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Abstract. This paper generalises the well known structural stability theorem which
says that a diffeomorphism is structurally stable if it is Axiom A and if all invariant
manifolds are transversal to each other.

If these transversality conditions are not satisfied then the diffeomorphism not
only fails to be stable, but also this gives rise to the appearance of moduli. That is,
one needs several real parameters to parameterise all conjugacy classes of nearby
diffeomorphisms. (The minimum number of parameters needed is called the number
of moduli).

Here we deal with diffeomorphisms on two dimensional manifolds, whose
asymptotic dynamics are well understood (the class of Axiom A diffeomorphisms).
The main result characterises those Axiom A diffeomorphisms which have a finite
number of moduli. This result can be regarded as a generalisation of the structural
stability theorem. From the proofs it follows that the dynamics of these diffeomorph-
isms can also be well understood.

In the proof of our main theorem we need certain invariant foliations to be quite
smooth. In an appendix we prove a differentiable version of the Lambda Lemma.

One of the purposes of the theory of Dynamical Systems is to understand the orbit
structure of diffeomorphisms. Here we say that two diffeomorphisms f and g have
the same orbit structure if they are conjugate that is, if there is a homeomorphism
h of the ambient manifold such that hf = gh. Clearly this defines an equivalence
relation ~ on the space of diffeomorphisms. Since the dynamics of many
diffeomorphisms is very complicated and sensitive to perturbations (of the
diffeomorphisms) we cannot hope to understand the space of conjugacy classes in
general. However this space is very neat in neighbourhoods of many conjugacy
classes. This paper is in the direction of characterising all diffeomorphisms represent-
ing these conjugacy classes. One may measure the degree of complexity of this local
structure by looking at the local dimensions of this space. This dimension we call
the number of moduli. This number is defined as follows. If a diffeomorphism f is
structurally stable or if there are at most a countable number of different conjugacy
classes in a neighbourhood U of f then we say that the number of moduli is zero.
If a sufficiently small neighbourhood U contains a countable number of k-parameter
C' families of diffeomorphisms such that each diffeomorphism in U is conjugate
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to at least one diffeomorphism from these families, then f has a finite number of
moduli. The minimum number k of parameters needed is the number of moduli
(or the modality of f).

Here we deal with diffeomorphisms on two dimensional manifolds whose
asymptotic dynamics is well understood. In fact we consider the set & of
diffeomorphisms satisfying Axiom A and the no cycle condition. Such diffeomorph-
isms are ()-stable, namely, the dynamics of the non-wandering set does not change
with small perturbations [Sm1], [Sm2]. However the intersection pattern of invariant
manifolds is the same for conjugate diffeomorphisms. Transversality conditions of
stable and unstable manifolds are needed to have structural stability [R]. If these
transversality conditions are not satisfied then the diffeomorphism not only fails to
be stable but this also gives rise to the appearance of moduli [P2], [NPT], [MPS],
[S1], [S2]. However even in this case the diffeomorphism may still have finite
modality [Me2], [MP], [S2]. The purpose of this paper is to characterise the class
M of diffeomorphisms in & having finite modality.

Our results provide a much more precise description of the conjugacy classes in
a sufficiently small neighbourhood & of a diffeomorphism f in /. One has that ¥
is a countable union of submanifolds %;. Each %; has finite codimension and
contains a finite dimensional submanifold S;. Moreover there exists a differentiable
fibration r;: #; > S; so that all diffeomorphisms in the same fiber are conjugate.
Furthermore each S; contains a dense subset T; such that no two distinct diffeomorph-
isms in T; are conjugate to each other. The codimension of % is uniformly bounded
and the maximum of all the dimensions of S; is the modality of f.

1. Statement of results
From now on let M be a compact, C™, two-dimensional manifold without boundary
and Diff ™ (M) be the set of C* diffeomorphisms on M with the C* topology.

We denote by & < Diff ™ (M) the set of diffeomorphisms satisfying Axiom A and
the no-cycle condition. Recall that fe Diff” (M) satisfies Axiom A if the non-
wandering set Q(f) is hyperbolic and the periodic orbits are dense in Q(f), [Sm1].
If f satisfies Axiom A then Q(f) is a union of finitely many closed invariant sets
Q.’s, called basic sets, such that f has an orbit dense in each ();. Finally we say that
f satisfies the no-cycle condition if there are no basic sets ,,...,Q,, Q,., =0,
with W*(Q,)n W*(Q,,,) #J. Here W*(Q;) (resp. W*({};)) is the set of points
whose a-limit set (resp. w-limit set) is contained in Q,. We recall that if fe & then
f is Q-stable [Sm2]. The main result of this paper is the characterisation of the set
M < o of diffeomorphisms having finite moduli. Here the notion of modulus is
defined as in the introduction. Remark that if f has k moduli then f has a neighbour-
hood U such that each g in U has modality at most k. In particular the set of
diffeomorphisms in & with finite modality is open.

Let M < o be the set of diffeomorphisms satisfying the conditions below:

(1) if x, y e Q(f) are such that W*(x) is not transversal to W*(y) then the basic
sets containing x and y are trivial (i.e. consist of periodic orbits);
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(2) there is only a finite number of orbits of non-transversal intersections between
stable and unstable manifolds and the contact between these manifolds along each
of these orbits is of finite order;

(3) if p, g € Per (f) are such that W"(p) has an orbit of non-transversal intersec-
tion with W*(q) then the number of orbits in W*(p) (resp. in W*“(q)) belonging
to some unstable (resp. stable) manifolds of periodic saddle points of f is finite;

(4) if x is a point of non-transversal intersection of W*(p) and W*(q) then there
exists an arc X transversal to W"(p) at x such that no connected component of
3 —{x} contains points of both stable and unstable manifolds of saddles;

(5) if W*(p) has a point of non-transversal intersection with W*(q), and W*(q)
has a point of non-transversal intersection with W*(r), then there is no saddle point
of f whose unstable manifold (resp. stable manifold) intersects W*( p) (resp. W*(r)).

Remark. 1t is well known that every diffeomorphism in & which satisfies the
transversality conditions on invariant manifolds is structurally stable [Rb1]. The
class A relaxes these conditions. The following theorem generalizes this structural
stability result.

MaIN THEOREM. If f € Diff™ (M?) is in sf then f has finite modality if and only if f € M.

Remark. As in [P1] it is not hard to show that if f e Diff* (M?) satisfies the Axiom
A condition and f has cycles then f has infinite modality.

2. Existence of moduli

Let M be a compact C* manifold of dimension two and f: M > M be a C*
diffeomorphism having a pair of periodic points p and g such that the unstable
manifold of p has an orbit of non-transversal intersection with the stable manifold
of g. In this section we will construct all conjugacy invariants generated by the
existence of these tangencies. We will use these conjugacy invariants to prove the
following.

THEOREM. If f€ o has finite modality then f e M.

Later in §§ 3, 4 and 5 we will prove that two diffeomorphisms in /#, having an
equivalent intersection pattern of stable and unstable manifolds, are conjugate if
they have the same conjugacy invariants.

2(a). Some technical lemmas. In order to show the existence of moduli we will have
to compare metrics induced on M by two C' coordinate systems. So we start by
describing some properties of C" metrics. By this we mean metrics which are induced
by C” Riemannian structures. We say that d: M XM >R is a C" metric, 0=<r=o0,
on M if there exists a C" Riemannian structure g on M such that d(x, y) is given
by the infimum of the lengths of all paths that connect x and y. In formulae:

d(x, y)=inf {I,(y); y:[0,1]-> M is a piecewise
C' curve with y(0)=x and y(1) = y}.
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Here
L(y)= J g(v' (1), ¥'(1)) a.

The distance from a point x to a set S will be denoted by d(x, S) =inf {d(x, y); y € S}.
It will be convenient to use the following notation. For sequences «;, 8; of real
numbers we will write

a~B if ‘%

i

is bounded and bounded away from zero,

a; = B; if 2 converges to 1.
LEMMA 2.1. Let d:R"XR">R be a C° metric on R" induced by the Riemannian
structure g. Let d be the metric induced by the constant Riemannian structure g, which
coincides with g at 0. If ScR" contains 0 and x;cR" —S converges to zero, then
d(x;, §)=do(x;, S).

Proof. Since g is continuous, for every p > 0 there are positive constants c,, c, such
that

c,Vg((0, ), (0, v)) =Vg((x, v), (x, v)) = c;Vg((0, v), (0, v)) (2.1)
for every veR" and every xeR" with |x||<p. Clearly we can take ¢, and c,
arbitrarily near 1 by taking p sufficiently small. From (2.1) we have that if y is a
piecewise C' curve contained in the ball with centre 0 and radius p then

Cle (V) =L (v) = ¢l (),
where g, is the constant Riemannian structure, i.e. g,((x, v), (x, w)) = g({0, v), (0, w))
for all x, v, we R". Hence, if p >0 is sufficiently small then
c,do(x, yy=d(x, y)=< c,do(x, y)
for all x, y e R" with [|x||, |y || = 6. Therefore for p > 0 sufficiently small we have that
cdo(x, S)=d(x, S)=c,dy(x, S)
for all xeR" with ||x|| = p. This proves the lemma. O

LEMMA 2.2. Let S<R" be a codimension one C' submanifold containing 0 and d,,
j=1,2 be C° metrics on R". Then there exists a positive real number A such that
d\(x;, S)=Ad,(x;, S) for any sequence x; e R" — S converging to 0 R".

Proof. By taking C' coordinates on R” we may assume that S is a hyperplane. By
lemma 2.1 we can assume that d, and d, are induced by Riemannian structures
which are constant with respect to this coordinate system. From these observations
the lemma follows easily. O

Remark. If § is another C' codimension one submanifold tangent to S at 0 and
x; €eR" — S converges to 0 then d,(x;, 5~') = Ad,(x;, §), where A is the same constant
as for S. This follows from the proof of the lemma and the fact that we can find a
pair of C' diffeomorphisms ¢;, ¢,:(R", 0) © such that ¢,(S) = e(S)isa hyperplane
and the derivative of ¢, ¢; ' at 0 is the identity.
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Using C° metrics we can introduce the notion of contact of C' submanifolds.

Definition. Let x be a point of tangency of two C' submanifolds S,, S, M. We
say that S, has a contact of order n with S, at x if for some metric d on M the limit:
lim 2% 52

ey [d(w, x)]"

we

exists and is positive. If this limit is infinite we say that the contact is less than n.
If the limit is zero for all n we say that the contact is infinite.

Remark. From lemmas 2.1 and 2.2 it follows that the above definition is independent
of the metric. Notice also that the contact may not exist. However if there is a C'
coordinate system ¢ on a neighbourhood of x such that ¢(S;) and ¢(S,) are both
C* submanifolds of R? then the contact is either defined or it is infinite.

Definition. Let p be a hyperbolic fixed point of a C* diffeomorphism f: M > M. By
a linearising metric at p we mean a C° metric d on a neighbourhood U of W*(p)u
W*"(p) such that in a C' coordinate system in U linearising f, d coincides with the
Euclidean metric.

Remark. If W*(p)n W*(p)={p}, such a linearising metric always exists. In fact
by a theorem of Hartman [Ha] (see also the appendix) there is a C ' coordinate
system in a neighbourhood of p linearising f. If W*(p)n W"(p) ={p}, this coordin-
ate system can be extended to a full neighbourhood of W*(p)u W*(p). Thus we
obtain a linearising metric at p. These metrics are not unique. However, since any
C' diffeomorphism commuting with a linear contraction /:R >R is linear, it is easy
to see that if d is another linearising metric then the restrictions of d and d to each
connected component of W*(p) u W*(p)—{p} differ only by a multiplicative con-
stant.
The following two lemmas will be used repeatedly.

LEMMA 2.3. Let p be a hyperbolic fixed point of saddle type of a C* diffeomorphism
f:M->M. Let xe W“(p)~{p}, d be a C° metric on M and « be the contracting
eigenvalue of df,. For any sequence x, > x we have:

(i) if there exists a sequence n(i)—>co such that f "(x;) converges to a point
ze W*(p), then d(x,, W"(p)) = cd(z, p)|la|™" for some constant ¢ which depends on
x, z and d but not on the sequence; if d is a linearising metric then c is independent of
x and z;

(i) if d(x;, W*(p))=c|a|™® for some constant ¢ >0 and some sequence n(i)~ o
then the sequence f """(x;) has precisely one limit point if @ >0 and two limit points
if @ <0. These limit points are contained in W*(p).

Proof. It is clear that both statements hold for a linearising metric. Therefore the
lemma follows from lemma 2.2. d

Definition. Let x be a one sided tangency (for example a quadratic tangency or a
tangency of even order) between W“(p) and W*(q), where p and q are hyperbolic
fixed points of f Let ye W*(g). We say that a sequence x; > x is nice with respect
to the pair (x, y) if (i) f'(x;) converges to y; (ii) d(x;, W*(p))=d(x;, W*(q)).
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We will now prove that the property of being a nice sequence is preserved under
a topological conjugacy.

LEMMA 2.4. Let h be a conjugacy between f and f. Then x,~> x is a nice sequence with
respect to (x, y) if and only if h(x;)} is a nice sequence with respect to (h(x), h(y)).
Proof. We have two cases to consider: (a) y is accumulated by the iterates of any
small interval in W*“(p) which contains x; (b) case (a) does not occur. In both
cases it is easy to see that we have the following characterisation of nice sequences.
The sequence x; - x is nice with respect to (x, y) if (i) f*(x;) > y; (ii) given sequences
of integers n(j) - c0 and i(j) > co such that f"9(x, ;) converges to ze W*(p) then
for any other sequence x;- x such that f'(x}) > y we have:

lim sup d(f "V (x/(;)), p)=d(z, p) in case (a),} .

liminf d(f"Y(x};)), p) = d(z, p) in case (b). )
In fact let x; be nice with respect to (x, y). Then d{x;, W*(p))=d(x;, W*(q)) and
f(x;)~ y. If for some other sequence x’ we also have f'(x!) > y, then by lemma 2.3
one has d(x;, W’(q))=d(x}. W*(q)). Moreover since W"(p) and W*(q) have
one-sided tangencies

d(xi, W*(p))=d(xi, W(q))  incase(a),

d(xi, W“(p))=d(x|, W(q))  incase(b).
Hence the limit points of {d(x], W*(p))/d(x;, W“(p))} are at most 1 in case (a),
and at least 1 in case (b). From this and lemma 2.3 one deduces (*). Similarly (%)

implies that x; is a nice sequence. Since W*( p) has dimension one, it follows easily
that these characterisations are preserved under conjugacy. O

2(b). Construction of moduli. Now we will construct all conjugacy invariants arising
from non-transversal intersection of invariant manifolds of periodic points. To
simplify the exposition we will assume that all periodic points involved are in fact
fixed points. The general case is treated in the same way by looking at appropriate
iterates of the diffeomorphism. The next lemma introduces the first conjugacy
invariant found in [P2] and shows the rigidity of the conjugacy if this invariant is
irrational as in [Me2].

