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Abstract

We consider one parameter families or arcs of diffeomorphisms. For families
starting with Morse-Smale diffeomorphisms we characterize various types of (structural)
stability at or near the first bifurcation point. We also give a complete description of
the stable arcs of diffeomorphisms whose limit sets consist of finitely many orbits. Uni-
versal models for the local unfoldings of the bifurcating periodic orbits (especially saddle-
nodes) are established, as well as several results on the global dynamical structure of the
bifurcating diffeomorphisms. Moduli of stability related to saddle-connections are
introduced.
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I. — INTRODUCTION

The study of the geometric structure of the orbits of dynamical systems (differential
equations, flows, vector fields, or diffeomorphisms) defined on a manifold has been
considered in many works since Poincaré and Liapunov. Two diffeomorphisms f and f’
are said to have the same geometric structure if they are topologically conjugate, i.e. if
there is a homeomorphism /4 from the domain of f to that of f” such that &f =f"kh. Two
flows or vector fields, are called topologically equivalent if there is a homeomorphism
sending orbits of one system to orbits of the other; if, in addition, the homeomorphism
preserves the flow parameter, we again say the systems are conjugate. In general terms,
we aim at the classification of dynamical systems under conjugacy or topological equi-
valence. Since, however, much pathological behavior can occur, we must restrict
ourselves to interesting special classes of systems. We shall be concerned here with
systems having only mild recurrence; in particular, we shall frequently assume that their
limit sets consist of only finitely many orbits.

The space of differentiable systems of class C', r> 1, has a natural topology
given by uniform convergence of the first r derivatives. This is called the C topology.
Given any equivalence relation E on the set of dynamical systems, one can define systems
to be E-stable if they lie in the interior of their E-equivalence classes. When topological
equivalence is used for E, an E-stable system is called structurally stable (or just stable).
The stable diffeomorphisms and vector fields whose limit sets have finitely many orbits
coincide with the Morse-Smale ones [24]. In fact, in this case the Birkhoff center [15]
is finite because non-trivial recurrence implies uncountably many orbits in the limit
set. Since one understands the structure of Morse-Smale systems pretty well, it is natural
to consider one-parameter families of systems starting at a Morse-Smale one and to attempt
to describe the structure of the elements of such families. In the present work we shall
define three natural equivalence relations on these families, and we shall characterize
their stable families in terms of geometric properties. In particular, we will characterize
the stable one parameter families of diffecomorphisms whose elements have only finitely
many orbits in their limit sets. This corresponds to the characterization of the Morse-
Smale diffeomorphisms as the ones which are stable and have finitely many orbits in
their limit sets. The results can, of course, be translated to certain classes of vector fields
(those with global cross-sections). In [264] related results are obtained for families of
gradient vector fields.

We first present a preliminary description of our main results. Later, we shall
give their precise statements.
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In [19], [20], one studied how a one-parameter family of diffeomorphisms starting
at a Morse-Smale one ceases to be stable (i.e. goes through a bifurcation) when the
parameter evolves. For a generic family, the description given there is complete assuming
that the diffeomorphism at the first bifurcation point has its limit set made of a finite number
of orbits. It turns out that these orbits are all periodic except at most one. If the periodic
orbits are all hyperbolic, then their stable and unstable manifolds meet transversally
except along one orbit. In case one of the periodic orbits is not hyperbolic, this orbit
must be an elementary bifurcation (a saddle-node, flip, or Hopf orbit), the other periodic
orbits must be hyperbolic, and all stable and unstable manifolds meet transversally. The
orbit structure of the diffeomorphism at the first bifurcation point will be basic for our
results on the stability of these arcs.

Throughout this paper, M denotes a compact CG® manifold without boundary, and
Diff(M) denotes the set of C® diffeomorphisms of M. We let & = #(M) be the space
of G* arcs of diffeomorphisms on M. That is, if I is the unit interval, then Z(M) consists
of G® mappings ® : M X I - M X I, such that ®(m, u) = (9,(m), &) where m > ¢,(m)
is a G* diffeomorphism for each p € I. Elements of & will also be called one-parameter
families or arcs of diffeomorphisms and will frequently be denoted by {¢,} or 9. We
give Diff(M) and & the usual C* topologies.

Let us consider three equivalence relations on the set & of one-parameter families
of diffeomorphisms. We say two families are fopologically conjugate if, modulo an orien-
tation preserving homeomorphism of the interval I, each element of the first family is
topologically conjugate to an element of the second family, and the conjugacy varies
continuously with the parameter. If conjugacies exist but do not necessarily vary conti-
nuously, we say the families are mildly conjugate. Finally, if the elements of the families
are topologically conjugate up to and including their first bifurcation points, we say they
are left conjugate. 'The interiors of the equivalence classes of the preceding equivalence
relations define, respectively, stable, mildly stable, and left stable arcs of diffeomorphisms.

For arcs { ¢, } such that the limit set of ¢, consists of finitely many orbits for each g,
we will give necessary and sufficient conditions for stability, and we will geometrically
characterize left stability. For mild stability, our characterization is complete except
for one case which we present as an interesting open question. In all cases, we exhibit
necessary and sufficient conditions in terms of the orbit structures at the bifurcation points
of the arcs. For arcs beginning at Morse-Smale diffeomorphisms we will first study the
different types of stability for an interval in I containing the first bifurcation point in its
interior.

Let us describe the results. To begin with, if, at the first bifurcation point, some
stable and unstable manifolds meet non-transversally, then the arc is not even left stable.
In fact, in this case we have at least a one-parameter family of different equivalence
classes of arcs near the initial one. This corresponds to the existence of the modulus
of stability as discussed in [27], [28]. In the other possible cases, when there is a saddle-
node, a flip or a Hopf periodic orbit, the arc is left stable. When the arc goes through

8
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a Hopf orbit it is never mildly stable; this is due to the appearance of invariant circles
with irrational rotations. On the other hand, we always get stability for arcs going
through flip orbits. The case of a saddle-node orbit deserves a special discussion. First
of all, it is much harder than in the flip case to prove the existence up to conjugacy of a
universal model for its local unfolding. This is done in Chapter II. On the other hand,
the restriction of such a conjugacy to the center manifold is surprisingly rigid. We discuss
several applications of this fact in section 5 of Chapter III. Moreover, the strong stable
and strong unstable foliations of the stable and unstable manifolds must be preserved
by a conjugacy between two arcs going through saddle-nodes. Thus, criticallity or
tangency of the invariant (stable, unstable) manifolds of other periodic orbits with respect
to one of these foliations implies that the arc is not stable. Criticallity with respect to
both foliations implies that the arc is not even mildly stable. Another crucial factor
is the existence of cycles for the periodic orbits. When the arc goes through a saddle-node
which is critical but not bicritical and has no cycles, then this arc is mildly stable but not
stable. If there is a cycle, the arc is not stable and, we believe, it is not even mildly stable.
We are able to prove this last statement for cycles of length bigger than one and for one-
cycles when the saddle-node is normally attracting or repelling. This follows from the
appearance of a non-transversal homoclinic orbit, which implies a non zero modulus
of stability. To prove the existence of such a homoclinic orbit, we reduce the question
to one-paramcter families of endomorphisms of the circle and introduce a generalized
notion of rotation number. Necessary conditions for the types of stability mentioned
above are also established in Chapter III. The proof that, under these conditions, the
arcs are stable, mildly or left stable is performed in the last chapter. There we use a
suitable version of tubular families or foliations, some of them with singularities. Our
constructions also provide a more elegant proof of the stability of Morse-Smale diffeo-
morphisms originally established in [24], [25]. Stability for arcs containing saddle-nodes
was generalized by Robinson [31] to certain families starting at Axiom A diffeomorphisms.

Many of these results were announced in [21]; however, we mistakenly claimed

to have characterized mild stability. As we mentioned above, it remains to prove that
certain l-cycle cases are not mildly stable.

Let us now review some definitions and be more precise.

For g € Diff(M), theorbito(x),of a point x € M, is defined as o(x) = {g"(x) | n € Z}.
A point y e M is called a limit point of g if for some sequence n;, € Z with |n;| — oo,
lim g%(x) = y. We denote by L(g) the closure of the set of these limit points. A point
x € M is a periodic point of g with period & if g5(x) = x and g'(x) + x forall o <¢<k;
x is hyperbolic if dg*(x) has no eigenvalues on the unit circle. The stable, unstable sets
or manifolds W*(x, g), W*(x, g), of a periodic point x are defined as

{3 € M| p(g"(»), £"(x)) 0 for n > + 0}
and {7 € M| p(g"(5), £'(x)) >0 for n > — w},

18
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respectively, where p is a metric on M. If x is a hyperbolic periodic point of g, W*(x, g)
and W*(x, g) are injectively immersed sub-manifolds of M. We say that a diffcomorphism
g € Diff(M) with finitely many periodic orbits has a k-cycle if there is a sequence of
periodic orbits o(p,), ..., o(p,) with o(p,) = ¢(p,) and e(p;, ) Cclosure (W*(e(p;)) for
0<i<k and o(f) + o(p;) for o <i<j<k, and if this sequence is maximal.

A diffeomorphism g is Morse-Smale if L(g) is finite and hyperbolic and if all the
intersections of stable and unstable manifolds are transverse. We denote the set of
Morse-Smale diffecomorphisms by MS. This set is open [24] and each g € MS is stable
in the sense that any g’ which is G! near g is conjugate to g [24], [25), i.e. there is a homeo-
morphism k: M — M so that g’k = hg.

For an arc {¢,} €& with ¢, eMS, let b = b(p) =inf{pnel|q, ¢ MS}. We
always assume that b(p) < 1. If {¢,},{¢,} € #, thenwesay that (4, {H,}) is a conjugacy
if A:[o,1] > [0, 1] is a homeomorphism with k(b(9)) = b(¢'), H,: M ->M is a
conjugacy between ¢, and ¢;,, for all ¢ in some neighborhood of [o, 5(¢)], and H,, depends
continuously on p. If H, does not necessarily depend continuously on u, we say that
(h, {H,}) is a mild conjugacy, and if H, is only a conjugacy for p < b(p), not necessarily
continuous in p, then (k {H,}) is called a lft conjugacy. Conjugacy, mild conjugacy
and left conjugacy define equivalence relations in the set of those arcs in & which start
in MS. An arc {¢,} €2 is called stable, mildly stable or left stable if is an interior
point of its corresponding equivalence class.

Now we come to the description of the class of arcs to which our results apply.

Definition. — of CP is the subset of those {¢,} €2 such that

1. ¢y € MS;
2. b = b(p) = inf{u ¢ [o, 11| @, ¢ MS}< 13
3. the limit set of ¢, has finitely many orbits.

For the arcs of diffeomorphisms in & it is often useful to impose certain generic
conditions on the first bifurcation. In order to describe them we need some more
conditions.

Let x be a fixed point of a difffomorphism g e Diff(M). We call x quasi-hyperbolic
if one of the following three conditions holds:

— (dg), has one eigenvalue one, the other eigenvalues have norm different from 1 and
there is a g-invariant curve « through x such that g | « has first but not second order
contact with the identity at x; in this case, x is a saddle-node;

— (dg), has one eigenvalue — 1, the other eigenvalues have norm different from 1 and
there is a g-invariant curve « through x such that g2 | « has second but not third order
contact with the identity at x; in this case, x is a flip.

— (dg), has a pair A% A of eigenvalues on the unit circle, the other eigenvalues have
norm different from 1 and there is a g-invariant surface « through x, tangent to the

10
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generalized eigenspace of the pair A, A at x and such that the 3-jet of g at x makes g | «
an attractor or a repeller; in this case, x is a Hopf point.
For periodic orbits there is an analogous definition of quasi-hyperbolicity.

When {¢,} € o/, we say that {,} is elementary at its first bifurcation value & (or
9, 1s elementary) if it fulfills one of the two following conditions: (1) all periodic points
of ¢, are hyperbolic, there is one orbit of non-transversal intersections of a stable and
an unstable manifold, and all other intersections of stable and unstable manifolds are
transversal; or (2) there is one quasi-hyperbolic orbit, the other periodic orbits are hyper-
bolic and all intersections of stable and unstable manifolds are transverse.

In case x is a flip or saddle-node of ¢, we also require stable and unstable manifolds
to be transversal to the strong stable and unstable manifold of x; the strong stable (resp.
unstable) manifold consists of the points y such that the distance from x to ¢}(y) (resp.
@5 ‘(¥)) goes exponentially to zero (see also Chapter IV).

If {¢,} €, o,is elementary, and ¢, has a quasi-hyperbolic periodic orbit, then
there are generic conditions one may impose on the dependence upon u at these quasi-
hyperbolic periodic points. Such conditions are described in Chapter II, § 3 (for the
saddle-node), § 4 (for the flip) and § 5 (for the Hopf orbit). If these conditions are
satisfied we say that the quasi-hyperbolic orbit unfolds generically.

Definition. — B C o is defined to be the set of those arcs {¢,} in & for which g,
is elementary and for which the quasi-hyperbolic periodic point of ¢,, if there is any,
unfolds generically,

It can be shown [4], [19], [20], [36] that there is a residual subset &’ in & such
that int(#) = & N #’'. We want to give necessary and sufficient conditions for arcs
in Z to be stable, mildly stable or left stable. For this we need to describe the notion
of criticallity.

Let g € Diff(M) andlet x beasaddle-nodeofg. Then thereis a unique foliation % **
of W*(x, g) with smooth leaves such that the boundary of W*(x, g) is a leaf and such that g
maps leaves to leaves; see [12]. #*is called the strong stable foliation. A corresponding
foliation of W*(x, g), the strong unstable foliation, is denoted by &#*. We call x s-critical
if there is some hyperbolic periodic point y of g such that W¥(y, g) intersects some leaf
of #* non-transversally; u-critical is defined similarly. Now, x is called semi-critical if
it is cither s- or u-critical, x is called bi-critical if it is both s- and u-critical, and x is called
non-critical if it is not semi-critical.

Theorem. — Let {9,} be an arc in B.

1. {9,} is left stable if and only if all stable and unstable manifolds of o, intersect transversally;

2. if {@,} is left stable, if the quasi-hyperbolic orbit is not a bi-critical saddle-node or a Hopf orbit
and if @, has no cycles, then {¢,} is mildly stable;

11
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2'. if {@,} 1s mildly stable, then { ¢, } is left stable, the quasi-hyperbolic orbit is not a bi-critical
saddle-node or a Hopf orbit, o, has no cycles of length greater than 1, and @, has no non-critical
L-cycles;

3. {@,}isstable if and only if { @, } is left stable, the quasi-hyperbolic orbit of @, is not a semi-critical
saddle-node or a Hopf orbit and o, has no cycles.

This theorem, together with the remark at the end of section 2, Chapter III, and
Theorem (4.4) in Chapter IV implies the following characterization of stable arcs of
diffeomorphisms with limit sets consisting of finitely many orbits.

Theorem. — Let {¢,}, w €[o, 1] be an arc of diffeomorphisms such that the limit set of
each ¢, consists of finitely many orbits, p € [0, 1]. Then {,} is stable if and only if there are
only finitely many bifurcation values, say by, ..., b,, in (0, 1) and for cach 1 < i<s, o has
the following properties:

— all stable, strong stable, unstable, and strong unstable manifolds intersect transversally;
— @y, has no cycles and has exactly one non-hyperbolic periodic orbit which is either a flip or a
non-critical saddle-node; this non-hyperbolic periodic orbit unfolds generically.

We acknowledge useful comments by several colleagues, especially W. de Melo,
F. Przytycki, and C. Pugh.
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II. — LOCAL DESCRIPTION
OF THE ELEMENTARY BIFURCATIONS

1. Introduction

Let M be a smooth manifold. We shall consider smooth arcs of diffeomorphisms
9,: M —>M, peR, ie such that the corresponding map ®: M x R - M x R,
defined by ®(x, u) = (9,(x), w) is G®. For such an arc, there usually are points
(x, ) e M X R where ¢, does not satisfy the Kupka-Smale conditions [13], [33] along
the orbit of ¢, through x. In this chapter we shall analyze the behavior of ® near those
points. Such a point is called an elementary bifurcation (point) of ® (or ¢,).

There are two types of elementary bifurcation points, namely those (x, p.) for which
x is a non-hyperbolic periodic point of ¢,, and those (x, u) where % is a non-transversal
point of intersection of stable and unstable manifolds of ¢, (see [36]). Before we go
into details we describe some facts concerning center manifolds in relation to the periodic
elementary bifurcation points. Then a description of the types of periodic elementary
bifurcations occurring in generic arcs is given. In subsequent sections all these types
are analyzed. The saddle-node elementary bifurcation shows some exceptional and
unexpected topological properties. In the final section, non-transversal intersections of
stable and unstable manifolds are treated.

2. Center manifolds and periodic elementary bifurcations

Let {9,: M — M} be a smooth arc of diffeomorphisms having a periodic bifur-
cation at (¥, p). We assume ¥ to be a fixed point of ¢;; if not we replace ¢; by ¢ where
k is the period of x. Let ¢ be the number of eigenvalues of (dg;); of norm 1; since (x, i)
is a bifurcation, ¢ > 1.

From the theory of invariant manifolds [12], we conclude the existence of a *‘ center
manifold depending on p. ”’, namely a differentiable submanifold W¢ of M X R such that:
— (B p) e W5
— O®(W°) Nn'W* is open in W° (and contains (¥, p));

— the dimension of W*¢is ¢ + 1 and at each point (x, u) € W, WF° is transversal with
respect to M x{u};
— d(gz | W n (M X {})); has only eigenvalues of norm 1.

Forany %k < oo we may assume that W is C* (but as % gets bigger, it may be necessary
to take W smaller). However if in some neighborhood of ¥ in W; = W° n (M X {p.}),

13
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every orbit ¢}(x) tends to ¥ for i — + o, then W* can be chosen so that WZ is C°; even
in this last case, W° can not be made C=.

We may consider ® | W° as a (local) arc of diffeomorphisms; the parameter being
the restriction of u to W¢.  Also from the invariant manifold theory [26], [30] it follows
that ® near (%, p), up to a ““ local conjugacy ”, is completely determined by ® | W° and
the normal data. The normal data consist of the numbers of eigenvalues of (dp;); with
norm > 1, resp. < I, and of the signs of the determinants of (dg;);, restricted to the
maximal invariant expanding, resp. contracting subspaces of T;(M). We say that an
arc ®: MXR >MXR is at (¥, ) locally conjugate to the arc ®: M X R -M xR
at (¥, w) if there is a homeomorphism (the local conjugacy) & from a neighborhood of (x, 1)
to a neighborhood of (x, 1) such that

— ho® = ® ok wherever defined;
— there is a local homeomorphism /g :R — R, defined in a neighborhood of u such
that the p-coordinate of A(x, u) equals Az(n) wherever k(x, u) is defined.

So in order to analyze @ up to local conjugacy at (x, w) it suffices to analyze ® | W°
up to local conjugacy; this will be done in the following sections.

It should be pointed out that for ® as above, one can choose invariant manifolds W¢
and W, the center-stable and the center-unstable manifolds, for @, containing W*® such
that the tangent space at (x, 1) is the direct sum of the tangent space of W* at (x, 1) and
the maximal invariant subspace of T;(M) on which (d¢,); has only eigenvalues with
norm smaller, resp. bigger, than 1. These invariant manifolds are in general not unique.
In W* and W* one can choose invariant continuous foliations #* and #* the strong
stable and the strong unstable foliations, such that the leaves are C!, the tangent plancs
of the leaves depend continuously on the base-point in W*, resp. W®, and such that
each leaf intersects W* transversally (in W, resp. W*) in one point. Also these foliations
are not unique. For details on invariant manifolds and foliations see [12] and also
Chapter IV of this paper. If the leaves of #*, or #*, have co-dimension one in
Wi =W n{u}, or W¥=W"n{u}, then, by [11], the foliation F*, resp. F*,
is CL

Let ® and ® be two arcs of diffeomorphisms with center manifolds W° and W,
let h: W° > W° be a local conjugacy between @ | W® and ® | W*, and let the normal
data of ® and ® be equal. Choose invariant manifolds and foliations W, W, F*
and F* for ®, and W, W= F* and F* for ®. From [26] it follows that there is
an extension H of 4 to a local conjugacy between ® and @ so that H(W®) = W,
H(W*) = W H(F*) = F* and H(F™) = F™.

