| > max{2Cy, |u;—1],|ui+1]}, ¢ = 0,... ,n. Indeed, |Ju|]| = max;{|u;|} then
decreases monotonically down to level 2C;. In our particular case, where f; arises
by discretization (3.3), condition (4.7) is obviously satisfied. The global attractor
of (4.11) is again called Ay, in view of section 3. Our normalization (4.3) still holds,
because all f;(+1,£1,+1) = 0. Therefore Lemma 4.1 carries over to the discrete
case.

5. UNSTABLE SUSPENSION

In this section we discuss augmented discrete systems

(5.1) E;‘z i iil(ui—l/rvulivui_i_l/m),
i = Ui—1/m T Ujt1/m

as introduced in (2.18). Here 0 < ¢ < n are integer and € > 0. For integer 0 <
k < m, the noninteger values 0 < j := i+ k/m < n indicate the artificially inserted
values u; which augment the original system. We impose Neumann boundary
conditions (2.19) on the flow of (5.1). Our aim is to recover the global attractor
Ay of the original discretized flow

(5.2) Ui = fi(Uim1, Ui, Uit1)

with Neumann boundary conditions (2.17). For small ¢ > 0, and up to orbit
equivalence, we will find A unstably suspended in a center manifold close to the
linear subspace

(5.3) M = {uj_l/m + Ujy1/m = 0, for all noninteger 0 < j < n}.

This subspace contains all equilibria of the flow (5.1), (2.19) and corresponds to
its singular manifold, that is, M is entirely composed of equilibrium points of the
formally reduced system for € = 0 in the fast time variable 7 = t/e. The formally
reduced slow flow on M, in contrast, is given explicitly by (5.2) with Neumann
boundary conditions (2.17), for e = 0. As we will see in the next lemma, it perturbs
to a flow with an orbit equivalent compact invariant set on a normally hyperbolic
invariant manifold M, nearby M, for small ¢ > 0.
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Lemma 5.1. Assume m = 1 (mod4), m > 5. Then the discretized flow (5.2),
(2.17) is orbit equivalent to the reduced slow flow on the subspace M of dimension
n+ 1 by the isomorphism

. n+1 C nm-+1
(5.4) I: R — MCR ,
(’LLQ,U]_,... 7un) = (u07ul/m7"' 7un)

defined by the sign alternation

u; = (=1)*/?y,

55 i+k/m ( )

(5:5) Uit1—k/m = (_1)k/2Uz‘+17
foralli=0,... , n—1, and all even k =2,... ,m — 1. In particular
(5.6) Ui+l = Uit1/m

holds for this embedding, i =0, ... ,n.

The subspace M is uniformly normally hyperbolic for the reduced fast flow. The
dimensions of the strong stable and the strong unstable fibers are equal, each given
by
(5.7) n(im —1)/2.

For small € > 0, the augmented discrete system (5.1) with Neumann boundary
conditions (2.19) possesses a mazimal compact invariant set A%, alias its set of
bounded solutions, satisfying

(5.8) A5 = I(Ap) C M.
In particular, A? is orbit equivalent to Ajy.

Proof. Because m = 1 (mod 4), the map [ is indeed a well-defined linear isomor-
phism between R"*! and M. In particular dim M = n + 1. Because m = 1 (mod
4), we may choose k :=m — 1 even, in (5.5). Because k/2 is still even, this implies
(5.6) for i = 1,... ,n — 1. For i = 0,n, equality (5.6) follows from the respective
Neumann boundary conditions (2.17), (2.19). Inserting (5.6) into the first equation
of the augmented discrete system (5.1) immediately recovers the original discretized
flow (5.2), proving flow equivalence with the formally reduced slow system of (5.1),
(2.19) for e = 0. We define ./Zl(} =1(Ay) C M.