LEMMA 2.5. Let x (resp. X) be a tangency of even order between W"(p) and W*(q)
(resp. W*(p) and W*(g)) where p and q (resp. p and q) are hyperbolic fixed points
of the C? diffeomorphism f (resp. f). Let a (resp. @) be the contracting eigenvalue of
df, (resp. df;) and B (resp. B) be the expanding eigenvalue of df, (resp. df;). Let h
be a conjugacy between f and f with h(p)=p, h(q) = § and h(x) = X. Then we have
the following properties:

. log a| _log|d]
log|B| log|Bl
(2) Letd, be a linearising metric at p and d, be a linearising metric at q. If log |a|/log | 8|
is irrational then
d;(h(z), p)
[dp(z, p)]IOg |&|/1og |a|
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is constant in each connected component of W*(p)—{p}, and

dz(h(w), )
[dq(w, q)]log|5|/log Bl

is constant in each connected component of W*(q) —{q}.

Proof. (1) Let x; > x be a nice sequence with respect to (x, y) where ye W*(q).
Hence by lemma 2.4 X, = h(x;) is a nice sequence with respect to (h(x), h(y)).
Choose subsequence i(j) and n(j) such that f~"Y(x,;) converges to a point
ze W'(p). From lemma 2.3 it follows that

Cdp(Z, P)|a|n(j)= d(xi(j)’ WH(p))= d(xi(j)s W?(q)= C,dq(y, Q)iﬁliu)-

Hence i(j)/n(j)=log|al/log|B|. Since h is a conjugacy it follows also that
i(j)/n(j)=log|al|/log|B|. Thus

(2) Let x; be nice with respect to (x, y). From the first part of the proof it follows
that for any i(j), n(j)-> o,
dp(f_n(j)(xi(j))’ p)=A," dq(y9 q)- |,3|im ’ 1“‘—"(j),

where A, = c¢'/c. It follows that for any z in one component of W*(p)—{p} there
exists i(j), n(j) such that f~"Y(x,;,) > z, since log |e|/log |B] is irrational. Because
the same holds for f one has

dy(h(2).5) _ As _dy5,)

(dy(z,p))°  (8)° (d(y,9)”
where 8 =log |&|/log |a|=log|B|/log |B|. Since the right hand side of this equation
is independent of z, the result follows. O

Remarks. (1) From the second part of lemma 2.5 it follows that the restriction of h
to W(p)—{p} and to W*(q)—{q} is a C' diffeomorphism.

(2) The restriction of h to each component of W*(p)—{p} and W*(q)—{q} is
determined by the image of one point. This is the rigidity of the conjugacy we have
mentioned before.

CoroLLARY 1. Each orbit of tangency between stable and unstable manifolds of periodic
orbits gives rise to at least one modulus condition.

Proof. If f has k orbits of tangency, then arbitrarily near f there is a diffeomorphism
f with at least k orbits of tangency of even order. Let W*(p) and W*(q) have
tangencies of even order along r orbits O(x,), ..., O(x,). Then from the proof of
lemma 2.5 (using the same notation) one obtains the following r conditions:

- & &
log|a|___log|oi| an (Ax) :(Ax,-) .
log|B| log|B B:  (Ag)
From this corollary 1 follows. (]

CoROLLARY 2. If fe o has finite moduli then satisfies conditions (1), (2), (3) and
(5) of §1.
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Proof. If fe o does not satisfy (1), (2), (3) or (5) then for any k €N there exists a
diffeomorphism f arbitrarily near f satisfying one of the following properties:

(a) f has at least k orbits of tangency between stable and unstable manifolds of
periodic orbits;

(b) there exist saddles p, § so that W*(p) and W*(gJ) are tangent and so that
there exist an infinite number of orbits of intersections of invariant manifolds of
saddles with W*(p) or W*(q). In the latter case f has modality at least k because
of remark 2 above. In the former case f has modality ©© because of corollary 1.
Since this holds for any k the modality of f is co. O

LEMMA 2.6. Let f and f be as in lemma 2.5 with log|a|/log|B| irrational. Let r
(resp. ) be a hyperbolic fixed point of f (resp. f) of saddle type whose stable manifold
intersects transversally the unstable manifold of q (resp. ). If h is a conjugacy between
fand f then the expanding eigenvalue of df(r) is equal to the expanding eigenvalue

of df (F).

Proof. Let d (resp,d) be C° metrics as before. Let y;e W*(q) be a sequence
converging to ye W“(q)» W*(r) and such that f'(y;) converges to a point we
W*"(r). Since h|W*(q)—{q} is C', there exists a constant ¢,>0 such that
d(h(y), h(y))=c,d(y;, y). If y is the expanding eigenvalue of df(r) we have, by
lemma 2.3,

d(y;, W>(r))=c,d(w, r)lvl”

for some constant ¢,> 0. Similarly
d(h(y)), W*(F)) = cd (w, F)| 77"
From these equations we have |y|=|¥|. Clearly this implies y = ¥. O

Remark. Similarly to the above situation we have that the contracting eigenvalue at
each saddle point whose unstable manifold intersects W*(p) transversally is a
conjugacy invariant.

Now we will introduce some other conjugacy invariants which arise in the following
situation: there are three fixed points p, g, r such that W*(p) has a point x of
tangency with W*(gq) of order 2n and W*“(q) has a point y of tangency with W*(r)
of order 2m. Take C' curves X,,%, at X, y, transversal to W*(q) and W"(q)
respectively. Take a neighbourhood R of g which contains x and y, and on which
f has a linearising coordinate system. Let i,,,x be the component of f"(2,)n R
containing f"(x), and similarly i,,,y the component of f~"(2,) R containing
S7"(y). There are four cases to consider: (see figure 2.1).

Case A. 3, . n W¥(r) and 2, , »n W*(p) do not accumulate to y respectively x as
n-> OO,

Case B. X, .~ W*(r) does accumulate to y, but £, , » W*(p) does not accumulate
to x;

Case C. X, n W*(r) does not accumulate to y, but X,,, » W*(p) does accumulate
to x;

Case D. 2, .~ W*(r) and 2, , » W*(p) do accumulate to y respectively x.
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FIGURE 2.1

LeMMa 2.7. Let f: M > M be a diffeomorphism having the same intersection pattern
of stable and unstable manifolds as f. Consider the following equations:

(M1) a=a
(M2) B=8
(M3) a=a
(M4) b=b
QuLd(x, QP Qd(%, DT
M5 = —
M3 6.9 25,9
QLd(y, F"  QLdG, D"
M6 e  dxd

where a, a are contracting eigenvalues of df, and df,; B, b are expanding eigenvalues
of df,, df,; d is a linearising metric at q;

. d(w, W¥(p)) . d(w, W(r))

= lim —————; Q= lim ————-.
R R FTE "7 W TdOw, )T

woXx woy
If log |a|/log |8| and log |a|/log |b| are irrational and h is a conjugacy between f and
f such that h(p)=p, h(q)=q, h(r)=F, h(x)=% and h(y)=7 then the following
conditions are satisfied:
Case A. Conditions (M1) to (M6).
Case B. Conditions (M1) to (M4) plus condition (M5).
Case C. Conditions (M1) to (M4) plus condition (M6).

Case D. Conditions (M1) to (M4).
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Proof. From lemma 2.5 we have that

log || _log|a|

= 1
log [B| log|B] (W
and
10g|a|210g|d| 2)
log|b| loglbl

Furthermore if these numbers are irrational we have that h| W°(q)—{q} and
hi W*(q)—{q} are C' maps. We will show now that in all cases equalities (M1) to
(M4) are satisfied. Take a sequence x;€ W*(q) converging to the point of tangency
x and such that f")(x;) converges to some point ze W*(p). By lemma 2.3 we
have that
d(x;, W*(p))=cd(z, p)|la|™?, (3)

where ¢ is a positive constant independent of the sequence. Now W*(p) and W*(q)
have a tangency of order 2n at x. Therefore if we consider a C* metric d’ induced
by a C® coordinate system in which W*(p) is a straight line and W*(q) is the
graph of a homogeneous polynomial of degree 2n then

d'(x;,, W"(p))

[d'(x;, x)1"
where QY is a positive number, But since d is a C° metric, lemma 2.2 tells us that
d(x;, W*(p))/d'(x;, W"(p)) converges to a positive constant which does not depend
on the metric. Clearly the sequence d(x;, x)/d'(x;, x) also converges to a positive
constant because x; € W*(q). This and (4) imply that

d(x;, W*(p))

- Q% (4)

- 5
[d(x,-, x)]Zn QX ( )

and Q,>0. Now h| W*(q)—{p} is C' so that
d(x;, x)~d(h(x;), %). (6)

Equations (3), (5) and (6) imply that |a| =|&|. Hence @ = &. Similarly we prove that
b= b and from (1) and (2) it follows that 8 = 8 and a = a. If we are in case D then
we are finished. So let us show that there are additional moduli in cases A, B, C.
Let us prove that (M5) is satisfied in cases A and B. For that, take a sequence x; > x
nice with respect to (x, y). Choose subsequences i(j) and n(j) such that f"(x,;))
converges to a point z€ W*(p). Since we are in case A or in case B we can take a
sequence z;€ W*(q) such that f"(z) > z. Since {x;} is nice with respect to (x, y)
and d is a linearizing metric we have

d(x,“), W3(q))=d(y, Q)|B|_i(j),

d(xi;y, W(p))=d(x;,, W'(q)).
So we have

d(xi;y, W*(p)=d(y, )|~ (7)

Since f"Y(x;;) and f~"Y)(z;) both converge to z we have from lemma 2.3 that
d(x;;,, W*(p))=d(z;, W“(p)). Finally we have equation (5): d(z, W*(p))=
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Q.{d(z;, x)}*". This and (7) imply:

_ d(y,9)- 1Bl "= Qd(z, )" (8)
ie.
Quld(x, )" _ fau q)}“_ ah o
da o T ©)
Since h| W*(q)—{q} is linear and d is a linearising metric we have
d(z,x) _ d(xq)

d(h(z), h(x)) ~ d(h(x), h(q))
From this, B8 = 3, and (9) it follows that
Q,- {d(x, q)1"
d(y, q)
is a topological invariant.

Similarly, we prove that in cases A and C condition (M6) is satisfied. O
Remark. 1t is not obvious that the numbers which appear in the modulus conditions
(M5) and (M6) are independent of the choices made for the metric d. That these
numbers are independent of the metrics is proved in § 3(b). (In case A this also
follows from the conclusion of lemma (2.6)).

In § 5 we shall show that the equations from lemma (2.6) are the only obstructions
for constructing conjugacies between two diffeomorphisms as above.

Proof of the theorem. It remains to prove that if fe & has finite modality then
conditions 4 and 5 of § 1 are satisfied. Notice that if f has finite modality then the
modality of any g sufficiently near f is at most equal to the modality of f. So we
will prove that if f € & does not satisfy condition 4 of § 1 then f can be approximated
by diffeomorphisms with arbitrarily high modality. So let f € & be a diffeomorphism
having an orbit of non transversal intersection between W*(q) and W"( p). We may
assume that all periodic points are in fact fixed points by considering a sufficiently
high iterate of f By taking a small perturbation of f we may assume that W*(p)
has a point x of quasi-transversal (i.e. quadratic contact) intersection with W*(q).
Now assume that condition 4 of § 1 does not hold. Then any arbitrarily small arc
2 at x transversal to W*(p) contains unstable (stable) manifolds of saddles. Then,
by taking a small perturbation of f one can find a saddle P (resp. Q) such that
W*H(P) (resp. W’(Q)) has an intersection with W*(p) (resp. W"(q)). We also may
assume that W“(P) (respectively W*(Q)) contains a small interval I (resp.J)
which intersects transversally W*(p) (resp. W“(q)) in a unique point (see figure
2.2). Now assume that condition 4 of § 1 does not hold. Then f*(I) has an intersection
with J for any k sufficiently big.

From the appendix it follows that we can construct an invariant C' unstable (resp.
stable) foliation %, (resp. %), with a C' tangent line field, having I (resp.J) as a
leaf.

Claim. If log |a|/log | 8] is irrational then the points of tangency of f *(J) with F
accumulate at I n W*(p).

The theorem then follows easily from this claim. In fact, if the claim is correct then
by a C™ small perturbation of f with support in a small neighbourhood of I n W*(p)
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2
P

FIGURE 2.2

we can create an arbitrary number of orbits of tangency between W*(P) and W*(Q).
Since by corollary 1 each orbit of tangency gives rise to a conjugacy invariant we
have that f has infinite modality. So it remains to prove the claim. Since x is a point
of quasi-transversal intersection of W*(p) with W*(q) and the tangent line fields
to the foliations %}, and & are C ! it follows, from the implicit function theorem,
that in a neighbourhood of x, %; is transversal to F; except along a C' curve =
which is transversal to W*(p) at x (see [Me2]). Let

a,=f"(I)n% and b,=f "(J)nZ.
If d is a C° metric on M then we have
d(a,, x)=cl|al|",
d(bna x) == CZIBli"’
where c;, ¢, are positive constants. This follows from lemma 2.2, the transversality
of = with W*“(p) and the fact that (*) is obviously true for appropriate linearising

metrics. Now since log |a|/log |B] is irrational we can find sequences n(k), m(k) - co
such that |8]7"®/|a|™™® > ¢,/c,. From (x) therefore follows

d(am(k), bn(k))

la'm(k) >0,

d(fm(k)(bn(k)),fim(k)(am(k))) > 0.