In the case of generic arcs ® the only periodic bifurcations are those of the following
three types (recall we assume x fixed):

I. ¢ = 1, (dp;); has an eigenvalue 1 and the 2-jet of ¢; | W at ¥ is different from the
2-jet of the identity; in this case (¥, ) is called a saddle-node of ®;

14
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2. ¢ = 1, (dg;); has an eigenvalue — 1 and the 3-jet of ¢2 | WE at x is different from
the 3-jet of the identity; in this case we call (x, p) a flip of ®;

3. ¢ = 2, (dg;); has a pair of non-real complex conjugate eigenvalues on the unit circle
and the 3-jet of ¢; | W2 makes x an attractor or a repeller, we call these points Hopf
points.

A periodic bifurcation will be called elementary if it is of type 1, 2, or 3 above and it
unfolds generically with p. This last condition will be explained in sections g, 4, and 5.
Before we consider these cases in more detail, we make some more general remarks:

— in all these cases WZ is G* (because near %, each orbit ¢%(x) tends to x as i — + o
or as ¢ - — o), but generically it is not possible to choose W° to be C* (we shall
not use or prove this fact but see [37]).

This results described in this section, except those concerning saddle-nodes are
all more or less well-known. Apart form the references in the various sections, one may

consult [1], [4], [r9], [20], [35], [36].

3. The saddle-node

First we consider arcs of diffcomorphisms {¢,} of R (with coordinate x) such that
2

d d
9(0) = 0, d—iq;,,(o) =1 73 Po(*) + 0 and i ¢,(0) # 0o (to simplify notation we

took @ = o and ¥ = 0). Note that if ® is a generic arc of diffeomorphisms, then ®,
restricted to a center manifold of a saddle-node, has the above form. Without loss of

d? d
generality, we shall assume that P Po(x) > 0 and m 9,(0) > 0. We shall also assume

that ¢, (%), as a function of x and g, is C° and that g,(x) is a G* function of x. Arcs of
diffeomorphisms {q,} satisfying the above conditions will be called (in this section)
saddle-node arcs. We shall prove the following results.

Theorem (3.1). — Any two saddle-node arcs are locally conjugate near (o, 0). Moreover
the conjugacy can be chosen to be continuously differentiable off the fixed point set.

We recall that if {¢,} is a saddle-node arc, there is a unique G® vector field X,
defined on a neighborhood of o in R, such that the time 1 map X, of X equals ¢4 [39].

Theorem (3.2). — Let {¢,} and {9} be two saddle-node arcs with corresponding vector
fields X and X, i.e. such that X; = @, and X; = @,. Letk be a local conjugacy between { ¢, }
and {@,}. Then h_=h|{x<o,u=o0} and h  =h|{x>o0,p =0} are C° and
(b)), X =X |{£ x> o0}.

Remark (3.3). — The above theorem implies that the choice of the conjugacy along
{e = o} is extremely restricted. Instead of the usual freedom to fix the conjugacy

15
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arbitrarily on a fundamental domain, we are here only free to fix £ in two points: one
in {x<o} and one in {x> o}.

Let {¢,} be an arc of diffeomorphisms of an n-dimensional manifold M having
a saddle-node fixed point at (¥, u). Let ®(x, p) = (¢,(¥), ). We say that (x,p)
unfolds generically if for some (or any) center manifold W° at (%, u), ® | W°is a saddle-node
arc. Similarly, one can define generic unfolding of periodic saddle-nodes.

Theorem (3.4). — Let ® be a smooth arc of diffeomorphisms of M, and let (%, u) be a
saddle-node of ® which unfolds generically. Let W* = {(x, ) | ®*(x, 1) - (v, ) as i »> 0}
(note that W*CW®  that dim(W’) = dim(W®) — 1 and that W* has a boundary
containing (x, z)). Then the strong stable foliation F*, restricted to W°, ts umique and is
preserved under any conjugacy.

The proofs of these theorems occupy the rest of this section. As part of the proof
of Theorem (3.1), we need to prove the corresponding theorem for vector fields.

0 0
Consider vector fields X = X(x, u) Ew on R? with X(o, 0) = o, p X(o,0) = o,
%
2% 0
ﬁX(o, 0) > o, w X(0,0) > o and which are at least C%. These vector fields are
x ®

called saddle-node fields. A saddle-node field can of course be considered as a one-
parameter family of vector fields on R; its time one map is a saddle-node arc (except
for the differentiability); see the beginning of this section. Two saddle-node fields X
and X are called locally conjugate if there is a homeomorphism £ (compare section 2) from
a neighborhood of (0, 0) in R? to another such neighborhood such that

— hoX, = X,oh, whenever defined (X, stands for the time ¢ map of the vector
field X);
— there is a local homeomorphism £ : R - R such that the p-coordinate of A(x, )
equals hg(p) whenever defined.
First we shall prove:

Theorem (3.5). — Any two saddle-node fields are locally conjugate by a conjugacy which
is continuously differentiable with respect to x, in the complement of the singular set.

Proof of Theorem (3.5). — Let X and X be two saddle-node fields.

For X = X(x, 1) a—z we choose a box U ={(x,pn) ||x]| <a,0<p<e} such
that X(x, u) and %X(x, i) are positive on U\(o, 0). Define f:(o,e] >R, by
Xis(—a,3) = (+ a,‘b‘), or, equivalently, f(8) = 'E: (X(x, 8))~'dx. From this last

formula it is clear that lam}) f(8) = + o and that the derivative f'(8) is less than zero
for 8§ € (o, ¢].
Let U, f, a, ¢ be defined analogously for X. Pick o<a<e so that
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BIFURCATIONS AND STABILITY OF FAMILIES OF DIFFEOMORPHISMS 17

fla) > max(f(e),f(¢)) and take o<a<& so that f(a) =f(x). Then there is a

homeomorphism v : [0, «] — [0, «] such that f(8) =f(n(8)) for 0 <3< a. A conju-
gacy k from X to X, restricted to {0 < u < «} is now determined by putting

h(— a, p) = (—a,n(w));
h(a, 1) = (a, n(w));

k(o, 0) = (o, 0);

and requiring that AX, = X;h. The continuity of % is automatic except at (0,0). We

now prove continuity at (o, 0). For any sequence (x;, i) in U, there are sequences s;, ¢
such that

X, w) =% and X (—a ) =4

(%, ;) —~ (0,0) if and only if y;—>o0, s5;— — o0, and ¢ —> -+ 0. Hence & maps
sequences converging to (0, 0) to sequences converging to (0, o) which proves continuity.

The construction of & |{p < o} is easy. For example, take k(— a, u) = (— a, p),
h(o, u) = (0, n) and k(g u) = (2, #) and extend with AX, = X,k On the comple-

oh -
ment of the set of singularities of X, o clearly exists and equals X(k(x, u)). (X(x, ))™*

which is continuous. This completes the proof of the theorem.
Let { ¢, } be a saddle-node arc, and let X be the G® vector field defined near o in R
such that X, = ¢,. It would be useful if there were a G field X extending X to a

N o~ 0 -~
neighborhood of (0, 0) in R?of the form X(x, p) = X(x, p) P such that X(-, u); = @,(-).

Although we cannot find such an X, lemma (3.6) provides us with a suitable substitute.

We say that a C* saddle-node field X is adapted to a saddle-node arc {¢,} if the
function g(x, p), defined by (¢,(x) 4 g(x, u), ») = X (x, 1), vanishes along the x-axis
and has at (o, 0) its 4-jet equal to zero.

Lemma (3.6). — For each saddle-node arc {¢,} there is an adapted saddle-node field X.

Proof. — ¢, is C* and has, at ¥ = o, only a finite order of contact with the identity,
~ 7
so by [39], ¢, embeds in a unique G®-vector field X = X(x) P In general [14], [40]

if ¥:(R"o0)—(R"0) is a CG° diffeomorphism with all eigenvalues of (d'¥), equal
to 1, there is a unique &-jet of a vector field [Y],, #> 1, such that any representative
Y e[Y], satisfies

— the k-jets of Y; and ¥ agree at o;
— the eigenvalues of dY at o are all equal to zero.

If we apply this to @ : (x, p) > (¢,(x), ») at (0, 0) we sec that the corresponding

5 tij
4-jet [X] at (o, 0) is uniquely determined and has a representative of the form X(x, @) po

17



18 S. NEWHOUSE, J. PALIS AND F. TAKENS

The restriction of this 4-jet to the x-axis equals the 4-jet of the previously constructed X
because of uniqueness of that 4-jet (which follows if we apply the above general statement

to g, at 0). X is now obtained by taking X = (X(x, ) + X(x) — X(x, 0)) 33 The
proof of (3.6) is complete. ¥

The next lemma compares high iterates of a saddle-node arc with high iterates
of the time one map of an adapted saddle-node field.

7
Lemma (3.7). — Let {@,} be a saddle-node arc and X = X(x, p.) o adapted saddle-
X

node field whick is at least C°. Let U ={(x,p) |0 < pu<p, —a<x<a} be sothat for
(x, 8) € U\(0,0), X(x, 1) > 0, 0,(1)> %, (9(— a),w) €U and |g(x, u)| < g,(x) — .
(Here g(x, 1) is the function defined just before Lemma (3.6). The fact that the last
condition is satisfied for ¢ and p small enough follows from |g(x, u)| = o(| (%, ) |*) and
| ¢, (x) — x)| > k(x4 x®) on {u > o} for some constant k.)

Then there are constants Gy, Cy such that for any (x, u) € U, i eN, with (¢}(x), n) € U,
(1) Xy (x, n) = (pp(%), w) Sfor some a eR with |i — «| < un.Cy;
(i) |log((d(9}).)X(x, u)) — log(X(e}(x), w)| < . Ce.

Proof. — The above two estimates on (high) iterates of ¢, are implied by the following
two: there are constants K;, K, such that for any (x, ) e U with (g,(x), 1) €U
(i) X(x, ) = (p,(x), w) for some a with

|1 — o] < p.(pu(x) — %).Ky;

(i) |log((de,),. X(#, 1)) — log(X(eu(%), 1)) | < p- (@u(*) — ). K.

Of course in (ii)’ we have to assume that (x, u) + o, butsince for ¢ = o the whole

lemma is trivial we shall assume, in what follows, that always p > o. To show that (ii)’
really implies (ii) it suffices to observe that

d(@)).- (X(x, 1) 3=1d(9,)o81(X(9h(x), 1)

X(h(x), ) oo X(eit'(x), )

In the following calculation, A will indicate that the formula in which it occurs is valid
if A is replaced by some positive constant, i.e. independent of (¥, u) e{(x, p) | (x, ) € U,
>0, (p,(x), w) e U}. From the various definitions we obtain

|X(x, )] > A (52 + u?)
and lg(x, w)| < A.p.(3® + p?)?
(here one uses that X is C°). Define A(x, ) by X, 4u (% 1) = (p.(%), ). Since
h(x, p) = f: [X(» w)] 'dy, where a = X,(x,2) and B = ¢,(x), the above inequa-

lities imply
|A(x, )| < A.p. (2 4 ).

18



BIFURCATIONS AND STABILITY OF FAMILIES OF DIFFEOMORPHISMS 19

Now (i)’ follows from the obvious inequality
|9u(*) — #| 2 A.(+* + u?).
To prove (ii)’, we observe that from previous definitions it follows that

(a) the 4-jet of (¥,X) — X at (o, 0) is zero (since the 4-jet of X; and ® agree at (o0, 0);
see Lemma (3.6))
() ®,(X) — X is zero along {p = o}.

Hence
| (do),- X(x, 1) — X(@u(x), W) | < A, ((p,(%))? + 1?)?
and | X(pu(%), 1) | 2 A. ((9.(x))? + 13),

| (do).- X (%, 1) — X(pu(*), )|
1 X(eulx), w1

Since (x, ) P (¢.(%), ) is a diffecomorphism, ((¢,(x))% + ©?) < A(x? 4 uf). From
these inequalities it easily follows that

|log((dp,)s. X(x, 1)) — log(X(@y(%), w)) | S A.p. (#* + p?) < A.p.(@,(x) — %);
this proves (ii)’.

s0 SAp((eul)® + ).

Proof of Theorem (3.1). — The proof of Theorem (3.1) will be obtained by showing
that if { ¢, } is a saddle-node arc and X an adapted vector field (of class C*) then there
is a local conjugacy H(x, u) = (4,(%), u) from{¢,} to the time one map X, of X. We

oH . .
shall also construct H so that ™ exists and is continuous on the complement of the fixed-
X

point set of ®. Indeed, by Theorem (3.5) and Lemma (3.6), this implies (3.1).
We take k) = H|{p = o} to be the identity. Let
U={(sw|o<u<h —a<x<a)
be as in Lemma (3.7). Take:
1. h(—a) = —a for o< p<u and hence

2. (h(e(— @), u) = X,(— ¢, u) whenever (¢i(— a), u) € Uj
3. extend the definition of 4,(x) to

{xwloSp<u —a<x< g (—a)}
in such a way that it is C! and such that the extension, defined by
hu.(q’u.(x): “") = Xl(hu(x)9 l"‘)

is also differentiable in a neighborhood of {(@,(—4a),p)|o<p <} Now H|U
is uniquely determined; the continuity of H along {(x, 1) | *> o, ¢ = o} follows from

oH
Lemma (3.7); also the fact that P is continuous on U\(o, o) follows from that same
x
lemma,

19



20 S. NEWHOUSE, J. PALIS AND F. TAKENS
The extension of H to {u < o} is simple: see the proof of Theorem (3.5).

Proof of Theorem (3.2). — Let {p,} be a saddle-node arc and X an adapted saddle-
node field, of class C°, defined in a box U as in Lemma (3.7). We take —a<x<o
and o< x¥< a and show how {¢,} gives rise to a canonical homeomorphism T, from
a neighborhood of x (in R) to a neighborhood of . These maps T;, are called translations.

Let {x;};cn be any sequence converging to x; choose a sequence {;};cx such that
<pf“.(x,-) converges to ¥ with y; -0 as ¢ -~o. To get such a sequence, choose yp;, - o0
as ¢ - oo such that (X)(x;, 5) — (¥, 0) and apply Lemma (3.7). Let x’ be a point
close to x; without loss of generality we may put (¥, 0) = (X,)(», 0) for some « e€R.
Then for any sequence x| — ', 11.’2 q;L,(x;) (the same p’s as above) exists and equals
(X,)(x, 0). This can be seen as follows: for some B;, B, «; we have

(?&,—("i), W) = Xa.-(x.', )3

CACARTHED SHCAFTRE

Xa,—(xi, l"i) = (x'{’ THE
By Lemma (3.7) |i — 8;] < .C; and |i — B;| < . C, for some constant C,; because
% —>x x;—>x and X/ ¥ 0)=(x,0), o« >« From this we conclude that
if Xg (o) ) = (¢l(%), ) then &= a;+ B; —B; so lim o; = «. We define
T, (#") = ‘lirg ¢,,(#%). It is clear that the definition of the local homeomorphism T;,
is independent of X: X was only used to show that ‘lLrg @}, (%) exists, Observe that

(Tz).(X) = X. Now we extend the notion of translation. If x, x are on the same
side of 0 and x’' on the other side, we may define T;, = T;. 0T, ,; this definition is
independent (at least near x) of the choice of x’. Hence we see that the translations
form the pseudo-group of all local diffeomorphisms of (— a, + a)\{o} which preserve
X[{n =0}

If 4 is a local conjugacy between two saddle-node arcs {¢,} and {g,}, it must also
conjugate the translations defined by {¢,} with those of {,}. Let X, X be the smooth
vector fields such that X, = ¢, and X; =9,. For x+0, ¥+0 and z= X,(x)
near x, let 1" = h(x), ¥’ = h(¥), 2’ = h(z) and 2’ = X,(x'). Since k conjugates T,
and T;,, and Ty (2) = X,(¥), T;.(z") = X,(¥"), we conclude that there is a (conti-
nuous) function # = o(t) such that AXh~! = X,(,). From the group property
X, 0 X, = X, ., we deduce that o(t) is linear in £ Since X, = @, X; = o, we
have hoX,0h ! =X, andhence hoX,0h ! =X, forallt. This proves the theorem.

Proof of Theorem (3.4). — From Theorem (3.1) and invariant manifold theory
(see Section 2 and [26]), it follows that @, near (%, i), is locally conjugate with ® near (o, o)
where
~ 1 I
Q(x1, « .oy Xppy 1) =(x1+x?+ %y £ 2%, ---s:*:Qxhai';xh+1: ""i;xm’ P')-
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BIFURCATIONS AND STABILITY OF FAMILIES OF DIFFEOMORPHISMS 21

The stable manifold W* of 3, is {(%15 .. .» %) : 5y < 0}. We take the strong stable
foliation #* of @ near (0, 0) to consist of the manifolds

{(%gs v ooy Xy 1) 2 (%15 - .5 X, 1) = constant}.

In a neighborhood U of 0, we give a dynamical characterization of the leaves of F* AW

g1, s € We belong to the same leaf of F* if and only if there are sequences {u};c
{¢i}iex and {gi};cn such that

— (q;: P\') —> (ql’ 0) and (9‘:;9 P-\') g (qaa 0)9
— for each i, {$.(41) Y-, and {$7.(4}) }i~, are contained in U;
— Lim(%;.(q), w) = lim(@;,(g3), w) and this limit is not the saddle-node point.

This follows from the special form of ®.

Let &#* be some strong stable foliation for ®. The local conjugacy between @
and & mentioned before can be chosen to map F* to F*», This implies that #* N W*
also satisfies the above dynamical characterization. Hence, #** N W* is unique and
is preserved under conjugacies. Theorem (3.4) is proved.

Note that a local conjugacy of ¢, or ¢;, does not have to respect the above foliation.
This has to do with the fact that the dynamical characterization was only possible by
using @ on a full neighborhood of (0, 0) in R™ X R.

4. The flip

Here we consider arcs {¢,} of diffcomorphisms on R such that ¢4(0) = o,
(dpg)g = — 1 and such that the 3-jet of (¢y)? at the origin differs from the 3-jet of the
identity. Such arcs of diffeomorphisms are obtained by restricting a generic arc of
diffeomorphisms, at a flip, to a center manifold. The origin is either a source or a sink
of @,; in the following we shall assume it to be a sink of @,; the other case then occurs for ¢; !
and is completely analogous. With a coordinate change of the form

¥ =¥(x,p)

)

T R

we can put ¢, in the form
(%) = —F+ %+ MW).F+ o(FY) + o(|R|.7?

where A is a real function and A(0) = o. We shall say that the flip unfolds generically

if %(0) #+ 0. This is, of course, a generic condition. In higher dimensions, we will
7S

A
use this terminology if :—,,,(0) + 0 on some center manifold. Similar considerations
apply to periodic flips.

dx
Now we return to the one dimensional case. We shall assume 7 (0) > o; the
@
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22 S. NEWHOUSE, J. PALIS AND F. TAKENS

other case can be reduced to this by replacing % by — . It is clear that the phase
portrait looks as follows:

~ <
~ T~
<
/.f" "\\ Fixed points
<l \\
e / N P \ ~
/ ¥ Points with
~ I < ~ \ - ) 0”.1 s wit
- I < 1 < period two
~ j < N <
<1 < 1
Fie. 1

The following theorem can be easily proved using the methods of proof used in
Theorem (3.5) in the region {p <o}:

Theorem (4.3). — Any arc {9,} of diffeomorphisms on R which is of the form
@ (%) = —x + £ + AMp).x + o(x*) + o(|p|.#%) with N (0) > o is locally conjugate with
Pu(x) = —x+ 2 + px.