To prove the normal hyperbolicity of M for the reduced fast flow, we follow
standard singular perturbation reasoning. For small € > 0 and rescaled fast time
t/e, the fast time transition layers are given approximately by the equations

(59) UJ = uj—l/m + uj+l/m7

for all noninteger 0 < j < n as above. The approximation is of class C*, for any k.
Since 1; = 0 for integer i, in fast time and for ¢ = 0, the values of w4, ., for integer
t=j+1/min (5.9) are to be considered as constants. Therefore the linearization
of (5.9) at any point of M, coordinatized by ug, u1, ... ,u, according to relations
(5.5), decouples into n identical copies of equation (5.9). In the first copy, j ranges
from 1/m to (m —1)/m, only. The constants w;, when linearized, provide Dirichlet
boundary conditions ug = u; = 0, and similarly for the other j-blocks. Eigenvectors
of the right-hand side of (5.9) are therefore given by u; = sin(7j¢) with associated
real, distinct, nonzero eigenvalues

(5.10) A = 2 cos(wl/m),
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¢=1,...,m—1. Counting Ay > 0 and A\ < 0 then proves (5.7). Normal hyper-
bolicity of M follows for the reduced system in the fast time variable and holds
uniformly on M. Indeed the flow (5.1) is already linear in the @; equation. More-
over, the 1; equation becomes linear for large ||u||, due to definition (3.3) of f; and
normalization (4.7) of f. Therefore, M is uniformly normally hyperbolic.

For small € > 0, singular perturbation theory implies that the augmented discrete
system (5.1), (2.19) has a maximal compact invariant set A3 in a neighborhood U of
the compact set A%; see [Fen79], Theorem 9.1. Near M NU the flow (5.1), (2.19) in
the fast time variable has a C?-smooth (n+1)-dimensional center manifold M, that
depends smoothly on € even at ¢ = 0. Restricted to this slow manifold, the slow
vector field (5.1), (2.19) becomes a C! regular perturbation problem; see [Fen79] for
details. Therefore, by structural stability of the reduced slow Morse-Smale system
on M, the maximal compact invariant set Af[ is orbit equivalent to our original
global attractor

(5.11) A5 = I(Ay)
for small € > 0, and the lemma is proved. O

Throughout, we will consider € > 0 fixed and denote Afc by Aj.

6. DISCRETE SHOOTING

In this section we study the analogue of the shooting curves S%, introduced in
(2.5), for the augmented discrete system (2.17). We make free use of the notation
(2.21)—(2.28) for the two-term shooting recursion @f, j=0,1/m,...,n, the incre-
mental shooting diffeomorphism z/ij in (u;, v;)-coordinates, the shooting quadruples
1[){ , and the cumulative shooting diffeomorphisms \I/{ . We define the discrete ana-
logue 7 of the equilibrium shooting permutation 7. In Lemma 6.1 we show that 7y
does not change under discretization or augmentation. In Lemma 6.2 we highlight
the additional freedom gained by augmentation: realization of arbitrary shooting
diffeomorphisms near identity by shooting quadruples z/NJJf .

The shooting permutation 7 can be defined for general discrete Jacobi systems

(6.1) U = fi(wio1, Ui, uiy1),
i =0,...,n, for example with Neumann boundary conditions u_; = ug, upt+1 =
Up. Assume the equilibrium set {u',... ,uN} C R"*! is finite. Just as in the

continuous case, the ordering at ¢ = 0,

(6.2) uy < ... <ul,

defines a permutation 7 = 7y by the ordering of the values
(6.3) ur® <<t

at the other Neumann boundary i = n.
The discrete analogue of the shooting curves S’Jf are the C' Jordan curves

(6.4) S = v/ (diag) C R2

Here \IJ{ is the cumulative shooting diffeomorphism, and diag = {u_1 = v_1}
denotes the diagonal in R?. As in the continuous case, the permutation Ty can also

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



ORBIT EQUIVALENCE OF GLOBAL ATTRACTORS 273

be viewed as relating the two possible orderings of the intersection points
(6.5) SIn diag |

along the diagonal diag = {u, = v,}, and along S7, respectively. We note
that transverse crossings, in (6.5), indicate hyperbolic equilibria of system (6.1),
similarly to the continuous case.

Let 7y denote the original permutation associated to the equilibria &y, let 7%
denote the permutation associated to the discretization (3.2)-(3.4), and finally 7"
the permutation associated to the augmented system (2.18)—(2.19).

