STRUCTURAL STABILITY OF ANOSOV DIFFEOMORPHISMS

BEN COOPER

ABSTRACT. We prove that Anosov diffeomorphisms of compact smooth man-
ifolds M are Cl-structurally stable, using the shadowing property and expan-
siveness. Along the way, we prove that the space of Anosov diffeomorphisms is
an open subset of Diff' (M). We also discuss the example of the Anosov toral

automorphism.
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1. INTRODUCTION

In dynamics, we study the behavior of a system under iteration. Our concern
here is with systems determined by the action of a diffeomorphism on a smooth
manifold.

Given a dynamical system determined by a diffeomorphism f, we can ask how
the behavior of the system changes when f is perturbed. Are the dynamics of
the perturbed system qualitatively “the same as” the original? Are the dynamics
qualitatively different? These questions arise, for example, when the dynamics of
f are intended to model some real-world phenomenon. In particular, if f can be
modified slightly to obtain a simpler model, then one asks, Is the simplified model
equivalent to the original? There are certain choices of f for which, whenever the
modification to f is sufficiently small, the answer is yes. In this case, f is said to
be structurally stable.

An important type of structurally stable dynamical system is called a hyperbolic
dynamical system. Roughly speaking, a dynamical system determined by a dif-
feomorphism f of a smooth manifold M is hyperbolic if there is a subset of M on
which, at every point, f is locally expanding in one direction and locally contracting
in another. Such a subset is called a hyperbolic set for f. The notion of hyperbolic
set was introduced by Stephen Smale in the 1960s (see [7]).
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A special case of hyperbolic dynamics is when the entire manifold M is a hyper-
bolic set for f. In this case, f is said to be an Anosov diffeomorphism. One family of
Anosov diffeomorphisms consists of toral maps called Anosov toral automorphisms.
The dynamics of Anosov toral automorphisms are quintessentially hyperbolic; in
fact, Smale’s definition of hyperbolic set was partly motivated by these examples.
We discuss a particular Anosov toral automorphism, called Arnold’s cat map, in
detail below.

The goal of this paper is to prove that Anosov diffeomorphisms of compact
smooth manifolds are C'-structurally stable. First, in §2, we define structural sta-
bility and the hyperbolic set. We also define the stable and unstable manifolds,
and state the local stable manifold theorem. The rest of the paper is devoted to
proving structural stability of Anosov diffeomorphisms. The approach will be to
establish characteristic properties of Anosov diffeomorphisms and then show that
these properties persist in a C' neighborhood of these diffeomorphisms. We take
the first step in §3, when we show that C'' perturbations of Anosov diffeomorphisms
are Anosov. Then, in §4, we introduce the two key properties of Anosov diffeomor-
phisms used in the proof of structural stability—expansiveness and shadowing—and
show that these properties persist in a sense analogous to §3. Finally, in §5, we
prove structural stability of Anosov diffeomorphisms.

2. BASIC DEFINITIONS

Given a manifold M and a function f : M — M, we would like to study the
trajectory of each point x € M under repeated application of f. That is, for each
x € M, we study the sequence {f"(z)}nez, where

f"i=fofo---of (n times)

denotes n-fold composition. This sequence is called the orbit of x under f and is
denoted O(z, f).

In this paper, M will be a compact, connected C*° Riemannian manifold without
boundary, and f will be a diffeomorphism of M.

We can now define more precisely what we mean when we say two dynamical
systems are qualitatively “the same.” Two diffeomorphisms f and g of M are said
to be topologically conjugate if there exists a homeomorphism h : M — M such
that foh = hog. Intuitively, this means f and g differ by a continuous change
of coordinates. The homeomorphism h is called a topological conjugacy between
f and g. Notice that h is also a topological conjugacy between f™ and g™ for all
n € Z. This implies that orbits are preserved under topological conjugacy in the
sense that O(h(z), f) = h(O(z,g)). Thus a topological conjugacy is a continuous
way of mapping each orbit under g onto an orbit under f.

With this precise notion of the qualitative equivalence of two dynamical systems,
we can give a precise definition of structural stability. Let Diff'(M) be the space
of C! diffeomorphisms of M, equipped with the C' topology. We say f is C'l-
structurally stable if there is a C' neighborhood A of f in Diff'(M) such that
every g € N is topologically conjugate to f. Informally, this means that every
diffeomorphism sufficiently close to f has the same dynamical behavior as f.

As we will see below, structural stability is closely related to hyperbolicity. In
fact, in §3 we will see that hyperbolicity is, in some sense, a “stable,” or persis-
tent, property. The persistence of hyperbolicity will be a recurring theme of this
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F1GURE 1. The definition of hyperbolic set.

paper. For example, it will allow us to show in §4 that the shadowing and expan-
siveness properties of Anosov diffeomorphisms—which are direct consequences of
hyperbolicity—are persistent in the same way that hyperbolicity is.

Before giving the definition of hyperbolic set, we review basic facts about Rie-
mannian metrics. Recall that a Riemannian metric ((-,-)) of M is a collection of
inner products ((-,-)), defined on the tangent spaces T, M for each x € M. We
will assume ((-,-)) is CY, meaning that for any smooth vector fields* u and v on
M, the map x — ((u(x),v(x))), is continuous. Each inner product ((-,-)), induces
a norm || - ||z on T, M. The collection of these norms is called the norm induced
by ((-,-)) and is denoted | - ||. A norm that is induced by a Riemannian metric is
called a Riemannian norm. We will suppress the subscript “z” denoting the base
point when we evaluate a Riemannian metric or Riemannian norm on a particular
tangent space. Now we give the definition of hyperbolic set.

Definition 2.1. Let f: M — M be a diffeomorphism. A subset A C M is called
a hyperbolic set for f if f(A) = A and there is a Riemannian norm | - | together
with constants C > 0 and 0 < A < 1 such that, for each x € A, the tangent space
of M at x can be expressed as a direct sum T, M = E*(z) ® E"(x) satisfying

(Df)2(E(2)) = E*(f(2)),
(Df)e(E*(2)) = E*(f(2)),

and
(Df™)v|| < CA"||v]| for all n € Nyv € E*(x),

I(Df™™)zv|| < CA™||v|| for all n € N,v € E“(x).

The subbundles E* = (J, ., E*(z) and E* = |J,, E*(z) of TAM are called the
stable and unstable subbundles, respectively. The diffeomorphism f is called Anosov
ifA=M.

Intuitively, A C M is a hyperbolic set for f if, at each x € A, the tangent space
of M at x can be decomposed into a direction on which Df is contracting and a
direction on which Df is expanding. See Figure 1. The fact that Df is expanding
on E% is equivalent to the fact that Df~! is contracting on E*. Hence if A is a
hyperbolic set for f, then it is also a hyperbolic set for f~1, with the stable and
unstable subbundles reversed.

*A map v: M — TM is called a vector field if v(z) belongs to Ty M for all x € M.



4 BEN COOPER

Remark 2.2. (1) In Definition 2.1, the condition (Df),(E*(x)) = E*(f(z)) (like-
wise for E*) is called D f-invariance of the stable subbundle E®. In particular, it
ensures D f(E®) = E*.

(2) Tt follows from Definition 2.1 that the stable subbundle E* is a continuous,
or O subbundle of TAM (likewise for E*). This means that, for each z € A, there
is a neighborhood U of z in A and linearly independent continuous vector fields
V1, ...,y such that {v;(y)}7, spans E°(y) for each y € U. In particular, we have
dim E*(y) = n for each y € U. See [8].

To get a better sense of Definition 2.1, we expand upon the case when A consists
of a single point p. In this case, p is called a hyperbolic fized point for f. Indeed,
the condition f(A) = A becomes f(p) = p, here. Moreover, the hyperbolic splitting
for TAM is simply a splitting of T, M into a direct sum E*(p) & E*(p). Since p is
fixed by f, the condition of D f-invariance is now greatly simplified: it becomes

(Df)p(E*(p)) = E°(f(p)) = E°(p)

(Df)p(E*(p)) = E*(f(p)) = E*(p)-
Thus, in the case of a hyperbolic fixed point, the D f-invariant subbundles of T M
become (D f),-invariant subspaces of T,,M.

Notation 2.3. When evaluating the differential D f at vectors in the tangent bun-
dle, we will often omit base points from the notation. That is, for v € T, M we
write Df(v) = (D f)zv. This notation is unambiguous because for each v € T M,
there is unique x € M such that v belongs to T, M. With base points dropped,
complex relations such as

(D™ v = (Df™) fm(zy © (DF™)ev = (Df™) pr(ay © (Df™)zv
can be written simply as
D™y = DD f™v) = DF™(Df"v).

Now we give a simple example of an Anosov diffeomorphism on the torus. This
example is particularly easy to understand because it is induced by a linear isomor-
phism on R2. The contracting and expanding subbundles on the torus will come
directly from contracting and expanding eigenspaces of the linear isomorphism.

Example 2.4 (Anosov Toral Automorphism). Consider the linear transformation

. 2 1 .
A : R? — R? represented by the matrix <1 1> with respect to the standard

basis. Then A has determinant 1 and eigenvalues AL =

1 v5-1
eigenspaces are F, = Span{ (1\/5> } and F_ = span{ ( i ) }7 which are
2

perpendicular lines in R? that meet at the origin. See Figure 2. Note that the
slopes of these lines are irrational numbers and that A_ = )\;1. From now on, we
write A := A_.

For each z € R? we have T,R> = R?> = E, @ E_ and DA(x) = A. Since E,; and
E_ are eigenspaces of A, they are A-invariant and thus D A-invariant. Moreover,
the subspaces E; and E_ satisfy

IDA™(z)v|| = A*||v]| for all n > 0,v € E_,
|[DA™"(z)v]| = A7"||v|| for all n > 0,v € E,

32—‘/5. The corresponding
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FIGURE 2. The contracting and expanding eigendirections of the
Anosov automorphism A defined in Example 2.4.

for each x € R2. This implies all of R? is a hyperbolic set for A with hyperbolic
splitting TR? = E, @ E_. The linear transformation A is an example of an Anosov
automorphism. In general, a 2 x 2 matrix B is called an Anosov automorphism if
all its entries are integers, all its eigenvalues have magnitude not equal to one, and
it has |det B| = 1. Note that if B is an Anosov automorphism, then so is B~1.