5. The Hopf point

We consider arcs {¢,} of diffeomorphisms of R? such that ¢y(0) = o0, (dg,)e has
eigenvalues on the unit circle, but different from + 1, and such that the 3-jet of ¢, makes
the origin an attractor or a repeller. We shall assume it to be an attractor; otherwise
we consider ¢;!. Up to a change of coordinates, the origin will be a fixed point of ¢,
if || is small. Let A(u), A(n) be the eigenvalues of (dp,),. For generic arcs one has

d%. | A(t)]. =0 ¥ 0, and we shall say, in this case, that the Hopf orbit unfolds generically.

As for the saddle node and flip, we shall use the same terminology for periodic Hopf
points if they unfold generically on center manifolds. In the following, we return to

d .
dimension two, and we shall assume that o | A(#)| =0 > 0; otherwise we replace
13

by — p. These arcs have been extensively studied; for references see [32].
From the fact that, for p. < o, the origin is an attractor of ¢, one concludes:

Proposition (5.1). — If {9,} and {@,} are arcs of diffeomorphisms of R2, satisfying all
the above requirements, then there is a continuous one parameter family of homeomorphisms h,, © < o,
Jfrom a neighborhood of o € R? to a neighborhood of o € R?, such that h,o ¢, = @, 0 h, when-
ever defined; ie. (%, p) > (B, (%), w) s a local conjugacy between o, and 9, on p < o.
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A consequence of Proposition (5.1) is that arcs {¢,} as above are locally stable
for w<o. For w> o this is not the case.

Theorem (5.2). — Let {¢,} be a G* arc of diffeomorphisms as above. Then in any C®
neighborhood of { @, } there is an arc {@,} such that the arcs {p,}, {®,} are not conjugate, even not
mildly conjugate.

Progf. — We can first approximate the arc {¢,} by an arc {g, } such that the eigen-
values of (dg,), have the form ™ with « irrational. Then we know [40] that §, is
rotationally symmetric in the formal sense. By this we mean that there is a smooth S?
(= R/j2r) action R on RZXR, differentiably conjugate with the usual action
R : R, (xy, %5, p) = (x;.c0s & + X5.5In o, — &, sin « + #, cos &, @), such that for each «,
ﬁa o® and @ o R, have the same co-jet in the origin. So with a second perturbation
one can find an arc { g, } such that the corresponding map @' defined by ' (x, 1) = 3,(%)
commutes with the S! action R, at least on a small neighborhood of (x = o, p = o).

One knows [32] that ¢, for w> o0, has an invariant circle, say G,. Because
®’ commutes with the smooth S! action (for p. small), @, | C, is differentiably conjugate
to a rotation. Since there is a residual subset of the diffeomorphisms of S! no element
of which is conjugate to a rotation, there is finally an approximation ¢, of ¢, (in the G
sense) such that g, also has G, as invariant circle but such that for some sequence {;};¢1,
w;—~>o0 as i —>o, ¢,|C, is not conjugate to a rotation.

It follows from the construction that {9,} and {¢,} are not conjugate and even
not mildly conjugate near (o, 0). Hence ¢, cannot be (mildly) conjugate to both {¢,}
and {¢,}. This proves the theorem.

Remark (5.3). — If {9, } is an arc of diffeomorphisms on a manifold M of dimension
m > 2 which has a Hopf point at (%, p.) then the conclusion of Theorem (5.2) remains
valid. In the construction of the G* arcs {9, },{®,}, one has to add in this case a preli-
minary step, namely one has to modify { ¢, } first so that it has a G* centermanifold. Then
the modifications, as described in the proof of (5.2) are carried out in that center manifold
and extended to a neighborhood.

6. Quasi-transversal intersections

We consider a G arc of diffeomorphisms {¢,: M — M} and assume that for
some p € R and some x € M, there is a non-transversal intersection at x of a stable and
an unstable manifold (of some periodic points) of ¢;. In such a situation, if we denote
the stable, resp. unstable, manifold by W? W there is a canonical quadratic map
D : T;(W°) n T;(W*) - T;(M)[T;(W*) + T;(W"), which is analogous to the intrinsic
2™ order derivative [g] and is defined as follows.

Let i:T;(W*) n T;(W*) - W* be a smooth map such that i(o) = % and (dz),
is the canonical injection; let = be a projection (i.e. n® = x) of a neighborhood U of ¥
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to a submanifold whose dimension equals the dimension of T;(M)/(T;(W*) + T;(W¥)),
and such that =(x) =%, (dn);(T;(W*) + T;(W*)) =0 and =n(W*) =1x; let N ==(U).
Then T;(N) is canonically isomorphic with Tz(M)/(T;(W*) + T;(W¥)).

The map wo: mapso to %, d(rwot), = 0; hence the second derivative d%(mwoi), :
T;(W*) n T;(W*) - T3(N) is a well defined quadratic map; we define D to be the
composition of d%(w o), with the canonical isomorphism

T:(N) = To(M)/(Tz(W?*) + Tz(W¥)).
The maps D does not depend on the various choices.

It is not hard to show that, for generic arcs of diffeomorphisms {¢,}, all the non-
transversal intersection points ¥ of stable and unstable manifolds of ¢z, for & eR, ¥ e M,
will satisfy (in the above terminology):

a) dim T;(M)/(T(W*) + T;(W¥) = 13
b) D is non-degenerate.

Under these circumstances there are coordinates xy, ..., %, on a neighborhood
of ¥ (X corresponding to o) such that W* and W* locally have the following

Canonical form (6.x)

W' ={x = = Xy, =0}

We={x o= ... =%, =0, %, = f(%,_ 11, -3 %yp1)}
where

m = dim(M);

s = dim(W?);

u = dim(W*);

fis a homogeneous non-degenerate quadratic function;
if m — s+ 1>u-+ 1 then one should read x, = o.
Before proving (6.1), we note the following
¢) max(s, u) < m by condition (a) above;

0
d) the vector —
0xy

is not in T:(W*) + T5(W¥);

0

0

¢) the vectors o
z axu +1

are in T;(W*) n T;(W*).
Proof of (6.1). — Since dim(T;(W?*) 4 T;(W¥)) =m — 1, we can choose a
(# ~}- 1)-manifold W containing W* which is at ¥ transversal to W*. From this it clearly

xm—c+1

follows that one can choose coordinates x, ..., ¥, such that
W ={x=...=x,_,=0}
W“:{E“H: ... =X%,=0};

m
W+ is tangent at ¥ to {X; = ¥,

£ 3
+
»
|
=
=
+
-]

I
I
3
I
o
[
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Then, for some function f
We={x 2= ... =%,=0, 5 =f(%, ..., fuy1) b
fly=0 and (d)y=o.

Now we replace x; by the new coordinate

2 =5 —f (B o os Fugn) TS0 -0, B 1y - e os Fuga)s
then we have

W ={x,=%=...=Xx,_,=0}

W = {2 =F(0, .00y 0y B y1s v Xyp1)s Fyga = o0 = %, =0},
the first derivative of (%p,_y4 15 - %up1) SOy ooy Oy By 41y -« -3 Bypq) is zero and

the second derivative is just D and hence has maximal rank. Now we can apply Morse’s
Lemma [3] and obtain a coordinate change of the form

=% fora<j<m—s o u+2<j<m,

% = XX gp1s e s Fygr) form—s+1<j<u+1,
for which we have

We={x,=... =x,_,=0},

W ={% =f¥p_si1s - -5 %up1)s Buy2 = ... =%, =0},

with f homogeneous, quadratic and non-degenerate.

Remark (6.2). — In suitable coordinates the generic unfolding of the quasi-
transversal intersection puts the manifolds W} and W}, in the form
W, ={x,=0=...=x, ,=0}
W:, = {xu+2 = e = xm = 0, xl zf(xm—a+13 ] xu+1) + ((1- - (-1)}'
25



III. — NEGESSARY CONDITIONS FOR STABILITY OF ARCS

In this chapter we shall obtain necessary conditions for the various kinds of
stabilities of arcs we have defined. Let I = [0, 1] and let & be the space of CG® arcs
¢ : I - Diff*(M) with the G* topology. Elements of # will be denoted by ¢, or by { ¢, }
when we wish to make the dependence on the parameter p €I explicit. Recall that
& CP is the subset of those arcs ¢ € 2 such that

(I) Po € MS:
(2) b =b(g) = inf{uel:q ¢ MS}<T,
(3) the limit set of ¢, consists of finitely many orbits.

A diffeomorphism f is called elementary if either

(a) there is exactly one quasi-hyperbolic periodic orbit, the other periodic orbits are
hyperbolic, and all stable, strong stable, unstable, and strong unstable manifolds
meet transversally; or

(b) all periodic orbits are hyperbolic, there is one quasi-transversal orbit of intersections
of stable and unstable manifolds, and all other stable and unstable manifold inter-
sections are transverse.

Let #C ./ be the set of arcs ¢ € & such that ¢, is elementary and the quasi-
hyperbolic periodic orbit of g,, if it exists, unfolds generically.
We proceed to discuss necessary conditions for stability of arcs in 4.

1. The modulus condition (quasi-transversal intersection)

In this section we shall show that left stability of an arc {,} in # forces all stable
and unstable manifolds of periodic points of ¢, to meet transversally. Before this, we
consider the effect of a quasi-transversal orbit on topological conjugacy. The next
theorem shows that generally such an orbit yields at least a one-parameter family of
distinct topological types. We will refer to this phenomenon by saying that moduli
occur. It should be noted that this occurs even in a locally isolated codimension one
submanifold of the boundary of MS on the 2-sphere (hence, on any manifold of dimension
larger than one).

26



BIFURCATIONS AND STABILITY OF FAMILIES OF DIFFEOMORPHISMS 27

For example, consider an MS diffeomorphism ¢, on S? as in the next figure.

~
>
~
A ~ Q
> <—(O—> <
P -/ P2
<
<
Fia. 2

The circles represent sources and sinks and there are two saddle fixed points g,
and p;. We choose a curve of C? diffeomorphisms {g,}, o0 < u <1, starting at ¢,
so that p, and p, remain fixed for each ¢,, and W*(p,, 9,4) has a single orbit o(x) of quasi-
transversal intersections with W*(p;, 914) as in the next figure.

(x)
\¢1/2

\

This can be done so that ¢, is in MS for p + -; and any perturbation {¢,} of {,}

has a unique bifurcation 5(¢’) near %

Let f be a diffeomorphism of M with a hyperbolic fixed point p. Let a* be the
largest modulus of the eigenvalues of 4f(p) which are inside the unit circle, and let §* be
the smallest modulus of the eigenvalues of df(p) which are outside the unit circle. If
there is an eigenvalue « of df(p) such that

(1) |a] =@,

(2) « has multiplicity one,

(3) any eigenvalue A of df(p) different from « or the complex conjugate « satisfies |A| + «",
then we say that the weakest contracting eigenvalue « of f at p is defined. Similarly,
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28 S. NEWHOUSE, J. PALIS AND F. TAKENS

if there is an eigenvalue B of multiplicity one of df(p) such that || = B* and any eigen-

value A+ B, 8 satisfies |A| + B’, we say the weakest expanding eigenvalue B of f at p
is defined.

Let p and ¢ be hyperbolic fixed points of f such that the weakest contracting eigen-
value « at p and the weakest expanding eigenvalue B at ¢ are defined. Let H, be a
C! invariant manifold containing W*(p) and tangent at p to the sum of the eigenspace
of @ and T,W*(p), and let H, be a C! invariant manifold containing W*(¢) and tangent
at ¢ to the sum of the eigenspace of  and T W*(¢). The existence of H,and H_ is.proved
in [12]. They are not unique. However, the tangent bundle of H, along W*(p) is
unique, and so is that of H along W*(p).

Let r be a quasi-transversal intersection of W¥*(p) and W?*(¢). We say that 7 is
a regular quasi-transversal intersection if W*(p) is transverse to H at r and W*(g) is
transverse to H, at r. This definition is independent of the choice of the manifolds H,
and Q _ because it depends only on TH,,, TH along W*(p), W*(g), respectively.

Note that part of the definition of a regular quasi-transversal intersection of W*(p)
and W*(g) is that the weakest contracting and expanding eigenvalues « at p and p at ¢
be defined. Note that for arcs ¢ in a residual subset of & all quasi-transversal orbits
of ¢, are regular.

Theorem (x.x). — Let f, f' be C* diffeomorphisms. Let p and q be hyperbolic fixed points
having an orbit { fi(r)} of regular quasi-transversal intersections of W*(p) and W*(q). Let o« be
the weakest contracting eigenvalue of f at p and P be the weakest expanding ergenvalue of f at g. Make
analogous assumptions on f' concerning fixed points p’, ¢, eigenvalues o', B', ete.

If there is a conjugacy from f to f' defined on a neighborhood of the closure of { f*(r)} mapping p
top', qgtoq, and ritor, then

log |« _ log |«
log [B] log ||’

Remark 1. — If p and ¢ are periodic points of period t(p) and <(g) instead of fixed
points, and 7 is the least common multiple of =(p) and <(g), the theorem can be applied
to " Doing this one obtains that if « is the weakest contracting eigenvalue of /™7 at p
and B is the weakest expanding eigenvalue of f? at ¢ and «’, B’ are the corresponding
eigenvalues for f’, then the existence of a conjugacy between f and f’ implies

log |«| log|«'|
log [B]  log [B']

2. Theorem (1.1) shows that quasi-transversal orbits lead to at least one dimen-
sional invariants of topological conjugacy. It is interesting to ask what additional
invariants in the presence of such orbits are sufficient to imply the existence of a topo-
logical conjugacy in various contexts. For some results in this direction, see [18], [28].

28



BIFURCATIONS AND STABILITY OF FAMILIES OF DIFFEOMORPHISMS 29

Proof of Theorem (1.1).
A) The case m = 2; m = dim(M)

In this case the dimensions of the stable and unstable manifolds are both one.
Replacing f, f' by f2, f'2, if necessary, we assume «, 8, o', B> 0. So we are in
the following situation:

K A

%
—<—>
N\

Fic. 4

We consider a sequence of points 7; converging to r but so that 7; ¢ (W¥(p) U W¥(q))
for alli. By choosing a subsequence if necessary, we can arrange that there are sequences
of integers m — oo, m; - oo with the property that f~"(r), f™(r,), has a limit in
We(p) — p, W¥(g) — ¢, respectively. Let p(r;, W¥(p)), o(r;, W*(¢q)) denote the distance
from 7, to W*(p), respectively W*(g), with respect to some Riemannian metric.

Because fis C?, it is C' linearizable on W*(p) and W¥%(q) [8]. From this, we
conclude that p(r;, W¥(p)) ~ o™ and p(r;,, W(q)) ~ B~™, where ~ denotes equality
up to a positive multiplicative factor, depending on ¢ but uniformly bounded and bounded
away from zero. Itisclear from the picture, or rather from the normal forms in Chapter 11,
that a sequence 7; can be chosen so that p(r;, W¥(p)) ~ po(r;, W¥(g)). In that case
we have

loga
logp

Now we assume that there is a local conjugacy #, defined on a neighborhood of
the closure of the orbit of r, as in the theorem. Let A(r) =r!. From the topology
of the intersection of W* and W* and the position of the s (see figure) it follows that

olrt, WH(B)) < olth, Wig))s i
olrh W) |
o, W) =

— lim
kg

]

m;
n;
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30 S. NEWHOUSE, J. PALIS AND F. TAKENS

Since (f')7™(r;) and (f')™(r;) must have a limit in W*(p’) — {p"} resp. W¥(¢') — {¢'},
we conclude that p(r!, W¥(p')) ~ («')% and p(r;, W(¢')) ~ (B’)™™. This, together

with
ol W) _
p(ri, W'(g)) —
log o’ 1 !
implies that o8 a’ < —lim 082 Reversing the argument, one finds log a’ > log
log B »on  logB log '~ log B
and hence log = log z,
logp’ logP
Observe that if W¥(p) is transverse to W*(g) and W¥(p’) is transverse to W*(¢’),
then we cannot conclude for any sequence 7; —r that %57))—)) is bounded. So
AUT)

we needed some of the properties of the * topology of the intersection ”. In the next
higher dimensional case we have to analyze this in detail ().

B) The case dim(W*(p)) = dim(W¥(¢g)) =m — 1

As in case A we assume «, B, o', B’ > 0 and we consider sequences 7, —-r such
that f~"(r;) converges to a point in W*(p) — {p}, and f™(r;) converges to a point in
W¥(g) — {¢} for some sequences n;, m; - co. We also assume that one of the following
three possibilities takes place (this can be obtained by taking a subsequence):

p(ri, W(p)) [0
——————1is bounded and bounded away from zero (or ~ 1);
p(ri, Wi(@)) \ > o.

In these cases we find that

< lim inf(— "—"');

) n;
log — lim (_ _)’
log B8 i+ n

We assume that there is a local conjugacy & and denote k(r) by r;. We assume also
p(ri, W¥(9"))
p(ri, W¥(¢'))

a relation between

that either goes to zero, is ~ 1, or goes to co; in each of these cases we get

log «
log B’

’

and “lim?” (—— 1':—) as above,

() After the arguments for sections B, G, and D were written, a cleaner treatment was discovered by S. VAN
StrieN. This treatment uses arguments presented in the proof of Theorem (2.1) in [18a].
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1 log «’
From this we claim that, if g« < &‘_” then, for each sequence r; - r as above,
logp logp
p(rn, W) p(ri, WH(p'))
————" >0 andfor —————=
p(r, W) p(r, W'(¢))
1 ’ f §'} ’
Indeed suppose that %8 lo_ggz_' and 7, >r as above. If M(—p,—)—) does not
logp logp e(ri, W)
go to oo, then for some constant C> o, we have
()% (@)™ < C.
This gives n,log «' 4 m;log ' <log G or
log &’ < log G m;
log ' — mlogp’ n;°
If 8> 1 is so that log « + log 3 = log a , then
log B log @'
log o8 < logC m
logp — mlogp m’
log B
. . < —.
or n; log a8 + m; log B < log G fog
This means that («3)%8™ is bounded, so «%p™ —o0 as ¢ — oo which implies that
ot WO |
plr, W'(g))
This proves the claim. Similarly, for igi ; > izg ;, we have
p(n, WH(p)) p(r, W(#'))
— = 5> andfor —————= o0,
o7z W) or o W)

We want to prove that this cannot happen for every sequence in case of a quasi-transversal
intersection of W¥(p) and W’(q) (and W¥(p') and W’(q")).
For this we take subsets A’, A% A° of a neighborhood of r such that:

— A* U A* U A® is a neighborhood of 7;

e(r, W*($))

p(r, W(q))

e(r, W(9))

e(r, W(q))

— if r,—>7r is a sequence such that r, e A’ (and 7, ¢ W¥(p) U W(q)) then
P(f.', Wu(p))
e(r, W(g))

— if 7, >r is a sequence such that —o0, then 7, €A¥ for ¢ big;

— if 7, >r is a sequence such that — o0, then 7, e A’ for ¢ big;

r~
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A’ A’ and A" are similar sets in a neighborhood of . From the above arguments
log«  loga’
logp logp’

R(U N (A" U A%)) CA"™

then there is a neighborhood U of r such that

it follows that if

log o _ log &'
log "~ logp”
(U N (A° U A%) CA™).

(and if

In order to derive a contradiction from this (namely from the assumption that
loga _loga’
g 08

logx log @'
construction of A%, A* and A’. From Chapter II we know that there are coordinates

X1, ..., X, in a neighborhood of r such that locally

W(g) ={x, = o}
and W“(P) = {xm = E(xla ORI ] xm—l)}

where £ is a homogeneous quadratic function. In these coordinates we take

A ={|x,,,| < 3 lE(xn, .--,xm_l)l}

) in the case of quasi-transversal intersection, we proceed to an explicit

1
A= = Bl o)l S G B o )
A® == closure of the complement of A® U A*

Near r, W¥(p') and W*(¢’) have the same form, so there is a diffecomorphism ¥ from
a neighborhood of r to a neighborhood of ', mapping W*(p) to W*(p’) and W*(q) to
W*(¢'). We define A" = ¥(A"), A™ = ¥(A¥ and A" = V¥(A°).