Lemma 6.1. Let n be large enough and m =1 (mod4), m > 1. Then
(6.6) Ty =7y =ap"

Proof. The convergence of discretized equilibria is uniform in z, for n — oo, if we
interpolate linearly between the values u; at = i/n. More precisely, uniform con-
vergence holds on bounded subsets of (u;,v;). The normalization f = —u for large
|u|, |p| given in (2.2) and section 5 avoids the appearance of additional “spurious”
equilibria in the discretized equations which otherwise might escape to infinity for

n — oo. This proves 7y = 7, by definitions (1.13)—(1.14) and (6.2)—(6.3).
Since the augmentation (2.17), (2.18) does not change the cumulative shooting
diffeomorphism W%, at all, the claim 7 = 73" is obvious. This proves the lemma.
O

Encouraged by Lemma 6.1, we simply denote all three permutations in (6.6) by
¢, from now on.
We turn to realization of near identity diffeomorphisms by shooting quadruples

(6.7) Y =Vjy3/m ... 0Py,

for noninteger j,...,j + 3/m. The unperturbed incremental shooting diffeomor-
phisms

(6.8) Yivkym = R,

k=0,...,3, are pure rotations by 90 degrees, independently of the original non-

linearity f. In particular, @Zj = 4d in the unperturbed case. To preserve the Jacobi
structure of the augmented system (2.17), under perturbation, we require the in-
cremental shooting diffeomorphism

(6.9) Vjrr1/m (U, vj) = (Vg 05011 /m(Ujr, v57)),

j"=Jj+ (k—1)/m, to exhibit uniformly negative partial derivatives Oy, ¥4 1/m-
Note that the unperturbed case is

(6.10) Pjr+1/m(uyr, vy) = —uy.

Lemma 6.2. Let ﬁj, for noninteger j, be any diffeomorphism of R? with Jacobian
uniformly 0-close to identity, for some 0 < 4§ < 1/2.

Then there exist four mappings @j, ... ,Qjy3/m as in (6.9), such that their com-
position quadruple (6.7) realizes the prescribed diffeomorphism 1/~Jj.

More explicitly, the partial derivatives of ;, ... ,0;y3/m can be chosen 1%[s-close
to those of the unperturbed case (6.10).
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Proof. Without loss of generality, let j/ = 0,... ,3/m. Simplifying notation, in this
proof we write v, for v;, replacing j’ by 0,1,2,3, and j = j' +1 by 1,2,3,4. We
then have to realize

(6.11) b =1aoysonol
near identity. In fact, we do not perturb
(6.12) P =11 = R.

Therefore it suffices to prove that 14 013 can realize any diffeomorphism — which
is d-close to —id in C*.
In terms of @y, p3, we can rewrite 14 o 13 as

(6.13) (¢4 0 93) (u, v) = (3(u; ), Pa(v, 3(u, ).

This defines 3, 13 in terms of the given diffeomorphism —1, trivially. We note two
obvious estimates for the partial derivatives 013, 023 :

|1+61Q03| S 67

6.14
(6.14) o3| < 6

In particular 0y 3 < 0 holds uniformly, if we choose § < 1. Moreover, 3 is §-close
to the unperturbed case. ~
Let ¢(u,v) denote the second component of the prescribed diffeomorphism —,

|81S0| S 67

(6.15) 1+00] < 6.

To realize ¥4 0 Y3 = —1/37 we simply have to define

(6.16) Y41 =@o 1/)3_1
With this definition, we now partially differentiate
(617) 904(1)7()03(’“31})) = (,O(U,U),

with respect to u and v, to obtain

Oaps - Or1p3 = 01,
6.18
( ) 0194 + Oops - Oops = 0Oap.