Now we show that A induces a map from the torus to itself. We identify the torus
with R?/Z?, which we in turn identify with [0, 1) x [0,1). Let 7 : R? — R?/Z? be the
projection of R? onto R?/Z?, which maps (x1,72) € R? to (z1 — |21, 22 — [72]) €
[0,1) x [0,1). Since the matrix representation of A has integer coefficients, A maps
7?2 into itself. Thus, if u,v € R? satisfy u—v € Z?, then A(u)—A(v) = A(u—v) € Z2.
It follows that A descends to a map f : R?/Z? — R?/Z? defined by

f(rz) = TAx for all 2 € R?,

R2— 4 L R2

R?/Z? —— R*/Z2.

Since R? is a hyperbolic set for A, the whole torus R?/Z? is a hyperbolic set for
f. The map f is sometimes called Arnold’s cat map, and it is an example of an
Anosov toral automorphism. In general, an Anosov toral automorphism is the toral
map induced by an Anosov automorphism.

Note that the definition of hyperbolicity has everything to do with the dynamics
of Df on the tangent bundle TM, rather than with the dynamics of f on the
manifold M itself. To study the dynamics of f, we look at analogues of the stable
and unstable subbundles of T'M, which are “stable” and “unstable” submanifolds
of M. Recall that a Riemannian metric of M determines a Riemannian distance
function d : M x M — R on M that endows each connected component of M with
the structure of a metric space.

Definition 2.5. Let f: M — M be a diffeomorphism and A C M a hyperbolic
set for f (with respect to a Riemannian metric ((-,-))). Let d be the Riemannian
distance function determined by ((-,-)). For each x € A, define the global stable
and unstable manifolds of = to be

Wz, f) =W?(x)={y € M :d(f"(z), f"(y)) — 0 as n — oo},
W, ) = We(z) = {y € M : d(f ™ (x), f"(3)) = 0 as n — oo},
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For r > 0, define the local stable and unstable manifolds of x of size r by

Wi, f)
= {y € M d(f"(x), "(y)) < r forall n >0, andTim d(f"(x), f"(y)) = 0},

Wi (z, f)
={yeM:d(f ™ (x), " (y)) <rforalln>0, and nhHrI;O d(f~™(x), f"(y)) = 0}.

Roughly speaking, the stable manifold of = is the set of points whose orbits
approach the orbit of z under forward iteration, and the unstable manifold of = is
the set of points whose orbits approach the orbit of x under backward iteration. Of
course, backward iteration of f is just forward iteration of f~'. Thus the unstable
manifold of x with respect to f is exactly the stable manifold of z with respect to
=

The stable and unstable manifolds are easiest to visualize in the case of a hyper-
bolic fixed point p. Since we have f"(p) = p for all n € Z, the stable manifold of p
is the set of points y such that f"(y) — p as n — oco. That is, W*(p, f) is the set
of points whose forward orbits converge to p. Similarly, the unstable manifold of p,
W(p, f), is the set of points whose backward orbits converge to p.

Now, despite the fact that we have called them manifolds, it is not easy to prove
that the local stable and unstable manifolds of = are actually submanifolds of M,
or that they are as smooth as f is. This result is called the local stable manifold
theorem, and we state it now. See [8] for the proof.

Theorem 2.6 (Local stable manifold theorem). Let f : M — M be a C* diffeo-
morphism, k > 1, and A C M a hyperbolic set for f with splitting TaM = E° & E™.
For r > 0 sufficiently small, the following holds for each x € A:
(1) The local stable manifold Wi (z) is a C* embedded submanifold of M of
dimension dim(E*(z)), and T,WS(z) = E*(z).
(2) W2(z) depends continuously on x € A with respect to the C* topology.
(8) The local stable manifold of x is characterized by

Wi(z) ={y € M :d(f"(z), f"(y)) < min{CA\"d(z,y),r} for all n > 0}
={ye M:d(f"(z), f"(y)) <r for all n > 0}.

Though the local stable manifold theorem, as its name suggests, only concerns
Wi(z, f), we deduce that (1), (2), (3) also hold for W} (z, f) by applying Theorem
2.6 to f~! instead of f.

The local stable manifold theorem gives us a way of relating hyperbolicity of f—
that is, the behavior of Df on T) M—directly to the behavior of f. In particular,
item (3) implies that f contracts on W?(x) at the same rate as Df contracts
on E?(x), and item (1) implies that the geometry of W?(x) and W*(z) near x
resembles the geometry of E*(z) and E*(x) near 0, € T,,M. We use these facts
many times in §4.

This connection between the nonlinear behavior of f and the linear behavior of
Df is exemplified in the case of Anosov toral automorphisms.

Example 2.7. Recall the Anosov toral automorphism f : R?/Z? — R?/Z? defined
in Example 2.4. We now determine the stable and unstable manifolds for A, the
lift of f to R%. Then we project them down to the torus to obtain the stable and
unstable manifolds for f. See Figure 3.
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(a) (B)

FIGURE 3. (A) shows the stable manifold (blue) and unstable
manifold (red) of a point in R? with respect to the Anosov auto-
morphism A. (B) shows the stable manifold (blue) and unstable
manifold (red) of the corresponding point on the torus with respect
to the Anosov toral automorphism f. Solid lines are local stable
and unstable manifolds; dotted lines are global stable and unstable
manifolds. The global stable and unstable manifolds for f wrap
densely around the torus. See Examples 2.4 and 2.7.

Let us begin with the stable manifolds for A. We first show that for each a € R?,
the global stable manifold of a is simply a translation of the stable subspace E_;
namely, W*(a, A) = a + F_. Indeed, for all b=a+ v in a + E_, we have

[A"0 — A”al| = [A"(b — a)[| = A" (v)[| = A" [o]-

Thus ||[A"b—A"a|| — 0asn — cosince 0 < A < 1, and so b € W#(a, A). Conversely,
if b does not belong to a + E_, then b is of the form a + v_ + v, where vy € E
is nonzero and v_ belongs to E_. Then,

[A"b = A%al| = [[A"(v-) + A" (0[] = A7 [Jog || = A™[|o—]].

Since 0 < A < 1, the distance ||A™b— A"al| diverges as n — oco. Thus b & W*(a, A).
We conclude W#(a, A) =a+ E_.

Now we show W?(a, A) = W*(a, A) N B,(a) for all r > 0. We see immediately
from the definitions that W?(a, A) C W#(a, A) N B,.(a). Conversely, suppose b €
W#(a, A) N B,.(a). To show that b belongs to W?(a, A), it suffices to show that
[|A™b — A™a|| < r for all n > 0. Indeed, since ||b — a|| < 7, and since W?*(a, A) =
a+ E_, where E_ is the eigenspace of A associated with the eigenvalue 0 < A < 1,
we see that

[|A"b — A"al| = A"||b — a]| < r for all n > 0.

Thus b € W (a, A). We conclude W2 (a, A) = W*(a, A) N B,.(a).

Similar arguments show that W*(a, A) = a + E; and W¥(a, A) = W"(a, A) N
B, (a) for all r > 0.

We obtain the local stable manifolds for f by “wrapping” the local stable man-
ifolds for A, which are line segments in the plane, around the torus. See Figure 3.
More precisely, for all sufficiently small » > 0, we can show W2 (x, f) = m#(W?(a, A)),
for any a € R? with ma = . Before proving this, note that for all a,b € R? with
|b—al < 1/2, we have ||b — a|| = d(ra,nb). Conversely, for z,y € R?/Z? with
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d(z,y) < 1/2 and a € R? with ma = z, there is unique b € R? such that 7b = y and
b — a|| = d(ra, rb).
Now fix x € R?/Z? and a € R? such that x = 7a. First we show

m(Wi(a,A)) C W7 (x, f) for all r > 0.

Suppose b € W7(a, A). Pick N € N such that ||[A"a — A"b|| < 1/2 for all n > N.
Then for all n > N we have

d(f"(mb), f*(x)) = d(f*(wb), f*(7a)) = d(nA"a, 7 A"b) = ||[A"a — A™b||.

Since ||[A"a — A™b|| — 0 as n — oo and ||A"a — A™b|| < r for all n > 0, we conclude
wb € W*(z, f). Thus 7#(W73(a, A)) C W*(x, f).

Now we show that the opposite inclusion holds when r is sufficiently small.
Choose 0 < ¢ < 1/2 such that ||b — a]| < § implies ||Ab — Aa|| < 1/2. Suppose
0<r<dandye Wiz, f). We show y € m(W;(a,A)). Since r < 1/2, there is
unique b € R? such that mb = y and ||b — a|| = d(z,y). We prove by induction that

|A™b — A"al| = d(f"(y), f*(x)) for all n > 0.

We have already proved the base case. Now suppose there is £k > 0 such that
| A%b — AFal| = d(f*(y), f*(x)). Since y belongs to W (z, f), we have

d(f*(y), f*(x)) = | A" — Akal| <7 < 6.
Our choice of § implies ||A¥*1h — Ak+1q| < 1/2. Hence,
ARy — AM o = d(r AR b, m AR a) = (5 (), [ (2)).

This proves ||[A"b — A™a|| = d(f™(y), f*(z)) for all n > 0. Thus, since we have
d(f™*(y), f"(x)) < r for all n > 0, and since d(f"(y), f*(z)) — 0 as n — oo, we
conclude that b belongs to W;?(a, A), and hence that y = 7b belongs to 7(W; (a, A)).
This proves the inclusion 7(W?(a, A)) C W*(z, f) for all 0 < r < 4. Hence

Wiz, f) =n(W;(a, A)) for all 0 < r < 0.

The same argument shows W¥(z, f) = n(W!(a, A)) for all 0 < r < ¢, where ¢’
is chosen so that ||b — a|| < ¢ implies ||A~1b — A~ tal| < 1/2.

Note that, unlike the local stable manifolds for A, it is not true that W?(x, f) =
W#(x, f)NB,(z). In fact, W*(z, f) is a dense subset of R?/Z?, so W*(x, f)NB,(x)
is not an embedded submanifold.

The way we obtained the local stable manifolds for f in this example is similar
to the way they are obtained in the proof of the local stable manifold theorem
(Theorem 2.6) in [8]. In particular, we obtained the local stable manifold of z €
R?/7Z? with respect to the toral map f by passing to a lift A of f to R? and then
projecting the local stable manifold with respect to A from R? down to the torus.
Similarly, in the proof of the local stable manifold theorem in [8], the local stable
manifold of x € M with respect to some diffeomorphism f : M — M is obtained by
lifting f to TM, and then projecting the local stable manifold of 0, € T, M with
respect to the lift from 7, M back down to M.