It now follows that % = ¥~'o k& is a local homeomorphism from a neighborhood
of r to itself, inducing homeomorphisms in W*(p) and W*(¢) and mapping (A° UA*) nU
into A’. Let U*CU be a subset of the form U* = {(x;, ..., %,) |0 <Zx<a'}
and U*DE(U*) a set of the form U™ ={(x, ..., %,) |0< Za}<a"}. From the
fact that the subsets W¥(p), W*(q), A% A’ and A° restricted to U* or U* are all cone-
formed, and the fact that % is a local homeomorphism inducing local homeomorphisms
in W*(p) and W*(q) we conclude that the maps

U* n W*(q) - U™ n W'(q),

U* — (WH(p) N U?) > U™ — (W¥(p) N U"),
induced by %, induce isomorphisms in the homology. From the definitions it is clear
that the inclusions

U nWi(g) > U n A, U™ NnWiq) > U" n A",

U'n (AU A" - U — (W¥q) nU"),

U” N (A* U AY) > U™ — (W¥q) nTU*"),
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are all homology equivalences. Now consider the morphism of long exact sequences:

- H, (U nA") >H(U*'n(A"UAY) -H(U" n(A*UA%, U*n A%

> H,(U" n A%) - H,(U" n (A’ U AY)) - H,(U" A (A* U A%, U* A A)

hy, hy and kg are all induced by %, so hy, hy are isomorphisms, By the Five Lemma, A4 is
then also an isomorphism. But since A(U* N (A* U A%))CU* N A%, hk is the zero
morphism. Hence H;(U*n (A*U A%, U*NA® =0 for all &. This is in contra-
diction with the following result, which follows from standard arguments:

i Bty ooy dpg) =B o A B — . — R,

then
Zifi=kor i=m—k—1 provided k$m—Fk—1;
H(U'n(A°VAY), U NA*) = {ZBZ if i=k=m—k—1;

o otherwise.

C) The general case: a, B, o', B’ real

We assume that f has fixed points p, ¢ and invariant manifolds H, and H,
as in the theorem and «,8,a, ' > 0. Then, dimH, = dim W¥(p) 4 1, and
dim H, = dim W*(¢) + 1. Let H,, H, denote the analogous manifolds for f*. Of
course, if there is a conjugacy k between f and f*, it does not follow that A(H,) = H,
or A(H) = H,. If we knew that A(H,) = H, and #(H) =H,, we could apply
the argument of case B for sequences 7, —~r in H,nH, For in H,nH, the
manifolds W*(p) nH, nH, and W?%(q) nH, nH, have codimension one, and
intersect “ nearly ” quasi-transversely. We say nearly because, since H, and H,
are only C! manifolds, a quasi-transverse intersection of W"(p) nH, nH, and
W*(g) n H, n H, is not defined. However, we can choose C? submanifolds ﬁp and ﬁq
(not necessarily invariant) which are G* close to H, and H,, respectively, such that

H,nH,ow«p), H,nH W),

wep) n i, nH, = W¥(p) nH, nH,,

W) nfi, nH,=W(g) nH, nH,,
and W¢(g) n I':I'p N ﬁq intersects W¥(p) N ﬁp N IN-Iq quasi-transversely. Hence, the
metric properties of the intersection of W¥(p) nH,nH, and W'(q) nH, nH,
in H, n H, are those of a quasi-transversal intersection.

Since 4 does not map H, to H, or H, to H,,, we must modify our arguments. We
shall show that there is a map o from A(H, nH) to H, nH, such that for any
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x eh(H, n H) — (W*(p') UW'(¢')), we have p(x, W¥(p)) ~ p(s(x), W¥(p)) and
p(x, W(¢)) ~ p(a(x), W'(7')).

Let N be a small disk neighborhood of p where we can define a C? coordinate chart
such that the components of W*(p) "N and W¥(p) NN containing p are coordinate
planes. In the sequel, we will restrict ourselves to such a neighborhood N and to the
components of W*(p) and W*(p) containing p. Let =,:N — W?(p) be the natural
projection and assume that the negative orbit of r lies in N.

Since W’(q) is transverse to H, at 7, we can characterize W*(p) as the subset
of W*(p) where the critical points of «, | W*(¢) accumulate. This characterization is
based in the following fact:

If v e W¥(p) then v ¢ W*(p) if and only if there are a neighborhood V of » and
a neighborhood U of r such that for each 2" e V. n W*(p) there is an arbitrarily small
neighborhood V' of ¢’ in V such that, for n e N suficiently big,

{f7"(W(g) n U) n V}C{f™"(W*(g) nU) NV}

is a homotopy equivalence. In this formula we should omit from f~"(W*(¢q) n U)
those points whose orbits from W’(¢g) nU to [f"(W’(¢g)CU) leave N. From
this dynamical characterization it follows that A(W®*(p)) = W*(p’) and similarly
R(W*(g)) = W*(g).

Thus A(H,) N W*(p') is an invariant C° curve of f’ which meets W*(p’) only
at p’. Since f” is C' linearizable on W*(p’) [8], we see that A(H,) N W*(p') has to lie
in a small sector about H, N W*(p') which has width zero at H, n W¥(p’) as in the
following figure.

W3 (p)

Hp’ NW*(p)
Fic. 5
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From this it follows that for any smooth projection of a neighbourhood of H,, to H,,,
the distance of points in A(H,) to W*(p’) is not changed essentially, i.e. the quotient of
the new and old distances is uniformly bounded away from zero and infinity. It is not
hard to choose such a projection o, on H, which does not essentially change (at least
near r') the distances to W*(¢’).

Using the same type of arguments one can define a smooth local projection o on H,
in such a way that

— o maps H, into itself

— a, does not essentially change distances from W*(p’).

As before, it follows that o, does not essentially change the distances from points
in A(H) to W¢'). So ayoa|kH,nH):k(H,nH) -~ H, nH, has the
required properties.

To see that the whole reasoning of case B applies, we first choose metrics on H,,
H,, H,, H, induced by nearby C? manifolds I-Ip, ﬁq, ﬁp,, INIq,, respectively. Defi-
ning Ar, A, AcH p D H . s before and projecting them into H, and H, to obtain A’, A°,
A¥ we then have that the maps W*(p) n H, n H - A%, W*(¢q) nH, n H, — A®, etc,,
are homotopy equivalences. Now the argument can be completed by observing that

(1) o roughly preserves distances;

(2) ¢ induces, locally at 7, homotopy equivalences from W:*(¢") n A(H, nH,) to
Wi(¢') n(H, nH,) and from A(H,nH) — W*p') to (H, nH,) — W¥(p);

(3) if r; >, 1, e h(H, n H)) are such that f~"(r;), respectively f™(r;), has a hmit
in W'(p’) —p', respectively W¥(¢') — ¢', then p(r], W¥p')) ~ («')% and
p(ri, W(¢)) ~ (B') ™.

These facts follow easily from the constructions.

D) The general case: «, o are not real or B3, B’ are not real

Let Q be the df{p)-invariant subspace of T,W’($) complementary to the eigenspace
of «, and let Qbe the df{g)-invariant subspace of T W*(¢) complementary to the eigenspace
of B. Let W*(p) be the invariant manifold in W*(p) tangent at p to Q , and let W**(q)
be the invariant manifold in W*(¢q) tangent at ¢ to Q If H, and H, are the invariant
manifolds in the statement of Theorem (1.1), then W*(p) is transverse to H, at p and
WH4(q) is transverse to H, at ¢. The fact that W¥(p) is transverse to H, at r enables us
to get a dynamical characterization of W*¥(q). Similarly, we will obtain a dynamical
characterization of W¥(p). Once these are obtained, it will follow that a conjugacy 4
from f to f' as in the statement of Theorem (1.1) will have the property that
E(W*(p)) = W*(p") and A(W™(q)) = W**(¢'). From this, it will follow as in case G
that A(H, n W*(p)) is in a small sector about H, n W*(p’) which meets W*(3')
only at p’. Similarly, A(H, n W¥(g)) is in a small sector about H, n W¥*(¢’) which
meets W*¥(¢') only at ¢’. The arguments then proceed as in case C. In the present
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situation either or both of W*(p) and W’(q) will have codimension 2 in H, and H,
respectively, This changes the arguments slightly, but, since these changes are straight-
forward, they will be left to the reader. Thus to complete the proof of Theorem (1.1),
we must show how W*¥(g) is characterized dynamically.

Let U be a small disk neighborhood of ¢ containing the forward orbit of . We
can take U as a coordinate chart with a G? coordinate system having the components
of W¥(g) and W*(¢q) containing ¢ as coordinate planes. Let =,: U — W%(q) be the
natural projection. For an integer n> o let fI denote f" |0<fjl<” f7i(U). Define
Wi(q) to be the set of points y € W¥(g) n U such that -

(*) for each sequence o< n,<n< ..., thecritical points of =, | fJ{(W“(p)) accumulate
on y as £ —»>oo; in case dim(W¥%(p)) + dim(W*(q)) = dim(M) — 1), fHE(W*(p))
accumulates on j.

We assert that W*“(q) = ‘yo FWe(g). This implies a dynamical characte-
rization of W*(q). =

To prove this assertion, first suppose that f| U is linear and, near r, the set of
critical points (or fold points) L of =, | W¥(p) is an affine subspace. Here we think
of U as an open subset of Euclidean space via linearizing coordinates. Note that
dim(L) = dim(W¥(q)) — 1. If the eigenvalue B is real, the assertion follows as in the
previous case when the eigenvalues «, B were taken to be real. So assume B is not real.
Assume also that H, W¥(q) and W**(¢) are linear subspaces of U near ¢. Choose an
affine subspace L, CL which is complementary to H at 7. Then f"(L;) converges to Q
as n —>oo. This implies that () holds for any y e W*¥(q) near ¢. Now let y be in
W¥(¢) — W*¥(g) and near g. Since f|H, n'W*(g) near ¢ is a rotation, there is a
sequence of integers 7; < n, < ... such that f§(L nH) does not accumulate on my
as T ->c0 where wm:W¥%g) > W¥¢) nH, is the natural projection. This implies
that f%(L) does not accumulate on y as v — . This proves the assertion if f | U is linear
and L is affine. The extension to the case where fis not linear or L is not affine near r
is straightforward. We leave the details to the reader. Theorem (1.1) is proved.

Lemma (x.2). — Suppose f is an elementary diffeomorphism and x is a quasi-transversal
intersection of W¥(p, f) and W*(q, f) with p and q periodic points of f. Then f is not topologically
conjugate to any Kupka-Smale diffeomorphism.  Moreover, if f* is also elementary and k is a topological
conjugacy between f and f', then k(x) is a quasi-transversal intersection of RW"(p, f) and KW*(gq, f).

Proof. — This follows from the fact that a transversal intersection of two submani-
folds W* and W* of a manifold M is topologically different from any quasi-transversal
intersection of W* and W*, In a point of quasi-transversal intersection, either

dim W* 4 dim W¥ <% dim M
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in which case the intersection is not a manifold of the right dimension or,
dim W* 4 dim W* = dim M

in which case the intersection number is zero. See Chapter II, section 6.
Note that not all non-transversal intersections are topologically different from
transversal ones.

Theorem (x.3). — Suppose f, p, ¢, o, B, and r are as in the hypotheses of Theorem (1.1).
Then there is a residual set P, CP suchthatif ¢ € Py, thenno ¢,, o < u < 1, is topologically
conjugate to f.

Progf. — There is a residual set £,CZ such that if ¢ € #;, then

(1) each ¢, is elementary or Kupka-Smale;

(2) if some ¢, has a quasi-transversal orbit, then the hypotheses of Theorem (1.1) with
@, =f' are satisfied;

(3) there are at most countably many u’s for which ¢, has a quasi-transversal orbit.

Now, since each ¢, has at most one quasi-transversal orbit, it follows that the
quotients of the logarithms of the moduli of quasi-transversal orbits occurring in {¢,}
form a set which is at most countable. With standard arguments, one can show that
there is a residual subset £, of £, such that if ¢ € 2;, then all the quotients occurring
log |«
log [ 8]

for ¢ are different from
Lemma (1.2).

. Now Theorem (1.3) follows from Theorem (1.1) and

Corollary (x.4). — If o € B is left stable, then all stable and unstable manifolds of periodic
points of @, intersect transversally.

Proof. — Since ¢ € #, we have that ¢, is elementary. Thus, if ¢, =f has a
quasi-transversal orbit, then we may assume the hypotheses of Theorem (1.1) and hence
Theorem (1.3) are satisfied. By Theorem (1.3), ¢ is not left stable.

2. Necessary conditions for mild stability and stability

Suppose ¢ € # and o(p) is a saddle-node for ¢,. We say o(p) is s-critical for ¢,
if there is a periodic orbit o(g) such that W*(e(¢)) has a non-transversal intersection with
the strong stable foliation F* of W*(e(p)). Similarly, we say o(p) is wu-critical if it is
s-critical for @, *. If o(p) is either s-critical or wu-critical but not both, we say that ¢(p)
is semi-critical. If o(p) is both s-critical and u-critical, we say it is bicritical.

Proposition (2.1). — If ¢ is mildly stable, then it is left stable and the quasi-hyperbolic
periodic orbit is not a Hopf orbit or bi-critical saddle-node.

37



38 S. NEWHOUSE, J. PALIS AND F. TAKENS

Proof. — The first statement is obvious and the second statement was proved in
Section 5 of Chapter II. Now suppose o(p) is a bicritical saddle-node for ¢,. We
assume p is a fixed point of ¢,. If ¢; and ¢, are periodic points of ¢, such that W*(¢,)
has a non-transverse intersection with the strong stable foliation of W*(p) and W*(gy)
has a non-transverse intersection with the strong unstable foliation of W¥(p), then,
perturbing if necessary, we may assume that these intersections are quasi-transverse.
For some g near b, it then follows that W¥(qy,, ¢,) has a quasi-transverse intersection
with W%(qy,, ¢,). Here, of course, ¢;, and ¢,, denote the unique hyperbolic periodic
points of ¢, near ¢; and ¢,, respectively. Using Theorem (1.3) we can perturb to ¢’
in Z so that no ¢, is conjugate to ¢,. This shows that ¢ is not mildly stable.

Proposition (2.2). — If ¢ is mildly stable, then @, has no cycle of length bigger than one.

Proof. — Suppose ¢, has a cycle of length bigger than one. We show ¢ is not
mildly stable. Since ¢ € %, ¢, has a saddle-node orbit o(p,) which is contained in every
cycle. Indeed, the transversality of the stable and unstable manifolds implies that if
¢, had any cycle not containing a saddle nodes, then ¢, would have transversal homo-
clinic points. This would give ¢, infinitely many periodic points [34]. Lete(p,), - - -, o(p,)
be the distinct orbits in the cycles of ¢,. Replacing { ¢,} by some power { ¢}, }, we assume
that all the p;’s are fixed points. Let W*(p,), resp. W*¥(p,), denote the strong stable,
resp. unstable, manifold of p,. Since L(g,) has finitely many orbits it follows that
W4(p,) N W*(p,) = o and W'(p) n W*(p,) =6 for 0<i<r. Otherwise, ¢, would
again have transversal homoclinic points.

By transversality, we have

dim W¥%(p,) = dim W¥%(p,) or dim W*(p,) = dim W*(p,) — 1

for each 0 <i<7 Replacing {¢,} by {¢; '}, if necessary, it is enough to consider
the case in which there is a 1 <j<r such that dim W*(p;) = dim W¥(p,). This
implies dim W*(p,) N W*(p,) = o and hence p, is u-critical.

Observe that, having dim W"(p;) = dim W*(p,) for some 1<;j<r7, we may
indeed assume that for all 0 <i<r
(a) dim W¥(g) = dim W¥(p,),
(b) W¥(p,) is transverse to the strong stable foliation F* of W’(p,),
(c) & W (p;) 0 W*(po) = {po}-

For suppose (a) or (b) failed for some 1 <:<r Then p, is s-critical. Since
dim W*(p;) = dim W*(p,), we already know that p, is u-critical. Thus p, is bicritical
and Proposition (2.1) has already ruled this out. Let us now suppose that () fails for
i = 0; that is, W¥(p,) has a nontransverse intersection with F*. We already know
that W¥(p,) is transverse to #* for 1 < ¢ <r. Perturbing ¢, if necessary, we may assume
that W¥(p,) has a quasi-transversal intersection with some leaf F in #*. Choose disks
D, CW¥(p,) and D,CF so that D, and D, have a quasi-transversal intersection. Let §
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be an invariant center manifold in W*(g,). Since W¥(p,, b) meets W*(p,) transversally.
and is transverse to F*, it follows that each component of W*(p,, b)) N W*(p,) is an
embedded curve whose closure near p, can be given as the graph of a smooth function
from & to W*(p,) as in the next figure.

W”(p1) NWS(p,) j/\
£

Fic. 6

As p increases, pieces of W¥(p;, u) will sweep across the local part of W*(p,) near p,,
so for each p> b near b, W¥(p,, p) contains a disk D, ,C* near D;.

On the other hand, W*(p,, b) accumulates backward on W*(p,). For certain p’s
near b and greater than &, W*(p,, u) will contain a disk D, ,C* near D,. Considering
the continuous movements of D; , and D, , as y varies, one sees that for certain p’s near b
and greater than b, D, , has a quasi-transverse intersection with D, ,. Thus, if () fails
for i = o, there are p’s near b for which W¥(p, ,) has a quasi-transverse intersection
with W#(p, ). In view of Theorem (1.3), we conclude that ¢ is not mildly stable.
Finally if (¢) failed for some iz, then ¢ W*(p,) would meet a fundamental domain for
W*(p,). Since all intersections of W*(p,) and W?*(p,) are transverse, this implies
WH(p,) N W*(p,) + ¢ as in the Morse-Smale case ([24]; Lemma (1.5)). As we have
already mentioned, this gives transverse homoclinic points—an impossiblity.

Thus, we assume (a), (5), and (¢) hold for all 0 <i<7. We proceed to derive
a contradiction from this, and, then, Proposition (2.2) will be proved.

From (a), (b), and (¢) it follows that each component of W¥(p) N W*(gp,),
0 < i<, is an embedded curve whose closure near g, is the graph of a smooth function
from the center manifold & to W*(p,).

Let p; be a fixed point such that W¥(p,) N W*(p,) + 6, W¥(po) N W*(p,) * o,
and for each 1 <i<r with 1414, W¥(p) NnW(p) =e. Then, W¥(p,) N W*(p,)
consists of finitely many curves which are permuted by ¢,. Also, the boundary of each
such curveis{p,, #;}. By the boundary of a curve v, we mean ¢/ y — v, of course. Since
W¥(p,) is transverse to W*(p,), we conclude that the closure of W*(g,) near p; is a finite
union of closed half-spaces bounded by W’(p,). Also, since W*(p,) has a transverse
intersection with W*(p,) and dim W¥(p,) = dim W*(p,), W%(p,) accumulates on
W(p,) in the C' sense. Thus, we see that W*(p,) N W*(p,) has a component y which
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is an embedded curve whose boundary is {p,, ¥} where x e W(p.) — {f;.} N W¥(p,).
This is depicted in the next figure.

w (po/
/

wy (p;,)

Fic. 7

We will show that the existence of y leads to a contradiction. LetD be a small half-
disk neighborhood about p, in W*(p,) so that ¢,(0D — W**(p,)) N (6D — W™ (p,)) = o.
Let D* = ¢/(¢D — D) be a fundamental domain for W¥(p,). Choose N> o so
that n > N implies that ¢, "x € D. It follows that, for > N, ¢, "y is an arc whose
intersection with D* — W*¥(p,) has at least one component joining the two components
of 8(D* — W*(p,)). We may suppose that dD* is transversal to each curve ¢y, 7 € Z.
Hence, the set E of points y e D* — W*(p,), for which there is a sequence y; € ¢; "(y),
n, — o, such that y; — y, is uncountable. But E Ccf W*(p,) n D"

We assert that E N W*(p,) = . For the moment, assume this assertion holds.
Then EC 1<l'_J<rW’(p,-). Since dim W*(p,) + dim W¥(p,) = dim M, this would put E

in the countable set D* N , U W#(p,)) which is a contradiction.
<iLr

Thus, we must prove that E N Wi(p,) =w». Suppose E N W?¥p,) + ¢ and let
yeE nW(p). Choose y; €, "(y), m -, so that y;, >y as i —>o. We claim
that y, goes to infinity in W*(p,); i.e. given any closed disc FC W*(p,) transverse to D"
there is an i,> o so that y, ¢ F for ¢>i,. This follows from the facts that
ey Ny =¢ for m#+r and F NnD* has only finitely many components. Now
let D* and D* be fundamental domains for W’(p,) and W*(p,), respectively, and let
D“ be a fundamental domain for W*(p,). There is an N> o so that ¢}j(y) eD".
Since @}( ;) converges to the point ¢§(y) in D* and ¢} () goes to infinity in W*(g,),
there is an m; > o such that ¢} *™( ») accumulates on D*, Thus, ¢ W*(py) N D™ + .
But this implies that ¢, has transversal homoclinic points which is impossible. Thus
E Nn W*(p,) = o and Proposition (2.2) is proved.