Hence f™(b,,) converges to W*(p) I as k- cc. This proves the claim. []

(*)

and therefore:

3. A few techniques for constructing conjugacies

In this section we will develop a few techniques for constructing conjugacies. In
§§ 4 and 5 we will employ these techniques in order to construct conjugacies between
two nearby maps in & which satisfy the relevant moduli conditions.

Let us start with making a general comment. It is well known that every
diffeomorphism in & which satisfies certain transversality conditions on invariant
manifolds is structurally stable, see [Rb1]. In order to prove these results one has
to construct conjugacies between two nearby diffeomorphisms. Basically there are
two ways of doing this. One method is functional analytic. Here one defines an
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operator on an appropriate space of homeomorphisms and shows this operator has
a hyperbolic fixed point, see [Rb1]. The other method is a geometric proof using
invariant foliations, see [P1], [PS], [Mel], [Me2]. (For Axiom A diffeomorphisms
this geometric method has only been developed in dimension two, see [Mel]). In
any case it is probably difficult to use the functional analytic methods since all the
operators will be non-hyperbolic, see [Rb2]. Therefore we will give geometric
constructions using invariant foliations. These methods also enable us to keep track
of all the freedom one has in constructing the conjugacies. Let us now define these
invariant foliations and explain how they are used.

Take a hyperbolic periodic point p (of saddle type) of a diffeomorphism f. An
unstable foliation %, (tubular family) for p is a continuous retraction m,: V">
W*(O(p)), where O(p) is the orbit of p and V* is a neighbourhood of W*(O(p))
with: (i) () '(p)= W"(p); (ii) the foliation whose leaves are fibers of m, is
f-invariant. Similarly we define the stable foliation %, for p. Using the A-Lemma
it is easy to construct invariant unstable foliations, see [P1]. The leaves in fact can
be chosen differentiably (C* if f is C*) but the field of tangent lines to the leaves
is only continuous in general (however see the appendix where we prove this foliation
is sometimes more smooth). The use of this foliation is explained by the following
lemma whose proof is straightforward.

LEMMA. Let p, p be hyperbolic fixed points of f and f with unstable foliations ¥, 3.
Let h be a map from a neighbourhood N, of W*(p) to a neighbourhood of W*(p)
with the following properties: (i) hf = fh; (ii) (h| W*(p)): W*(p)—> W*(p) is con-
tinuous; (iii) h|(N, — W*(p)) is continuous; (iv) h preserves the unstable foliations.
Then h is continuous.

In order to construct global conjugacies it is necessary that all unstable foliations
fit together nicely. So let p, ¢ be hyperbolic periodic points of f with W"(p)n
W?*(q) # J. We say that the unstable foliations %, and %, are compatible if each
leaf of %, contains a leaf of %,. In order to construct a conjugacy h between two
nearby Morse-Smale diffeomorphisms one first constructs conjugacies on the stable
manifolds of periodic orbits of saddle type preserving the unstable foliations. Here
one proceeds inductively using the natural dynamical ordering of periodic orbits
starting at sources and ending up at sinks. Then we extend h to fundamental domains
of the sinks again preserving these foliations. The conjugacy equation (hf= fh)
gives a unique extension of h to the whole manifold. From the lemma above it
follows that h is continuous. In this approach the compatibility of the foliations is
essential.

In our case we have tangencies of invariant manifolds. Therefore some leaves of
unstable foliations do not have a unique intersection with stable manifolds. Hence
it is impossible to construct a compatible system of unstable foliations. So we will
have to use both the unstable and the stable foliations. In the Morse-Smale case
these foliations are transversal but here they can be tangent. The geometry of their
intersection is extremely complicated (especially when higher order tangencies are
involved). So we are forced to make careful adjustments of these foliations in order
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to get a good control of their intersection. These modifications near the tangencies
must be globalised in order to keep the foliations invariant. For that we need some
careful estimates which we will make in § 3(a) using a generalised A-Lemma proved
in the appendix.

There is another difference with the Morse~-Smale case. Here we will have to
define the conjugacy in a whole neighbourhood of the tangency points first. Then
we have the problem of extending h continuously to the closure of the orbit of this
neighbourhood. This is done in § 3(b).

3(a). Construction of foliations. Let p be a hyperbolic fixed point (of saddle type)
of a C” diffeomorphism f. As usual we say that D is a fundamental domain of
W*(p) if each orbit in W*(p) has exactly one intersection with D. Similarly N is
called a fundamental neighbourhood of W*( p) if each orbit sufficiently near W*( p)
has precisely one intersection with N. Take a point xe W*“(p)—{p} and a small
neighbourhood V, of x. Let C,, be a cone-like region which has a tangency of
order n with W"(p) at x:
C=C.n={we V. d(w, W*(p))=c(d(w, x))"}.

Here d is a C° metric on M and c is a positive constant. Let F be a C' invariant
foliation on V, whose leaf through x is W*(p). For each ae V, let L, denote the
leaf of % through a.

Lemma 3.1 (Extension of foliations defined on cones). If

sup {d(w, W*(p)); we L,n C,}
im - =
a~x inf {d(w, W*(p)); we L, C,}

(3.1)

then there exists an invariant unstable C° foliation &, whose restriction to C, , coincides
with %,

FIGURE 3.1

Remark. If d is a linearizing metric then lemma 3.1 remains true if we take for C,
a whole neighbourhood of x, provided V, is contained in a fundamental domain.

Proof. Take any invariant unstable foliation F/%‘,f of p. We will modify 5’;7',; so that
restricted to C, it will coincide with &% Let N, be the connected component
containing x of a fundamental neighbourhood of W*(p) such that N, — C, consists
of two components as in figure 3.2. For N, sufficiently small F/'A*;m N,naC, has
precisely two intersections.

Define the new foliation %, in N, by taking this foliation identical to 97’: on N, - C,
and identical to # on C,. Clearly ¥, extends uniquely into an invariant foliation
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¢ N,

)
A

FIGURE 3.2

on a neighbourhood of W"(p)—{p}. We must show that the closure of each leaf
of #, has exactly one intersection with W*(p). More precisely, we must check that
there is a continuous projection 7, on W*(p) along the leaves of %,. In order to
show this it suffices to prove that for any sequence a(i) € N, such that f~'(a(i))>ye
W*(p) as i—> o one has f'(L,) ~ y. Here L, denotes the leaf of %, N, through
a(i). Now if a(i) and x(i)e L, are both contained in the same component of
N, = C, it follows from the fact that F is identical to the unstable foliation %"
(on N,—C,) that f~'(x(i)) = y. So it suffices to consider sequences a(i)e N, C,
and show that for x(i) € L,;,n C, one has f~‘(x(i))~ y. But from equation (3.1) 1t
follows that

d(a(i), W*(p))=d(x(i), W*(p)). (3.2)
From equation (3.2) and lemma 2.3 it follows that f~'(a(i))->y if and only if
f7'(x(i)) - y. This finishes the proof of the lemma. O

It will be convenient to give a general way of constructing foliations % which satisfy
equation (3.1), in terms of some C'-coordinate systems near x. In fact take a
C'-coordinate system (u, v) near x so that

{v=0}=W*(p), {(u,v)=(0,0)}={x}.
In these coordinates the leaves of % are in the form

L,={v=g(u, a)},
with g(0, a) = a. Write g,(u)=g(y, a).

LemMma 3.2 (Construction of foliations in cases which can be extended to tubular
families). Let n be the order of tangency of the cone C, , with W*(p) and let g:R* >R
be so that:

(1) the n-jet j"g,(u) varies C' or, in other words, a—j"g,(u) is C'.

(2) u—g,(u) is C™.

(3) j"go(u)=0.
Then the conclusion of lemma 3.1 holds, i.e. the foliation & on C, , (corresponding to
g as above) can be extended to an unstable foliation.

Proof. According to the theorem of Taylor one has
glu,a)=a+ea) u+--+e,(a) u"+R(u,a) u", (3.3)
with R(u, a)-> 0 as (u, a) - (0, 0), and with ¢; C' so that ¢,(0) =0. Now for (i, v) e
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C.. one has for some constant c,,
lul"<c, - |vl. (3.4)
Now let (u, v) = (u, g{u, a)). Since ¢, is C' and ¢;(0) =0 one has from (3.3) and
(3.4) that:
lv|=lg(w, @)|=c,lal+ci - |v] - |R(u, a)
for some constant c,. From this it follows that
lv|<ec5lal and |u|"=c,]|al (3.5)

for some constants ¢; and c,. Therefore

LB T {CACO R
a a
< ﬂ@\ ul+- -+ onla) ult+ || - Ry, )]
a a a
=c¢s-|ul+c, |R(u, a).
From this it follows that
v
a a

as (x, a) > (0, 0). Obviously equation (3.6) implies equation (3.1) in lemma 3.1.
0

We will use lemma 3.2 in order to modify foliations near certain parts of the manifold.
Let f be a diffeomorphism with a non-transversal saddle-connection as in figures
(3.3) and (3.4).

=

AV N

1

——— e
X

FIGURE 3.3. Tangency of even order

=

' N

-+

FIGURE 3.4. Tangency of odd order
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Assume that W*(p) and W*(q) have a tangency of order n at x. Let ¥, and %
be respectively the unstable foliation at p and the stable foliation at g. According
to the theorem in the appendix one can choose these foliations C' so that the fields
of tangent lines are C' and so that the leaves of these foliations are C*. We first
show that ¥, and &, can only be tangent in a certain cone C, .

LEMMA 3.3. Let %, F' be C' foliations on a neighbourhood of the origin of R* such
that the leaves are C'*', r =1, the fields of tangent lines are C' and the leaf ¥'(0) of
%' through 0 has contact r+1 with #(0). Let T be the set of points where F is tangent
to #'. Then the contact of T with %(0) at 0 is less than r+ 1, that is more precisely,
either T—{0} = or
d(z, #(0))
im —>———~=c0,
zeT-10) (d(z,0))
where d is some C° metric.
Proof. Choose a C™' coordinate system (u, v) in a neighbourhood of 0 such that
F(0,0)={(u, v)]v=0} and F'(0,0)={(u, v)|v=u"""}. Denote by ¢(u,v) the
tangent of the angle of #'(u, v) with the horizontal line through (u, v) and by ¢(u, v)
the tangent of the angle between %(u, v) and F'(u, v). Hence ¢ and ¢ are C',
(1, 0)=¢(u,0), p(u,u " )=(r+1)-u" and T={(u, v)|¢¥(u, v) =0}. By the mean
value theorem we have
d
b 0) = 66 0+ 2w, 9) -,
and
— __ r+1 c?(p ~ r+1
lIl(us 0)_‘P(u, O)_¢(u’u )_E(u, U)' u >
for some # between 0 and v and some & between 0 and u"*'. Thus
J . d
W 0)=(r+1) - 0 =220 ) w2 5y,
av av
and ( )
Yy(u,v) r+1 d¢ - O v
= +— D) ——
ur+1 u av(u’ U) aU(u’ v) ur+l‘

If (u,v)e T we have ¥(u, v) =0 and since 3y/3v and d¢/dv are bounded, we have

||

(u,lv)eT |ul'+’ -
u->0

This clearly proves the lemma. O

0.

Now we will put lemma 3.2 and lemma 3.3 together and show how to modify the
foliations %, and % so that they are tangent only along a curve.

Consider any C° metric d. Since W*(p) and W*(q) have a tangency of order n
one has (as in lemma (2.6)) that

d(w, W(p)) _

lim - Qx

we W'(q) (d(W, X)"
WX
for some positive number Q,. Now let T be the set where &, and %, are tangent,
and let as before

Con={w|d(w, W'(p))=c- (d(w, x))"}.
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According to lemma 3.3, for any ¢> 0 there is a neighbourhood V, of x so that

TnV,cCyp

So take ¢> Q,, and V, so small that C,,,~» W*(q) ={x}=C,,n W*(p). In other
words, outside the set C, , the foliations %, and %} have no tangencies (in V,), so
we will modify these foliations in C,,. We can modify either %, or %, according
to whichever is more convenient. Let us change %;. In order to do this take
C'-coordinates (u, v) near x so that {v =0} = W*(p), and so that the leaves of %,
are of the form {v = c}, i.e. parallel to the {v =0} line. From the appendix it follows
that this is possible. Clearly we can write W*(q) in the form W?(q) ={v=q(u)}
where ¢q is some C' function and q(0) =0. From the remark above lemma 2.3 it
follows that g{u)/u" converges to a number Q #0 as u 0. We will treat the case
that n is even and the case that n is odd separately.

Case 1: n is even. Consider the foliation {v = g(u, a)}, a € R, where g(u, a)= Qu" +a.
According to lemma 3.2 we can change the foliation % so that inside C,, the
leaves of this foliation are of the form {v = g(u, a)}. From this and lemma 3.3 it
follows that then %, and %, are tangent exactly along the line {u = 0}.

Case 2: n is odd. In this case change the foliation & so that inside C,, the leaves
of this foliation are of the form {v = g(u, a)}, where g(u, a) = Qu"+ a* - u+ a. From
this it follows that then %, and &; are tangent only at the point x.

Remark. The set C, ,\{x} consists of two components. Sometimes it will be necessary
to modify %, in one component and %} in the other component.

3(b). Construction of conjugacies. Now we give a lemma which will show us how to
use these foliations in the construction of conjugacies. As before let V, be a
neighbourhood of a point xe W*(p)—{p} and let,

Cin={we V;d(w, W*(p))=c- {d(w, x)}"}.

(Here d is a C° metric as before).
We consider the followirlg situation. Let p, 5 be hyperbolic fixed points of C?

diffeomorphisms £, f. Let the contracting eigenvalue of f (resp. f) be « (resp. &),

and let

_log|al

6_ ’
log ||

ie. |a®=]al.

Let %, (resp. #;) be the unstable foliation for f (resp. f). Let d,d be two C°
metrics. We have the following.

LEMMA 3.4. Let h: V. > V; be a homeomorphism satisfying the properties:

) tim d(h(w), W*(p))
weCon (d(w, W*(p))®

w-rXx

exists and is positive.