3. PERSISTENCE OF HYPERBOLICITY

In this section, we take a first step towards proving the structural stability of
Anosov diffeomorphisms: we show that Cl-perturbations of an Anosov diffeomor-
phism are also Anosov. In other words, we show that the space of Anosov diffeo-
morphisms of M is open in Diff!(M). This result, also known as persistence of
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hyperbolicity, tells us that hyperbolicity varies continuously in the C! sense, and
thus that dynamical properties of Anosov diffeomorphisms ought to vary continu-
ously. In §4, we use persistence of hyperbolicity to show that the shadowing and
expansiveness properties vary continuously.

To show that the space of Anosov diffeomorphisms is open in Diff' (M), we must
do the following: given an Anosov diffeomorphism f : M — M with hyperbolic
splitting TM = E° & E", we must show that for every diffeomorphism ¢ sufficiently
C'-close to f, there is another decomposition TM = E; @ EJ that is a hyperbolic
splitting for g. By definition of hyperbolic set, the subbundles £ and E¢ must have
two properties: (1) They must be Dg-invariant, and (2) Dg must be contracting on
E; and expanding on E¢—that is, there must be constants C' > 0 and 0 < A <1
such that [|Dg"(v)|| < CA"[Jv|| for all v € E; and [|[Dg~"(v)|| < CA™||v]| for all
ve k]

Note that these estimates are much easier to prove when C' = 1. In this case,
we only need to show ||[Dg(v)|| < A|v|| for all v € Ef and ||[Dg~'(v)|| < A|v]|
for all v € EJ, since by the chain rule and the Dg-invariance of the stable and
unstable subbundles, these bounds imply [[Dg"v| < A"[|v[| for all v € Ej and
[Dg~"v|| < A*[Jv|| for all v € Ey, for all n > 0. The next theorem says that we
can always find a Riemannian metric such that C' = 1.

Theorem 3.1. Let f: M — M be a diffeomorphism and A C M a hyperbolic set
for f with splitting TAM = E® ® E*. There is a Riemannian metric ({-,-)), (with
induced norm || - ||« ) and constant 0 < 79 < 1 such that, for each x € A, we have
IDf()ll« < 7ollvll« for all v e E?,
IDf~ ()|« < 7ol[v]l« for allv € E*.

Proof. Let C' > 0 and 0 < A < 1 be hyperbolic constants for f with respect to a
Riemannian metric ({-,-)). We may assume without loss of generality that C > 1;
otherwise, the result follows immediately by taking 79 = A\. Choose N € N large
enough so that CAY < 1. Define a new Riemannian metric ((-,-)), by

N—1
((uw,v)), = Z {(Df™)pu, (Df™)zv)) for u,v € T, M.
n=0

Thus |jv]|2 = Zg;ol |Df™v||? for all v € TM. We can think of this as “averaging”
the original Riemannian norm.

To prove the inequalities stated above, we must find estimates for || Df(v)||.
and ||Df~1(v)|« in terms of ||v]|.. Observe that the expressions for || D f(v)||? and
|Df~1(v)||? are the same as the expression for |[v]|? except that the index of the
sum is shifted by one. Thus, we write

IDF)IIZ = [l = llv]l* + 1D ()],

IDF=H )12 = lwllZ = DN )P + 1 DFH ()12
Now we can use the contracting and expanding inequalities for D f with respect
to ||-|| to estimate ||v||, in terms of ||v|| and || D fN~1v||. Defining a = ZnNz_Ol C2\",
we have
N-1 N-1
lol2 = 3" Dm0l < 37 €202 lo]]? = alfo]? for v € E*.

n=0 n=0



10 BEN COOPER

Similarly, by invariance of E",

N-1 N-1
[oll2 = > IDF (DN )2 < Y0 CNDFN T |? = af DN No|)? for v € B
n=0 n=0

Putting both steps together, and again using the contracting and expanding
inequalities for D f with respect to for || - ||, we find

IDf@)IF < [JollZ = [lv]2(1 = C2A*Y) < (1 —a™ (1 = C2N*Y)) o] f2
for all v € E*. Similarly, using the invariance of E* and the fact that Df~!(v) =
Df~N(DfN~1v), we have
IDf~ oll2 < [lolle = IDfY " ol2+C2AN DY~ a)o|* < (1—a™H (1-C2A%))|lv1?
for all v € E*. Taking the square root of both sides gives
IDf(v)]l« < Tollv]|« for v € E?,
IDfH ()]l < 7ol for v e B,

where we define 75 := /1 — a=1(1 — C2\2N). By choice of N, we have C2\*N < 1,
and since C' > 1, we have a > 1. Thus 0 < 79 < 1. This completes the proof. O

A Riemannian metric whose induced norm satisfies the inequalities of Theorem
3.1 is called adapted to f on A. (The induced norm is also called adapted.) Notice
that even after switching to an adapted metric, A is still a hyperbolic set for f with
the same hyperbolic splitting TAM = E° & E*. Indeed, changing the Riemannian
metric does not change the fact that £ and E* are D f-invariant, and Theorem 3.1
tells us that D f is still contracting on E* and expanding on E*. In fact, the fact
that A is a hyperbolic set for f does not depend at all on the choice of Riemannian
metric. This follows from the fact that, on a compact Riemannian manifold, all C°
Riemannian norms are equivalent. The hyperbolic constants C' and A, however, do
depend on the choice of Riemannian metric, as is clear from Theorem 3.1.

As we noted before, using an adapted metric is helpful because it greatly simpli-
fies the expanding/contracting condition in the definition of hyperbolicity. More-
over, since the hyperbolic constant C' is fixed to one, using an adapted metric allows
us to quantify hyperbolicity with a single number, rather than two. We call the
quantity

(£.8) = S (D) ol 1 (DS (o

the skewness of f on A with respect to || - ||.. Theorem 3.1 implies that the set
DB @)l 1DF ) gyl 2 € A}

of positive real numbers is bounded above by 79. Thus 7(f, A) exists. Note that
the skewness of f on A is equal to the skewness of f~! on A. By keeping track of
the skewness of diffeomorphisms C'-near f, we will be able to see quantitatively
that hyperbolicity varies continuously in a C! neighborhood of f.

It will be useful for us to modify an adapted norm in the following way: if a
Riemannian norm || - || is adapted to f on A, consider a new norm | - | defined by
|v| = max{||vs||, ||vu] }, where vs and v, are the components of v in E* and E*,
respectively, for each v € Ta M. This norm | - | is called the box-adjusted norm of
I-]]- Note that the skewness of f with respect to |-| is the same as the skewness of f
with respect to || - ||. This follows from the fact that |- | and || - || coincide on E* and
on E*. By passing to the box-adjusted norm, we isolate the expanding/contracting
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behavior of Df on E° and E*. The box-adjusted norm of || - || is an example of a
norm of box type. In general, a norm |- | is said to be of boz type with respect to
a splitting Ty M = Ey @ E» if we have |v| = max{|vy|, |v2|} for all v € Ty M. Note
that a norm of box type is not in general induced by a Riemannian metric.

Let us return to the problem of persistent hyperbolicity. Our task is this: For dif-
feomorphisms g which are C'-near enough to f, we must find a hyperbolic splitting
TM = E; & Ey for g. First, consider the problem of finding the unstable subbundle
Ey. (We can find the stable bundle by replacing g with g=*.) We are looking for a
family of linear subspaces £y (z) of T, M such that Dg(E(z)) = E;(g(z)) and Dg
is expanding on Ej(z). For each x € M, we intuitively expect the subspaces Ey ()
to vary continuously with g in a C! neighborhood of f, since the splitting depends
continuously on Dg. In particular, we expect Eg(x) to have the same dimension
as E%(x) if g is Cl-near enough to f. Our approach to finding Ey will therefore
assume that E(z) has the same dimension as E*(x) for each z € M, since we can
always achieve this by restricting the C'! neighborhood of f.

The key observation is this: if F is a finite-dimensional vector space with direct
sum F = E| @ Es, then G C E is a linear subspace of dimension dim F; if and
only if there is a linear map P : Fy — FEs such that G is the graph of P. Thus, if
each subspace E'(x) has the same dimension as £*(x), then finding the unstable
subbundle £y is the same as finding, for each z € M, a linear map P, : E*(z) —
E?(x) such that Dg(gr(Py)) = gr(Py(s)) and Dg is expanding on gr(P;).

The collection of linear maps P, is called a C° bundle homomorphism over id,
and we denote it by P. (Recall that if By and Ey are two C° subbundles of T'M,
then a continuous map F : E; — Es is called a C° bundle homomorphism over
id if F|pg,(2) is a linear map from FE)(x) to Ea(x) for all x € M. We abbreviate
F|g,(z) = Fz.) We define the graph of P : E* — E® to be gr(P) = U, gr(Pr)-
The graph of P is a subbundle of M. Thus, finding the unstable subbundle E¢
for g is the same as finding a C° bundle homomorphism P over id such that gr(P)
is Dg-invariant and Dg is expanding on gr(P).

In Lemma 3.3 below, we show that P is the unique fixed point of a contraction
mapping on the space of CY bundle homomorphisms over id. This will define a fam-
ily of contraction mappings parametrized by g € Diffl(M ). To show that P varies
continuously with g, and hence that the unstable subbundle Ey = gr(P) varies
continuously with g, we will need the following elementary result about families of
contraction mappings and their fixed points.

Theorem 3.2. Let S and X be metric spaces, with X complete. Let FF : Sx X — X
be a map. Suppose there is 0 < K < 1 such that, for all s € S and x,y € X, we
have

d(F(S"T)a F(s,y)) <K- d(x,y)
By the Contraction Mapping Principle, each mapping F(s,-) : X — X has a unique
fized point. Let p(s) denote the unique fized point of F(s,-). If F(-,x) is continuous
for each x € X, then p: S — X is continuous.