We have to show 914 < 0, uniformly. Inserting estimates (6.14), (6.15) into the
first equation of (6.18), we immediately see

(6.19) |02p4] = [010] / |O1p3| <6/(1—0).
Reinserting (6.19) into the second equation of (6.18) we find
(6.20)

0
|1+81§04| < |1+82§0| + |82<,04'82(p3| < o+ m -0 = 5/(1—5)

Hence 014 < 0, uniformly, provided we fix § < 1/2. Moreover all (91¢;, 2¢;) are

2=-close to the unperturbed case. 0
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7. PATHS AND LOOPS OF DIFFEOMORPHISMS

This section contains details of the construction of our final, non-naive Morse-
Smale homotopy in our class of augmented discretized systems (2.18). For an outline
and notation see (2.29)—(2.34). We first define the planar region 2, outside of which
the nonlinearities f and g produce identical incremental and cumulative shooting
diffeomorphisms. We then review the explicit construction of the prescribed ho-
motopies W7, ¢ = 1,... ,n. Facts concerning their relation to 2 are collected in
(7.1)—(7.8). In Lemma 7.1 we state the property 71 (Diff (2)) = 0, which is used
for the construction of the interpolating cumulative shootings ¥(7,£), in Lemma
7.2. We conclude with a final discretization of &, which realizes the homotopy of
cumulative shootings in our augmented discretized system (2.18).

We construct the disc Q C R? as follows. Consider the original iterations (u;, v;)
for equilibria of the discretized system (2.16) or, equivalently, for the unperturbed,
augmented discretization (2.18); see (2.25). For i =0,... ,n— 1 let

(7.1) Q{ ={(u_1,v_1) € R?||u;| <201 and nlu; —v;| < 2C5}.
The constants C, Cy were used for normalization of f, g, in (2.2), and the super-
script f emphasizes f-dependence of the iteration. Denote

n—1
=0

and let 2 be any closed planar disc such that
(7.3) QD20 us.

Consider any initial condition (u_1,v_1) ¢ €. Then the f- and g-trajectories of
(u—1,v-1) coincide, by normalization. In particular

4,01; = (»Ozgv
dji = fa
(7.4) o =
sf = s

holds outside €2, and on 99, for all i = 0,...,n; see (2.24), (2.25), (2.29), (6.4)
for notation. The equality of the shooting curves “outside Q7 is meant to hold for
corresponding initial conditions u_; = v_; outside €2, of course.

Fori=0,...,n—1 we will now fall back on our original, naive idea of a standard
homotopy for ¢;, ;. Only for the iteration from i = n — 1 to i = n we will make
use of the additional flexibility procured by augmentation. So, for i =0,... ,n—1
and 0 < 7 < 1 define

(7'5) SDZ— = (1 - 7—)90{ +7—(ng7
vl = (=l v,
and let the cumulative shootings W7 be defined via composition of 9], as before.

Similarly, we obtain shooting curves S, 97, as before. By definition of (2, equations
(7.4) expand to

%j: = ¢l = ¢,

ol o= T = g,
7.6 v ¢ ¢
79 Wo-w =

S = s =
outside .
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For the final step, i = n, such a naive homotopy is of course prohibitive because
it does not preserve hyperbolicity. Instead we prescribe some planar diffeotopy &7,
in the spirit of (2.12), from ®° = ¥/ to &' = W9 such that transversality of the
shooting curves to the diagonal is preserved throughout the diffeotopy:

(7.7) &7 (diag) M diag

for all 0 < 7 < 1. Such a planar diffeotopy exists because 7y = 7, for the shooting
permutations of S} = ®°(diag) and of S¢ = ®!(diag). By normalization of f,g
outside 2, we may assume

(7.8) Ul =" =09

there. The crucial task of this section is, now, to realize the prescribed homotopy
®" by appropriate perturbations of the m — 1 incremental shootings 1, j = n —
1+1/m,...,n—1/m, such that

(7.9) Sy = U7 (diag) = @7 (diag)

holds for the cumulative shootings ¥, in analogy to (2.13). The construction of
U7 is prepared in the following two lemmas.

Recall that Diff,(©2) denotes the space of all diffeomorphisms of the planar disc
which fix the boundary 92 pointwise. The topology on Diff . (£2) is the C'-topology.
As before, 1 denotes the fundamental group.

Lemma 7.1.
(7.10) m1(Diff . () = 0.
Proof. This is Smale’s theorem; see [Cer68], appendix. O

We can now construct the two-parameter interpolation W¥(7,&) mentioned in
(2.32), for i = n. We have slightly changed notation: for clarity, the prescribed
path U7 of diffeomorphisms is distinguished as ®7, here, whereas the notation W7,
is strictly reserved for cumulative shootings which are realized by perturbations of
augmented discrete systems in the sense of (2.18), (2.19).