(ii) The restriction of h to each connected component of V, — C, maps leaves of the
restriction of the foliation %, to this connected component into leaves of ¥;.
Then h extends to a homeomorphism of a neighbourhood of p, conjugating f and f.
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Proof. Let d’ and d’ be metrics induced by C'-linearising coordinates for f (resp. f).
From lemma 2.2 in § 2 it follows that

d'(h(w), W*(P)) _, o (3.6)

y
wox {d(w, WH(p)P

we

x,n

Furthermore since d’ and d’ are induced by linearising coordinates one has for
sequences x; - x that f~"(x;) converges to some point ze W*(p) if and only if

d'(x, W*(p))=d'(p, z) - |a|"?,

and a similar statement holds for f. From this, equation (3.6), and the fact that
la|® =|a|, it follows that h extends to a homeomorphism of the closure of
Us-0f " (Cy.) conjugating f and f.

Now assume V, is sufficiently small so that f(V,)n V., =. We can extend h to
V. by taking any extension of h|C,, which maps leaves of %, to leaves of F;. It
follows that h extends to the closure of Ufzoffk(Vx).

Let us now extend h to a neighbourhood of W*(p). Take a leaf F of %,. For
simplicity we can assume that V, is chosen so that if F intersects V,, then F\(V, u
f7'(V,)) consists of three components, see figure 3.5. Consider the component of
F\(V,uf~(V,)) with boundary points x, € V, and x,€f (V).

/vy s, 5, Y

BENANEEA
e

P4
X, v,

FIGURE 3.5

Consider h{x,) and h(x,). In general h(x,) and h(x,) need not lie on one leaf of
F%. Therefore we will modify F;. In fact take two curves ,,5, transversal to
W*(p) between h(V,) and f'(h(V,)) as in figure 3.5. The leaf F; of Fj through
h(x;) has an intersection v; with X,. Take a leaf L,, in the strip between X, and X,
which is piecewise linear with respect to the linearising coordinates for f such that
L,nE,=v,, L,n3,=1,. Do this for every v,€X,. Now define a new foliation
‘%3’ which is identical to % outside the strip between X, and X, and identical to
the piecewise linear one inside this strip. It is easy to see that ‘%}’ is an honest
invariant unstable foliation for p, using lemma 3.1.

Now define a conjugacy h on a neighbourhood of W*"( p) by taking any extension
of h| V, which maps leaves of %, onto leaves of ‘%};’. From the construction above
it follows that this is possible. 0O

Now we consider the situation that a homeomorphism h is only defined on a
cone-like set C,. More specifically consider the situation that f has hyperbolic
saddle-points p, g such that W*(p) and W*(q), have a tangency of (even) order n
at a point x.
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FiGURE 3.6

Let C, be the cone-like set as in figure 3.6, and let f be a diffeomorphism so that
W*(p) and W*(g) also have a tangency of order n at x. Assume h:C, - C.isa
homeomorphism. When can we extend h to a conjugacy on a neighbourhood of p?
In order to investigate this question take a C°-metric d near x and define

0 tim 40w W)
wew‘fx(q) {d(w, x)}"

As we have shown before, Q, is well defined and Q, # 0. Define Q; similarly. Let
I be a C™ curve through x transversal to W*(p) and take a similar curve [ for f.
We assume that h(I) = I and that the following limits exist and are positive:

d(h I d(h W* (g
C = lim ———(d(w)l’)) and C,= lim ————;(W)"VS( ()?)'
wew;:);l (w, weC‘:j;”(q) (o, 4

Also assume the contracting eigenvalue of f at p is equal to the contracting eigenvalue
of f at p. The numbers Q;, C;, C, do depend on the choice made for the metrics
d, d. However we have the following result.

LemMMA 3.5. Let h be a homeomorphism as above. Then:

(1) the equality Q.= (C7/C,)Qx does not depend on the metric d, d; (i.e. if the
equality holds for some C° metrics d, d then it holds for all C° metrics);

(2) if Qe =(C7/C,)Qx then the homeomorphism h can be extended to a conjugacy
on a neighbourhood of p.

Proof. (1) Let d’ be another C° metric instead of d. From lemma 2.2 and the remark
below this lemma we have that there exists A > 0 so that

d(w, W(p)) _ d(w, W'(q))

lim — T2 =)= lim 2
wox d'(w, W¥(p)) wox d'(w, W(q))
we Wi(q) we Ce— W7 (p)

Furthermore if we W*(q) converges to x then from lemma 2.1 it follows that
d(w, x)/d'(w, x) converges to a positive constant u. On the other hand one has
d(w, )=d(w, x), d'(w,1)=d'(w, x) for we W*(q) converging to x since W*(q)
and W*(p) are tangent to each other and transversal to . Hence for some g >0
diwx) dlw, D)
wewriay d'(w,x) 1 wewia d'(w, 1)

WX w>Xx
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It follows immediately that the equality Q, =(C7/C,)Qx does not depend on the
choice of d. Similarly it does not depend on the choice of d.

(2) Take C* coordinates (u, v) at x so that W*(p)={v=0}, W*(q) ={v=Q,u"}
and I={u=0}. From (1) we can take for d the usual Euclidean metric in this
coordinate system. Take we C, and let w have coordinates (u, v). Then

d(w, W¥(p))=v=Q:(d(w, 1))"+v—-Q.(d(w, )"
Furthermore
v—Qu(d(w, )" =d(w, W(q))
as w- x (see the arguments used in the remark below lemma 2.2). Now we use the
following elementary fact. Take sequences a;, b;, ¢;, d; of positive numbers such
that a,= b, + ¢; and ¢;/ d; converges to 1. Then a; = b; + d,. It follows that
d(w, W*(p))=Q.(d(w, 1))"+d(w, W (q))
and similarly
d(h(w), W*(p))= Qe(d(h(w), I))" + d(h(w), W*(7)).
Using a similar elementary computation as above one concludes that
d(h(w), W*(p))
d(w, W*(p))

converges for we C, converging to x if and only if

(In this case the limit is C,). Using lemma 3.4 it follows that we can extend h to a
conjugacy near p. (]

4. Construction of conjugacies when all invariant manifolds except W*(p) and W*(q)
intersect each other transversally

Suppose that p and g are hyperbolic saddle-points and that W*(p) and W*(q)
have k-orbits of non-transversal intersection.

In order to state the next theorem we need some notation. Let a (resp. 8) be the
contracting (resp. expanding) eigenvalue of f at p (resp. g). Choose a fundamental
domain D, in W*(p) and let z,,..., z be the points in D, where W*(p) and
W?(q) are tangent. Order these points so that z is between p and z;., on the curve
W*(p). Then take a C' curve I, at z; transversal to W*(p) and W*(q) and take
linearising metrics d,, d, at p and g respectively. Define

A, = lim —Z"E:’ j;
woz dy(W, z;

wel;

Let p1,..., Pu(p) (TESP. G4, . . ., Gu(yy) e the saddles whose unstable (resp. stable)
manifolds intersect W’*(p) (resp. W*(q)). Denote the contracting (resp. expanding)
eigenvalue of f at p; (resp ¢q;) by A, (resp. B;), and the linearising metrics by respec-
tively d, and d,. Choose fundamental domains D, in W*(p) and Dy in W*(q).
Let x;, ..., Xip) (resp. y1, - . ., Yi(g)) be the intersections of the unstable (resp. stable)
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manifolds of the saddles p;’s (resp. g;’s) with D, (resp. D}) ordered as above. Let
I={i|W*(p) and W*(q) have a tangency of even order at z},
L, ={j; x;e W*(p:) n D}

and
I,={j; y,€ W(q)n Dg}.
Define
d, (w, x;
o, = &izx;(l ﬁm’—x;)) if x;e W"(p;)n D,
we W7(p)
d,(w,y) .
A, e if y,e W(q;)n D%,
- ST
A,
Y H
1 4p
+P2 —,.—)
A,
a N

‘ Ta,

Let f, f € # be as above and C' near each other. Assume that all invariant manifolds
(except W*(p) and W7(q)) are transversal to each other. Furthermore suppose that
f has points Z,, X, ., pi, g; corresponding to z,, x;, ¥i, P, ¢;, Which are ordered in the
same way, such that W*(p), W*°(q) have a tangency of even order at z; if and only
if W*(p), W*(g) have a tangency of even order at Z,.

FiGURE 4.1

THEOREM 4.1. The diffeomorphisms f, f € M as above are conjugate if conditions
{(M1)-(MS5) hold. Here (Mi) is given by:

log |a| _log|4|

(M1) = =
log|B| log|B|
i.e. there exists 8> 0 such that ||’ =|a| and |B|° =|B|;
(A,)° (A,)° ..
M2 S /SR, ol .
(M2) A, A, forallijjel;
(M3) Ai:Ai i=1,..., n(p)a
B=B, j=1,...,n(q);
dy(xi, p) _[dp(x,0)]°
(M4) P =|:”_ — =1,...,l(p),
(5, p) Lz, 0] (P)
dq(yia ‘1) [dq()_’i, q)lﬁ .
= - =1,...,1(q);
4,000 L, ) (a
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As.s, L Mg . .
(M5) W-[dp(xj,p)]" ‘ﬁ A 5 |5_1~[dp<xk,p>]5 ' forallj kel,,
Pi,X; Pis Xk
Az s1_ Dan 51 : .
lAq,,y,la_] [dq(yj’ Q)] - lAql,yktafl [dq(yk’ ‘1)] for all]a ke Iq,a

If log|al/log|B| is irrational these conditions are also necessary for the existence of
a conjugacy.

Remark. Only tangencies of even order lead to conjugacy invariants. However the
presence of tangencies of odd order causes the modality to increase because they
generate, by perturbations of the diffeomorphism, new tangencies of even order.

Proof. The necessity of the moduli conditions follows from lemma 2.5 and its
corollaries. In order to show the sufficiency of these conditions we have to construct
conjugacies. We have subdivided the proof in a few cases.

Case 1. Suppose that there is no periodic saddle point P with W*(P)n W*(p)# &
and similarly no periodic saddle-point Q with W*(gq) n W*(Q) # . As before let
W“(p) and W?*(q) be tangent at k orbits 0(z,), ..., O(z,). It will turn out that the
number of conjugacy invariants is equal to the cardinality of I In particular if
# 1 =0 then there are no conjugacy invariants. Let us now construct a conjugacy
between f and f. First we define h: W*(p)~> W*(p) so that

ds(h(v), p) = c[d, (v, p)T, (4.1)
where ¢ is a positive constant and
_log|a|
log e
From (4.1), (4.2) and the fact that d, is a linearising metric it follows that hof = foh
restricted to W*(p).

(4.2)

Case 1(a): All tangencies are of odd order (i.e. #1 =0). Take an unstable family %,
for p and a stable family % for g. Using the construction at the end of § 3(a) one
can modify %, and %; so that, near z;, ¥, and &, are tangent only in z;. Define
h:W“(g)-> W"“(3) to be any homeomorphism so that h o f=foh The homeo-
morphisms h: W*(p)> W*(p) and h: W*(q)> W*(q) induce maps on the space
of leaves of &, and %;. This defines h: V, > V; uniquely, where V is a neighbour-
hood of z. Now we show how to extend h globally. Take a system of invariant
foliations F¢,, #, for all basic sets Q, in Q(f), so that F,, and F, (and similarly
F5%, and 97}‘1j) are compatible for all basic sets (;, (; except where Q,={p} and
Q,={q}. In [P1], [MP] and [Me2] it is shown how to do this when Q(f) is
finite. If Q(f) is infinite then one has to use the methods of [Mel]. Remark that
fe M implies that there is no point x which is part of a non-trivial basic set (i.e.
which is not a periodic orbit) such that W*(x) or W*(x) has intersection with
W(p) or W*(q). As in [Pal] and [Mel] we proceed by defining h: W*(Q,) -
W*();) for any basic set Q; such that W*(Q;) » W*(p)# . This induces a map
on the space of leaves of %, and from the transversality of W*(x), x e Q;, with
W*(p) this gives a map h: W*(p)n V> W*(p)n V, where V is a neighbourhood
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of W*(p) W*(£1;). Extend these maps to a conjugacy h: W“(p) > W*"(p). Since
#, and %, intersect transversally, except at z;, the conjugacies h: W*(p)-> W*(p)
and h: W*(p)> W*(p) can be extended to a unique conjugacy on a neighbourhood
of p which respects all invariant foliations. As in [P1], [MP], [Mel] and [Me2]
one extends h globally.

Case 1(b): One even tangency, i.e. #1=1. Let z =z be a tangency of W*(p) and
W®(q) of even order. Using the construction of the end of § 3(a) one can modify
%, and ¥ so that, near z, ¥, and %, are tangent along a C'-curve 2. The
homeomorphism h: W*(p)> W*(j) induces a map on the fibers of ¥, and %},
and we get a homeomorphism h:2 - 2. From equation (4.1) we get
dy(h(v), 2)=c[d,(v,2)]° forveX. (4.3)
Hence
@)
A;
Using the conjugacy equation ho f=f o h we can extend h to Ujszfj(E). This set
accumulates on W*“(gq). From (4.4) it follows that h extends continuously to a
homeomorphism h: W*(q)> W*(g) defined by
&
dhto), 3= {32
From (M1) we have that h| W*(q) is a conjugacy. Of course the map h:Zu W"(q) >
S U W*(q) may not map leaves of ¥, into leaves of %;, but as in the proof of
lemma 3.4 one can modify %} in the complement of a neighbourhood of the orbit
of 7 so this is the case. As before we can use these foliations to extend h.

d;(h(v), Z)=c [d,(v, 2)]° (4.4)

[d, (v, 9)1° (4.5)

Case 1(c): More tangencies of even order; i.e. #I>1. As before we can induce
homeomorphisms h:3;>Z2; for ieI and we can define h on Ujfj(E,») using
ho f=foh If (M1) holds, then each map h:Z; > £, induces a conjugacy h: W*(q)~>
W*(q) satisfying:

(a,)°
A,
These conjugacies only coincide if (M2) holds. As before one needs to modify %3

so that h maps leaves of ¥, into leaves of ;. Extend h as before.

d(h(v), @) =c- [dy(o, 97"

Case 2. Suppose we are in the same situation as before except that there is exactly
one saddle-point P with W*(P)~ W*(p)# & and exactly one saddle point Q with
W Q) W*(q) # . Assume also that W*(P)~ W*(p) (resp. W*(Q)rn W¥(q)) is
aunique orbit @(x) (resp. O(y)). Suppose that all intersections of invariant manifolds
(except of W*(p) and W*(q)) are transversal, see figure 4.2.