Proposition (2.3). — If ¢ is mildly stable, then ¢, cannot have a non-critical 1-cycle.

Proof. — As before, if ¢, has such a cycle, it must have a saddle-node o(p) which
is in the cycle. Since the cycle is non-critical, W¥(e(p)) is transverse to the strong stable
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foliation of W?(o(p)) and W?’(o(p)) is transverse to the strong unstable foliation of
W*(o(p)). Let n, be the period of p. Using invariant manifold theory one sees that
W¥(o(p)) N W?(6(p)) is a finite union of G* circles Sy, ..., S,, which are permuted
by ¢}. Taking n, larger, we may assume ¢3(S,) =S, for 1 <i<k Replacing ¢
by a suitable G* approximation, we may assume for u near b that thereis a G® circle S;,
near S, which is invariant by ¢}, and the rotation number of ¢ | S, is not constant
as a function of p near 5. From the recent work of M. Herman [g] we may find a p
near b such that ¢f | S,, is G* conjugate to a geometric rotation through an angle «
with «f2w irrational. By a small modification of ¢ to ¢’, we may make ¢, |S,, C*
conjugate to a rotation through an angle «’ with «’/2w rational. This means that ¢, has
uncountably many periodic points of the same period. But, since each ¢, is elementary,
it has only finitely many periodic points of a given period. Thus ¢ is not mildly stable.

Remark. — The previous propositions leave open the possibility that a mildly stable
arc might have a critical saddle-node in a 1-cycle at ¢,. We will prove in section 4 that
this cannot occur if the stable or unstable manifold of the saddle-node is one dimensional.
In particular, it cannot occur if dim M = 2. In general, for dim M > 2, we feel that
this cannot occur, but we have no complete proof at this time. The next proposition
shows that the situation regarding stability is better.

Proposition (2.4). — If ¢ is stable, then ¢, has no cycles and no semi-critical saddle-nodes.

Proof. — We have already taken care of cycles of length bigger than one and
non-critical 1-cycles in Propositions (2.2) and (2.3). Suppose ¢, has a semi-critical
1-cycle containing the saddle-node orbit o(p). We assume p is fixed by ¢, and W¥(p)
has a non-transverse intersection with the strong stable foliation #** of W*(p). The
other cases are handled similarly. Perturbing, if necessary, we may assume that &%
is a G? foliation, that all intersections of W*(p) with leaves of #* are transverse or quasi-
transverse, and that all the eigenvalues of do, on T,W*(p) have multiplicity one with
distinct norms. Let « be the weakest contracting eigenvalue of dp, on T,W*(p), and
let G, be a C! invariant manifold in W*(p) tangent at p to the eigenspace of «. Let H,
be a C' invariant manifold containing W*(p) and C, as in the proof of Theorem (1.1).
Let x € W¥(p) n W*(p) be a quasi-transversal intersection of W*(p) and &F* at x. If
yisacurvein H, n W*(p) transverse to W¥(p) at x, then y is transverse to F;” in W*(p)
at x and, hence, projects diffeomorphically near x along the leaves of #* into an invariant
center manifold § for ¢,. Let D be a fundamental domain for W*(p). Thus D is a

compact set in W*(p) such that ¢D "D =¢ and W®(p) —{p}C Uz o3(D). Let
n€

U be a small compact neighborhood of D. If y ey is near x, then p(y, x) ~ |a|¥
where n( ) is the least positive integer n such that ¢;"(») € U. Here, as in the proof

of Theorem (1.1), we use p(y, x) ~|a«|* to mean that p(y, :) is bounded and bounded
away from zero independent of n. |«
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Now let ¢’ be a perturbation of ¢ such that b(¢’) = b(¢), |o¢'| < |x|, and F*
is still a C? foliation. Using Chapter II, we may assume that on the center manifold §
through p, ¢, is the time-one map of a G* vector field X, which vanishes only at g. Also,
thereis a corresponding vector field X for p,. Suppose thereis a continuous conjugacy{ 4,}
between ¢ and ¢’. By Theorems (3.2) and (3.4) of Chapter II, we know that

(1) Ay is C* along & —{p};
(2) & maps X, to X;; and

(3) &, maps the strong stable foliation & * to the corresponding strong stable folia-
tion F'%,

Since F'* is C? near F*, all intersections of W¥(p') and leaves of F'* will be
transversal or quasi-transversal. As in the proof of Lemma (1.2), this implies that Ax
is a quasi-transversal intersection of W*(p') and #.%. Applying the reasoning in
section D of the proof of Theorem (1. 1) to W*(p), we see that, since H, is transverse to &#.”,
the invariant manifold in W*(p) tangent to the sum of the eigenspaces complementary
to the eigenspace of « has a dynamical characterization. It is the set of points where
the backward orbit of #;* accumulates. Thus, A(H, n W*(p)) is in a sector about
H, n W*(p’) in W*(p). This implies that if y is near x in y and p(x,») ~ ||,
then p(k,, hyx) ~ |’ |["™. Hence,

(4) hm P(hb_}', hbx) =0
¥>z p( ), %)

If =:W?*(p) —E is the projection along the leaves of %;*, then (4) implies that
h, has derivative zero at w(x). But this contradicts the fact that A,(X;(nx)) = X;(hw(x)).

The proof of the fact that stability of ¢ implies that ¢, has no saddle-node orbit ¢(p)
which is semi-critical via some other periodic orbit ¢(q) is similar. If say W*(e(q)) has
a non-transverse intersection with %#;*, we repeat the preceding argument replacing
W*(o(p)) by W*(e(q)). The remaining case of W*(e(¢)) having a non-transverse inter-
section with & follows replacing {¢,} by {9, '}.

Remark. — We observe that stable arcs in &/ must lie in #. This follows from a
somewhat more general observation, namely that any stable arc {¢,}, not necessarily
starting in MS, with a bifurcation for g = 4 such that the limit set of ¢, has finitely many
orbits has the following properties:

— all stable, strong stable, unstable, and strong unstable manifolds of ¢, intersect
transversally;

— @, has exactly one non-hyperbolic periodic orbit, which is either a flip or a non-critical
saddle-node without a cycle; this non-hyperbolic periodic orbit unfolds generically;
such a @, can have no cycles because it has finitely many orbits in its limit set;

— there is an ¢> o such that if pe(b—¢e, b +¢) —{b}, then ¢, is MS.
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This statement follows from the previous arguments in the following way. If all
the periodic orbits of ¢, are hyperbolic then, since the limit set has only finitely many
orbits and ¢, is not structurally stable, there must be a non-transversal intersection of
a stable and an unstable manifold. By the results of section one of this chapter the
arc{¢,} would then be unstable. Also, the non-hyperbolic periodic points have to unfold
generically otherwise we would not even have local stability. It is also clear that no
more than one orbit of ¢, can be non-hyperbolic. If ¢, has a Hopf point or a non-critical
1-cycle, then there are nearby arcs with a smooth invariant circle with irrational rotation;
as observed in the present section that also contradicts stability of the arc. Also in this
section we saw that a saddle-node with criticallity and or a cycle of length bigger than
one is impossible if the arc {,} is stable. If ¢, has a non-transverse intersection of the
stable, strong stable, unstable, or strong unstable manifold of the non-hyperbolic periodic
point with any of the other stable or unstable manifolds, then there is arbitrarily near { ¢, }
an arc{¢,}and a © € R near & such that ¢; has a non-transversal intersection of a stable
and an unstable manifold of hyperbolic periodic orbits. Again by the results of section 1
this implies { ¢, }, and hence, {¢,} is unstable. Finally, we indicate why ¢, e MS for u
near b and p # 5. Since ¢, has no cycles and the limit set of ¢, has only finitely many
orbits, the Birkhoff center of ¢, must be finite. Then the arguments in [15] show that
the limit set of ¢, equals the Birkhoff center, and, hence, must also be finite. Because
@, is elementary, it then follows that ¢, e MS for w near b and p # b.

With arguments similar to those in the preceding paragraph, one can show that
a mildly stable arc in & must lie in #. There are, however, left stable arcs in & which

are not in #: ¢, might, for example, have two Hopf points or flips. All such arcs are
left conjugate to left stable arcs in %.

3. Endomorphisms of the circle

In this section we first extend the notion of rotation number, defined by H. Poincaré
for diffeomorphisms of the circle, to endomorphisms of degree one. Instead of a number
we get in general a closed interval of the real line, which we call rotation set. These
rotation sets are then used to analyze a class of 1-parameter families of endomorphisms
with non-degenerate folds (see (4) below). We show that each such family must go
through homoclinic trajectories with folds (see Theorem (8.7)). This result has a direct
application to the bifurcation of diffcomorphisms exhibiting a saddle-node with one
cycle described in the previous section. If the saddle-node has a one dimensional stable
or unstable manifold, they must go through a non-transversal homoclinic orbit. An
interesting question is if such families of endomorphisms, for which the rotation sets vary,
have bifurcation sets of positive measure. For the diffeomorphism case, see [10].

A) Rotation sets for endomorphisms of the circle

We identify the circle S* with R/Z. By End(S) we denote the set of continuous
maps ®:S' > S' of degree 1. On End(S'} we use the usual C° topology. For each
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® ¢ End(S!) there is a ®:R —R such that nd = ®x where n:R - S' > R/Z
is the canonical projection. ® is called a lift of ® and it is unique up to the addition of
an integer. Each such @ satisfies ®(x + 1) = ®(x) + 1.

For ® e End(S!) with lift ® and x e R we define the rotation number p(®, x)

to be lil’}l_’ﬂlp % (@"(x) — x) and the rotation set p(®) to be closure {p(®, %) | x € R}.

Note that if we take a different lift, say (—1—3, of @ then p(®, x) and p((i x), and hence also
(@) and 9(5), are equal up to translation by some integer. If %' e R with n(x) = n(x)
then po(®, x’) = p(®, x). Hence, up to translation by integers, p(®, x) and p(®) are
invariants of ®, =(x); if no confusion seems possible we may denote them by p(®, n(x)),
o(®). We note that p(®, p) and o(®), p €S', are topological invariants: if k:S!' — St
is a homeomorphism, then

o(®, #) = p(h®h~", h(p)) and  p(®) = p(ADATY).

Finally, if ® is an orientation preserving homeomorphism, then p(®) is the usual rotation
number [29].

Lemma (3.1). — If ® e End(S?) and @ is a lift of © and if there is no periodic point of ®
with rotation number 4 , peZ, geN, ie. if there isno x e R with ®(n(x)) = n(x) and
o(®, %) =§, then o(®) is contained in {x eR| x<§} or in {x eR| x>§}.

Proof. — 1If, for some x e R, ®%x) — x =p then =(x) is a periodic point with
rotation number‘g ; so this does not happen. Hence either ®%(x) — x<p forall xeR

or ®x) —x>p for all x eR. Since ®%(x) —x is periodic in » (with period 1)
there is some ¢ > 0 such that ®(x) —x<p—¢ for all xeR or @Y (x) —x>p + ¢ for
P+ S}

7 I

all xeR. But then p(®) C{xeR]xsp——;—e}, respectively p(®) C{xeR|x2

Corollary (3.2). — If ® €End(S"), «, B €p(®) and « S% < B for some rational

number‘-z, then @ has a periodic point with rotation number'g and hence § € p(®). Since p(P) &

closed (by definition), p(®) must be either a single point in R or a closed interval.

Now we want to show that o(®) depends continuously on ®. For this we introduce
the following notation: if ® € End(S!), ® a lifting of ® then 01(®), p2(®) € R are such

that p(®) = [p4(®D), pa(D)1.

Proposition (3.3). — Let UCEnd(S') be some open set such that there is a continuous
mapping © —> O which assigns to eack ® a lifting ® (in order that ® depends continuously
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on @, U should not be too big). Then the functions @ 1> py(P) and @ > py(®) on U are
continuous.,

4

Proof. — We observe that for any rational number =, we have that 4 <pu(D) is
equivalent with ®%(x) — x> p for all x € [o, 1] which is Z.n “ open conditicq)n ?, i.e. the
set of ® e U with p,(®) >P g open. Analogously, the set of those ® e U with
pa(®) < % is open. !

Finally, ‘Z € (p1(D), pa(®P)) if and only if for some big N €N, there are x,y € [o, 1]

with O®V9(x) —x>N.p+1 and ®VYy) —y<N.p— 1. Also this condition is
open, hence p,(®) and 5,(®) depend continuously on @.

Proposition (3.4). — Let ® € End(SY) with lifting ® and let I—; € (p1(D), pa(®)). Then
b4

there is a periodic point s € S' of ® with rotation number ‘ such that Wi(s) = S, where

Wa(s) = Q [s"éJN ®*(U)], the intersection being taken over neighborhoods U of s.

Proof. — We may assume that ‘g = o (if not we replace ® by ®¢ and choose an

appropriate lifting). Let X denote the projection of the fixed point set of ® in S'; since
X is closed and non-empty, S!' — X consists of open intervals. Let U be such an
interval and U = (5, 5;) a lifting of U. Then ®(x) — x, for x € U, is always positive
or always negative. In the first case, U CWg§(n(s;)), in the second case, U CWg(r(sp)).
If nl>Jo ®"(U) = S! we may take s = =(5;) or s = =(s,) and are done. If on the other

hand for each component U of S§' — X, ”go o"(U) % S', then @ *([o, 1]) C[— 1, 2]

for all n>o0, so we would clearly have_p(&)) ={o0}. This would be against the
assumptions,

Remark (3.5). — Let #CEnd(S") denote the subset of those @ e End(S') which
are C. whose first derivative is of bounded variation and whose critical set consists of
a finite and non-zero number of generic folds, i.e. points where ® is locally C° conjugate
with the map y = x2. By a theorem of Block and Franke [2], every @ in & has a periodic
point. This is equivalent with saying that if ® e %, p(®) cannot consist of only one
irrational real number. This together with the continuity of p; and p, implies that if
R> oo ®, is a continuous arc in End(S') with image in # then p(®,) is constant (as
function of o) or, for some &, p(®;) has a non-empty interior. This observation will
be useful in the next section.

Finally, we pose the following conjecture which extends Herman’s result for arcs
of diffeomorphisms [10]. Let{¢,} be a C'arc of G* endomorphisms of S* with rotation

sets { [p1(w), pa() ]}
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Conjecture (3.6). — If the rotation set of ¢, varies with ., then the set of W’s for whick either
p1(1) or pa(w) s irrational has positive (Lebesgue) measure.

B) Some one-parameter families of endomorphisms of S*

In this sub-section we consider continuous (or smooth) families ®;, o eR, of
endomorphisms of S! such that

— for each s R, ®, € #, see Remark (3.5);
— the rotation set p(®,) is non-constant, as a function of s;

?

— for each rational number 7 there is a locally finite set X,CR such that for o ¢ Z,,

q q
all periodic points of @, with rotation number % are hyperbolic.

We shall prove for these families:

Theorem (3.7). — For @, as above there are an interval (oy, o,) CR, a hyperbolic periodic
point 5., o3 <o<o, of ®, such that Wy (s;) is S* for all o €(o,,0,) and a point t,,
oy < o < oy tn the critical tmage of ®] (for some n) such that:
— both s, and t, depend continuously on o}
— the curves o> (54, 0) and o> (b, 0) in S' X (o1, 65) cross one another;
— if ®, is a lifting of ®,, depending continuously on o, and if 5, is a lifting of s, then t_ is the
projection of an end point of the interval ®(s,, 5, + 1).

Remark (3.8). — For ® € End(S'), with lifting ® one can construct a 1-parameter
family of endomorphisms ®, by putting @ (n(x)) = =n(®(x 4 0)). We note that in
the set of G endomorphisms ¢ of S, r> 2, which are not diffeomorphisms, there is
a residual subset for which the corresponding one parameter families of endomorphisms
satisfy the assumptions in Theorem (3.7).

Proof. — Since p(®,) is non-constant, there is some o3 such that p(®, ) has interior
points, see (3.5), and such that p(®,) is not locally constant on a neighborhood of o;.

b4

Choose a rational number = in the interior of the rotation set. Since in any neighborhood
q

of o3 there are infinitely many points where the function p(®,) is not locally constant,

we can choose o, such that @, has a hyperbolic periodic point s with rotation number '

such that Wg_(s) = S' (see (3.4)), and such that p(®,) is not locally constant at g,.
Now if follows that there is some neighborhood U of 6, in R and a continuous function
Usostrs, €S' such that, for 6eU, s, is a hyperbolic periodic point and such that
Wi, (s,) = S Next, since p(®,) is not locally constant at o4 there is a ¢ in U for which

¢(9s,) F p(¢s). Then one can find two rational numbers {’_1’ ba with p, < p, such that

9 T

46



BIFURCATIONS AND STABILITY OF FAMILIES OF DIFFEOMORPHISMS 47

the closed interval

2, 2] is in (e(p) — ol6) U (elew) — ele)). We suppose

[[éi, %] isin p(p,) — p(ps) since the other case is similar. Then, with ®,, s, liftings
of O, s,

O3 (5o, 5o, + 1) 2 [5a, 4 1 + 381, 5, + 382
and O (52, 55 + 1) Ccomplement of [55 4 1 + 345, 55 + 3pa];

see also Lemma (3.1). This means that one of the endpoints of the interval
@ (s , 5, + 1), o between o, and &, has to cross over the interval [s, + 1 + 3p,,5, + 38,
Since this last interval has length at least 2, one of the endpoints of ®3:(s,, s, + 1)
crosses, after projection on S!, over s, when ¢ goes from o, to a.

Finally we have to show thatif, for ¢ between ¢, and 5, one endpoint of ®*(s,, 5, + 1)
lies in [5, + 1 + 3%, 5, + 3p.] then this endpoint is in the critical image of ®%. To
show this, it is enough to show that neither ®2:(5,) nor @®%(s, 4+ 1) can be in
[5. + 1 4+ 341> S, + 3£a]- But this follows from the fact that the rotation number of s,

is 4 and that‘g does not lie between 2! and b (because otherwise '—2 ¢ p(P,), see (3.2)).

a0 5l
Now it is clear that we can choose (o;, 63) to be an interval between o, and & such

that if ¢ goes from o, to o,, one endpoint of ®(s,, 5, ,) crosses over the interval
[5; + 1 + 381, 5, + 3f2]- We choose then n = 3¢; and we choose ¢, to be the pro-
jection of that endpoint.

C) Application to bifurcation theory

The analysis of families of endomorphisms in the last section leads to results also
when analyzing certain families of diffeomorphisms. An explicit formulation of what
we need in this direction is:

Remark (3.9). — Let ¢, :S! - S' be a one-parameter family (¢ € R) of endo-
morphisms as in Theorem (3.7). Let @, ,: 8! X [0, 1] - 8! X [0, 1] be a 2-parameter
family of C? maps depending continuously on (s, 1) such that:

— @, o(%, 1) = (Po(¥), To(x)) for some function Tg;
— for y positive, @, , is a diffeomorphism into.