Proof. Fix s € S. We show p is continuous at s. Indeed,
d(p(s),p(t)) = d(F(s,p(s)), F(t,p(t)))
< d(F(s,p(s)), F(t,p(s)))

d(F(t,p(s)), F(t,p(t)))
< d(F(s,p(s)), F(t,p(s))) :

+
+ K - d(p(s),p(t))
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Subtracting K - d(p(s), p(t)) from both sides and dividing by 1 — K gives

d(p(s),p(t)) < 7= d(F(s,p(5)), F'(t, p(5)))-

By assumption, F'(-,p(s)) is continuous. Thus, as ¢ approaches s, the quantity
d(F(s,p(s)), F(t,p(s))) approaches zero. Hence p(t) approaches p(s) as t ap-
proaches s. This completes the proof. ([

Theorem 3.2 says that the fixed points of a continuous family of contractions
vary continuously. We will use this theorem to show that the unstable bundles E¢
depend continuously on g, since the C° bundle homomorphisms P : E* — E*® over
id, for which Ef = gr(P), are the fixed points of a continuous family of contraction
mappings parametrized by g.

We construct this continuous family of contractions and use them to find the
unstable bundles E in the following lemma.

Lemma 3.3. Choose constants 0 < A < 1 and € > 0 such that A +e€ < 1. Let
g: M — M be a diffeomorphism and let Dg := B be its derivative. Suppose B is

represented by
Bi1 Bia
B =
<321 Bzz)

with respect to a direct sum TM = E; @ Ey, where B;; = m; o B\Ej and ; is the
projection of TM onto E;. If there is a C° norm |-| of TM of box type with respect
to E1 & Es such that

max{| B, | Baal} < A

max{\BlgL |Bgl|} < €,

then there is a unique C° bundle homomorphism P = Pg : By — Ey over id, with
|P| <1, such that, for all z € M, the restriction (By)|ge(p,) is (A1 — €)-ezpanding
and By (gr(P;)) = gr(Pyw)). Moreover, P, and thus gr(P), varies continuously
with B.

Before giving the proof of Lemma 3.3, we briefly describe how the lemma will
be used to prove persistence of hyperbolicity, in the hopes of clarifying its contents.
We will apply Lemma 3.3 by taking Fy = F* and Fs = E*, where TM = E* ¢ E?
is a hyperbolic splitting for an Anosov diffeomorphism f; we will take | - | to be
the box-adjusted norm of a Riemannian norm adapted to f. We will see that the
bounds on the norms |B;;| are satisfied whenever g is sufficiently C'-close to f.
Thus, we can interpret Lemma 3.3 as saying that diffeomorphisms g close enough
to an Anosov diffeomorphism f have an unstable subbundle E¢, which is given by
the graph of a C° bundle homomorphism over id from E* to E*.

Proof of Lemma 3.5. Let L(Ey, Eq;id) be the space of bounded C° bundle ho-
momorphisms over id from E; to F,. Recall that a bundle homomorphism F :
FE1 — FEs over id, where TM = FE; & FEs, is said to be bounded if the quantity
| F|| :== supgea{||Fz||} is finite. Further, since M is compact, being bounded does
not depend on the norm chosen for T'M. Thus, we can choose to work with the
given box-type norm |-|. Let L(E7, Es;id)(1) be the closed unit ball in L(E1, Es;id)
with respect to | - |. Since L(F1, Es;id) is a Banach space, so is L(E1, Ea;id)(1).
We will construct a map T = Tp : L(E1, Es;id)(1) — L(E4, Eq;id)(1) such
that P is a fixed point of T' if and only if the graph of P is B-invariant. Then we
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verify that T is a contraction mapping and deduce from the Contraction Mapping
Principle that T" has unique fixed point P, whose graph is invariant under B.

We now construct T. Suppose P belongs to L(E7, Es;id)(1) and its graph is
B-invariant. We express vectors v € T, M as ordered pairs (v1,vs), where v; is the
component of v in F;(x), i = 1,2. The B-invariance of gr(P) means B, (gr(P;)) =
gr(Py(z)) for all x € M. Since B, is a linear isomorphism and gr(P,) and gr(Py(,))
are linear subspaces of the same dimension, we have B, (gr(P,)) = gr(Py(,)) if and
only if B (gr(Py)) C gr(Py(z)). For each x € M and v € E;(x), we compute

Bm(v7 PCEU) = ((Bll)zv + (B12)xpa:vy (321)IU + (B22)IP:L’U)~
Using this expression for B, we see that the inclusion B, (gr(P;)) C gr(Py(,)) holds
if and only if
Py ((Bu)gcv + (312)1va) = (Ba1),v + (B22) . Pv for all v € Fy(x).
Equivalently,
Pg(a:)((Bll)l + (B12).LPI) - (BQI)x + (B22)1P.1,
Now, since |B;'|~! > A71, |P| < 1, and |Bya| < ¢, we have
|(B11)20 + (B12)2 Pov| > [(B11)av| — [(Bi2)a Pov| = (A" =€) o).
Since A=! — € > 1 > 0, this implies the linear map (B11)s + (B12).Ps from Ej(x)
to E1(g(x)) has trivial kernel and thus is invertible. (This computation also shows
|(B11 + B12P)™| < (At —€)71.) Hence we have B, (gr(P;)) C gr(Pyy)) if and
only if
-1
Pg(r) = ((B21)x + (322)1:]31) ((Bll)zv + (BIQ)CEPI)
In other words, gr(P) is B-invariant if and only if P is a fixed point of the mapping
T : L(Ey, Es;id) — L(FE1, Eq;id) given by
-1
T(P) =Tg(P) = (B2 + B22P) (B11 4+ B12P) .

This mapping is called the graph transform induced by B = Dg. Note that Tz
depends continuously on B (in the C° sense) and thus depends continuously on g
(in the C* sense).
Now we show that 7" maps L(FE7, E9;id)(1) into itself and is a contraction. In-
deed, if |P| < 1, then
A+te
Al —¢

|T(P)| < |Ba1 + B P| - |(B11 +B12P)71| < < 1.

So T maps L(E, Ea;id)(1) into itself.
To prove that T is a contraction, we must find 0 < K < 1 such that |T'(P) —
T(P")| < K|P — P'| for all P, P’ € L(E1, Es;id)(1). Indeed, one can show
Ate
A7l —e€
See [8]. Since L(E1, Fa;id)(1) is Banach, the Contraction Mapping Principle implies
T has a unique fixed point P. We showed above that the graph of P is B-invariant.
Now we verify that, for each x € M, the restriction of B, to gr(P;) is (A7 —¢)-
expanding with respect to the box norm |- |. Suppose z = (v, P,v) € gr(P;). Then
since B, (gr(P;)) C gr(Py)), we have B,(z) = (m1Bz(2), Pyo)m1Bs(2)). Since
|P| <1 and |-|is of box type with respect to £y @ Es, we have |z| = |v| and

|Ba(2)| = [m1Bao(2)] = [(Bu)av + (Bi2)o Pov| > (A1 = €)]2].

IT(P) — T(P')| < |P — P/| for all P, P’ € L(E,, Ey;id)(1).
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Since A7t — € > 1, this implies By gy (p,) is (A\™! — €)-expanding.

Finally, to show that P varies continuously with g, we use Theorem 3.2. Take
S to be the space of diffeomorphisms g : M — M such that Dg satisfies the
estimates in the statement of Lemma 3.3 for the given constants A and e. Take
X = L(Eh, Es;id)(1). Define F : S x X — X by F(g,P) = Tpy(P). We saw above
that F satisfies the hypotheses of Theorem 3.2 for the choice K = (A+¢€)-(A"1—¢) 71,
and that Tp,(P) varies continuously with ¢ (in the C' sense). Thus, by Theorem
3.2, the fixed points P of Tpy, and hence their graphs gr(P), vary continuously
with g (in the C* sense). The proof is complete. a

Lemma 3.3 is a major stepping stone to persistence of hyperbolicity: it gives us a
sufficient condition for a diffeomorphism g to have an unstable subbundle. To prove
persistence of hyperbolicity, we first show that this condition is satisfied whenever
¢ is near an Anosov diffeomorphism. Then, by applying the same argument to g—!
instead of g, we show that every diffeomorphism close to an Anosov diffeomorphism
has a stable subbundle as well.

This is the approach we will take in Theorem 3.5 below to show that every dif-
feomorphism sufficiently C''-close to an Anosov diffeomorphism f is also an Anosov
diffeomorphism. We will show moreover that if || - || is adapted to f, then || - || is
adapted to g C'-close to f, and that, as g C''-approaches f, the skewness of g can be
bounded above by a constant arbitrarily close to the skewness of f. This stronger
version of persistence of hyperbolicity will be essential to the results of the next
section, §4, in which we use bounds on the skewness of diffeomorphisms close to f
to show the persistence of other dynamical properties of Anosov diffeomorphisms.

To prove this strong version of persistence of hyperbolicity, we will need to pass
from a box-type norm |- |, as we used in Lemma 3.3, back to a Riemannian norm
I - || adapted to f. In particular, we must ensure that if a diffeomorphism ¢ close
to f is a contraction (or expansion) with respect to |- |, then g is still a contraction
(or expansion) with respect to || -||. Thus we must ensure that the relative constant
between | - | and || - || is close to one.

The next lemma tells us that, if || - || is a norm of a Euclidean space E and |- | is
the box-adjusted norm of || - || with respect to a direct sum E = F; @ Fs, then the
relative constant between || -|| and || approaches one on smaller and smaller conical
neighborhoods of E;. We will use this result to pass to from the box-adjusted norm
of an adapted Riemannian norm back to the adapted Riemannian norm.

Lemma 3.4. Let (E,||-||) be a normed Euclidean space and E1, Ey C E two linear
subspaces such that E = E1 & Es. Let d = dim(Ey). For v > 0, define the ~-cone
about E7 to be

Cy(Er) ={v € E: 2] < vluall}
where v1 and vy are the components of v in Ey and E5, respectively, with respect

to the direct sum E1 ® Ey. For all 1 > § > 0, there is v > 0 such that, if G is a
d-dimensional linear subspace of E with G C C,(E1), then

(L= O)lvall < [l < (1 = &) o]l for allv € G.

Proof. Let 0 < § < 1 be arbitrary. Suppose G C C5(E7). Then for allv = v; +vq €
G, we have

(L= 8)lvrll < Mvill = llvzll < Mol < foall + [loz]] < (@ + 8)lfvr]l < (1= 8) ™ wall,
where in the last inequality we have used (1 — )" =1+ + 62+ ---. O
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Now we are ready to prove persistence of hyperbolicity for Anosov diffeomor-
phisms.