We will now show how to construct conjugacies in this case. Take C' foliations F5
and %7,. According to the first theorem in the appendix this is possible. Now in the
constructions we made in cases 1(b) and 1(¢) we had to modify the foliation F3,.
But since we do not wish to modify the foliation #;, we will have to be careful. In
fact here we need condition 4 in the definition in the class #, see § 1. Consider the
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! 5
P4 ‘ ;é:
r Z
Z)
c? .1
lo
’ !
FIGURE 4.2

cone-like sets C, as in § 3(a). Let C; be the component of C,\{z} such that C;,
is disjoint from W*(P), and C, be the other component. From condition 4 in § 1
it follows that C; is non-empty and C is disjoint from W*(Q). Let W;:(p) be
the component of W*(p)—{p} on to which f"(C;) accumulates and W;-(p) the
other component of W*(p)—{p}. Condition 4 implies that W;+(p) does not depend
on the tangency point z;. We also denote this set by W (p). Similarly define W;+(q)
and W:-(q). Clearly the foliation ¥} is disjoint from C;, and the foliation Fp is
disjoint from C;. So we can modify %, in C;, and % in C;, as in § 3(a), without
changing F3 or %5. In this way we get foliations %, and &%, which either are
tangent along a curve X; (if the tangency at z; is of even order) or only at z; (if the
tangency of W*(p) and W*(q) is of odd order). Let us now construct conjugacies.

Case 2(a): #1I=0. The construction is basically the same as in case 1(a). We start
now by defining conjugacies h: W*(P)~> W*(P) and h: W*(Q)~» W*(Q). Via the
leaves of 3 and 5 this induces homeomorphisms on subsets of W*(p) into
W*(p) and on subsets of W*(q) into W*(g). Extend these homeomorphisms to
conjugacies h: W*(p)—-> W*(p) and h: W*(q) > W"(§). Now proceed as before.

Case 2(b): #1=1. Let X be the curve of tangency of ¥, and %, and let 2_ be the
component of £ —{z} such that f/(2_) accumulates on W:(p) (= W;-(p)). Now
define h: W(p)> W(p) as in equation (4.1) where we choose ¢>0 such that
h(x) =% where xe€ W*(p)n W*(P) and € W*(p) n W¥(P). That is:

L _d(%P)
(d,(x, p)*

The map h induces a map on the space of leaves of %, and therefore a map
h:2_->3_. As in case 1(b) this induces a map h: W*(q)~> W*(g), which is a
conjugacy if and only if condition (M1) is satisfied. So up to now we have defined
h on one side only: starting in W2 (p) and ending in W(q). Similarly one can start
in W4(q) and end in W3(p). It follows now from the construction and equation
(4.1) that h: W*(p)> W*(p) and h: W*(q) > W*(g) are C' outside p and g. From
this it follows that h extends to h: W*(P) > W*(P) and h: W*(Q)-» W*(Q) if and
only if

(M3) A=A, B=B8,

(4.6)
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see lemma 3.4. As in the proof of lemma 3.4 one has to change the foliations ¥
(resp. #5) in order to make sure that h maps leaves of 5 (resp. Fp) into leaves
of F5 (resp. F5). As before one extends h.

Case 2(c): #1>1. One can construct conjugacies in this case in the same way as
in cases 2(b) and 1(c). As in case 1(c¢) one needs the additional modulus conditions
(M2).

Proof of theorem 4.1: Remaining cases. Suppose now that f and f are again as in
case 2, but that there is more than one saddle-point P, with W*(P,)» W' (p) # .
Let us first treat the case that there is no saddle-point Q with W*(Q)n W*(q) # .
Then one can modify & so that ¥, and % are tangent only in curves Z; or at the
points z;. Now construct h as in case 2. There is one problem left. There are several
orbits of intersections O(x;)= W“(P,)~» W*(p). But in the construction of
h: Wi(p)~> W?*(p) one has to choose a constant ¢ >0 as in equation (4.5) so that
h(x;)=x; for all i. This is possible if and only if

d(x;, p) - { d(x;, p)
d(x,, p) d(x,, p)
Since h| W*(p) is differentiable we need (M3) in order to extend h to W*(P,). As
before h| W*(P,) must be a linear map (because A,=A,). If W*(P)n W*(p)
contains more than one orbit we will need (M5) because each orbit will induce a
linear map W*(P;) > W*(P,) and these maps must coincide. If all these modulus
conditions are satisfied one can extend h as before.

The general case goes similarly. If there are also saddle-points Q; with

W (Q)n WH(q) # D

then it follows from fe # that W%(q)# W“(q), Wi(p)# W*(p) and either

(i) W*(P)n Wi(p)# and W*(Q)n Wi(q)#J; or

(ii) WY(P)n Wi(p)#J and W'(Q;)n Wi(q)#D.
In this case one modifies %, on one side of z and %} on the other side, see case
2(b). The construction of a conjugacy goes exactly as before. This finishes the proof
of theorem (4.1). O

5
(M4) } , foralli

5. Construction of conjugacies: general case
First we consider the case that:

5(a). W*(p), W(q) and W“(q), W’(r) have non-transversal intersections. All other
invariant manifolds intersect transversally. Assume that there are three hyperbolic
periodic points p, g, r so that both W*(p) and W*(q) as well as W*(q) and W*(r)
have exactly one orbit of non-transversal intersections. As in lemma 2.7 there are
exactly four cases A, B, C and D to consider. Let (M1)-(M6) be the modulus
conditions from lemma 2.7. We will prove:

THEOREM 5.1. Let f, f € M be as above and C* near each other. Assume that no other
invariant manifold of saddle point intersects W*(q)w W*(q). The diffeomorphisms f
and f are conjugate if and only if the modulus conditions (Mi) from lemma 2.7. (i.e.
6, S or 4 conditions depending on the case we are looking at from lemma 2.7) are satisfied.
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Proof of theorem 5.1. In figure 5.1 we have drawn the situations A, B, C and D.
The necessity of the modulus conditions {Mi) are proved in lemma 2.6. As before
the numbers a, 8, a, b denote the eigenvalues at p, g, r as indicated in this figure.
We will assume that a, 8 a, b are positive. The general case can be dealt with similarly.

Also we can assume that the tangency of W"(p) and W*(q) and the tangency of
W*(q) and W*(r) are of even order, because if one of these tangencies is of odd
order, then one can construct the conjugacy as in the proof of theorem 4.1. Finally
we will assume that W“(p)~ W’°(q) and W"“(g) » W’(r) both consist of only one
orbit. The general case is treated similarly.
Case A: Denote by R the upper right hand quadrant near g, bounded by W*(q)
and W*(q). That is, let U, be a rectangular region on which f is linearisable. Then
R is the connected component of U, — W*(q) u W*(q) having the orbits of tangen-
cies in its boundary. First choose C' invariant foliations % and % having C'
tangent line fields. These foliations #; and %} induce a C'-linearising system for
f. Let d be the metric induced by this coordinate system.

(a) Let W*(p), W*(q) (resp. W*(q) and W?(r)) have a tangency of order n
(resp. m), with n and m even numbers. Define

d(z W(p)
e W @) {d(z,x)}" °

Q=

and define Q, similarly. In lemma 2.6 it is shown that the numbers
Qx : [d(x’ ‘I)]n Qy : {d()’, Q)}m

dly,q9) ~ d(xq)
are topological invariants. Let us show that these invariants are sufficient.

’a, B’ a7b (5-1)

[24 a
L4 1 —4* p_ *P
a y a
q B -
94 B
b
r
r b
case A case C
a o
I r ( +,,
p b
b
a a r
‘ &
q4 B g} B
case B case D
FiIGURE 5.1
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(b) So we need to define a conjugacy between f and f. First we define a conjugacy
h on the quadrant R. We do this so that h is linear with respect to the linearising
coordinates and so that h(x) =%, h(y)=j. Since
a=a, B=8 (5.2)
then h indeed defines a conjugacy on R near q.
(c) Let us now show that we can extend h to a neighbourhood of p, provided

a =& and the modulus condition on Q, and Q, is satisfied.
Let ! be the line through x which is horizontal with respect to the linearising

coordinates, and let I be similar. Clearly h(I) = I and for x; - x,

d(h(x), W(q) _ d(, ) (5.3)
d(x;, W(q)) d(yq) '
d(h(x),l)  d(%q) (5.4)

d(x, )  d(xq)
where d, d are induced by linearising coordinates at q and 4. Take any unstable
invariant foliations %, and F},. We claim that we can modify #; so that & agrees
with h(%,) inside R. In fact from lemma 3.5, § 3(b), it follows that h extends to a
conjugacy near p if and only if

a=a, Qx=€‘-of,
2

where C;, C, are respectively the limits in equations (5.4) and (5.3). Clearly this
corresponds to two equations from (5.1). From lemma 3.5 it follows that one can
extend h to a neighbourhood of p, and after a slight modification of %}, the conjugacy
h maps leaves of %, onto %j.

(d) In the same way one can extend h to a conjugacy near r, provided b =b and
the conjugacy condition on Q, and Q; is satisfied.

(e) Now one can extend h as in § 4.

3
0

I
N

e
j mill
ORI
[~

® D}
D,

FIGURE 5.2.
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Remark. If there are invariant manifolds intersecting with W*(gq) and W"(q)
then one has new necessary moduli conditions, see §2 and theorem 4.1. As in
§ 4 one can extend h to M provided all these additional moduli conditions are
satisfied.

Cases B and C. Cases B and C are dual since one obtains case B out of case C by
taking f . Therefore we will just treat case B. In lemma 2.6 it is shown that the
numbers

{d(x q))"

% a0

,a,B,a,b

are topological invariants. Since we do not have any moduli conditions on Q,
and Q; the construction of a conjugacy is more complicated than in the previous
case.

(a) As in the previous case choose C'-invariant foliations %; and %, having C'
tangent line fields. Let I be the leaf of &, through x and m the leaf of %} through
y, see figure 5.2.

(b) We want to change %, so that ¥, and %, have only tangencies at m. So
consider a cone-like set C, near y as in lemma 3.3, § 3(a). From this lemma and
the first theorem in the appendix it follows that %; and &, can only have tangencies
inside the sets f'(C,). Now modify ; inside C, so that %; restricted to C, is given
by homogeneous polynomials (+constants) in terms of the coordinates induced by
F, and %;. From lemma 3.2 this is possible. It follows that #; and %, have only
tangencies along f*(m).

(c) Let R be as before. Take a leaf F of #; as in figure 5.2 and let D, (resp. D¥)
be the region bounded by F and 4R (resp. W*(r) and dR). Take F and R so that
the sets f'(D,) are mutually disjoint. Now let %* be an invariant foliation on R
which is identical to %; in | f(D,) and identical to ¥} away from U f'(D,). By
lemma 3.3 one can choose the rectangle R and & so that all its leaves are transversal
to %, outside the cones f*(C,). From the construction of %; and since " coincides
with #; inside D,, ¥° and %, are tangent precisely along iterates of m.

(d) Now we define the conjugacy on R. First define linear conjugacies h: W*(q) >
W(g) and h: W"(q)—> W*"(g) so that h(x)=Xx and h(y)=j, see equation (4.2).
Since B =8 and a=a this is possible. These maps induce maps on the space of
leaves of %, and of % outside iterates of D}. Therefore these maps induce
homeomorphisms h:m - m and h: \D* > I\D*, where D* = f'(D¥) and D* =
\U f(D}). Since F and F* are precisely tangent along (iterates of) m, the homeo-
morphism h:m - m induces also a homeomorphism h:In D*->1n D", via the
leaves of #°. Hence there is a unique homeomorphism h on int( R) which preserves
#, and F°. Let us check that h is a continuous conjugacy. In order to do this we
want to apply lemma 3.5 as in the previous case, A. We have to make some estimates
similar to (5.3) and (5.4).

LEMMA 5.2. Take metrics d, d corresponding to the linearising coordinates for f and f
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near q and 4. Then one has for a sequence x; - x,
d(h(x), D) _d(% q)
d(x,)  d(xq)
5(_h(xi), W*(q)) _,J()Z 9)
d(x, Wi(q)) d(,q)
Proof. The first limit follows from the fact that h preserves %, and from the fact

that h| W°(q) is linear with h(x) = %. The second limit is proved as follows. If x; > x
and f/(x;)> we W*(q), then

d(x;, W(q))=|BI"" - d(w, q),
a(h('xl)’ Ws(q))z IB_lj(l) ' d_(h(W), Q)

Since h| W*(q) is linear and h(y) = y the second equation in (5.5) follows by taking
the ratio of the two equations in (5.6). O

(5.5)

(5.6)

Now it follows from equations (5.5) and the modulus conditions on «, Q,, that h
can be extended to a conjugacy near p. This is done exactly as in case A.

(e) As before one can extend h to M. In fact since h maps % into %° it follows
from lemma 3.4 in § 3(b), and from b= b that h extends to conjugacy near r. The
extension to M goes as before.

Case D. In lemma 2.6 it is shown that in this case the numbers

a,B,a b
are topological invariants. Now we show that there are no modulus conditions on
Q. and Q, in this case. It follows that any conjugacy h between f and f will be
highly non-linear in this case. We construct the conjugacy in a number of steps:

(a) As before take C'-unstable and stable foliations F, and F.

(b) Take a region D, as in the previous case. Here the boundary of D, is a leaf
of %, (or is a piece of 9R). Let N, be a neighbourhood of D,. By lemma 3.3 all
the leaves of &; are transversal to the leaves of %; and %, inside N,\C,. Hence,
using the implicit function theorem we can take a new invariant foliation % for q
(which is C' except possibly at iterates of y and identical to % outside iterates of
N,\C,) so that each leaf of %] in D)\ C, is the graph of a homogeneous polynomial
function (+constants) with respect to the coordinates induced by %;, and F;. Take
a similar set D, and a similar foliation % related to %;.

(c) Modify the foliations %, and %; as before. That is, modify %; inside C, so
that the leaves are given by homogeneous polynomials with respect to the C'
linearising coordinates induced by 95;' and 9;'. Do the corresponding modification
for %;.

(d) Now take an invariant foliation %° as before which is identical to &; inside
D, and identical to %, away from iterates of D,. Take a similar foliation F".
According to lemma 3.3 and the last theorem in the appendix all tangencies of %°
and F* are contained in f'(C,) U f’ (C,). Let us study these tangencies.