Then, for ¢ sufficiently small, there is a o € (0, 6;) such that @ - has a non.
transversal homoclinic point.
Even more holds: for g sufficiently small, and any curve (o, f(o)) with o < f(¢) < p,

6 € (6, 65), there is a g; such that @, fap has a non-transversal homoclinic point.

The proof of this statement follows from the following continuity considerations.
The map @, , has a hyperbolic periodic point s,, = (%,,,,%,,) such that x, , =5,
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as in Theorem (3.7). We observe that W*(s, ,) depends continuously on (o, p) and
W(s,0) = {%5,0} X [0, 1] (note that ¢,:S!' —»S! was expanding at s,). One can
choose a local unstable manifold W (s, ,) as an embedding (or its image) which depends
continuously on (s, ). For some &, ¢} (W (x,,)) has a point T, in its critical image
which moves over s, , by Theorem (3.7). From this and the above continuity we see
that, for each small enough u> o, there is a value of ¢ such that ®} (Wi(s,,)) is
not transversal with respect to W*(s, ).

4. The saddle-node with 1-cycle in dimension 2

Let {¢,}: M - M be an arc of diffeomorphisms of a compact 2-manifold M so
that for w < b, ¢, is Morse-Smale and such that for p = b, ¢, has a saddle-node at p
(we assume p to be a fixed point of ¢, ; the case where p is periodic can be handled analo-
gously). Further we assume that @, has a 1-cycle containing p; i.e. there are non-trivial
intersections of W*(p) with W*(p) and there is no periodic point ¢ such that both
W¥(p) N W*(g) and W*(q) N W*(p) are non-empty.

Theorem (4.x). — Under the above hypotheses {¢,} is not mildly stable.

Remark (4.2). — It will be evident from the proof of Theorem (4.1) that the same
result holds if dim M > 2 and ¢, has a saddle-node in a 1-cycle whose stable or unstable
manifold is one dimensional; i.e. a normally repelling or attracting saddle-node. An
open dense set of these arcs will create homoclinic tangencies. Thus, in dimension two
they will contain diffeomorphisms with infinitely many sinks or sources [22].

Proof of Theorem (4.1). — An arc { g, }is already not mildly-stable if in any neighbor-
hood of ¢, there is a non mildly-stable arc. Hence we may, without loss of generality,
impose generic conditions on {¢,}. In particular, we assume that p unfolds generically.
Also, we may assume that the eigenvalues of (dg,), are 1 and « with 0 < a < 1; in case
«a> 1 we take ¢; ', in case — 1< a < o0 we take ¢f and in case a < — 1 we take ¢,
instead of ¢.

From the fact that, for w < b, ¢, is Morse-Smale and the fact that {¢,} unfolds
generically at g, we may assume that, near p, ¢, has two fixed points for u <, one fixed
point for ¢ = b and no fixed points for p> b; we also assume that

WH(p, @) 0 A(W*(p, @) = {p}-
We first observe that W¥(p, ¢,) CW*(p, ¢,); this follows from the following two facts:

— WH(p, @) —{p} " W'(p, @) is open in W(p, ;) —{p} and non-empty;

— for any filtration {M;} of M for ¢, (see [20]), with peM; — M, _,, the set of
points in W¥(p, ¢,) —{p}, which go eventually into M; _, is open and equals
(WP, @) — {p}) — W(p, ).
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In the case that W¥%(p, ¢,) closes to a smooth circle, p has a non-critical 1-cycle.
Then the instability here was proved in Proposition (2.3). Thus, we may suppose
WH(p, ¢,) does not close to a smooth circle. This means that the projection of W¥(p, ¢,)
on a center manifold in W*(p, ¢,) along the strong stable foliation does not have maximal
rank everywhere.

We shall approximate { ¢, } by a family {@,} such that non-transversal intersections
of stable and unstable manifolds occur for certain p’s arbitrarily near the first bifurcation
of {$,}. From this, we infer that {g,}, and, hence also {¢,}, is not mildly stable. This
will prove Theorem (4.1). For convenience of notation, let us assume that { ¢, }is defined
for p near o and that p = o is the bifurcation point instead of p = 4. For each diffeo-
morphism ¢, we require that there is a smooth vector field X, defined for u close to o
on a neighborhood of p, such that the time 1 map X, ; of X, wherever defined, equals g, .
Also we require that there are smooth coordinates y, z (which may depend on p) such
that X, locally has the form

0 b
Xu. = Yu(.y) 3__)) + Zu()’)za

92Y(0)

ayZ

7]
where Y and Z are smooth functions of ( y, u), Zy(0) < o, > o0, and { Y, () 5’}

is a saddle-node arc. The fact that such §, exists arbitrarily close to ¢, follows

from [38], [39].
Choose, for > o a fundamental domain D,, for §, in the positive y-axis,

smoothly depending on p. For some big m, $5*(Dg o) will again be in our coordinate

z

@/
=
g

@5(Dy o)

O
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neighborhood the same holds for §*(D, ) if @ is near 0. Define D, , to be the funda-
mental domain in the negative y-axis whose boundary is the projection, along the z-direction,
of the boundary of §(D, ,). We take a “rectangle ” 9, so that its boundary consists
of two pieces of X -integral curves and two pieces of straight lines parallel to the z-axis,
such that its projection on the y-axis is D, ,, and such that for each ¢ e gD, ,), there
is a positive m’ such that $;*(¢) is in the forward orbit of &,. See figure 8.

Let A,: 9, - M, pn> o0 be defined as follows:

Ao(Zo) = D0 and  Ag(); 2) = (a(1); 0)

where a,: D,y =D, , satisfies (4,).X, =X, on {z=10}. For u>o there is a
positive T, such that the time T, map of X, (X,)r,, satisfies (X)r, Dy, =D
we define A, to be (X,)r,. For oefo,1] we define A, , = (X);0A,.

Next we define B, , =9 oA, ,. For p close enough to o, the image of B, ,
will be in our coordinate neighborhood in the part { y < o}, and also there is some posi-
tive m’ such that the image of ¢ o B, , is in the forward orbit of 2, .

Lu 2,15

13
Consider now the quotient map

{2 |y <o} »{(22) [y <o}y 2) ~3.(1, 2).

Under this quotient, &, becomes an annulus %,, B, , becomes a 2-parameter family

of mappings ﬁo,u of é" into itself and the projection =(y, z) = (, 0) goes over into 7,
the annulus projection. We want to show that Remark (3.9) is applicable to ﬁo,u.

In order to prove this we need new coordinate functions s,:%, -~ R/Z and

]
x> 0) and such that X, has the form P We
s

shall write s, w instead of 54, wy. For some circle endomorphism :R/Z — R7Z and
some map W:R/Z R we have ﬁo, ols, w) = ((s + ¢), W(s)). The circle endo-
morphism § is determined by $,; §, was obtained from ¢, by a small, but otherwise
arbitrary, perturbation. Hence we may, and do, assume that the family {g,} defined
by $4(5) = ®(s + o) satisfies the assumptions of Theorem (3.7); see also Remark (3.8).

Now it is clear that 1~3°’u satisfies the assumptions in Remark (3.9).

w,: 2, >R such that T(s,, w,) = (5

Now we observe that if T, 4 o €N, ﬁa_u is an iterate of §, (up to the identifi-
cations). Hence if such a ﬁo'u has a non-generic tangency of a stable and an unstable
manifold then the same holds for §,. Also, ]~3°,u satisfies the conditions of @, , in
Remark (3.9). Let (o4, 0;) and p be as in that remark. Now as p —o0, we have
T, = . Foreach ¢ € (o, 6;) choose an f(o) such that T, + o €N, and f(o) < .
We may arrange for ¢t f(o) to be continuous on (o, 6;). Then as in Remark (3.9),

there is a ¢; € (64, 5;) so that B and hence $°,, has a non-transversal homo-

o f(op)?
clinic point.
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5. On the rigidity of the unfolding of the saddle-node

In Chapter II we have seen that a conjugacy between two C® saddle-node bifur-
cations must satisfy very restrictive conditions. In particular, at the bifurcation parameter
it must be C*® along central curves away from the fixed point, and it must preserve
adapted saddle-node vector fields along these curves. In the present scction, we shall
present two more applications of the restrictive nature of such conjugacies. The first
concerns certain arcs of diffeomorphisms of the circle, and the second concerns arcs
between Anosov diffeomorphisms and so-called DA diffeomorphisms. These furnish
more examples where mild conjugacies cannot be strengthened to conjugacies.

A) One-parameter families of diffeomorphisms of St

We consider one-parameter families ¢, :S! — St of G~-diffeomorphisms of S?
with rotation number p(p) increasing such that whenever p(u) is rational, ¢; has two
hyperbolic periodic points or one periodic point of saddle-node type which unfolds
generically and such that whenever p(p) is irrational, p is not locally constant in p.. Let
¢, :S! —S! be another such family of diffeomorphisms with rotation number p'(u).
If we assume that Image(p) = Image(p’), then there is a homeomorphism £2:R — R
such that o'(h(w)) = p(w), see [5], [10]. For each p, ¢, and ¢y, are now conjugate:
for p(p) irrational this is Denjoy’s theorem [6], for p(u) rational it follows from the above
description. So it is clear that the above two arcs are * mildly conjugate ™.

A question, which was raised independently by R. Thom and S. Smale, is: are
two arcs as above in general conjugate? = We show here that the answer is in general
negative.

Let {9,}, {9} be a pair of arcs of diffecomorphisms of S as above. Let i be a

boundary point of p~* ([7;) for some rational j—; € Image(p). Ifthereisa conjugacy (4, H,)
between @, and ¢, i.e. £: R —> R a homeomorphism and H, a conjugacy between o,
and g, depending continuously on y, then (i) is a boundary point of (p")~ ! (g) Now

¢; has a unique fixed point which is of saddle-node type. By Chapter 11, Theorem (3.2),
there is a unique smooth vector field X near the saddle-node orbit such that its time one
map X, equals (¢;)? (and such that (¢7)IX = X). Also for g, there is such a vector
field X’. Again by Chapter II, Theorem (3.2), H; has to map X to X'. If we now
extend X, and X/, to all of §'so that ¢zX = X, ¢;z.X’ = X', we obtain in general
bivalued vector fields. 'This means that, on the complement of the periodic orbit, H; has
to respect two different vector fields. This is in general impossible.

B) Arcs between Anosov and DA diffeomorphisms

In [34], S. Smale showed that certain Anosov diffeomorphisms may be modified
to give Axiom A diffeomorphisms with attractors having intricate topological properties.
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Since the latter diffeomorphisms were obtained by modifying Anosov diffeomorphisms,
he called them DA (for derived from Anosov) diffeomorphisms. Although Smale’s
construction was given for Anosov diffeomorphisms of the two torus, it works just as well
with codimension one Anosov diffeomorphisms of the n-torus. A brief description of
the construction is as follows.

Let L be an Anosov diffeomorphism of T" and suppose that dim W*(x) = 1 for
each x e T". Since L is conjugate to a linear toral automorphism [16], it has a fixed
point, say p. Assume that the contracting eigenvalue of p is positive. Locally, near p,
one has the usual picture of a hyperbolic saddle fixed point as in Figure ga.

F1a. ga Fre. ob
Fie. 9

Smale proposed to modify the diffeomorphism L in a disk neighborhood N of p
to obtain a diffeomorphism g with two new saddle fixed points p, and p, on W*(p, L) and
such that p is a fixed source of g (see Fig. gb). This can be done so that g agrees with L
off N, g satisfies Axiom A, and the non-wandering set of g consists of p and an (n — 1)-
dimensional hyperbolic attractor containing g, and p,. In fact, as Williams pointed
out in [42], one can choose g so that the foliation #* = {W*(x, L) | x ¢ T"} is g-invariant.
Of course, the unstable L-foliation is no longer g-invariant. Somewhat later in a private
communication with us, Williams observed that a DA diffeomorphism g could be cons-
tructed from an arc in which a saddle-node occurs. The local picture is in Figure gc.

NN
o’
o

Fie. gc

If one chooses such an arc carefully, then one can actually make the arc mildly
stable with an isolated bifurcation point. This will be proved elsewhere. These mildly
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stable arcs are such that at the bifurcation point one has a saddle-node p whose stable
manifold W*(p) is one dimensional and such that there is a hyperbolic periodic point ¢

such that W*(q) n W*(p) &+ ¢. The next proposition shows that such an arc is never
stable.

Proposition. — Suppose {¢,}, 0 S w < 1, is an arc of diffeomorphisms of T" so that ¢,
is Anosov with dim W*(x) = 1 forallx. Let b = b({p,}) be the first bifurcation point of {9, }
and assume o < b < 1. Suppose that ¢, has a saddle-node periodic point with dim W*(p) = 1

and o, has a hyperbolic periodic point q not in the orbit of p such that W*(q) N W*(p) + 0. Then
{ 9.} ts not stable.

Proof. — We may assume, by perturbing {¢,} if necessary, that W¥%(g) is
transverse to W*(p). Since ¢ can be continued to a hyperbolic periodic point g,
for p<b, and ¢, is Anosov for p <, it follows that dim W*%g,) =dim M — 1.
As W¥(q) n W*(p) + o, thisintersection is zero dimensional, and, therefore p is s-critical.

Now the method of proof of Proposition (2.4) may be applied to show that {¢,} is not
stable.

C) One-parameter families of vector fields

As was pointed out in [41], the rigidity in the conjugacy of a saddle-node arc has
consequences for the stability of one-parameter families of vector fields. Consider such
a C® one-parameter family { X, } on a 2-manifold M such that for @ = 4, X; has a saddle-
node closed orbit vy, i.e. a closed orbit which is attracting at one side and repelling at the
other side and whose Poincaré map has first but not second order contact with the identity.
We assume furthermore that y unfolds generically; by this we mean that if S is a local
cross section of X, intersecting v, then the Poincaré map P,:S — S, pnear b, is a saddle-
node arc, sce section 3 of Chapter III. Let { X/} be another one parameter family of
vector fields on M (near { X,}) so that for p = ", X}, has a saddle-node closed orbit v’
which unfolds generically. Let S’ to be a local section of X, intersecting y'. We assume
for simplicity that neither { X} nor {X] } has any other saddle-node closed orbit. We
say that these two families are topologically equivalent if there exist a homeomorphism
h:R —>R and a homeomorphism H,: M — M, depending continuously on u, such
that H, maps integral curves of X, to integral curves of X;,.

If such an equivalence (k, H,) exists, then k(d) = &’. Modifying H, along the
orbits of X, we may assume that H,(S) =S’ for p near 6. So H, | S has to conjugate
the saddle-node arc {P,} with {P,}. By Chapter III, section 3 this implies that H,| S
has to map X to X', where X, X' is the unique smooth vector field on S, $’ such that its
time 1 map X,, Xj equals P,, P;,. This means that H, | S is determined as soon as
it is determined in two orbits of P, in S, one on each side of y N S.

Since H, has to map separatrices, i.¢ stable or unstable manifolds of saddle points,
to separatrices, the map H, | S is essentially fixed for each intersection of S with a sepa-
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ratrix; such an intersection is an orbit of P,. So in general { X} and {X } will not be
topologically equivalent if at least two separatrices approach y from the same side. This
means that an arc { X, } which has a saddle-node closed orbit which is approached from
the same side by at least two separatrices is not stable; it has a modulus of stability in the
same way as arcs of diffeomorphisms with a tangency of stable and unstable manifolds.
In [7] Guckenheimer incorrectly states that some of these arcs are stable,
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IV — GLOBAL STABILITY

1. Introduction

In this chapter we complete the proofs of our main results concerning stability
of one-parameter families (arcs) of diffeomorphisms, stated in the introduction to the
paper. Necessary conditions for stability, mild and left stability at the first bifurcation
point were provided in the previous chapter. We now show that these conditions are
also sufficient. As a consequence we obtain a characterization for the stability of arcs
containing several bifurcation values, under the basic assumption that the limit sets have
finitely many orbits.

The main idea here consists of a suitable construction of tubular families or folia-
tions, which will be used to define topological conjugacies. We begin by describing
local tubular families for hyperbolic periodic orbits. This concept will then be extended
to Hopf orbits, saddle-nodes and flips. The foliations are constructed for a family {¢,}
in %, as defined in the introduction, especially near its first bifurcation value . In the
case of left and mild stability, this interval is of the form [u,, 8], for some p, < b. Other-
wise, it is of the form [u,, p,] with & € (p,, pp). For each p in such intervals, we build
up tubular families or foliations requiring them to be ¢, -invariant. We shall usually
assume that the periodic orbits of ¢, are fixed points. In fact, if a periodic orbit of ¢,
has period %, we can consider ¢ to define the foliation near one of its elements, and use
@u-iterates of the leaves to obtain the foliation near the others.

2. Local Tubular Families

We first recall, in a parametrized version, the notion of tubular family for a hyper-
bolic orbit [24], [25].

Let ¥ e M be a hyperbolic fixed point for ¢;, p €I. Let [u,, ] be a neighbor-
hood of . in I and U be a cell neighborhood of ¥in M. If these neighborhoods are small
enough, there exists a continuous mapping [, ] 3 w > x, € U, where x, is the unique
(hyperbolic) fixed point for ¢, in U and X = x;. We denote by W¥(x,) and W'(x,)
the unstable and stable manifolds of ¢, at x,. Given the family {9,}, p €I, we define
©:MxI—->M by O, p) = (9,(%), w)-

Definition (2.x). — An unstable tubular family for {p,} or @ at (%, p) is a continuous
Joliation F* of U X [uy, ual, such that for p e[y, pol

a) the leaves are CF discs varying continuously in the CF topology, 1 < k< oo, and
FH % 1) = WHx) X{p} n U X{u},
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b) each leaf F*(y, ) is contained in U x{p} for y e U,
c) the foliation is ®-invariant in the following sense

O(F*( 3, 1)) D F¥ (9, ( ) 1)
Jor 3, 0,(y) €U.

Remark. — For our purposes it is cnough to take the leaves of the foliation to be C2
In fact, in their global setting, we can and will construct the foliation to be C* (k> 2)
when restricted to any unstable manifold of a hyperbolic periodic orbit that intersects
W?(x,) X {wn}. See Definition (3.1) of the next section, where even more differentiability
is involved. The same remark applies to Definition (2.2) below.

Let us see how a similar foliation can be defined at a Hopf fixed point p of ¢,. We
assume, for @ <5 and u near b, that ¢, has a hyperbolic fixed point p, near p and
dim W*(p,) = dim W*(p). As p — b, pn<b, the stable and unstable manifolds of p,
in U converge to those of p in the C* topology. So, we can use Definition (2.1) in this
case, with the difference that we consider p in some interval [, &].

Let now p be asaddle-node or aflip for ¢,. Asa natural extension of Definition (2. 1),
we present below the concept of strong unstable foliation for {¢,} or ® at (p, b).