Lemma 7.2. In the above setting, there exists a continuous two-parameter family
U =U(r,¢), 0<7,&<1, of planar diffeomorphisms with the following properties
(see Figure 2.2 and (2.32). Let ¥7 := (1 — 1) + 79, Then, for all 0 < 7,6 <1,

A R )

n{=1) = (¥p) @7,

(711) (T_Ové.) = \I/:z 17
(T - 17 6) = \IIZ;_

Specifically outside 2, we have

(7.12) U(r,§) = Y5,

Proof. Outside €, the definition (7.12) of ¥(r,¢) fulfills all the requirements of
(7.11). Indeed, the second equality follows from (7.8) and the definitions of 1,,, ¥
The remaining equalities hold trivially.

We now construct ¥(r, ) inside Q. Let ¥(r,€) be a contraction, in Diff, (£2), of
the loop

(7.13) T U(rE=1) = (Y] o] ;) 'O,
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0 <7 <1. In fact, \i/(T71) = id forj' = 0,1, and, outside €, for 0 < 7 < 1; see
(2.29), (7.5), (7.6), (7.8). Therefore ¥(r,&) € Diff .(Q?) indeed exists, continuously
in (7,€), by triviality of the fundamental group as observed in Lemma 7.1. Note
that

(7.14) U(0,¢) = ¥(1,6) = ¥(r,0) = id,
throughout 0 < 7,& < 1. With the help of ¥ we can now easily construct ¥ as
(7.15) U(r,€) := Wl _, 0 U(r,¢).

Then the second equation of (7.11) follows from (7.15) and (7.13). The remain-
ing three equations of (7.11) follow from (7.15) and (7.14). This completes the
construction inside 2.

A remaining issue is the C'-matching of the diffeomorphisms ¥(,£) along 9.
Pulling this question back to W(r,£), via (7.15), it is sufficient to provide diffeo-
morphisms which are identity in a small neighborhood of 92 in 2. This is easy to
achieve, by first performing the above construction in a slightly smaller disc Q' C €,
and subsequently smoothing out the transition in a small annulus around 99’ in
Q. This completes the proof of Lemma 7.2. O

In the remaining section we conclude our proof of Theorem 1.1, specifying the
intermediate incremental discretization steps 1; with noninteger 0 < j < n, and
summarizing the Morse-Smale homotopy from f to g.

For noninteger 0 < j < n — 1, we do not perturb 1; away from rotation by
90 degrees. In fact, we could do without any augmentations between i = 0 and
1 = n— 1. This follows because the homotopies ©], ¢ =0,--- ,n—1, are all realized
within the class of maps 7 (u,v) with uniformly negative partial derivatives 9,7 .
Standard homotopy (1 — T)(p{ + 7¢? does the job. We have nevertheless inserted
all these artificial discretization points, just for notational convenience.

It is for noninteger n—1 < j < n, where augmentation seems really indispensable.
Following (2.34), we choose m = 1 (mod 4) large enough such that each of the
(m — 1)/4 diffeomorphisms

(7.16) U7 g = (7, &pgr) 0 (U(7, &)

is d-close to identity in C'-norm. Here & = 4k/(m—1), k=0,...,(m —5)/4,0 <
7<1,6 <1, and ¥(r,&) is chosen as in Lemma 7.2. By Lemma 6.2, each of the
diffeomorphisms can be realized as a shooting quadruple

(7.17) ok = w;—1+(4k+4)/m 00 z/’rTL—1+(4k+1)/m

with incremental shooting maps v}, ¢; respecting the partial derivative condition
of Jacobi systems. Only for 7 = 0, 1, the incremental shootings are rotations by 90
degrees; for in between 7 they are perturbed. With this choice of homotopy, the
cumulative shooting W7 realizes the prescribed diffeotopy ¢” of discrete shooting
curves,

(7.18) Ul =7
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for 0 < 7 < 1, as required essentially in (2.13). Indeed, (7.11), (7.16), and (7.17)

imply
Vo = o m-1y/m @ O Yimigaym © Y
= Yo LI’;,(m_s,)/zl 0-oWhgoWh
(719) = 1/%2 © \I/(T, g(m—l)/4) 0 \IJ(Tv O)_l 0 \11271
= Ylo¥(r1)
= 7

which proves (7.18). This completes our construction of a hyperbolicity preserving
homotopy of shooting curves from Sf to S¢, in an augmented discrete context.