(e) First we study the tangencies of #° and %* in f'(C,) nf7(C,). Since #° and
F* are given by polynomial functions it suffices to prove the following lemma.
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a leaf from F°
m|1E l
a leaf from F*

o\ P~

FIGURE 5.3

LEMMA 5.3. Consider the following two foliations in R’:
F'={(u,v)jlu=Q,-v"+a, acR}
FF={(u,v)lv=0Q,-u™+b, beR},

where n, m are even. Then:

(i) F® and F" are tangent along a curve c¢ consisting of two components,

(ii) there is a unique point c, where F* and F* have a tangency of odd order. F*
and F" are transversal to ¢ except at ¢,.

Proof. If F® and F" are tangent at (u, v) then the tangency vector (1, mQ,u™") to
F* at (u, v) and the tangency vector (nQ,v" ', 1) to F* are proportional. Hence F*
and F* are tangent along the curve:

n- m- Ql'Qz'uM_l.Uﬂil:l'

Statement (ii) follows similarly. O

We have drawn the curve c¢ as a union of the curves A, B, C, D, E in figure (5.3).
We can also make the following:

Observations. (1) Each leaf of F° and each leaf of F* intersects the curve c at least
once and at most three times.

(2) There is a curve A in ¢, as drawn in figure 5.3, so that if a leaf in F* or a
leaf in F* intersects A then this leaf has no other intersections with c.

Let A, B, C, D, E be the curves in ¢ as is shown in figure 5.3.

From the lemma it follows that all the tangencies of #*, #* inside f*(C,) nf_j(Cy)
are subsets of (scaled down) copies c; of the curve ¢ as above. The last theorem in
the appendix implies that the leaves of F“ (respectively %°) outside C, (C,)
accumulate in a C' sense to W*(q) (W"“(q)). Hence the set c; consists of two
components, and contains the point ¢, and the arc A.

(f) Since F¥ is equal to F, in C, it follows that inside f'(C,)nf7(D,) the
foliations #°, #* are polynomial with respect to %; and %. Hence inside these
sets the tangencies of #* and %° are as in (e). Furthermore %° is identical to %
outside the iterates of a neighbourhood N, of D,. Hence all tangencies of #* with
F* outside f/(N,) are contained in the lines f'(I). Now choose %° on N,\D, so
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FIGURE 5.4
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FIGURE 5.5
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that #° has only tangencies with F* in (N,\D,)nf‘(C,) along line segments.
Similarly inside f7(C,)n f*(D;) the foliations %°, #* are polynomial w.r.t. F4
and %,. Now choose F* or N,\D, similarly as above. Since all tangencies of %°
and F* are contained in f'(C,) U f(D,) it follows that ¥* and %" are tangent
along a curve ¢ (with a countable number of components), as drawn in figure 5.4.

(g) Now one can decompose the tangency curve c in curves A;, B, Cy, Dy, Fy,
Hj, V; as is shown in figure 5.4. Here A; etc. are contained in f‘(Cx)mfj(Cy).
The curves Hy, V;; are bounded by W*(r) and W*(p), and the curves A;, By, Cy,
Dy, E;, are as in figure 5.3. Let [, = f*(1) and m; = f/(m). Using the leaves of these
foliations we can define a diagram of maps between those intervals as is shown in
figure 5.5. More precisely: to each point z on the tangency curve ¢ we associate a
new point ¢(z) e c. We do this as follows.

(i) For ze Ay, let Yy(z) =z

(ii) For z e By take the leaf F of %° through z. Follow F downward and let y(z)
be the first intersection of F with the curve ¢ in one of the components C, ;, V,
E;;, or A;, see the diagram in figure 5.5.

(iii) For z e C; follow a leaf F of F* to the left and let s(z) be the first intersection
of F with ¢ in a component B; ;, H; ;, D; ; or A; ;.

(iv) ze D;. Then follow F downwards as in case (ii).

(v) ze Ej as (iii).

(vi) ze Vj,thenlet ¢(z) be the intersection of the leaf of #* through z with W*(q).
(vii) ze Hj, then ¢i(z) is the intersection of the leaf of #* through z with W*(q).

Clearly if h is a conjugacy between two diffeomorphisms f, f as above and if h
preserves the foliations #°, #*, then one must have h(c)=¢ and h o = ¢ ° h. From
this it follows that we have very little freedom in choosiiig a conjugacy h.

For example ¢ ' maps B; U C; into C; U B;. We will show shortly that this map
in fact is a contraction. Clearly for the point c; e C; N B; where #* and %° are
tangent with ¢, one has ¢(c;) = ¢;. Since h must respect all foliations, it must map
the end-points of B;u C; onto end-points of B, u C; since these points belong to
stable and unstable manifolds. Hence h is completely fixed in a sequence of points
in B; U C; converging to a fixed point c; of .

Clearly ¢*(z) is either contained in W*(q), W"(q) or A; for some sufficiently
big k or the sequence {¢*(z)} is infinite. If this sequence is infinite assign to it a
symbol-sequence {S;}, where S, is the component By, C;, D; or E; of ¢ which
contains ¥*(z).

L'

ijy

LEMMA 5.4(i). If the sequence {¢/*(z)} is infinite then no other point z'€ c has the
same symbol sequence as 2.

(ii) If this sequence is finite it must end with an interval A;, W*(q) or W"(q).
Moreover in this case there is a small interval (in the curve c) of points having the
same sequence.

Proof. The second statement is obvious from the definitions and by continuity. So
suppose the sequence {¢/*(z)} is infinite. Then for each keN, ¢*(z) is contained in
intervals B, Cy, Dy, E;; for some i, j. Let m; be the projection from B; U D;; on f'(I)
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defined as follows. Take z € B;u Dy, and the leaf F of #° through z. Let m(z) be
the intersection of F with f'(I) (near z). Similarly define a projection ,,:
C,;u E;~> f7/(m). Then define

0(z)={

Now f(I) and f7(m) are all copies of R* so we can consider 6 as a map from
0:R*>R* (which is not defined everywhere). We claim that 6 is an expansion:
|6'(z)|>1. (5.7)

From this claim the lemma follows. In fact take a point z'€ ¢ near z. If k(") is
an infinite sequence for every z”€ ¢ between z and z’, then it follows that the length
of y* (segment on ¢ between z and z') has finite length. Since 8 is an expansion,
this is impossible.

So let us prove (5.7). From the construction above it follows that A;, B;;, C;, Dy;, E;;
are contained in the set

{f{(C)nf(DYYO{f (D) f7(Cy)} (5.8)
Inside f(D,) n f'(C,) the foliations &°, #* are given by polynomials (+constants)
w.rt. ¥4 and F;. Similarly inside f'(D,) nf7(C,) the foliations F°, F* are poly-
nomial w.r.t. 4 and ;. It follows that it is sufficient to prove the following lemma.

o o wrt(2) for z € m(By u Dy),
a0 o wal(z) for z € 7,,(C; U E).

LEMMA 5.5. Consider the following two foliations:
F'={(y,v);u=Q, v"+a, acR}
F={(uv);v=0Q,-u™+b, beR},
where n, m are even. Let F'. (F}) be the leaf of F* (F*) through (a,0) (resp. (0, b)).
Let 6(b) be the number a €R so that F, is tangent to Fy, in the intervals C L E, see

figure 5.3. Then 6:R >R is an expansion, i.e. }6'|> 1. A similar result holds in Bu D,
if we change the role of F* and F".

Proof. The foliations F* and F* are tangent in the curve
1
(n -m- Ql . Qz)l/n—l . um—l/n—l'

v=c(u)=

So

b=c(u)-Q, u™=B(u),

a=u—Q; - (c(u)" = A(u).
Now a is related to b by:

a=A-B7(b)=0(b).

Hence since nQ, - (c(u))"™' - m- Q,u™ '=1 one has
Aw) 1-Qi-n- (@)™ -cw) 1
B'(u) W) -Q, m-u™' m-Q,-u™"
Here the last equality follows by using the definition of c(u) explicitly. For the

point where the curve c is tangent to F* and F° one has m- Q,- u™ '=1. Since
by assumption Fj and Fj are tangent in C U E it follows that |6'(b)|>1. O

0'(b) =
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(h) Up to now we have investigated the set of tangencies of ¥* and %°, and a
diagram related to these tangencies. Now we can define the conjugacy h as follows.

Take conjugacies h: W*(q) > W¥(q), h: W“(q)> W¥(q) which are linear and so
that h(x) = x. Since

a=a, B=B

this is possible. Then take a homeomorphism
h:A~ Ay.

Here we have freedom. Extend h to U.-,- A, by forcing the conjugacy heof=foh.
From lemma 5.4 it follows that there is a unique extension of h to the tangency
curve ¢ so that o h=ho, i.e. so that h respects the diagram in figure 5.5. It
follows that there is a unique extension of h to R which respects the foliations %°
and " From the way h is constructed it follows that & is monotone. By interchanging
the role of f and f it follows that h has a monotone inverse. Hence h:c-¢ is a
homeomorphism. Since F; is a C' foliation, except possibly in y, it follows as in
lemma 5.2 that

Lo d(h(2), %)

z»x  d(z,x)

zel

converges. Here d, d are C°-metrics. It follows from lemma 3.4 that h extends to
a conjugacy near p, since

a=a.
Similarly h can be extended to a conjugacy near r, since

b=b.
5(b). Construction of conjugacies: remaining cases. Let f, f € M be as in theorem 5.1
except that there are finitely many saddle-points whose invariant manifolds intersect
W*(q)w W¥(q) transversally in a finite number of orbits. To define a conjugacy h
in this case we start by constructing stable and unstable foliations for these saddle
points and then we construct the foliations %° and %" compatible with these
foliations. We then perform the construction of the proof of theorem 5.1. In order
to extend this conjugacy to a neighbourhood of the saddle points whose invariants
manifolds intersect W*(q) u W*(p) we need more moduli conditions as in § 4. If
these extra moduli conditions are satisfied we extend the conjugacy using the same
arguments of the proof of theorem 4.1.

Another situation that may occur for a diffeomorphism fe # having a cascade
of tangencies is a combination of the four cases treated in § 5(a). In fact we may
have a finite number of saddle points p,, ..., p, such that W*(p;) has a finite number
of orbits of non-transversal intersection with W*(q) and also a finite number of
saddles q,, .. ., q, whose stable manifolds have orbits of non-transversal intersection
with W*(q). If f is a nearby diffeomorphism having the same intersection pattern
of stable and unstable manifolds we can construct a conjugacy between f and f by
putting the previous techniques together provided the appropriate moduli conditions
are satisfied.
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6. A bound for the number of tangencies

In § 4 and § 5 we proved that two nearby diffeomorphisms in ., having the same
intersection pattern of stable and unstable manifolds, are conjugate provided a finite
number of moduli conditions are satisfied. In order to conclude the proof of the
main theorem it remains to show that every diffeomorphism f € .# has a neighbour-
hood & which contains a countable number of k-parameter families of diffeomorph-
isms such that any diffeomorphism in / has the same intersection pattern of stable
and unstable manifolds as some diffeomorphism in one of these families. In this
section we will achieve this by proving the following result.

THEOREM 6.1. If f € M then there exists a neighbourhood X of f and a number K >0
such that N < M and the number of orbits of non-transversal intersection of stable and
unstable manifolds of every g€ N is at most K.

Proof. Since & is an open set [Sml], it is easy to see that every fe # has a
neighbourhood & < & such that every g e N satisfies conditions (1), (3), (4) and
(5) of the definition of # in § 1. Now we prove that if & is small enough then
condition (2) is also satisfied and we get a bound for the number of orbits of
tangencies. Let V<= M be a small open set such that each orbit of tangency of f
has a unique point in V. So, in order to prove the theorem it is enough to show
that for each ge ¥, the number of tangencies of g in V is at most K and these
tangencies are of finite order. Let x € V be a point of tangency of order r of W*(p)
and W?(q) where p and g are saddle points of f For each ge ¥ let U(g)=
W*(p(g)nV and S(g)= W'(q(g))nV where p(g) (resp. q(g)) is the periodic
point of g near p (resp. q). If P(g) is a saddle point of g whose unstable manifold
intersect W*(p(g)) then, by the A-Lemma [P1], W*(P(g))n V is a sequence of
submanifolds U,(g) which converges to U(g) in the C* topology. Similarly if Q(g)
is a saddle point whose stable manifold intersects W*(q(g)) then W*(Q(g))n V is
a sequence of submanifolds S,,(g) converging to S{(g) in the C™ topology. Since
f€ M we have that S,,(f) is transversal to U,(f) forall m,neNand U(f)n S(f)=
{x}. Hence if # and V are small enough and ze U,(g)n S,.(g) then the contact
between U,(g) and S,,(g) at z is at most r. So we need to prove that

#{meN; U, (g) is not transversal to S,(g) for some neN}

is uniformly bounded.

For each ge N let ¥}, be a C' unstable foliation at p(g) such that each U,(g)
is contained in a leaf of F}(,, and the r-jet of ¥}, is C' and varies continuously
with g (see the appendix). Similarly we consider a stable foliation % ,, compatible
with W*(Q(g)). Let (i, v) be a C* coordinate system in a neighbourhood V, of x
such that U(f)={(4,0); ue(—a,a)} and S(f)={(y,v),v=u",uc(—a,a)}. We
may take V and W so that for each ge ¥

Un(8) ={(u, v); v=y%(u)}
U(g)={(u, v); v=y&(u)}.

Sm(g)={(u, v); v=@F(u)}
S(g)={(u, v); v=@&(u)}
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where %, @5, ¢8, 5% :[—a,a]l>R are C™ functions satisfying the following
properties:

(a) The maps g— D¢, D/p&, D'y%, D'y%, from N to C'([—a, al,R) are
continuous for j=0,1,...,r.

(b) e2(u)— @i (u)>0, y8(u)—yi(u)<0 forall ue[—aq,al.