Theorem 3.5 (Persistence of hyperbolicity). Suppose f : M — M is an Anosov
diffeomorphism. There is a C' neighborhood N of f such that every g € N is an
Anosov diffeomorphism. More specifically, if ({-,-)) is a Riemannian metric of M
adapted to f, and 0 < 7(f) < 1 is the skewness of f with respect to the induced
norm || - ||, then for all € > 0, there is a C' neighborhood N of f such that every
g € N is Anosov and has skewness 7(g) < 7(f) + € with respect to || - ||.

Theorem 3.5 can be rephrased as follows: Suppose f : M — M is a diffeomor-
phism such that M is a hyperbolic set for f. There is a C' neighborhood A of f
such that, if g € NV, then M is also a hyperbolic set for g. Hence, the hyperbolicity
of M “persists” in a C! neighborhood of f.

Proof. Our strategy is first to pass to the box-adjusted norm of || - | and to show
that the hypotheses of Lemma 3.3 are satisfied by a diffeomorphism ¢ (and its
inverse) whenever g is sufficiently C'-close to f. Hence, by applying Lemma 3.3,
we deduce that every g sufficiently C'-close to f is Anosov. Then we use Lemma
3.4 to pass back to || - ||. By restricting our original C'! neighborhood of f, we can
ensure that || - || is adapted to g and that the skewness of g with respect to || - || is
no more than 7(f) + €.

Let TM = E* @ E® be a hyperbolic splitting for f. With respect to this direct

sum, D f is represented by
Df)uw 0 >
D =
/ ( 0 (DN)w)

since the subbundles F° and E* are D f-invariant.

The hyperbolicity of M does not depend on the Riemannian metric, so we may
choose to work with a metric ((-,-)) adapted to f. Let || - || be the Riemannian
norm induced by ((-,-)), and let | - | be the box-adjusted norm of || - || with respect
to B @ E°. Let 7 = 7(f) be the skewness of f (and f~!) with respect to || - ||.
Recall that 7 is also the skewness of f with respect to | - |.

Let 0 < € < 1—7 be arbitrary. Choose A, e > 0 such that 7 < A < 1 and A+e€ < 1.
Take € small enough and A close enough to 7 such that (A™! —¢)™! < 7 + & Then
there is K > 1 such that (A™! —¢)™! < K~!(7 + €). By definition of E* and E®,
we have |(Df); L] <7 and |(Df)ss| <7, and |(Df)us| = [(Df)su| = 0. Thus, there
is a C' neighborhood N of f such that, for all g € N, we have

max{|(Dg),u. [(Dg)ssl} < A,

max{[(Dg)us|, [(Dg)sul} <.
By Lemma 3.3, there is a Dg-invariant C° subbundle Ey of TM (given by the
graph of a CY bundle homomorphism over id from E* to E®) such that (Dg), is
(A™! —€)-expanding on EY(x) with respect to |-| for all € M. Hence every g € N'
has an unstable subbundle. We now make a similar argument using f~! instead of
f to show that, possibly after shrinking A, each g € A also has a stable subbundle.
Notice that Df~! is represented by
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with respect to £ & E", and that
(D uul = (DF)aul <7,
(DD =1(Df)ss| < 7,
(D us| = (DFH)sul = 0.

Hence, by shrinking N if necessary, we can ensure
max{|(Dg~ ") [(Dg™ uul} < A,

maX{|(Dg_1)Su|7 |(Dg_1)u5|} <¢
for each g € A/. By Lemma 3.3, there is a Dg~'-invariant C° subbundle Ej of TM
(given by the graph of a C° bundle homomorphism over id from E® to E*) such
that (Dg~'), is (\™! — €)-expanding on E$(x) with respect to | - | for all z € M.
Equivalently, Ey is Dg-invariant and (Dg).. is (A~! — €)~l-contracting on E; with
respect to |- | for all z € M.

To conclude M is a hyperbolic set for g, we must show TM = E; © Ey and
then pass back to the Riemannian norm || - ||. First, since (Dg), is contracting
on Ej(z) and expanding on Ej(x), we must have Ej(z) N Ej(z) = 0, for all
x € M. Moreover, since dim(E;(z)) = dim(£°(z)) and dim(£} (r)) = dim(E*(x)),
it follows that

dim(E; (v)) + dim(Ej (z)) = dim(£°(x)) + dim(E*(z)) = dim(T, M).

Thus T, M = Ej(x) ® Ej(z) for all z € M. Hence, TM = E; @ Ej.

Now we pass back to the induced norm || - || and restrict N so that the skewness
of g € N with respect to || - || is at most 7 + €. First, using Lemma 3.4, we find
conical neighborhoods of E* and E" so that the relative constant between || - || and
| - | is close to one. Since the subbundles Ej and Ej depend continuously on g,
these conical neighborhoods determine a C! neighborhood Nz of f such that || - ||
is adapted to each g € Nz and the skewness of g is at most 7 + €.

We now find the conical neighborhoods of E° and E". By Lemma 3.4, for
each © € M, there is v/, > 0 such that, if G(z) is a linear subspace of T, M with
G(x) € Cy (E%(x)), then

(3.6) K2 )lus| < ol < K2,
(3.7) [0l = flvu

for all v € G(x) (recall K > 1). For each z € M, let () be the supremum of all
such v/.. Since E* is a C” subbundle and |- || is a C° norm, x — ~(x) is continuous.
Thus, since M is compact and () is strictly positive on M, the mapping x — v(z)
attains a minimum value 7, > 0. This minimum value -, satisfies the following:
for all x € M, if G(z) C C,,(E*(x)), then (3.6) and (3.7) hold for every v € G(z).
Moreover, since | - | is the box-adjusted norm of || - ||, the inequality ||vs] > ||vu]l
implies ||v,|| = |v| and thus K ~'/2|v| < |jv]| < KY?|v].

By this same procedure, we can find a number ~, > 0 such that, for all z € M,
if G(x) C C,, (E%(w)), then K~1/2Jv| < |jv]| < KY/2Jv] for all v € G(z).

Finally, we use the conical neighborhoods of E* and E* to find a C! neighbor-
hood of f on which 7(g) < 7(f) + €& According to Lemma 3.3, the stable and
unstable bundles EJ and Ej vary continuously with g. Thus we can shrink N so
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that £ (x) C C,,(E*(z)) and Ey(z) C C,, (E"(z)) for all z € M. Hence, for each
g € N, we have

I(Dg)sv]| < K'2|(Dg)av] < KMV2(A™H =)Mol < KO =)o,
for all v € E;(z), and similarly
[(Dg™"av|| < K(A™' —e) o] for all v € EY(x).

Since we chose K(A\™! — €)™t < 7+ € < 1, this shows that M is a hyperbolic set
for g, that the Riemannian norm || - || is adapted to g, and that g has skewness
7(9) < K(A\7! —€)~! < 7(f) + € with respect to || - ||. This completes the proof. O

We have shown that if M is a hyperbolic set for a diffeomorphism f, then M
is a hyperbolic set for every diffeomorphism sufficiently C'-close to f. However, it
is not true more generally that if f has a hyperbolic set A, then A is a hyperbolic
set for maps C'-near f. Indeed, A will not even be invariant. What we can say
is the following: if f has a hyperbolic set A, then there are constants dp,ag > 0
such that if g is C'-dyp-close to f and g has an invariant set A contained in the
ball B(A,ap) about A, then A is a hyperbolic set for g (see [8]). Thus we must
assume, in addition to C'-closeness of g to f, that g has an invariant set close
to the hyperbolic set for f. In the case of Anosov diffeomorphisms, however, this
condition is satisfied automatically, since every diffeomorphism of M has M as an
invariant set, and M is contained in every neighborhood of M.

4. EXPANSIVENESS AND THE SHADOWING PROPERTY

In this section, we introduce two key properties of Anosov diffeomorphisms:
expansiveness and shadowing. Our goal is to show that these properties persist
in a C' neighborhood of these diffeomorphisms. In the next section, we will see
moreover that shadowing and expansiveness characterize the dynamics of Anosov
diffeomorphisms. The structural stability of Anosov diffeomorphisms is a conse-
quence of the fact that shadowing and expansiveness together are both persistent
and characteristic.

In contrast to the previous section, in which we worked entirely with the stable
and unstable subbundles of Anosov diffeomorphisms, we work in this section pri-
marily with their local stable and unstable manifolds. The role of the local stable
and unstable manifolds here will nonetheless be similar to the role of the stable
and unstable subbundles in §3: just as we used the fact that Ej and EJ depend
continuously on g to show persistence of hyperbolicity, we will use (without proof)
the fact that W (z,g) and W¥(x, g) depend continuously on g to show persistence
of the expansiveness and shadowing properties. This fact relies implicitly on an-
other important fact, namely that if f is an Anosov diffeomorphism, then there is
ro > 0 and a C' neighborhood N of f such that each g € N satisfies items (1),
(2), and (3) of the local stable manifold theorem (Theorem 2.6) for r = ry. Both
of these facts follow from the proof of the local stable manifold theorem, which can
be found in [8].

Intuitively, the local stable manifold W?(z, g) depends continuously on g for the
same reason that each stable subspace E;(x) depends continuously on g. As we
noted in Example 2.7, a diffeomorphism g : M — M can be lifted to a map Fj :
TM — TM. In [8], Wen shows that W;(z,g) is obtained by smoothly projecting
the local stable manifold W7 (0., Fy) C T, M back down to M. It turns out that
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the same method used in Lemma 3.3 to find the unstable subspace Ej(z) can be
used to find W?(0,, Fy). In particular, Wen shows that W;?(0,, F,) is the graph of
a Lipschitz map from Ej(z) to £ (r), and that this Lipschitz map is the unique
fixed point of a contraction mapping called the graph transform of g. The graph
transform of g depends continuously on g. Thus, Theorem 3.2 implies W?(z, g)
depends continuously on g. This fact is crucial for persistence of shadowing, as
the shadowing property depends entirely on the geometry of the local stable and
unstable manifolds.

Throughout this section, we use a Riemannian metric adapted to f and let
0 < 7 < 1 denote the skewness of f with respect to it. Using this adapted metric, the
characterization of W2 (z, f) given in item (3) of the local stable manifold theorem
becomes

W (e, f) = {y € M : d(f"(@), f"(3)) < min{r"d(z,y), 7} for all n > 0}
={ye M :d(f"(x), f"(y)) < r for all n > 0}.

Now we introduce the first key property of Anosov diffeomorphisms: expansive-
ness.