However, there still remains a last homotopy step. By (7.19), we have con-
structed a shooting homotopy, for all solutions of iterations

(720) O:fj(uj—l/maujvuj-i-l/m)a

with given ug,u_1/,. We have not yet constructed a Morse-Smale homotopy for
the augmented discrete systems

(7.21) Uy = fi(uj—1/m, U5, Ujr1/m),

under Neumann boundary conditions. ~

To complete this final step, consider nonlinearities f;, f; which are both dis-
sipative, as in (4.12), and in addition induce the same iteration via (7.20), that
is,

(7.22) vj =P

for ¢; := cpf and all j. Here we think of

(7.23) Fi (W1 pms Wy W1 /m) = Uj1/m — P (Wi 1/m, Uj)-

Note that sign fj = sign f;, and hence fj satisfies the same dissipation condition
(4.12) as does f; itself. We show that

(7.24) Ap = Az

holds for the corresponding maximal compact invariant sets (due to hyperbolic
suspension, they are not attractors any more). Indeed, a standard homotopy
(1 — 7)f;j + 7f; works: none of the iterations ¢;,1;, ¥;, or finally the shooting
curves S7 changes at all during this homotopy. In particular, the homotopy is au-
tomatically Morse-Smale. This implies (7.24). Using the same argument on g, g,
we summarize

(7.25) Ap = Ap=Ag = A,

The first and last orbit equivalence are stated in (7.24). The central orbit equiv-
alence follows from (7.18), (7.19), because via construction (7.23) our hyperbolicity
preserving homotopy ¢7 induces a Morse-Smale homotopy ij from f to g. This
proves (7.25) and Theorem 1.1. O
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8. DISCUSSION

Equipped with the proof of our main result, Theorem 1.1, we collect some criti-
cism, generalizations, and open questions. We begin with a discussion of dissipation
conditions, narrowing our view to f = f(z,u) and also widening it to more general
semilinear and quasilinear PDEs. Keeping the space variable x one-dimensional, we
address other separated as well as periodic boundary conditions. The latter case is
basically as open as the case of monotone feedback delay equations. For dissipative
Jacobi systems, not necessarily arising by space semidiscretization, we announce a
result on global orbit equivalence of global attractors in analogy to Theorem 1.1;
see Theorem 8.1. It turns out that, from our global attractor point of view, the
class of all dissipative Jacobi systems is not richer than the class of all dissipative
PDEs (1.1). The question of the mininal dimension n+ 1 of a Jacobi system which
realizes a given global PDE attractor of dimension d remains open, however. We
conclude with a discussion of the relation between connection equivalence and or-
bit equivalence of global attractors, and with the problem of a geometric, simplicial
description of global attractors.

We recall our dissipation conditions (1.7), (1.8) which state that

f(z,u,0)-u < 0,
|f(z,u,p)] < a(u) +b(uw)|p|”

for large |u| + |p|. These conditions are by no means necessary. For example, the
second condition can be replaced with the crude unilateral constraint (f, + fup)p <
0. We have used (8.1) in Lemma 4.2 in order to normalize

(82) f(ﬂmu,p) =—u

for large |u|+|p|. Actually, only convexity of (8.1) with respect to f was used. More
generally, any cut-off which replaces a general, dissipative f by an f satisfying (8.2),
while preserving the global attractor, would enable us to assume (8.2) without loss
of generality. Such a cut-off replacement can be achieved in the class of abstract
nonlinearities f : X¢ — X, where X® denotes a fractional power space related
to diffusion. See for example [MPS88]. But our present proof requires a cut-off
f = f(x,u,p) which preserves, for example, the shooting description of equilibria
and still does not enlarge the global attractor Ay, the equilibrium set £¢, or the
shooting permutation ;.
Generalizations to space dependent diffusion terms

(8.3) up = () Uz + f(,u,us)

(8.1)

with uniformly positive ¢(z) can be achieved easily, for example, by a reparametriza-
tion of x. The fully nonlinear, but still uniformly parabolic and dissipative case

(84) Uy = f(xauu Ug, uww)

is not sufficiently investigated on a technical level, at present, to apply our ideas
directly. We still expect global attractors to be characterized by shooting permuta-
tions, up to orbit equivalence. If this is the case, we argue below that these “more
nonlinear” equations will not generate additional Morse-Smale attractor types be-
yond the semilinear case.