First we need some basic facts about center manifolds as stated in Chapter II.  Let U
be a small cell neighborhood of p in M and [u,, us] CI a small interval with & € (g, o).
Let W* be a C* center manifold for ® at (p,b), 1 <k < 0. For each p e[y, ul,
W, =W*NnU x{p} has dimension one and W} is C*. We also consider the center
stable manifold W for ® at (p, 4), which is C* and has dimension s + 2. Here s and
are the number of eigenvalues (with multiplicity) of dp,(p) with norm less and bigger
than one, respectively. Both W° and W® are invariant by ®, and W; and
Wi =W* U x{p} are invariant by ¢,. Frequently, here and in the sequel, we
will identify a subset V X {u} of M x{u} with its projection V into M. We recall
that W* is foliated by the strong stable foliation #*, with leaves s-dimensional C* discs
transverse to W°, Particular leaves are the strong stable manifolds through the fixed
or periodic orbits of ¢, near p. For each u € [p;, up], Wy is a union of leaves of F*.
The foliation #* is invariant by ® in the following sense: if 2z, ®(z) € U X [, us] and
S is the leaf through z, then ®(S) is contained in the leaf through ®(z). Similarly, we
can define the center unstable manifold W* for ® at (p, ) and W™ is foliated by the
strong unstable foliation #*. Particular leaves are the strong unstable manifolds of
the fixed or periodic orbits of ¢, near p. Our strong unstable tubular family (or foliation)
is an extension of & to a full neighborhood of (p, 5) in M x I. For later purposes
we need this extended version of #*, but no such version of F*,

Suppose (p, b) is a saddle-node. As it can be seen from Chapter 11, there are two
possibilities for its unfolding. In the first one, for each p < b and near b, there are two
hyperbolic fixed points p, , and p,, of g, near p, which collapse into p as p —~b and
then disappear for p> 5. We also may assume that dim W*(p,,) =s+ 1 and
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dim W*(p, ,) = s. The other possibility is similar, only the orbits g, , and p, , appear
for u> b. Throughout this chapter we assume the first case,

If (p, b) is a flip, we also assume the following of four similar possibilities for its
unfolding. For each <& and near b, there is a hyperbolic fixed point p, near p.
For u> b, there is a hyperbolic fixed point p, , and a hyperbolic period two point p, ,
near p. We assume that dim W’(p, ) = s and dim W*(p, ) =5 4 1.

Definition (2.2). — A strong unstable tubular family F** for {¢,} at the saddle-node or
Slip (p, b) is a continuous foliation of U X [w,, ue] such that

a) the leaves are C* discs varying continuously in the CF topology and
FH(p, b) = W™(p, ) n U x {b},

b) for each u, U X {p} ts a union of leaves transverse to W',
c) the foliation is ®-invariant: if F*(y, ) is the leaf through (y,p) €U xX{un}, then
O(F*(y, w)) is the leaf through (e,(9), ) € U x{p}.

These local unstable and strong unstable foliations have already been used in a
similar context by several authors; see [26] for references. We provide a construction

of them in Proposition (2.3) below, to give a clearer view of some of the main techniques
of this chapter.

Proposition (2.3). — There exists a strong unstable foliation for {¢,} at (p, b), where p
is a saddle-node or a flip. Similarly, there exists an unstable foliation at a hyperbolic or a Hopf
fixed point.

Proof. — Let us first consider (p, 4) to be a saddle-node or aflip. In U X [, u]
let W be the center-stable manifold of ® at (p,5). As before, ® is defined by
®(x, p) = (@,(x), x) and Usap, [u,, 1] 2b are small neighborhoods. In W®, we
take a closed fundamental domain A. This is a set with the following property.
93(A) N A = o and there is a neighborhood U’ of (g, 4) in W such that if x e W
and its negative ®-orbit leaves U’, then the ®-orbit of x has an element in A, which is
unique except if it belongs to 0A. Let us indicate the construction of such a fundamental
domain when (g, 4) is a saddle-node. Taking a C? coordinate system in the center-
stable manifold of ¢, at p, we can write

P(%0) = (x + 5 + 503> + o[ [ |22 ][, 12 1F), Ay + e[| 2211, [ 211P),

where ¢eR? and ||A]|< 1. Here y =o0 represents the one-dimensional center-
manifold and x = o the s-dimensional strong stable manifold W*(p). The stable
manifold W*(p) of ¢, at p is the half-plane x < 0. We take in W’(p) a hemisphere H
of small radius centered at p and slightly extended transversally across W*(p). It is
easy to check from the above expression that ¢,(H) "H =9. For p, <pu<yb,
H, = H x{u} also crosses W*(p;, u) and W*(p,, u) transversally in U X {u} and
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. (H) nH, =9. Also, for 6< p<y,, ¢,(H,) nH, =9, where H, = H x {pn}.
We lct A, be a closed region bounded by H,,, ¢,(H,)), and an annulus whose boundary
lies in H, n¢,(H,). Then take A =

Fi1a, 10

In the case of a flip, A is diffeomorphic to A, X [u;, py], where A, is an
s + 1-dimensional annulus. Similarly, if (p, 8) is a Hopf point, A is diffeomorphic to
A, X [py, 8], where A, is an (s -}- 2)-dimensional annulus. If (¥, ) is a hyperbolic
fixed point, A is diffeomorphic to A X [y, o], where A;is an s-dimensional annulus
and @ € (g, po). Let us proceed with the construction of the strong unstable foliation
for a saddle-node or a flip. Over a neighborhood U, of the exterior boundary of A we
raise a fibration of class C¥, the fibers being u-dimensional discs transverse to W and
each of them contained in some U X {p}. Over the neighborhood ®(U,) of the interior
boundary of A, we have a similar fibration, the fibers being the ®-images of those in U,.
Restricting to smaller neighborhoods of A, we can extend this fibration to a full neighbor-
hood of A. This is done as follows. Over a neighborhood of A, we raise another C¥ fibra-
tion transverse to W* and the fibers contained in the sections U X {p}, but not necessarily
¢ -invariant. We now define a new fibration, which agrees with the first one in a
neighborhood of @A and with the second one off a slightly bigger neighborhood of ¢A.
Let 7, and T, be the projections, into a neighborhood V of A, defined by the two fibrations.
We define a C* real function p:V — [o, 1], such that pis 1 ncar A and o off a small
neighborhood of @&A. The required fibration is then given by the projection
7w = pmy + (1 — p)my. Its fibers form the leaves of our foliation. We now simply
define it over W® — W° through iterates ®" or ¢}, all 22> o: if (y, u) = ®x, p)
for (x, ) € A and the fiber through (x, p) is F*(x, u), then the fiber through (y, @)
is O (F“(x, 1)) N U X [y, o] By the generalized A-lemma [24], [30], F* extends
over W° satisfying all the conditions of Definition (2.2). Noticc that, on the center
unstable manifold of ® at (p, §), we get the usual strong unstable foliation. The cons-
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truction at a hyperbolic fixed point is easier and can be done in a similar way. The
same applies to a Hopf point (p, ), in which case we take the parameter p in some
interval [p,, #]. This finishes the proof of the proposition.

We point out that these unstable and strong unstable foliations are not unique.
There is a degree of freedom in their construction, as shown in Proposition (2.3). This
is what enables us to globalize them in a compatible way with the tubular families of
other periodic orbits. Such globalizations will be performed in the next section.

3. Global Tubular Families

In this section we construct compatible systems of tubular families or foliations
for a family {¢,}, @ near its first bifurcation point.

As before, we denote by b €1 the first bifurcation point, so that ¢, is Morse-Smale
for p<b. From the previous chapter, {¢,} can be stable in one of our three senses
only if one of the periodic orbits of ¢, is an elementary bifurcation (saddle-node, flip or
Hopf). Moreover, the (strong) stable and unstable manifolds of all the periodic orbits
of @, must have transversal intersections.

We recall that, since ¢, is Morse-Smale for @ <4, its periodic orbits can
be partially ordered through the relation p;,>;, if WY ) nW(gp; ) + ».
See [24], [25]. We fix a total ordering for the periodic orbits compatible with this
relation. If ¢, has a Hopf orbit or a flip, the same ordering applies as well to its periodic
orbits: there can not be any cycle, since otherwise 4 would not be the first bifurcation
point [18]. If ¢, has a saddle-node, we may have a cycle containing this orbit. If there
is only a 1-cycle, the saddle-node will be counted as p; , and p;,, , for some positive
integer j. However, if there is a cycle of larger length, then the saddle-node will be
counted as p;, P;,; , where j and j' arc positive integers and j'> 1. In all cases,
this ordering of the periodic orbits will be used to build up global systems of foliations
for {g,},  in a small interval in I. This interval is of the form [u,, 5] when ¢, has a
Hopf point or a saddle-node which is critical or has a cycle, and otherwise [y, p,] with
b e (g1, pa)-

Let p;,> f5,> ... > py, be the periodic orbits of ¢, for some p € [u, pl,
all of them hyperbolic except at most one which is an elementary bifurcation. For
convenience, we write p; instead of p;,. Let U;, U, ..., U, be neighborhoods of
1> Pas -+ -s pr- We will consider local unstable or strong unstable foliations in
U, X [#15 ta)s Us X [, t2], - - -> Up X [11, e] as in Definitions (2.1) and (2.2). If
the periodic point p; is a saddle-node with no cycles or a flip, let #*(p;) denote its strong
unstable foliation in U; X [u;, pp]. Otherwise, let F¥(#,) denote the unstable foliation
in U, X [, wo]. Since F%(p,) is a g -invariant foliation in U; X [iy, 4], it naturally
induces one in U ol(U;) x {u} for € [p, p] and n e N by simply taking iterates ¢,
of the leaves. In the sequel, we will be using this extended (or globalized) foliation,
which will be still denoted by F*(p,).
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Definition (3.1). — The system of foliations F(p,), F*(po), - . -, F4(p,) is compatible
when
a) if a leaf ¥ of F¥(p,) intersects a leaf S of F¥(p;), 1 <j, then FOS,
b) forall i < j, the restriction of F¥(p;) to each leaf of F*(p,) is a foliation of class C¥, 2 < k.

Remark. — Note that the restriction of these foliations to unstable manifolds of
hyperbolic periodic orbits are of class C*. However, the unstable manifold of a non-
critical saddle-node with no cycles or a flip is not a leaf of the strong unstable foliation.
Thus, we do not demand differentiability of the foliations when restricted to these unstable
manifolds.

Let us show the existence of such systems. First we consider the case where ¢,
has a Hopf periodic orbit. This is the same as the parametrized version of the hyperbolic
case. Although somewhat simpler than the saddle-node and the flip, it gives a pretty
good idea of how to proceed in those cases as well.

Proposition (3.2). — If ¢, has a Hopf periodic orbit, then there exists a compatible system
of unstable foliations for @,, u €[u,,d] for some y, near b.

Proof. — Let py ,> pp,> ... > p;, be an ordering of the periodic orbits of ¢,
for p; < p<b. We simply write p; instead of p;,. By induction, we may assume
that a compatible system of foliations F*(p,), ..., #%(p,) has been constructed in
neighborhoods U, X [uy, 8], ..., U, X [, 8], £, €U; for 1 <i<n Let us build
F%(ppr1)- We will adapt the proof of Proposition (2.3) to guarantee the compatibility
condition. Near p,,,, we consider a closed annulus A, as a fundamental domain
for W¥(p,,,) and denote by 9, A, its exterior boundary. Then, the annulus A, with
boundaries 9,A, X {n} and ¢,(9,A, Xx{w}) is also a fundamental domain for
We(p, 1, 10), u€[u,d] (we take y, closer to b if necessary. If W¥(p,) intersects
W?(#,,,) it must do so transversally. Thus, we can take a C* fibration of W*(g,) near
the exterior boundary of A,, whose fibers are discs transverse to W*(p, , ;) with the same
dimension as W*(p,, ;). The image by ¢, of this fibration induces a similar one near
the interior boundary of A,. On the other hand, it is easy to get a second CF fibration
of W¥(p,) in a neighborhood of all of its intersection with A,, if we do not require it to
be ¢,-invariant. However, as in Proposition (2.3), this second fibration can be deformed
to agree with the first one near the boundaries of A, and, thus, it becomes @;-invariant.
We now want to fiber in a similar way the leaves of #*(p,) near A, p, < ¢ <) with p,
close to 5. First, we observe that, in U, X [, 8], the leaves of #%(p,) are C¥ imbed-
dings of the disc W¥(p,) N U,, continuously parametrized by (W*(g,) N U,) X [, 6]
Thus, by restricting this parameter space, we have that the leaves of F%(,) near A,
are C* close to W¥(p,). Using this parametrization and the fact that the foliation F*(p,)
is p,-invariant, we can fiber as above the lcaves near W%(p,) N A,. We get a g -invariant
fibration with C* fibers transverse to W*(p, 4, 1), py <@ <b, and varying conti-
nuously in the C* topology. By construction, each fiber is contained in some leaf of
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FY(p,). Also, the fibration is C*¥ when restricted to each leaf of F%(p,). Now we take
F*p,_1). There are two cases to consider. If W¥(p,_,) intersects W*(g,,,) but
not W*(p,), then W*(p,_,) N A, is compact and disjoint from W*(p,) N A,. So, we
can proceed as before, fibering the leaves of #%(p,_,) near W¥(g,_,) N A. Let us
now suppose that W¥(p, _,) intersects W*(p,). Since F*(p,_,) and F*(p,) are compatible
by the induction hypothesis, the fibration of #*(p,) in a neighborhood V of W¥(p,) n A,
is also a fibration of #¥(p,_,) in V. On the other hand, B = W¥(p,_,) n (A, — V)
is compact. So, F%(p,_,) can be fibered as above in a neighborhood of B. As in
Proposition (2.3), we can average these two fibrations near B to get a desired one in
some neighborhood of W*(p,) U W%(p,_,) intersected with A,. Its fibers form the
leaves of our foliation. We repeat the argument to all #%(g;), 1 <i<n—2. Once
we have the ¢ -invariant and compatible foliation #*(g, , ) near A, X [p,, b], some y,
close to b, we just consider its positive iterates by ¢, (or ®). By the generalized
Alemma [24], [30], it extends to the foliation W*(p, ., .), w €[w,, ], of the center
unstable manifold of ® at (p,,,,5). This finishes the construction of the folia-
tion F*%p,,,). The proof of the theorem is complete.
Let us now consider the case where ¢, has a saddle-node. Let

i Do > - > b

be an ordering for the periodic points of ¢,, pu, < w<b. We first consider the case
where the saddle node is non-critical and ¢, has no cycles. We assume that p; , and
P41,y coalesce at p = b, giving rise to the saddle-node p; = ;4.

We shall construct a compatible system of foliations for {¢,}, with p in some
interval [, o] and & € (uy, wy). The foliation at the saddle-node p; = p;,, will be
a strong unstable foliation #*(p). Actually, the construction we just performed in
Proposition (3.2) can be adapted to the present case as well as to the flip bifurcation.
However, to prove the stability of the family, we also construct a one-dimensional center
foliation in a neighborhood of the saddle-node p; = p;,, in the center stable manifold
of ® at (p;,5). Asusual, ®: M X1 —>M is defined by ®(x, ) = (,(x), w). This
center foliation #* should be ¢, -invariant and compatible with the unstable folia-
tions F%(g,), ¢<j, in the sense of Definition (g.1).

Proposition (3.3). — If @, has a non critical saddle-node p; = p; ., and no cycles, then
(a) there is a compatible center foliation F° defined in a neighborhood of the center stable manifold W
Qf Q at (pj,b)’
(b) there is a compatible system of unstable foliations F*(p,) for @ or @,, w € [py, ] for some
wy < b and py,> b. The foliation we consider at p; = p; | is a strong unstable one, F*,
(c) the union of leaves of F* through a leaf of F* forms a G submanifold.

Proof. — Since p; > p> ... > p;_, are all hyperbolic, Proposition (3.2) provides
a compatible system of unstable foliations F*(p,), F“(py), ..., F*(p;_1). The leaves
of these foliations are taken to be G, £>2. Let us construct a center foliation F°
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at the saddle-node; its leaves will be C¥=*. In the center stable manifold of ® at (g;, 4),
we consider a fundamental domain as in Proposition (2.3). We define the center
foliation &#° as the integral curves of a vector field X satisfying the following properties.
X is tangent to the leaves of F%(g,) and it is C*~! along these leaves for all i <j such
that W¥(p;) intersects W*(p;). The vector field X is also transverse to the strong stable
foliation of ® at p; and d®-invariant. To get such a vector field, we proceed by induction
taking i =j—1,7—2,...,1. If W¥g,_,) intersects W*, we take a C*~! vector
field X tangent to W*(p; ) near its intersection with the exterior boundary of the
fundamental domain A. Near the interior boundary, we just consider d®(X). It is
easy to extend this vector field X to a full neighborhood of W*(p;,_,) N A in W¥(gp,_,).
We now want to define X along the nearby leaves of #%“(p; ;). As we noticed in the
proof of Proposition (3.2), these leaves are C* imbeddings of a disc in W¥(g;_,), conti-
nuously parametrized by their intersection with W*(p; ;). So we can project X into
the leaves of #“(p;_,) near the exterior boundary of A, consider its image by d® and
extend it across A as above. Due to the fact that the saddle-node is noncritical, X is
transverse to the strong stable foliation of ® in the center stable manifold. By induction,
let us suppose X defined along the leaves of F%(p;, 1), - .., F*(#;_,) near the fundamental
domain A. If W*(p) N A =90, we proceed to the next foliation F%(p,_,). If
W¥p) N A$a, but WHp) NnW(p) =0 for :<ki<j, we can proceed as
before since W*(g) N A is compact and disjoint from W¥(p,) N A. Finally, let
W () NnW*(p,) + @ for some i< n<j The vector field X is already defined in a
neighborhood V of W*(g,) in A for i< k<j. Since F¥(p;) is compatible with F*(p,),
X is tangent to the leaves of F*(p;) in V. But W*(p;) n (A — V) is compact, so we
are again reduced to the previous case. Thus we can construct X as desired in a neighbor-
hood of A in the center stable manifold. Now we take the integral curves of X and their
positive iterates by ®. By the A-lemma [24], [30], this partial foliation extends to center
manifolds and together they form a center foliation as asserted in (a). Parts (b) and (c)
follow as in Proposition (3.2) for the hyperbolic periodic points and also as in Proposi-
tion (2. 3) for the saddle-node. In this last case, we raise the strong unstable foliation from
the center foliation we have just constructed. The proof of Proposition (3. 3) is complete.

Remark. — The center foliation &° is not a “ classical >’ foliation in two ways

(1) as usual in the present work, we only required that the leaves of #*, which are C*~!
with k> 2, should vary continuously in the C*~! topology. We did not demand
the projection along the leaves into a transverse section (like a leaf of the strong
stable foliation) to be differentiable,

(2) & has singularities, as shown in the picture
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Now let us consider the situation of a saddle-node p; = f;,; for ¢, which is
critical or lies in a cycle and j' > 1. In the case the saddle-node is bicritical or it is part
of a cycle, we wish to prove the stability of the family {¢,} for u <& (left stability).
When the saddle-node is critical but not bicritical and there is no cycle, we wish to prove
that { ¢, } is midly stable for p. <y,, some @, > b and near 5. Again, since ¢, is Morse-
Smale for < p. < y,;, some p; > b, {¢,}isstable in this range of the parameter. This
follows from [25] or the next section. Thus, it is certainly enough to show that {¢,}
is left stable at 4. In conclusion, we can treat these three cases in the same way. As
before, we need to construct a compatible system of unstable foliations for {¢,}, u < b.

Proposition (3.4). — If ¢, has a saddle-node p; = p; . ;, j' > 1, which is critical or,
has a cycle, then there exists a compatible system of unstable foliations for w < b. The leaves
of F*(bj1y,.) are one dimension lower than those of p; ,.

Proof. — Similar to that of Proposition (3.2), using the unfolding of the saddle-node
as in Proposition (2.3). In this case the leaves of F*(§;, u) cover a neighborhood of
W*(p;, ») —{p;,} near p;, where W*(p, ) is the strong stable manifold of p;,.

The leaves of #*(p; ) intersected with the center stable manifold W} are repre-
sented by horizontal lines in the pictures below. The intersections of the leaves of
F*(;+5,.) With W? are represented by points.
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Notice that the foliations F*(p; ) and F"(p;,;,) can be constructed to be
compatible in a neighborhood V of W®(g) —p; in M X [u,, b] for some g, <5d.

Proposition (3.5). — If ¢, has a flip point p;, then

(a) there is a compatible center foliation F° defined in a neighborhood of the center stable manifold
of @ at (§;,0);
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(b) there is a compatible system of unstable foliations F*(p;) for @,, w€[py, pg] for some
e < b and py> b; the foliation we consider at the flip p; is a strong unstable one, F**;
(c) the leaves of F*™ through a leaf of F° form a C! submanifold.

Proof. — The proof is entirely similar to that of Proposition (3.3).
We finish this section by summing up in the next theorem the results we have obtained
on compatible systems of unstable (strong unstable) foliations.