Definition 4.1. We say a diffeomorphism f : M — M is expansive if there is r > 0
such that, for all z,y € M, if we have

d(f™(z), f*(y)) < r for all n € Z,

then x = y. In this case, r is called an expansive constant for f, and f is said to
be r-expansive.

Intuitively, f is r-expansive if every two distinct points, no matter how close,
are eventually mapped a distance r apart under iteration of f or f~'. The next
theorem says that a diffeomorphism is always expansive on a hyperbolic set.

Theorem 4.2 (Expansiveness). Let f: M — M be a diffeomorphism and A C M
a hyperbolic set for f. Then the restriction f|p of f to A is expansive.

Proof. Take r > 0 as in the local stable manifold theorem (Theorem 2.6) for A. In
particular, for each z € A, the local stable and unstable manifolds of x of size r are
given by the characterization in item (3) of that theorem.

To show f is r-expansive, suppose z,y € A satisfy d(f™(z), f*(y)) < r for all
n € Z. By item (3) of the local stable manifold theorem, this implies y € W7 (x)
and f(y) € W(f(x)). Thus,

d(z,y) = d(f(f (@), fH(f () < 7-d(f(2), f(y) <72 d(z,y).
Since 0 < 7 < 1, this implies d(x,y) =0, or = y. O

By taking A = M, Theorem 4.2 implies that all Anosov diffeomorphisms are
expansive. We now use persistence of hyperbolicity from the previous section to
show that expansiveness persists in a C'' neighborhood of Anosov diffeomorphisms.

Theorem 4.3. Let f: M — M be an Anosov diffeomorphism. There is r > 0 and
a C' neighborhood N of f such that each g € N is r-expansive.

Proof. The proof of Theorem 4.2 implies that if g is an Anosov diffeomorphism
and r > 0 is as in the local stable manifold theorem (Theorem 2.6), then g is r-
expansive. Thus we now find a C! neighborhood N of f and r > 0 such that each
g € N is Anosov and 7 is as in the local stable manifold theorem for each g. By
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Theorem 3.5, there is a neighborhood Ny of f such that M is a hyperbolic set for
each g € Ny and such that the Riemannian norm adapted to f is also adapted to
g. Moreover, as we noted at the beginning of this section, there is » > 0 and a
neighborhood N' C Ny of f such that r satisfies items (1), (2), and (3) of the local
stable manifold theorem for each g € N. Expansiveness of each g € N now follows
by repeating the proof of Theorem 4.2, substituting g for f and M for A. ]

Now that we have shown the persistence of expansiveness, we turn our attention
to the second key property of Anosov diffeomorphisms, the shadowing property.
The shadowing property concerns collections of points called pseudo-orbits—which,
roughly speaking, are orbits with rounding errors—and the ability of these pseudo-
orbits to approximate true orbits, that is, sequences {f™(z)}necz for x € M. We
now give the precise definition of pseudo-orbit and define what it means for a
pseudo-orbit to approximate a true orbit.

Definition 4.4. Let f : M — M be an Anosov diffeomorphism. A sequence
{,}2_, C M (where a = —occ0 and b = oo are allowed) is called a §-pseudo-orbit
for f if we have

d(f(zp),xpt1) <dforalln=a,a+1,...,b.

We say the d-pseudo-orbit {z,,}2_, for f is e-shadowed by a point 2’ € M under f
if
d(f™(z'),z,) <eforallm=a,a+1,...,b.

See Figure 4 for an example of a §-pseudo-orbit for f being e-shadowed under f.

FIGURE 4. A §-pseudo-orbit {z;}?_, for f is e-shadowed by a
point z’ under f.

The next theorem, whose proof will follow from the proof of Theorem 4.7 below,
formally introduces the shadowing property.

Theorem 4.5 (The Shadowing Property). Let f : M — M be an Anosov diffeo-
morphism. There is €9 > 0 such that the following holds: for all 0 < € < €g, there
is 6 > 0 such that every §-pseudo-orbit {z;}°_, for f is e-shadowed by a point in
M under f.

Remark 4.6. Though we have stated Theorem 4.5 only for the case of Anosov
diffeomorphisms, a more general statement is true: If f: M — M is a diffeomor-
phism with hyperbolic set A, then for all e > 0 sufficiently small there is § > 0 such
that every d-pseudo-orbit for f in A is e-shadowed by a point in A under f [8].
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We(x)

FIGURE 5. Transverse intersections of local stable and unstable
manifolds, as in Proposition 4.8.

As with expansiveness, we wish to prove that the shadowing property persists
in a C'! neighborhood of f, with uniform dependence of § on €. More precisely, we
wish to show

Theorem 4.7. Let f : M — M be an Anosov diffeomorphism. There is g > 0 such
that the following holds: for all 0 < € < €g, there is 6 > 0 and a C! neighborhood
N of f such that for all g € N, every §-pseudo-orbit {x,}°_, for g is e-shadowed
by a point ' € M under g.

The proof of Theorem 4.7 is postponed until the end of this section. We first
study geometrical properties of the local stable and unstable manifolds, which will
be crucial to the proof of Theorem 4.7. In particular, we will need the following
fact about intersections of local stable and unstable manifolds, which is illustrated
in Figure 5.

Proposition 4.8. Let f: M — M be an Anosov diffeomorphism. There is ro > 0
such that for each 0 < r < rq, there is k > 0 such that if x,y € M have d(z,y) < &,
then W2 (x) N W¥(y) is nonempty and the intersection is transverse.

Proof. Let TM = E*® @ E" be the hyperbolic splitting of M for f. Choose ro > 0
as in the local stable manifold theorem (Theorem 2.6) for f. Let 0 < r < 19
be arbitrary and fix + € M. Since we have T, M = E®(xz) ® E"(z), the angle
between E*®(x) and E“(x) is nonzero. Equivalently, F*(z) and E“(z) intersect
transversally at 0, € T, M. Thus, since the tangent space of W?(x) at z is E*(x)
and the tangent space of W (z) at x is E*(z), it follows that W?(x) and W*(x)
intersect transversally at 2. By item (2) of the local stable manifold theorem, W?(x)
depends continuously on x. Hence there is & > 0 such that W (y) intersects W72 (x)
transversally for every y € B,/ (z). Let x(x) denote the supremum of all such x’.
(This supremum exists because M is bounded.) The map z — x(x) is continuous
because W2 (z) depends continuously on z. Moreover, we have k(z) > 0 for all
x € M. Thus, by compactness of M, the function k(z) attains a minimum value
k > 0. Hence, for all z,y € M, if d(x,y) < &, then W¥(y) intersects W} (x)
transversally. O

Proposition 4.8 says that if two points are close enough together, then the local
stable manifold of one point must intersect the local unstable manifold of the other.
To see how this intersection property relates to shadowing, suppose « and r are as
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in Proposition 4.8, and choose x,y € M such that d(z,y) < k. Consider the k-
pseudo-orbit {..., f~2(y), f~ (), z, f(z), f?(x),...} for f. By Proposition 4.8, the
intersection W2 (x) N W¥(y) is nonempty and thus has an element z’. Since 2’
belongs to W?(x), we have d(f™(2'), f"(x)) < r for all n > 0. And since z’ belongs
to W (x), we have d(f~"(2'), f"(y)) < r for all n > 0. This shows that the
k-pseudo-orbit {..., f~2(y), f~1(y), =, f(z), f*(z),...} is r-shadowed by z’. Thus
we see that belonging to W?(x) is the same as r-shadowing the forward orbit of =,
and that belonging to W*(y) is the same as r-shadowing the backward orbit of y.
Moreover, given the pseudo-orbit {f”(z)}52, shadowed by x and the pseudo-orbit
{f"(y)}V___. shadowed by y, we found a point z’ that shadows both pseudo-orbits.

Note that to find the shadowing point z’, we did not use the transversality of
the intersection of W72 (x) and W*(y). Transversality instead helps us extend the
intersection property of Proposition 4.8 to a C' neighborhood of f. The helpful
fact is that transverse intersections are stable; that is, if two C* submanifolds M;
and M> intersect transversally, then a C* submanifold M near M; intersects Mo
transversally. Hence, if a C* submanifold M} is near My, then M} intersects M
transversally. We make a similar argument in the proof of Theorem 4.9 below, in
which local stable and unstable manifolds for f take the place of M; and Ms, and
local stable and unstable manifolds for a diffeomorphism g close to f take the place
of M{ and M.

Theorem 4.9. Let f : M — M be an Anosov diffeomorphism. There is a C*
neighborhood N of f and rq > 0 such that the following holds: for each 0 < r < rg,
there is k£ > 0 such that if g € N and x,y € M with d(z,y) < k, then W2 (z,g)
intersects W (y, g) transversally.

Proof. Our approach, broadly, is to use the stability of transverse intersections, as
well as the fact that WS(z,g) and W} (z,g) depend continuously on g, to prove
that if f has the transverse intersection property of Proposition 4.8, then so do
diffeomorphisms C'-near f. To be able to use the fact that W2 (z, g) and W¥(z, g)
depend continuously on g, take ro > 0 and a preliminary C' neighborhood N; of
f such that, for every g € N1 and x € M, the local stable and unstable manifolds
W (z,9) and W (z,g) are C*¥ embedded submanifolds of M. Let 0 < r < rg be
arbitrary and £ > 0 be as in Proposition 4.8 for f.

To extend the transverse intersection property to a C! neighborhood of f, we
first find a C' neighborhood A of f such that, for each g € Ay and =,y € M,
if d(z,y) < k/2, then W7 (x,g) intersects W} (y, f) transversally. Then, we find
a smaller C'! neighborhood N/ C N such that, for each ¢ € N and z,y € M, if
d(z,y) < k/2, then W2 (z, g) intersects W}*(y, g) transversally.