The maximal compact invariant set Ay can also be associated to non-dissipative
nonlinearities f. This observation applies to equations with finite time blow up and,
mutatis mutandis, to degenerate diffusion problems of porous media type. For a
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recent survey see [SGKM95]. In principle, our approach via shooting permutations
should be applicable to the structure of .4y and might, in conjunction with nodal
properties, even lead to qualitative information on some blow up trajectories. To
our knowledge, this direction has not been followed in the existing literature.

Natural separated boundary conditions of mixed type can be written as
(I1-7)u—7u, =0 at z=0,

(8.5) I-7Tu+7u, =0 at z=1

with 0 < 7 < 1. We have treated Neumann boundary conditions, 7 = 1, so far.
The Dirichlet case, 7 = 0, as well as the remaining mixed cases 0 < 7 < 1 can be
treated along the same lines. We just redefine the (oriented) shooting curves S5 as
2 = 1 images of the boundary condition (8.5) at = 0, under z-shooting. Similarly,
we adapt the shooting permutation m¢ to encode the discrepancy of orderings of
equilibria along the (oriented) boundary condition line (8.5), at = 1, and along
the shooting curve S’jle, respectively. Imposing suitable dissipation conditions for
f, Theorem 1.1 remains valid:

(8.6) Tp=mg = Ap=A,.

Perhaps more surprisingly, all attractors already arise in the Neumann case treated
here, up to orbit equivalence. New structurally stable attractor types do not arise,
for any 0 < 7 < 1. For more details see [Fie96]. Adaptations to mildly nonlinear
boundary conditions seem feasible.

The case of periodic boundary conditions, € S*, is inherently more difficult.
Although a Morse-Smale structure persists, the variational structure is lost. In
fact, nontrivially time periodic solutions appear, for f = f(u,p) [AF88]. Even in
the gradient case f = f(x,u), where the Lyapunov functional (1.17), (1.18) works,
we do not possess an analogue of the shooting permutation 7. Of course, the braid
type of the equilibrium profiles in (z,u, p)-space comes to mind.

A particularly interesting example from differential geometry is the shortening
of closed curves, proportionally to their curvature, on surfaces. For surveys, in-
cluding intersection properties like the zero number, see [Ang90], [Ang91]. Two
difficulties are combined: finite time blow-up and S'-structure. Asymptotic states
are closed geodesics. Globally defined solutions correspond to heteroclinics between
closed geodesics. Blow-up greatly complicates the topology of a phase space X of
this infinite-dimensional dynamical system. The S!-structure, on the other hand,
prevents us from isolating a characterizing discrete object, like our permutation m,
for the set of globally defined solutions of curve shortening.

Theorem 1.1 was proved via discretization

(8.7) U = fi(ui—1,ui, Uig1),

i = 0,...,n, subsequent augmentation, and a Morse-Smale homotopy. Skipping
just the initial discretization step, we immediately obtain the analogous result for
Jacobi systems (8.7) provided f; is also dissipative, as stated in (4.12). We state
this result next. Again Ay denotes the global attractor of (8.7) for f = (fo,... , fn)
and under Neumann boundary conditions u_; = ug, up4+1 = u,. The permutation
7 was defined in (6.2), (6.3) for hyperbolic sets £ of equilibria.

Theorem 8.1. Consider Jacobi systems (8.7). Let f,g € C' satisfy dissipation
condition (4.12). Assume Ef,E, are hyperbolic. Then wy = m, implies Ay = A,.