{¢) There exists 1 = C <o such that

1
(i) EB;'"Iwﬁ(u)—<p§o(u)|S o5 m(u) = @&(u)|= CB, |05 (u) — p&(u)]

%a;"lwi(u)—¢§o(u)|SIt/f§+m(u)—t/ffo(u)li Cal s (u) — v (u));

(i) |D(@% — 0&) ()| = Cleh(u) — e&(u)]
ID(ys — w&) ()| = Clyi(u) — yi(u)l,
where «, is the contracting eigenvalue of Dg(p(g)) and B, is the expanding
eigenvalue of Dg(q(g)).
(d) Each U,(g) (resp. S,.(g)) has at most r—1 points of tangencies with leaves
of the foliation F,, (resp. F,)).
Conditions (a) and (d) follow from the continuity of the r-jet of the foliations %,
and %,); (b) follows from condition (4) of the definition of A in § 1; (c) follows
from the differentiability of the foliations %, ), F(,) and its 1-jet. We need some
lemmas.

LEMMA 6.2. If Deé(u)= Dyt(u) and ¢%(u)=y%(u) for some ue(—a,a) and
m neN then

| Dy&(u) — D& (u)| = 2C|¢é(u) — p&(u)].
Proof. From (b) it follows that
0<@i(u)—o&(u)=yi(u) —p&(u) <¢d(u) — e&(u),
e&(u) =S (u) < @i(u) —&(u) =i (u) — P&(u) <O.
Hence (using (c(ii))):
|Def(u) — De&(u)] = Clei(u) — o&(u)| < Cle&(u) — ¢&(u)|.
Therefore using De%(u) = Dy%,(u) and the inequalities above:
[Deb(u) — DYE(u)| < Clo&(u) — & (u)|+| Dy (u) — Dy&(u)|
= Clo&(u) = g&(u)|+ Clyh(u) — y&(u)]
=2C|@&(u) - ¢&(u)|. O
LemMMma 63. Ler J,={ue(—a,a); o&(u)<yS(u) and |Dys(u)- Dei(u)|=
2C|¢8(u) — &(u)|}. If N is small enough then J, has at most 2r connected components.

Proof. Consider the functions 6% :[—a, a]->R,

0% (u) = (Dy&(u) — Des(u)) £ 2C (Y& (u) — @3(u)).
Since the map g-— 05 from A to C'([—a,a],R) is continuous and 6 (u)=

r—1

ru” ' +2Cu’ it follows that for & small enough the set
{ue[—a, al; |DyE(u)~ De&(u)| =2C|y&(u) — e&(u)l}

https://doi.org/10.1017/50143385700004120 Published online by Cambridge University Press


https://doi.org/10.1017/S0143385700004120

452 W. de Melo and S.J. van Strien

has at most 2r points. This proves the lemma because the boundary of J, is contained
in this set. O

LEMMA 6.4. If N is small enough there exists an integer m such that for each ge N
and each connected component J ; of J, there are integers my = my(g, i) and ny=ne(g, i)
such that

Pho-m(u) < @&(u) <l . (u)
and

Orgem(1) < PE(u) < ¥, . (u)
for every ue Ji,.

Proof. Let ¢%, §%: J,~>R be the maps ¢*(u) = —Log (¥&(u) — &(u)) and §%(u) =
—Log (¢5%(u) — ¢%(u)). From the definition of J, and from property (c(ii)) one has
| Dy&(u)| < C, and | DG8(u)| < 2C for every u e Jg. If we take V and 4 small enough
so that a<1/(2C) we have that |¢%(u,) — $5(u,)| <1 and |¢&(u,) — &) <3, if
u,, € J;. Moreover, from (c(i)), |117,,+,,,(u)—¢17,,(u)|>2 for every neN and ueJ,
if m is such that —m Log a, —Log C > 2. Hence, if there exist noeN and u,¢ J;
such that Jﬁn(uo) = ¢%(uy) then

Ungm (1) < =1+ G5 () = —1+ $* (o)
= @5 (u) =1+ ¢,(uo)
= 14 % (40) < (1)
for every uelJ ; If this is not the case then there is an integer n, such that
P m(u) < @5 (4) < G5(u) < By ur(u) <5, m(u)  foruely.

This proves the first inequality of the lemma. The proof of the second one is similar.
O

LEMMA 6.5. Let J; be a connected component of J, and n,= ny(g, i) be an integer
such that W8 _,.(u) < p&(u) <4’ . .(u) for every ueJ,. If 1-C?ay >0 then

1 m m
—Log (Fai (1-C?aj ))
Log B,
Proof. Since —¢% _,.(u) > —¢&(u)>—¢% . ,.(u) we have that
Log (¢a(u) — p&(u)) — Log (¢ 1 2m(u) — @&(u))
=Log (¢&(u) — ¢35 _m(u)) —Log (&5 com(u) — 4¢3 s m(u))
=<-Log (El—za:;"'(l - Cza;")).

Let m, eN be such that ¢f, (u) <¢i(u) <% _,(u). If keN is such that ¢&(u)>

#{neN; JueJy, i(u) € [Yi am(u), PE(u)]} <
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@rilu) > ¢ om(u) then

—Log (éaim(l - Cza;")) = Log (¢&(u) — 9&(u)) — Log (5 s2m(u) — @&(u))
= Log (¢, (u) — ¢%(u)) —Log (@7, +i(u) = 9%(u))

=-Log C+k Log 8,.
Hence

1 m m
-Log (Fag (1-C?a; ))

k=
i Log B,
This proves the lemma. O

LEMMA 6.6. Let J; be a connected component of J,. The cardinality of the set {neN;
the graph of ¢,|J; has a tangency with the graph of ¥ |J; for some k} is at most

1 m m
—-Log (Faﬁ (1-C?aj ))
Log 8,
Proof. Let u}‘ €Jg, j=1,...,1 be such that (u;‘, (//i(u}‘)) are all the points where the

graph of ¢§|J¥ is tangent to the foliation %, Clearly I=r—1. If n>mo+m is

such that the graph of ¢ |J} is tangent to the graph of ¢ for some k = ny+2m then
@8(uf) € (Wi ram(uf), @oem(u)] S (W5 wam(uf), WE(u))]
for some j=1,...,1L By lemma 6.5 there are at most

(r—1)5m+

l m m
—Log (Eai (1 —Czag ))

Log B,
such integers. To finish the proof we notice that for each k there are at most I<r—1
integers n such that the graph of ¢ has a tangency with the graph of ¢ and that
@%(u)> §(u) for every ueJ if k=n,—m and @3(u)> ¢§(u) for every ue J; if
n < my,—m. A simple combinatorial argument finishes the proof of the Lemma. O

l

End of the proof of theorem 6.1. If the graph of ¢% has a tangency with the graph
of ¢§ then, by lemma 6.2, there exists an integer i such that the graph of ¢%|J; has
a tangency with the graph of . Since J, has at most 2r connected components
we have that the number of integers n such that the graph of ¢% is tangent to the
graph of ¢§ for some keN is at most

1 m m
—Log (Fafz (1-C?a} ))

Log B,
The graph of ¢% has at most r — 1 points of tangency with the foliation %,,,. Hence
the total number of tangencies is at most

1
~Log (Egaé"‘(l - Cza;")>

Log B,
and this is clearly bounded by some K >0 in a small neighbourhood of f. O

2r-(r=1)-\5Sm+

(r=1)-2r-(r—=1)-\Sm+
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7. Appendix: Smoothness of Invariant Foliations

In this appendix we will prove that certain invariant foliations are highly differenti-
able in some sense. More specifically, let f be a C* diffeomorphism on a neighbour-
hood of p in R", with f(p)=p and p a hyperbolic saddle-point. Take a point
xe W*(p), a C* disc X at x transversal to W*(p) (with dim = =dim W*(p)) and
let V be a compact neighbourhood of p. According to the A-Lemma the discs
F¥(2) A V converge in the C” sense to W*(p) V as k> 0. Here reN. For a proof
of the A-Lemma see [P1], [MP].

In this way one can construct invariant foliations. Fill a strip N between X and
f(Z) with C’-discs which are all transversal to W*(p). Iterating this foliation on
N, one obtains an invariant unstable foliation % on V. According to the A-Lemma
the r-jet along leaves varies continuously, (we shall make this statement more precise
below). But in many applications this is not sufficient. One needs to have that the
r-jet along leaves varies ‘in a C' sense’.

In this appendix we want to extend the A-Lemma in two ways.

(a) Let wq,..., ;. (Aq,..., A,) be the expanding (contracting) eigenvalues of
Df(p) and order these eigenvalues as follows:

lal = - - = || > 1> [A0] = =4,
Assume that
AL <Tpeal - 1A

Then the r-jet varies C' along leaves of %, see theorem 7.3. Here reN is arbitrary.
For r=1 this result is already contained in [HP, theorem (6.3)].

(b) Even if the disc X has a tangency with W*(p) of polynomial type the result
from above still holds under appropriate conditions, see theorem 7.4 below.

Clearly if |A,| = [A| (i.e. all contracting eigenvalues of Df( p) have the same norm)
then the condition |A,| <|u,| - |A,| is automatically satisfied. In particular if W*(p)
has codimension 1 then this condition can be dropped. From this one easily deduces
that one can find C' linearising coordinates near a hyperbolic saddle-point p if we
are in the two-dimensional case. This result is not new, see [Ha]. The additional
smoothness we obtain here is new and turns out to be essential in the estimates in
this paper.
7.1. A fiber-contraction on a jet-bundle. Take a neighbourhood V of p. Using local
coordinates we can assume that V is of the form V = E,(r) x E,(r), where E,(r)

Wi(p)

._/ 2

vl
f)
/’\\__/
w*(p)

LN

w*(p)
FIGURE 7.1
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(Ex(r)) is a u(s)-dimensional ball with radius r. Assume W"“(p)n V= E(r) and
W3(p)n V= Eyr).

Now let €%(x,, y,) be the space of germs of C* functions (E,, x,) > (E,, y,). We
say that g,, g,€ €(x,, y,) are k-equivalent, i.e. g, ~, g, if the Taylor jet of g, and
g, at x, agree up to k-th order (i.e. if j*g,(x,) = j*g2(x,)). Now define

Jk(xo, Yo) = gk(xo, Yo)/ ~
and Jk(v)= U ]k(xo,)’o)-

(xp,)0)€V
J¥(V) is a smooth manifold. In fact one has the natural identification D, :J*(V)~
VxR x---xR"® which identifies the k-jet with the coefficients in the Taylor
expansion. Here I(j) is the dimension of the space of homogeneous polynomials
from R" to R’ of degree j. Similarly one has the map m,_,:J*(V)- J*"'(V) which
maps the k-jet of a function to its (k —1)-jet. In this way one gets the commutative
diagram

JE(V) 2 VxR xRV

‘L T k-1 i Fhko1

J(V) =25 VxR xR
l 21 lﬁ'Z.l

J(V) =5 VxR®

lm L

id

Vv — V.

-~

Here ;1 VXR'Wx. . xRV VxR'Wx---xR'U™" is the projection
(x,(vy,...,9))>(x,(v1,...,v,_,)). It will also be useful to work with jet spaces of
functions with bounded derivatives. So let B/ ={pveR'Vx-.--xR""; p=
(vy,...,0), vieR" and |v|=1,i=1,2,...,j}. Define X'(V)=D;'(VxB’). As
before we have a commutative diagram.

Now assume that f: V>R™ is a diffeomorphism with 0 as a hyperbolic fixed
point. Let Ay,..., A, (p,..., m,) be the contracting (expanding) eigenvalues of
Df(0). Assume that they are ordered as follows:

[ul = - =g > 1> 0= = A

For xe V= E,(r) x E,(r) one can write Df(x), Df '(x): E, x E,~ E, x E, as follows:
_(A(x) B(x) gy (A B(x)
=2 bk =G0 B

Since W*(p)n V=E,(r) and W*(p)n V= E,(r) the matrices B(x), B(x), C(x)
and C(x) vanish for x =0. Moreover for each 6 >0 one can choose r>0 so small
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that for xe V,
lAG)I=lwl+8 [BGI=8, o

ICl=8 D) =<|r|+8. '
Similarly

IA) | =(ml=-87",  [1Bx)l=s,

IC@I=8s  ID®I=(rl-8)"
Furthermore take a neighbourhood U of 0, Uc V, such that f(U)< V. In other
words if (xo, yo) € U, then f(x,, yo) = (fl(xo, Yo), fz(xo, ¥o)) = (x1, y1) € V. Further-
more take € (x,, vo) ={g € €*(x,, ¥o): | Dg(x,)| <1}. Suppose f is C". Then define
for k=n,

(7.2)

| P gk(xm Yo) > %k(xl )
by defining I, ,,(g) : (E,, x,) > (E,, y;) to be the germ of the function

t->(f(id, g)) > (f'(id, g)) (1),
see figure 7.2.

003 5 (g0}

SZ)={xT(g)(x)}
o ————

y (x1, 1)

FiGURE 7.2

Let V be so small that ||A(x)|>]|B(x)|, for all x in V. Since for ge
&*(xo, ¥o), | Dg(x,)| <1, the map t~ f' o (id, g)(t) is invertible at t = x,, for (x, y,)
in V. Hence T'(, ,,, is a well defined map for (x,, yo) in V. (This also follows from
the A-Lemma). Clearly T induces a map on the k-jet level: This map ', : X*(U) >
J*(V) is defined by
I‘k(jkg(xo)) = ]k(r(xo,yo)g)(xl)'

Presently we will show that the map T, contracts the fibers of m,_,:J*>J*"". So
define for g € €*(xo, yo),

gl = max | Dg’(x,)]-

LeMMA 7.1. Let k<n and £ >0 be given. Then we can choose V so small that for
any g,, 82 € ]k( V) with 7, 1(81) = Trx—1(g2) one has

(a) |rk(gl)_rk(gz)|5((|/\1‘/|,U«11k)+5) : |g1—gz|k;
(b) D(fTV)=(1/|A]]) + &

Proof. Statement (b) is obvious from equations (7.2) so let us prove (a). Here we
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are going to use the following formulae: if ¢, ¢, , ¥, are C* and |¢; — ¢,],_, = 0 then
[ o —d o doli=|dl - [ — Wi,
9106 —vz0 dli =1d1 = dali - (|9])"
() 7" = () M=o — i (o 1)<

Now by assumption the (k—1)-jets of I'*g, and T'*g, are equal. Therefore
[T*g, ~T*g,|, can be estimated (using the equalities from above) by:

/22 (id, )l - [(f "o (id, )" = (f" = (id, £2)) "I«
+[f20(id, g1) = f (id, gl {I(f " © (id, £)) 7"[:}"
Here we can take for g either g, or g,. For V sufficiently small this is majorised by
(see equations (7.1), (7.2)).