We now find the preliminary neighborhood Ny. Fix # € M. By choice of r
and k, the unstable manifold WY (y, f) intersects W3 (z, f) transversally for ev-
ery y € B,(z). Since transverse intersections are stable and W?(z,g) depends
continuously on g € A, there is p’ > 0 such that if g is C'-p/-close to f, then
Wi(xz,g) intersects W (y, f) transversally for all y € B, s(z). Let p(x) denote
the supremum of all such p’, which exists because M is bounded. Since the local
stable manifolds W (x, f) vary continuously with = in the C* topology, the map
x +— p(z) is continuous. Thus, since M is compact and p(x) > 0 for all x € M,
it follows that x +— p(x) attains a minimum value p > 0. Hence, if g is C'-p-close
to f, then W2(x,g) intersects W (y, f) transversally for all y € Pn/g(x), for all
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(B)

FIGURE 6. Transverse intersections of stable (red) and unstable
(blue) manifolds for (A) the Anosov automorphism A and (B) the
Anosov toral automorphism f. See Examples 2.4, 2.7, and 4.10.
Dotted lines indicate global stable and unstable manifolds; solid
lines indicate local stable and unstable manifolds. For clarity, the
global stable and unstable manifolds on the torus are not depicted
as dense subsets.

x € M. Let Ny be the intersection of ] with the open p-ball about f (with respect
to C'-distance).

Now we find N such that if g belongs to A, then W?(x, g) intersects W (y, g)
transversally for all z,y € M with d(x,y) < /2. Fix x € M and y € B, /»(z). We
just showed that W¥(y, f) intersects W (x, g) transversally. Thus, since transverse
intersections are stable and W“(y,g) depends continuously on g € N, there is
w' > 0 such that if g € Ny is Ct-p/-close to f, then W(y, g) intersects W (z, g)
transversally. Let p(y) denote the supremum of all such p/, which exists because M
is bounded. Since the local stable manifolds W}*(y, g) vary continuously with y in
the C* topology, the map y + u(y) is continuous. Thus, since B, s2(x) is compact
and p(y) > 0 for all y € By o(x), it follows that y — p(y) attains a minimum
value ji; > 0 on B, /s(x). Thus, if g is C-pg-close to f, then W*(y, g) intersects
Wi (x,g) transversally for all y € B,;/»(x). Let i, be the supremum of all such p,.
The map = — [, is continuous and strictly positive on the compact topological
space M, and therefore attains a positive minimum value p > 0. Hence, if g is
Cl-pi-close to f then W2(z,g) intersects W(y, g) transversally for all z,y € M
with d(z,y) < k/2. Take N to be the intersection of A7 with the open p-ball about
f (with respect to C''-distance). This completes the proof. a

Before moving on to the proof of uniform shadowing, we discuss transverse in-
tersections of local stable and unstable manifolds in the context of the Anosov toral
automorphism defined in Examples 2.4 and 2.7. See Figure 6.

Example 4.10. Recall the Anosov toral automorphism f : R?/Z? — R?/Z? and
the lift A : R? — R? discussed in Examples 2.4 and 2.7. We saw that for each
a,b € R?, the local stable manifold W (a, A) of a is a line-segment of length 2r
and slope m = (v/5 — 1)/2 with midpoint a, and W*(b, A) is an orthogonal line-
segment of length 2r with midpoint . Thus, for any k < r, if |[a — | < &,
then W7 (a, A) intersects W} (b, A) transversally at a single point. In Example
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2.7, we found ro > 0 such that if 0 < r < rg, then WS(ma, f) = n(W7(a, A))
and W (mb, f) = n(W(b,A)). Thus for all 0 < r < rg and 0 < xk < r, the
intersection W3 (ma, f) N W¥(zb, f) is nonempty if |ja — b|| < k. Now, for each
x,y € R?/Z? with d(z,y) < k, we can choose a,b € R? such that z = ma, y = b,
and d(z,y) = ||b — a|| < &, assuming k < 1/2. Thus W2 (x, f) intersects W¥(y, f)
transversally whenever d(z,y) < k.

Note that, even though the proof of transverse intersections in Proposition 4.8
relies heavily on the compactness of M, we have just proved transverse intersections
for an Anosov automorphism A defined on all of R%, which certainly is not compact.
We were able to achieve this because the stable manifolds for A are simply transla-
tions of one another. Compactness therefore is not needed to ensure regularity in
the geometry of the local stable and unstable manifolds for A.

We are now equipped to prove Theorem 4.7. Our proof largely follows Bowen’s
proof of Theorem 4.5 in [1]. We now sketch Bowen’s argument. First, observe
that if we only consider §-pseudo-orbits of length N, where N is fixed, then the
shadowing property follows from uniform continuity. In particular, uniform con-
tinuity of f, f2,..., fN implies that for all € > 0, there is § > 0 such that every
d-pseudo-orbit {z;}¥ ; is e-shadowed by xg. The trick now is to choose N large
enough and § small enough so that shadowing for arbitrary pseudo-orbits follows
from shadowing for pseudo-orbits of length N. After choosing N and §, we build
up to arbitrary pseudo-orbits by first considering pseudo-orbits of length kN, for
k € N, and treating them as k pseudo-orbits of length N that are “stitched to-
gether.” This stitching procedure is where we employ the intersection properties of
the local stable and unstable manifolds. Then, we obtain shadowing for arbitrary
finite pseudo-orbits by extending them to pseudo-orbits of length kN for some k.
Finally, the case of infinite pseudo-orbits is proved by treating them as the limit of
a sequence of finite pseudo-orbits.

To prove Theorem 4.7, we follow this argument exactly, except that we first
choose a suitable neighborhood A of f so that f can be replaced by any g € N. In
particular, we must choose N so that each g € N is Anosov and has the intersection
property of Theorem 4.9 for its local stable and unstable manifolds.

Proof of Theorem 4.7. In the sketch we just gave, the key facts we used about
Anosov diffeomorphisms were the intersection property from Proposition 4.8 and
uniform continuity. To prove Theorem 4.7, we first choose a preliminary C! neigh-
borhood Ny of f so that each g € AN is Anosov and has this intersection property.
Then we choose N,J > 0 and a smaller neighborhood N' C Ny such that every
d-pseudo-orbit {mi}ivzo for every g € N is shadowed by xy under g. We choose
N so that shadowing for pseudo-orbits of length kN can be proved by stitching
together pseudo-orbits of length N. Then, we build up to shadowing for arbitrary
finite pseudo-orbits and finally to shadowing for infinite pseudo-orbits.

First we construct the preliminary neighborhood Ny. Let 0 < 79 < 1 be the
skewness of f. By Theorem 3.5, there is a C'' neighborhood N of fand 7o < 7 < 1
such that the skewness of g is at most 7 for all ¢ € Ni. By Theorem 4.9, there
is a C! neighborhood N3 of f and ry > 0 such that, for all 0 < r < 7, there is
k > 0 so that, if g € N3 and d(z,y) < k, then the intersection W7 (z, g) N W (y, g)
is nonempty. Define Ny = N7 NN,
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Let 0 < € < rg be arbitrary. We now choose a neighborhood N' C Ay of f and
N, § > 0 such that every d-pseudo-orbit {z;}¥, for every g € N is shadowed by z
under g. It will follow that every §-pseudo-orbit for g € A is e-shadowed by a point
in M under g. Let K > 1 be a constant depending on 7 to be determined later.
By choice of N2, there are 0 < r < ¢/K and 0 < x < r such that, for all g € N,
the intersection W7 (x,g) N W*(y, g) is nonempty whenever d(z,y) < k. Choose
N € N such that r - 7V < k/2. By uniform continuity of f* for all 1 < i < N,
there is 0 < § < k/4N such that d(z,y) < § implies d(f*(z), fi(y)) < k/4N for all
1 <i < N. Take a C? neighborhood N3 of f such that d(f*(z),¢'(z)) < k/8N for
allz € M,i=1,...,N, g € N3. By the triangle inequality, for each g € N3 we
have

d(g'(x),9"(y)) < K/AN +d(f"(x), f*(y))
forall z,y € M and all 1 <i < N. Define N' = Ny N N3.

Suppose g € N. We show that every d-pseudo-orbit for g is e-shadowed by a
point in M under g. For the remainder of the proof, we write W (z,g) = W7 (x)
and W (z,g) = W¥(x). Further, “pseudo-orbit” will always mean pseudo-orbit for
g, and “e-shadowed” will always mean e-shadowed under g.

Our choice of § has the following property: if {y;}~, is a é-pseudo-orbit for g,
then {y;}¥, is x/2-shadowed by yo. Indeed, by choice of N3, for each 1 <i < N
we have

d(g'(yo), vi) < > d(g" 7 (gy;-1), 9" (v;))

j=1

<7 (W/AN +d(f 7 gy, £ 0))

Jj=1

< zi:/@/QN < K/2.

j=1

The first step in obtaining shadowing for larger pseudo-orbits is to consider
pseudo-orbits of length kN, for k € N, and to decompose them into k pseudo-orbits
of length N. Let {z;}*Y be a d-pseudo-orbit for g. By our choice of §, the point
Ton K/2-shadows the d-pseudo-orbit {x,n1;}Y,, for each 0 < ¢ < N — 1. We will
use this to define a sequence of points z,;, for £ = 0,...,k, such that g~V (z},)
e-shadows {x; }¢Y,. Thus g~ *V (2} 5) will e-shadow the entire pseudo-orbit {z; }XX .

Define z(, = (. For each ¢ > 1, recursively define z}, to be an element of the
intersection

W (g™ (x{g—ryn)) VW (o).
We verify by induction that each of these intersections is nonempty. First we prove
that the intersection W (g™ (zf)) N W2 (xx) is nonempty. Since the pseudo-orbit
{x;}N, is k/2-shadowed, and hence x-shadowed, by x{, we have d(g" (}), xn) < k.
Thus, by choice of Ay, the intersection W2 (zx) N W (g™ (z})) is nonempty. This
proves the base case.

Now suppose, for some 1 < ¢ < k, that the intersection W;f(gN(x’(e_l)N)) N
W7 (zen) is nonempty and hence contains an element 2}, We must show that the
intersection W*(g™ (2)x)) N W (2 (+1)n) is nonempty. By item (3) of the local
stable manifold theorem (Theorem 2.6) and the choice of 7, the membership of )
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in W7 (zn) implies

d(g™(z)n), g™ (xen)) < TV - d(z)n, zon) < 7N < K/2.
By choice of §, the point xyn #/2-shadows {z¢n1:}Y,, and in particular, we have
d(g™ (zen), T(41)n) < £/2. Thus the triangle inequality implies

d(g™ (@)n), Tep1)n) < F-

By choice of N3, this implies the intersection W(g™ (z}x)) N Wi(z(eq1)n) is
nonempty and thus contains an element x'(e LN This completes the inductive
step and proves that a point zjy € WT“(gN(a:@fl)N)) N W2(xen) exists for each
0< (< k.