Proof. See sections 2, 4-7. O
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Let A% denote the set of all global attractors of spatially discrete dissipative
Jacobi systems (8.7) as in Theorem 8.1, up to orbit equivalence. We do not require
(8.7) to arise by discretization. Similarly, let A" denote the same set for spatially
continuous PDEs (1.1) as in Theorem 1.1. By discretization, section 3, we know

Acon g Adis'
Theorem 8.2. In the above setting,
(88) Acon _ Adis.

Proof. We show how (8.8) follows from further results in three related papers.

It remains to show A" D A%%: the class (8.7) of spatially discrete Jacobi
systems is not richer than the class (3.2), (3.3) of spatially discretized systems.
Consider any permutation 7y, for (8.7). From the permutation 7s, the Morse

indices i(u*) > 0 of equilibria u* € Ef, k=1,...,N, can be determined explicitly:
k—1

(8.9) i(uh) =" (=) T sign(y 1+ 1) — 7 (1),
1=1

Here i(u') = i(u) = 0, by dissipation. See [FR97] for a proof and see also
[Roc94]. Perhaps not surprisingly, in view of discretization, the same formula is
valid in the spatially continuous case (see [FR96]). Moreover it turns out that any
such permutation 7y also arises as

(8.10) TE="y

for a suitable dissipative nonlinearity f , in the spatially continuous case, see [FR98].
As in section 3, let .A;} denote a suitable discretization of Af such that

(8.11) A AT,

For n large enough we also conclude T = 77}3; see Lemma 6.1. Combined with
(8.10) this implies 7T}~L =7y =my. By Theorem 8.1 we obtain

(8.12) A= Ay,
for these spatially discrete attractors. Together, (8.11) and (8.12) prove A" D
A5 (8.8), and the theorem. |

By Theorem 8.2, or section 3, any global attractor A 7in A" can be realized as

some attractor Ay in A% — for example by discretization. This raises the following
open question: What is the minimal dimension n + 1, for given A 7 such that

(8.13) Ap = A

for some dissipative Jacobi system f = (fo, f1,..., fn) of form (8.7)? We recall
from (3.9) that the canonical projection

(8.14) P: A - R"™Y
(Pu); :==u(z;), 0<z <...<x, <1, is injective and differentiable, for
(8.15) n+1=dim Aj.

However, the flow induced by P on PA 7 need not be a tri-diagonal Jacobi system.
Still the optimal bound (8.15) might be the answer to our question. In view of
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our proof of Theorem 8.2, the question reduces in principle to an investigation of
realization of shooting permutations m 7 by discrete cumulative shootings.

In [FR96], we have introduced the weaker notion of connection equivalence. Here
global attractors Ay, A, are called connection equivalent, Ay ~ Ag, if there exists
a bijection h : £ — &; between the equilibria which preserves Morse index and
the existence of heteroclinic connections. More precisely, there exists a heteroclinic
connection from w to @ in Ay if, and only if, there exists a connection from h(u) to
h(w) in Ag. By definition,

(8.16) A=A, = A~ A,

In [FR96], Corollary 6.1 we have noted that 7y = 7, implies Ay ~ A,. In [FR96],
(6.11) we have conjectured that 7y = 7, implies Ay = Ag; this is now proved in
Theorems 1.1 and 8.1. We ask, this time, whether the converse of (8.16) also holds:

(8.17) A~ Ay = Ap A,

This is nontrivial because, in [Fie94], [FR96], we have found shooting permutations
7, Ty with surprising connection equivalence Ay ~ A, in spite of 7, 74 not being
even conjugate. The simplest examples require N = 9 equilibria.

Although we have now examined orbit equivalence of global attractors in much
detail, we are still lacking a good geometric description. Given ¢, we would like to
be able to draw a “picture” of Ay, on a reasonably descriptive level of abstraction.
One approach would attempt to obtain a simplicial complex from the decomposition
of Ay into equilibria and their manifolds of (transverse) heteroclinic connections.
The combinatorics of such complexes, tied in with the shooting permutations ¢,
might also hold the key to the orbit equivalence question (8.17). At the same
time, it might shed some light on the surprising connection equivalences mentioned
above. Providing good geometric attractor models which tie in with their dynamics
remains a challenge!
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