(M]+9) (1] +8)
——— 5 g — et ——= g, — 2|k
(|#1|_5)k+1 1~ gl (el = 8)" &~ &l
So for V sufficiently small, inequality (a) holds. a

CoRrOLLARY. [ (X (U)) <= X*(V).

7.2. Differentiability of invariant foliations; a differentiable version of the A-Lemma.
As before let V= E | (r)x E,(r) and f be a C" diffeomorphism with a saddle-point
at 0. Let U be a neighbourhood of 0 so that I',(X*(U)) = X*(V) (and in particular
f(U)< V). Such a neighbourhood exists, see the corollary above.

Let & be some foliation on U, not necessarily invariant, whose leaves are graphs
of C" functions E,(r) - E,(r). For k < n, this defines a section oy : U > J*(U) where
ow(xy, y,) is the k-jet at x; € E\(r) of the function whose graph is the leaf of &
through the point (x,, y,) € U. Suppose that the foliation % is chosen so that
o (U)< X*(U). In particular this implies that the leaves of ¥ are transversal to
W*( p). This foliation & is invariant precisely when the following diagram commutes:

XfUYAU)  —5S XU

T"k T“k
i )nU _, U

Let us now show how to construct such invariant foliations. In order to do this take
a foliation & so that for each leaf 2 in U —f(U) the image f(2)~ U is also a leaf

of %. We claim that we can find a new invariant foliation #* which coincides with
F on U—f(U). In fact:

LeMMA 7.2, Let & be as above and such that for the corresponding section o one has
o (U)< X*(U), k=n. Then there exists an invariant foliation F* which coincides
with & on U — f(U). The sections of: U~ X*(U) corresponding to F* are C° for
k=n

Proof. Follows from the A-Lemma [P1].

Remark that if we assume that o,_,: U~X""(U) is C' on U~ f(U), then the
restriction of o¥_,: U~ X""!(U) is also C' on U — W*(0). Let us show that in fact
o*_ :U->X"""U)is C'on U
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THEOREM 7.3 (C'-version of the A-Lemma). Let #* be an invariant foliation inducing
a continuous section o : U > X"(U) so that the restriction of o¥_,: U > X""(U) to
U—-W“0) is C'. Then o*_,: U~ X""Y(U) is C', provided |A,| <|w,| - |A,].

Proof. Let 4* be the space of sections oy : U - J*(U) such that a* restricted to
U —f(U) coincides with o} (the section corresponding to %*). Endow this space
with the supremum norm || o |, = sup {|o(x)|,, x € U}. 4" is a complete metric space.
Let ¥*(1) be the unit ball in ¥~

Using the graph transformation I', we define ¢, : % (1) > 9*(1) as follows. Let
o€ 9(1). Then

of(x) ifxe U—-f(U)

di(o)(x) = {Fk(o_(f—l(x))) if xe Unf(U).

Since we had chosen U so that I, (X*(U))< X*(V) it follows that ¢, is well
defined. Remark that o € (1) is an invariant section precisely when the diagram
above commutes, i.e. when o =T (o°f"). This is equivalent to ¢(o)= 0. From
the A-Lemma, see lemma 7.2, it follows that ¢, has a unique attracting fixed point
o (for k=n). We will prove that o is C' (for k=n—1) by induction on k.

The idea will be the following. Suppose we can show that for some o e 9*(1)
one has that D((¢,)™ (o)) converges as m—> . (Here (&)™ is the mth iterate of
¢r.) Since (¢,)™ (o) converges to the fixed point o it follows that of is C'. So it
suffices to show that D((¢,)™ (o)) converges as m —> 0. We will do this using the
fibre contraction theorem.

We start by noting that J*(U) is homeomorphic to U x Fib' x - - - x Fib*, where
U=R", Fib”=R"?, Let p,: J*(U)~ Fib‘” be the projection on the ith fiber. Now
define #* to be the space of continuous maps H: U xR™ - Fib* with H(x, v) =
H, (v), where H, :R™ - Fib* is linear and H, coincides with the derivative of p, ° o
at x for x in U~ f(U). Endow %* with the norm || H|| =sup,cy | Hx].

Let us now prove the first induction step that ¥ is C'. In order to do this fix
o€ %'(1). For this o we define a transformation ¢, ,: #' > %' by

D(p,°o1)«(v) if xe U-f(U)

IO'H x =
(1.0H)(v) {D(P1°F1)o(y)(wy H,(w)) ifxe Unf(U).

Here w=(df,) '(v) and y=f '(x). Remark that for xe Unf(U) one has y=
f i (x)e Unf " (U) and hence (w, H(w))e T,,, X (U f~'(U)). Therefore for
xe Unf(U), (¢, ,H), (v) is the derivative of

proT X (Unf ' (U))~>Fib'

at o(y) in the direction (w, H,(w)), and therefore ¥, ,(Do)= D(¢,° o) if o is C".
Let us show that ¢, , is a contraction. Indeed take H, K € #'. Then

0 forxe U—f(U)
10-H_ laK x =
(¥, ¥1,0K)(0) {D(pl oT))o(0, (H,—K,)(w))  otherwise,

https://doi.org/10.1017/50143385700004120 Published online by Cambridge University Press


https://doi.org/10.1017/S0143385700004120

Diffeomorphisms on certain surfaces 459

where w = (Df,) '(v). From lemma 7.1 it follows that

1D(pr o T)oesn(0, (H, = K, )W) s(l':—"lﬂ) ICH, - K0

S(MH) |IH, = K, 1Df3 ()]
|/»¢1|

S(I‘:_'ﬁ) - (M‘s'n) N H,~ K, |- o],

H l11]1,011 - 'le,aK “ = A * “H - K ||,
where A = ((|A,|/|u1])+ &) - (1/]A,])+ &) can be chosen smaller than one, by taking
£ >0 sufficiently small. Hence

1 oH - K| =A- |H-K|,
i.e. ¥, , is a contraction. Now we are in the position to prove that o is C'. In fact
let 0,: 4" x ¥' > 6" x ¥ be defined by

01(0.’ H) = ((bl(o-), d/l,a'(H))-

Remark that of is the unique attracting fixed point of ¢, and since ¢, is a

contraction for every o, it follows from the Fiber Contraction Theorem (see [HP])
that 6, has a unique attracting fixed point (g%, H¥). So let o be C'. Then

0,(0, Do) = (¢,(a), d’l,a(Da-)) =(¢,(0), D¢ o)
and therefore (0,)'(o, Do) = (¢:(0), Ddi(o)). Hence D(Hi)(o) converges to H¥
and ¢i(o) to o¥ as I > 0. It follows that o is C' and Do* = H*. This finishes the
first induction step.
Let us now prove that o¥: U~ X*(U) is C'. Let oe 9 and H,€ #'. Define
Wron,: > X by

Hence

D(p;eo?)(v)  ifxe U-f(U),

poniity-| |
2 D2 o Do)y (w, Huy(W), Ho (W) if xe Unf(U).

Here w=(Df,) '(v) and y =f"'(x). As before take H,, K, . Then

0 ifxeU—f(U)

(¢2,0,H,(H2)—d’z,a,H,(Kz))x(v):{ .
D(p>°T3)0,)(0,0, (H,, — K, ,)(w)) otherwise,

where y =f'(x) and w = (Df,)"'(v). As before one deduces that ¢, , x is a contrac-
tion, using lemma 7.1. Now define a map 6,: (94> x ¥')x #*© by

((Ua Hl); HZ)'__)((d)Z(U), dll,o'(Hl))’ d’Z,a’,Hl(HZ))'
As before the Fiber Contraction Theorem implies that 6, has a unique attracting
fixed point (0%, H¥, H). If o€ 9% is C', then

0(0, D(p,° o), D(p;° a))=(ds(0), D(p,° ¢;° 0), D(py° ¢y° 0)).
As before it follows that D(p,° o¥)= H¥. From the previous induction step
D(p,°o¥)= D(o¥)= H¥. Hence o¥ is C'. Similarly one proves by induction that
the fixed point o) € 4* of ¢y is C' for k=n—1. O
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CoroLLARY 1. Let f: M > M be a diffeomorphism with a saddle-point p and let
codim (W*(p))=1. Then there exists an invariant unstable foliation F* for p, such
that the k-jet along leaves is a C' function.

Proof. This follows from theorem 7.3 because in this case the condition |A;| <|u,] - |A,|
is trivially satisfied. O

Remark. Let & be an invariant foliation on V— W*(p), where V is a neighbourhood
of W¥(p). If F satisfies the conclusion of corollary 1, then the foliation F* = Fu
W*(p) on V also satisfies the conclusion of corollary 1. In other words the foliation
F* can be found as the extension of a given one on V— W"(p).

COROLLARY 2. If the diffeomorphism f and the foliation & depend C* on parameters,
then the corresponding invariant foliation F*(f, %) also depends C* on this parameter.

Proof. This can be proved with the same methods as used in [HP] for showing that
the unstable manifolds depend continuously on f. O

7.3. C'-linearisability near saddle-points in the two-dimensional case. Let f: M > M
be a diffeomorphism with a hyperbolic saddle-point p. Assume dim (M) =2. From
corollary 1 of theorem 7.3 one can obtain invariant stable and unstable foliations
for p, #° and ", which are C'. From this one obtains a C' invariant projection
ms (m,) from a neighbourhood V of p onto W*(p) (W*(p)) by projecting along
the leaves of ¥ (%°). By construction one has

moof=fem, mof=fom,.

Then take C' coordinates on W*(p) and on W*(p) so that f| W*(p) and f| W"(p)
are linear with respect to these coordinates. (This is not hard to do, since W*(p)
and W*(p) are 1-dimensional). Using these coordinates and =, 7, one obtains a
C'-linearising coordinate system for f near p. This result was already known, see
[Ha] and [HP, theorem (6.1)]. The fact that there is additional smoothness i.e. that
o¥ V> X""YV)is C', is new.

7.4. Differentiability of invariant foliations with polynomial tangencies. In § 7.2 we
have extended foliations which were smooth and transversal to W*(p). In this
section we will consider foliations with leaves which have a tangency of finite order
with W*(p), see figure 7.3.

More precisely take a neighbourhood V of p. Using local coordinates we can assume
that V= E,(r) x E,(r) where E(r) (resp. E,(r)) is a u(resp. s)-dimensional ball of

’—\r_/_

e —

——

< —_—
f Pl

FIGURE 7.3

https://doi.org/10.1017/50143385700004120 Published online by Cambridge University Press


https://doi.org/10.1017/S0143385700004120

Diffeomorphisms on certain surfaces 461

radius r. Assume W"“(p)n V= E,(r), W*(p)n V= E,(r). As before define the space
of germs €*(x,, y,). For ge &*(x,, ¥o) and 0= 8 <1 define a new norm

Furthermore let

Xk (V)={geJ“(V);lgls=1}.
(We could also introduce extra coefficients a; > 0 and consider |D'g(x,)| - |x,/" % a;,
but this would have no essential effect on the sequel.)

Now consider some foliation #* on V whose leaves are graphs of functions
E,(r)> E,(r) which are C* on E,(r)—0. This defines a section o,: V— W*(p)~
J¥(V—W?(p)) as before. We assume now that

o (V=W (p))= X (V- W(p)),
for some 8 > 0. In other words we allow the foliation " to have tangencies with

W*(p) of order at most 1/(1—8). We have now the following generalization of the
A-Lemma and of theorem 7.3.

THEOREM 7.4. Assume that o, is as above and that for the corresponding & one has,
A e
As |:u’l|k
(a) If k=< n, where n is the degree of differentiability of f, then ¥ can be extended
to an invariant foliation * on V such that o: V- W*(p)-> X" (V) is continuous.
(b) If o: V—(W*(p)u W"*(p))> X *(V) is C', then in fact o:V— W*(p)->
X*(V)is C.
Proof. One cannot deduce (a) from the A-Lemma because #" has tangencies with
W?*(p). So define as in theorem 7.3:
G~ ={o: V\W*(p)> X**(V), 0 =c* on U—f(U)}.
For o € 4" define ¢,(o) exactly as before. Let us show that ¢, maps ¢°° into §*°.
Let (xo, yo) € VA W?(p),i.e. assume x, # 0. Then take g; € €“(x,, y,) with Tr—1(g1) =
e k-1(g2) and let (x,, y,) = f(Xq, ¥o). From lemma 7.1(a) for any £ > 0 we can choose
V so small that:

ITw(g1) —Ti(g)lis = T(gr) =Tl @)l - 12,72
S<|)\—llk+s>|gl_g2|k' ”xl“k—(s
I/J“ll
(B g (1)
(|M1|k+£ g, g2|k,8 ||xo“

A -
S(||I.“1||k—*w€> .(I‘Lu+€)k a.lgl_g2tk,5'
1

<1.

Furthermore || Df% '] =< ((1/|A,|) + €). Now one can estimate the Lipschitz expansion:

L(¢)=L(Te) - [ Df'| S(Mw) ' <|uu|+e>""5(i+s).

|/~L1Ik |/\:I
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Since >0 this last number is smaller than one, provided
(AN - (peul® 2/ |a]*) <1 and provided we take & >0 small enough. It follows
that ¢, maps 9*° into ¥*° and moreover that this map is a contraction. Hence
there is a unique fixed point o} which extends o,. Statement (a) follows.

The proof of statement (b) goes exactly as the proof of theorem 7.3 if we replace
|*]x by ||« s and use the estimates from above. |

COROLLARY. Let f: M > M be a diffeomorphism with a saddle-point p and let dim M =
2. Then one can extend a foliation ¥ with tangencies along W*(p) (as above) to an
invariant unstable foliation F* for p, such that the k-jet along leaves is a C' function
away from W*(p).

Proof. For the two-dimensional case the condition (JA,J/|A,]) + (Jpal* 2/ p[¥) <1 is
trivially satisfied. Therefore apply theorem 7.4. O

Remark. As before ¥* depends continuously on f and Z.

Finally we wish to thank Freddy Dumortier and Anthony Manning for making
many detailed suggestions after reading an earlier version of this paper.
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