Denote 2’ := g~V () \). We claim 2’ e-shadows {z;}}. Fix 0 < i < kN.
We must show d(g*(z'),x;) < € (see Figure 7). First, pick 0 < ¢ < k such that
i € [[N,({+1)N). Then z; belongs to the d-pseudo-orbit {zn;}N,, which is
k/2-shadowed by z,y. In particular,

d(g' (zen), i) < K/2.
By construction, the point z}, belongs to W7 (z,n). Hence,
(g™ N (@yn), g N (wen)) <
Finally, using the fact that =/, belongs to W (g™v x’(m 1)N)) for each m, we have
d(g' (@), 9" N (xyn)) = d(g" "N (@l ), 9N (@)

k

< Y dlgm ™ @hn) g NN (@ 1yn)
m=~+1

By the triangle inequality, we obtain

. 3 T
d(gi(z'), z;) < 2 R .
(' @)w) < gtrdr g <r{g+1

Setting K = 2 + =, we conclude d(g'(2'),x;) < e. This proves z’ e-shadows
{x;}FN, and completes the case of finite pseudo-orbits of length kN, for any k € N.

We can now prove shadowing for arbitrary finite pseudo-orbits by extending them
to pseudo-orbits of length kN, for some k € N. First consider a d-pseudo-orbit of
the form {z;}}_,, where n = N + m for some natural numbers ¢ and 0 < m < N.
We can extend this J-pseudo-orbit to a longer d-pseudo-orbit {xi}ggl)N by setting
Tpai = fi(z,) for 1 <i < N —m. Thus, by applying the case of pseudo-orbits of
length kN, k € N, there is a point 2’ that e-shadows {xi}gglw and therefore that
e-shadows the original -pseudo-orbit {x;}? ;. Now, the most general finite pseudo-
orbit is of the form {x;}?_,. By what we just showed, the translated pseudo-orbit
{xaﬂ-}?;g is shadowed by a point 2/, and so the original pseudo-orbit {z;}%_, is
shadowed by ¢g~“(z’). This proves the case of finite pseudo-orbits.

We conclude with the case of infinite §-pseudo-orbits {x;}32_ . (If the pseudo-
orbit is only infinite in one direction, it can be extended to a pseudo-orbit that
is infinite in both directions.) For each n € N, let x], be a point that e-shadows

the finite d-pseudo-orbit {z;}2 By definition of being e-shadowed, this means

i=—n"
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d(gi (), z;) < € for all i € [-n,n]. By passing to a subsequence if necessary, we
may assume x,, — ¢’ € M, since M is compact. For all ¢ € Z and n > |i|, we have

dg'(a'), i) < (g (2'), 9" () + d(g"(x), 25) < d(g"(2'), g () + €.
Taking n — oo and using continuity of ¢g*, we conclude
d(g'(z'),z;) < e for all i € Z.
is e-shadowed by z’. This completes the proof. ([

o0
1=—00

Hence {z;

o

g™y g M)

FIGURE 7. Proof of the Theorem 4.7. The point x,n shadows
{xj+gN}§V:0. Thus ¢~V (z¢y) is close to ;. The point 2/, be-
longs to the stable manifold (red) of xox. Thus g"~V (z/,) is close
to g'~*N (x5 ). The point x5 belongs to the unstable manifold of
gF=ON (z,). Thus gi_kN(al;%N) = g'(2) is close to g*~N () ).
By the triangle inequality, ¢g*(z) is close to z;.

The following corollary of Theorem 4.7 says that by taking €y sufficiently small,
infinite pseudo-orbits of the form {z, },ecz are shadowed by a single point.

Corollary 4.11. Let f : M — M be an Anosov diffeomorphism. There is ¢g > 0
such that the following holds: for all 0 < € < g, there is § > 0 and a C* neigh-
borhood N of f such that for all g € N, every §-pseudo-orbit {x,}° _ . for g is
e-shadowed by a single point ¥’ € M under g.

Proof. Take €y > 0 as in Theorem 4.7. By Theorem 4.3, there is 0 < ry < ¢¢ and
a C' neighborhood A of f such that each g € N is rg-expansive. By choice of
€0, for each 0 < € < 1o/2, there is a C! neighborhood N’ C Ny of f and § > 0
such that every §-pseudo-orbit {z,,}°2 ___ of every g € N is e-shadowed by a point
x' € M under g. We now show that ' is the only point that e-shadows {z,}52_ .
Indeed, if there is another point y’ that e-shadows {z,}52 __, then the triangle
inequality implies d(g"(2"), g"(y’)) < 2e < 1o for all n € Z. Since g is rg-expansive,
we conclude z’ = v/'. O

5. STRUCTURAL STABILITY OF ANOSOV DIFFEOMORPHISMS

In this last section, we prove that Anosov diffeomorphisms are C'-structurally
stable. Recall that a diffeomorphism f : M — M is said to be Cl-structurally
stable if there is a C'* neighborhood A of f such that every g € N is topologically
conjugate to f—that is, for every g € N there is a homeomorphism h = hy of M
such that foh=hog.
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Theorem 5.1. Anosov diffeomorphisms are C'-structurally stable.

The proof of structural stability relies heavily on expansiveness and the shad-
owing property. In fact, the proof amounts to showing that if two mappings are
both rg-expansive, for some ry > 0, and both have the shadowing property with the
same €-0 dependence (as in the conclusion of Theorem 4.7), then these mappings
are topologically conjugate. The structural stability of Anosov diffeomorphisms
then follows from persistence of expanisveness and persistence of the shadowing
property, which we proved in Theorems 4.3 and 4.7, respectively.

Our proof of Theorem 5.1 is sketched by Bowen in [2]. The general idea is
this: if f and g are Anosov diffeomorphisms that are C°-§-close, then every g-orbit
{g"(x) }nez is a d-pseudo-orbit for f. The shadowing property thus gives us a way of
associating each orbit under g with an orbit under f; namely, we map each g-orbit
to the f-orbit of a point that shadows it under f. Expansiveness implies, moreover,
that this association is unique (recall Corollary 4.11), which, as we will see, implies
the mapping is a homeomorphism. Thus we obtain a topological conjugacy between
f and g. We follow Bowen’s construction of the conjugacy in the proof of structural
stability that follows.

Proof of Theorem 5.1. Let f: M — M be an Anosov diffeomorphism. By Corol-
lary 4.11, there are numbers ¢,§ > 0 and a C' neighborhood Ay of f such that
every d-pseudo-orbit {z, }nez for every g € Nj is e-shadowed by a single point in
M under g. Define N := {g € Ny : d(f(z),g(z)) < ¢ for all x € M}.

Suppose g € M. We now construct a topological conjugacy between f and g.
First, note that since f and g are C%-d-close, we have

d(f(g™(x)),g" () < & for all n € Z,x € M.

Thus, every g-orbit {g" () }nez is a d-pseudo-orbit for f. By choice of N, there is a
unique point in M that e-shadows {¢"(z)}nez under f. Thus we define a conjugacy
h=hg: M — M as follows: for each € M, define h(z) to be the unique point
that e-shadows {¢"(z)}nez under f.

First, we verify f oh = hog. Let x € M. Since the point h(z) e-shadows
{g" (%) }nez under f, it follows that f(h(z)) e-shadows {g"*!(x)},ez under f. But,
by definition, h(g(z)) is the unique point that e-shadows {g"™!(z)},ez under f.
Thus f(h(z)) = g(h(x)). Since x € M is arbitrary, we conclude foh = hog.

Now we show h is continuous. Indeed, suppose otherwise. Then there is a point
x € M, numbers v, N > 0, and a sequence {z,} C M converging to x such that
d(h(z),h(z,)) > 7 for all n > N. By compactness of M and continuity of the
iterates g°, we may choose a subsequence {x,, } such that {h(z,,)} converges to
some y € M and such that d(g*(zy,),¢'(z)) < 1/k for all i € [—k,k]. For each
i € Z and k > |i|, we have

d(f'(h(zn,)), 9" () < d(f'(Mxn,)), 9" (20,)) +d(g' (@n,), 9" (2)) < €+ 1/k,

where, to obtain the second inequality, we used the fact that h(z,,) e-shadows
{g%(wp, ) }icz under f. By continuity of f, taking k — oo gives

d(f'(y),g'(z)) < e for all i € Z.

Thus y e-shadows {g*(z)}iez under f—but so does h(z). By uniqueness we con-
clude y = h(z). Thus, since {h(zn,)} converges to y, there is K € N such that
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d(h(xng ), h(z)) < v/2. This contradicts the assumption that d(h(z), h(z,)) > ~
for all n € N. Thus h is continuous.

We show h is a homeomorphism by constructing a continuous inverse mapping.
Since f and g are C°-6-close, every f-orbit {f"(x)}nez is a d-pseudo-orbit for g.
Thus, by reversing the roles of f and g in the definition of h above, we obtain a
mapping p : M — M such that p(z) is the unique point that e-shadows {f"(z) }nez
under g. The same argument we used before for A shows that p is continuous and
satisfies gop = po f. It remains to show that p is the inverse of h. For each x € M,
the point p(h(x)) is the unique point that e-shadows {f™(h(z))}necz under g. But
by definition of h, we have

d(f"(h(z)),g"(z)) < efor alln € Z,

which is precisely the statement that the point  e-shadows {f™(h(x))},ecz under
g. Thus p(h(z)) = x. A similar argument, with the roles of h and p reversed,
shows h(p(z)) = z. Thus h is invertible with A=' = p. This shows that h is a
homeomorphism and hence that f and g are topologically conjugate. Since g € N/
is arbitrary, we conclude f is structurally stable. (Il

It was important for the proof of Theorem 5.1 that we worked with Anosov
diffeomorphisms, for which the whole manifold is hyperbolic, and not with more
general hyperbolic sets. Indeed, in the more general setting, f and g have different
hyperbolic sets—say, A and A, respectively. In this case, f has the shadowing
property on A and g has the shadowing property on A. Notice, however, that
even though {f™(z)} is a pseudo-orbit for g for any x € A, it is not necessarily a
pseudo-orbit for g in A. Indeed, if z ¢ A then f"(x) ¢ A for all n € Z. Thus the
shadowing property for g cannot guarantee the existence of a point ' in A that
shadows {f™(z)} under g. When working with Anosov diffeomorphisms, on the
other hand, there is only one hyperbolic set to keep track of—the entire manifold
M—and so the shadowing property guarantees that every f-orbit is shadowed by
a point under g.
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