Theorem (3.6). — Let b be the bifurcation point of the family {¢,} in B. Let
O:MXI>M be defined by ®(x, p) = (9,(x), ). Then,

(1) if @, has either a noncritical saddle-node and no cycles or a flip, there exists a compatible system
of unstable foliations for ® or {@,}, w <y, for some y, near b and y, > b. The unstable
Joliation at the saddle-node or the flip is a strong unstable one,

(2) if @, has a saddle-node or a Hopf periodic orbit, there exists a compatible system of unstable
Joliations for ® or {@,}, w<25.

4. Stability

We culminate this chapter by showing the stability of the families of diffeomor-
phisms {¢,} in #. Such families were introduced in Chapter IlI, studied there and
in the previous sections of the present chapter. A family {¢,} in # is stable, mildly or
left stable according to the structure of the diffeomorphism ¢,, where 5 is the first bifur-
cation point of {@,}. More specifically, the stability depends on the structure of the
non-hyperbolic orbit of ¢,. We stress again that the transversality of the stable and
unstable manifolds of the periodic orbits is necessary even for left stability, as was proved
in Chapter III.

Our results on stability will follow rather naturally and in a unified way from the
existence of compatible systems of (strong) unstable tubular families or foliations. Fitting
together these foliations provides a kind of global coordinate system from which the
topological conjugacies can be constructed. We define the conjugacies inductively on
the stable manifolds of the periodic orbits, these orbits being totally ordered as in section §.

We will make use of the following two known results. The first one states that
% is open in the set & of C* one-parameter families of G diffeomorphisms of M with
the C* topology. It corresponds to Theorem (2.5) of [19] and Theorem (3.1) of [20].
The second result is an easy extension (a parametrized version) of the Isotopy Extension
Theorem [23].

Theorem (4.1). — Let {@,} € B have the first bifurcation point b. There exists a
neighborhood U of {@,} such that if {§,} e U has first bifurcation point b, then {¢,}e# and
¢, and Oy have the same elementary bifurcation. Moreover, there is an order preserving one to one
correspondence between the periodic orbils of ¢, and 3.
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Let N be a €’ compact manifold, r> 1, and A an open subset of R°. Let M
be a G” manifold with dim M > dim N. We indicate by CE(N x A, M x A) the
set of C¥ mappings f: N X A - M X A such that = = ='f, endowed with the C* topo-
logy, 1<k<r. Here, = and n’ denote the natural projections n=:N X A — A,
7w :M XA —>A. Let Diffify(M x A) be the set of C* diffcomorphisms ¢ of M x A
such that =’ = =n’, again with the C* topology.

Theorem (4.2). — Let i € C5(N X A, M X A) be an imbedding and A’ a compact subset
of A.  Given neighborhoods U of i(N X A) in M X A and V of the identity in Difff(M x A),
there exists a neighborhood W of i in CE(N X A, M X A) such that for each j € W there exists
¢ €V satisfying @i =j restricted to N X A’ and o(x) = x for all x ¢ U.

Now we prove the main theorem of the present chapter.

Theorem (4.3). — Let {p,} € B with first bifurcation point b. Then

1) if ¢, has a flip or a noncritical saddle-node with no cycles, {¢,} is stable,
2) if @, has a saddle-node which is not bicritical and has no cycles, {p,} is mildly stable,

3) if ¢, has a Hopf periodic orbit or a saddle-node which is bicritical or has a cycle then {q,} is
left stable.

Proof. — First, we observe that the statement in part (2) can be proved as in part (3).
In fact, in case (2) we have that {¢,} is Morse-Smale for b < u < y,, some y, > b,
and so it is stable in this range of the parameter. This last fact is an easy consequence
of the proof that Morse-Smale diffeomorphisms are stable. By the same reason, in all
cases it is enough to consider the stability of { ¢, }in & for p near the first bifurcation point.

Let py ,> p2 > ... > py, be a total ordering of the periodic orbits of ¢, for
< b. As in section 3, this ordering can be naturally extended for p = b and even
for n> b when g, is as in parts (1) and (2) of the statement. By Theorem (3.6), we
can take a compatible system of (strong) unstable foliations F*(py), F*“(p,), ..., F*(p,)
defined in M X [gy, ] or M X [py, #], for some p; <& and py,> b according to
case (1) or (3). In case (1), the foliation is a strong unstable one at the flip or the saddle-
node. Recall that this strong unstable foliation is constructed from a center foliation #°
in the center stable manifold of ® at theflip or the saddle-node, where ®: M X I - M x I
is defined by ®@(x, u) = (9,(x), #). By Theorem (4.1), for a nearby family {§,} with
first bifurcation point b, we can consider a corresponding compatible system of (strong)
unstable foliations and a compatible center foliation in case (1). Also, given a repara-
metrization (a homeomorphism) p:I —1I near the identity and p(d) = b, there is
an order preserving continuous correspondence between the periodic orbits p; , and
E’p(u) of ¢, and ¢, for w €[wy, us] or €[y, d]. This defines the conjugacy on
the periodic orbits. In the construction of a global conjugacy we can take this repara-
metrization quite arbitrarily, except in the case of a noncritical saddle-node with no
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cycles. In this situation we must choose p as in Chapter II, so that we have a (continuous)
conjugacy between @ and @ restricted to center manifolds at the saddle-nodes.

Our global conjugacy H will be constructed on M X [u,, po] or M X [p,, 8]
inductively on the stable manifolds of the periodic orbits and, in case (1), at the center
stable manifold of @ at the saddle-node or the flip. Since these stable manifolds cover
all of M x{u} for each pe[py,ps] or we[y, 8], H will be defined on all of
M X [, o] or M X [i;,4] and maps onto M X [p(iy), p(pa)] or M X [p(uy), 31.
We fix fundamental domains A, for W?(p,) or W*(p,) with exterior boundaries transverse
to all W¥%(g,), i<k <¢ The conjugacy H will be constructed with the following
properties:

a) HM x{p}) = M xX{p(w)}, »in M X [, ps] orin M X [p,, 0],

b) it sends leaves of F*(p,) into leaves of F*(p,), 1 < i</,

¢) itisdifferentiable along each leaf of %#*(p,) off the stable manifold of ® atp;, 1 <</,

d) if W*p) n W*(p,) £o, i<k, then for each leaf F of #*(p;), in a neighborhood
of FnA,, His C!near the inclusion map.

As the first step H takes the sources of { ,} onto the sources of {g,,,}. Suppose
H has been constructed on the stable manifolds of ® at p,> p,> ... > p,. Notice
that the space of leaves of #%(g,) is parametrized by the intersection of the leaves with
We(p;) or W(p,). Thus, in particular, H defines a map from the space of leaves of #*(#,)
onto the space of leaves of #() for 1 <i<m FeFYp,) is associated to F e FF))
if HF n W!(p)) = Fn We(p,). Let us now consider W(g,. 1), W*(Briy) if fupy is
either hyperbolic, a Hopf orbit or a saddle-node which is critical or has a cycle. Let
A=A, n(Mx{b}) and Ay =&, ,n(Mx{F}). If W¥p) NnA,+92, we
choose H as a diffeomorphism near the inclusion of a neighborhood of W¥(g,) N 9,.A,
in W¥(g,) onto a neighborhood of W¥($,) n 8, Ay in W%5,). Such a diffeomorphism
exists because W*(p,) N A, is close to W¥(F,) N K; for {p,} near {¢,}. Near the
interior boundary of A;, H is defined by He, = 93 H. From Theorem (4.2) this partial
diffeomorphism can be extended to all of W*(p,) N A,. To extend H to the leaves
of F%(p,) near A, ;, u; < < b, we proceed in an entirely similar way using Theo-
rem (4.2), since we already know which leaf of #%(§,) is associated to a given leafof F*(p,).
This completes the construction of the conjugacy on the intersection of the leaves of #*(p,)
with the fundamental domain A, ,,. Next, we take F*(g,_,) and suppose that
W¥(p,_1) NA,+0. There are two cases to consider. If W¥(p,_,) n Wp,) = o,
then W*(p,_,) N A, is compact and disjoint from W*(p,) N A,. Thus, the cons-
truction of the conjugacy on the leaves of F*(p,_) restricted to A, , ; is the same as on
the leaves of #*(p,). So, assume that W¥(g,_,) 0 W*p,) 0. Since F¥p,_,) and
FY(p,) are compatible, H is already defined on the leaves of #*(p,_,) in a neighborhood V
of W¥p,) nA, in A,,,. But B=W*p,_,) n (A, — V) is compact. So, we can
extend H to B using Theorem (4.2) and also to the leaves of #*(p, _,) in a neighborhood
of Bin A, ,. We repeat the argument to all F¥%p,), 1<i<n—2 Ifp, ,is2a
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Hopf orbit or a critical saddle-node with no cycle, then H is defined on A, , , satisfying
Ho, =9, H or Hp=%H, p, <p<b or p, <p<y, with p;<b and b< p,.
The same equation allows us to define H on all of the stable manifold of ¢ at p,,,. If
the saddle-node occurs in a cycle so that p,.; =f#,,,,; for some j > 1, then we
have only defined H on a neighborhood V of W®(g, ., ,) —{f,+1,} in W(p,,,).
We continue as before for f, , ; , ;with j<j'. Whenwecometop,,,.;, the conjugacy H
as already been defined on the part Vof W*(p, . ;. »). We continue the process as above
obtaining a conjugacy H, defined on (U = W*p)) n W¥p, ., +7) such that

k<nt1+§
H, = H off a neighborhood of Wppy145) —V in W(p, ., 5). Thus, H can be
defined on all of W¥(gp, . ,).

Now we consider the case where p,,, is a flip or a non-critical saddle-node with
no cycles. Here, H will be defined in the center stable manifold of ® at p, ., as the
¢ product ” of two partial conjugacies. One of them, which we call HY, is defined at
the center manifold of @ at , , ;, as constructed in section g of Chapter II. It corresponds
to a conjugacy on the space of leaves of the strong stable foliations #*(#,, ), F*(Pns1)-
The other, which we call H is to be defined on the space of leaves of the center folia-
tions F(p,11), F(Par1). However, since the center foliations may have several leaves
going through the periodic orbits p,,,, .1, We cannot express the stable manifolds
of such orbits exactly as the product of these two foliations. That is the reason we will
make a slight modification of the center foliation #°(§, . ,) already constructed. The
second partial conjugacy H® will then send leaves of #°(g, , ;) onto leaves of the modified
center foliation for §,, ;. To do this, we first consider a continuous family of leaves {F, },
p S p <y, with F, e #%(f,.,, ), such that F, meets all the leaves of the center
foliation #°(p, .1, ). We also choose a family of disks {D,}, D,CF,, such that the
exterior boundary 9,,D, of D, is transverse to the unstable manifolds W*(g;, ) for all
1<i<n and each p e[, ]. We now form a fundamental domain A =UA,
for the center stable manifold of p, , | as follows. For each u, the exterior boundary 9, A,
is made of the disk D, and a “ cylinder > formed with the leaves of #°(,, ;, ) through
the points of 9, D,. Notice that H® determines a corresponding family {Em} of leaves
of F*(},,1). We then take a family of disks {ﬁp(u)}, ﬁp(u)Cfp(u) for each p, and
construct a similar fundamental domain A = U Kp(u) for the center stable manifold
of §,,1. We now define H*: u D, — U ﬁpm) as follows. Of course, we want it to
be compatible with the unstable foliations #*(p;) and the conjugacies already defined
on the stable manifolds W*(p,), 1 <¢ < Near the exterior boundaries of D,, ]~)p(u)
we proceed by induction on the indices ¢ =n,72 — 1, ..., 1. We start with a diffeo-
morphism H’:V — V¥ near the inclusion map, where V is a neighborhood of
W¥($,) N 2,D, in W¥p,) nF, and ¥ is a neighborhood of W%(3) N8, D, in
WH(5,) N Em). Similarly for the intersections of the leaves of #*(p,) with 9,, D, which
are mapped onto the intersections of the corresponding leaves of #*%(p,) with 9, INDD(M).
Notice that the correspondence between the leaves of &*(g,) and those of F*(f,) is

67



68 S. NEWHOUSE, J. PALIS AND F. TAKENS

determined by H:W°(p,) — W*(3,) already defined. The extension to the leaves
of F4pp_1), - .-, F*py) is done in the same way as in the previous case. In order to
define H*: U D, — U f)p(u), we consider the annuli A;CD, and Ap(u) )
each p € [y,, u,], obtained as follows. The exterior boundary of A is 9, D, and its
interior boundary is the projection of ¢,(9,,D,) into D, via the Ieaves of .9;' "'(p,1 f1o ).
Similarly for Ap(u) Notice that H®: 9, A} — 0 A constructed above induces a

ox < do(w
map H®: 9, A} — ¢ A In fact, for =« eamAuL Iet ¢, be the leaf of F°(p, {, 1)
through x and let y be the intersection of ¢ '(¢,) with 8MA;]L If 7 is the leaf of

F( P, 1, o(1)) through H*( »), we set H*(x) = 2, where z is the intersection of ?;'p(u)(?')
with 3inK;(u). We now extend H° first to all of A, using the Isotopy Extension Theorem
as before. Finally, we can extend H” to all of D, sending leaves of F%(§;, ) to leaves
of %P, e(w), 1 <i<n Again, this can be done as before since W%(g,, 1) and
W*(%;, o(w)) are transverse to D, and Dp(u respectively. At this point, we would like
to define the conjugacy H: W¢ ( Dusr) — WP, 1) as the “product” of H® and H*
using the strong stable and the center foliations. To do this we have to modify the
center foliation #°($,,,) in W*(g, +1) For each u €[y, uy], it is enough to do so
in the region bounded by I~) Ap(u), P u) p(m) and the cylinder formed with
the leaves of #°(§,,,) through pomts of ¢ A Let =: ﬁp(u) — K;(u) »'&'p(u)(ﬁp(u))
be the homeomorphism defined by n(x) =y, where (H?)~"(x) and o, (H) " F55()
belong to the same leaf of #°(p,,,, ). Let A: ﬁp(u) — K;(u) = Po) (ﬁp(“)) be defined
by A(x) = z, where x and z belong to the same leaf of #°(3, , 1, o(1)). If A =7 then
no modification of F#°(§,  ,, o(w)) is needed. So let us change F(Br i1 p(1)) to get
the second map to be equal to the first. Notice that n(x) and A(x) belong to the same
leaf of #¥(§;, p(w)) for some 1 <i<n Moreover, \q~* along such a leaf is C' near
the identity map. Let X be the vector field whose integral curves are the leaves of
F(Bry1s0(w). We modlfy X near but off o p\u)) so that the corresponding map A
satisfies An™' = 1 on §,,( p(u)). Observe that the modification required for X along
W¥(4,, o(w)) is well known and it can be performed in a parametrized way along the
leaves of F*(f,, o(n)). Using the fact that the foliations Z*( 2:, p(1)) are compatible,
we proceed by downward induction on the indices 1 < ¢ <z It is clear that the new
center foliation coincides with the previous one on the boundary A =U aK‘,(u, of
the fundamental domain A. Once it is defined on A, it can be defined on all of W*( E»+ N
simply through iterations by &, where &5(::, w) = (P,(x), u) as before. Now we can
define H from W=(p,, ;) onto W($, ,,) using the center foliation, the strong stable
foliation and the conjugacies H* and H° on their spaces of leaves. H is clearly one to
one, onto and also continuous since these foliations and the maps H®, H* are continuous.
Moreover, H is differentiable along the leaves of F*(g,), 1 <:<n, in W¥(p, ).
In fact, #° was constructed in section g to be differentiable along these leaves; the same
is true with the modified #° and the map H° constructed above. Being codimension
one, the foliation #* is C! (see section 2, Chapter II). Finally, the differentiability
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of H* off the periodic points is in section g and 4 of Chapter II. Together these facts
imply our statement. Thus, the proof of the induction step is finished. Our map H
is defined on. M X [y, o] or M X [ig, 6] onto M X [p(ty), p(ue)] or M X [p(gry), 31,
it 1s clearly one to one and satisfies the conjugacy equation Ho, = §,,,,H. Let us prove
that H is continuous. We have to show that H is continuous at the stable (center stable)
manifolds of the periodic orbits of {¢,}. Here we indicate by W*® both the stable and
center stable manifolds; also, let I, indicate either [u,, ps] or [p,, 6]. By construction,
H is continuous along these manifolds and, in particular, along the stable manifolds of
the sinks. By induction we may assume that H: W — W isa homeomorphism, where
W and W are the union of Wi(ty) and W(p, ) for i<Ek</! and pel;.
Let us now show that H is also continuous at W°(g; ). Consider a sequence
(Fs ) = (%, &) €eW(p: ), %,€M and p,el,. Since H restricted to W*(p; ) is
continuous, we may assume, via a subsequence, that (x,,u,) € W for all n. Let F,,
F be the leaves of #%(p,) containing (x,, u,), (%, 1) and F,, F the leaves of #*(§;) contai-
ning H(x,, u,) and H(x, u), respectively. We have that F, -~ F and since H is conti-
nuous restricted to the stable manifolds, we have ¥, —F. Thus, it is enough to show
that the sequence H(x,, u,) accumulates on W*(p; ,»). In fact, H(x,, ) cannot
accumulate on W because H: W — W is a homeomorphism. Also, H(x,, 1,) cannot
accumulate on the union Z of Wo(B, ) 1 <j<i, because F, and Z are far apart.
This proves our assertion and so H is continuous on all of M X I,. This finishes the
proof of the theorem.

We now complete the proof of our second main theorem stated in the introduction,
the first part of which was done in section 2 of Chapter III.

Let us denote by ¥ CZ the set of arcs {9, } such that the limit set of each ¢, has
finitely many orbits, w €I = [0, 1]. We also denote by & C% the set of arcs {o,}
such that there are only finitely many bifurcation values for {¢,} say 4;, ..., b,in (o, 1)
and for each 1 <i<ys, ¢, has the following properties:

— all stable, strong stable, unstable and strong unstable manifolds intersect transversally
— @, has no cycles and has exactly one non-hyperbolic periodic orbit, which is either
a flip or a non-critical saddle-node; this non-hyperbolic orbit unfolds generically.

As we mentioned before, it turns out that for arcs {¢,} € &, ¢, is a Morse-Smale
diffeomorphism if w is not a bifurcation value.

Theorem (4.4). — The arcs in & are stable.

Progf. — As in Theorem (4.1), it follows from [19], [20] that & is an open subset
of #. Thus, if {¢,} € & and has bifurcation values b,, ..., b, in (0, 1), then a nearby
arc { @, } also belongs to & and has nearby bifurcation values 4y, ..., b;in (0, 1). More-
over, the non-hyperbolic periodic orbits of ¢, and ¢ are both saddle-nodes or flips.
To produce a conjugacy between {9,} € & and a nearby arc {¢, }, we first assume that
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¢, =9, for pel — U, where U is a small open subinterval of I containing at most
one bifurcation value. In this case, by Theorem (3.6) we can construct unstable tubular
families or foliations for {¢,} and {¢,} and p €V, where V is an open subinterval of I
containing the closure U of U. Moreover, using the Isotopy Extension Theorem (4.2),
we may construct these unstable foliations to be the same for {¢,}and {¢, }if p eV — W,
where W is an open subinterval of I such that UCW and WCV. Again using the
Isotopy Extension Theorem, the construction of the conjugacy {#,} between{¢,} and {¢,}
for p eV, as performed in Theorem (4.3), can be done so that £, is the identity map
on Mfor peV—W. Since ¢, = ¢, for eI — U, we can extend this conjugacy
to all of I by defining it to be the identity for p €I — V. Finally, let {U;}, 1 <i<m,
be a covering of I by small subintervals, each containing at most one bifurcation value.
It is immediate that we can decompose any small perturbation of { ¢, } into perturbations,
each with support in one of the subintervals U;. So the construction of the conjugacy
between {,} and a nearby arc is reduced to the previous case. The proof of theorem
is complete.
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