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Abstract. We show that if two C® transitive Anosov flows in a three-
dimensional manifold are topologically conjugate and the Lyapunov expo-
nents on corresponding periodic orbits agree, then the conjugating
homeomorphism is C*.

I. Introduction and Statement of Results

The purpose of this paper is to present a unified approach to the problem of
smooth conjugacy of Anosov systems (both flows and diffeomorphisms) in low
dimensional manifolds. Our results extend those of [L1] for diffeomorphisms in
that no proximity assumption is made. Also, the results for flows, [MM], are
extended to cover arbitrary flows instead of one-parameter families of them. We
also recover the result of [MM] that all Anosov diffeomorphisms of a two-
dimensional manifold with constant Lyapunov exponents in periodic orbits are
C* conjugate to linear automorphisms. Finally, we show how the important result
of Feldman and Ornstein, [FOJ, on C! conjugacy of geodesic flows implies C*
conjugacy.

We have known from Palis that Ghys has suggested a different approach using
one-dimensional expansive maps to prove C' regularity of the conjugacy.

Our results are the following:

Theorem 1. Let X, Y be two C* transitive Anosov vector fields in a compact three-
dimensional manifold. If they are C° conjugated and the Lyapunov exponents at
corresponding periodic orbits are the same, then the conjugating homeomorphism is
C”.

Remark. Notice that the hypothesis about the Lyapunov exponents follows from
C', or even Lipschitz, conjugacy. Hence, C' conjugacies are C* for the systems
considered in Theorem 1. This remark also applies to Theorem 2.
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Remark. In the particular case of Anosov vector fields with C' stable and unstable
foliations (which includes geodesic flows on two-dimensional manifolds with
negative curvature) Feldman and Ornstein, [FO], have shown that all C°
conjugacies are C'. By the previous remark, they are C*.

Our theorem has some more applications for geodesic flows on surfaces with a
negatively curved metric.

Out of Morse-Gromov construction — which we learned from [Ka] - we can
conclude that the space of negatively curved metrics on a fixed surface is connected
and, moreover that the homotopy class of a geodesic determines it uniquely.

Then, by Anosov structural stability theorem, all geodesic flows of negatively
curved metrics on the same surface are orbit equivalent and the equivalence has to
preserve the homotopy class of geodesics.

It then follows that if the lengths of closed geodesics in corresponding
homotopy classes are the same and if the Lyapunov exponents also agree, we have
that the flows are C* conjugate.

These invariants come very close to be those that one can recover from the
spectrum of the Laplacian. The Duistermaat-Guillemin trace formula [DG] -
whose assumptions are verified for negatively curved metrics — implies that one can
recover the lengths and the Lyapunov exponents of closed geodesics from the
spectrum of the Laplacian. Unfortunately, it does not seem to be known how to
recover information about the homotopy classes of the geodesics from spectrum.

Notice that the Feldman-Ornstein theorem shows that the lengths of closed
geodesics on each homotopy class determine the Lyapunov exponents. If the
homotopy class could be found out from the spectrum of the Laplacian, then the
geometric information provided by the spectrum would be very redundant!

Theorem 2. Let f and g be two C* Anosov diffeomorphisms in a compact two-
dimensional manifold. If they are C° conjugate and the Lyapunov exponents at

corresponding periodic orbits are the same, then the conjugating homeomorphism is
Cc*.

Remark. Transitivity does not appear in the hypothesis of Theorem 2, because a
theorem of Newhouse, [Ne], shows that all Anosov diffeomorphisms in two-
dimensional manifolds are transitive.

Indeed it is known that the only two-dimensional manifolds that admit Anosov
diffeomorphisms are two-dimensional tori and that all the Anosov diffeomorph-
isms on them are topologically conjugate to linear automorphsims [Fr] (see also
[Mal]). Hence, given two Anosov diffcomorphisms in a two-dimensional manifold,
— T? — topological conjugacy is implied by having conjugate actions in the first
cohomology group.

It would be interesting to extend the previous results to higher dimensions.
Lopez de Sa has pointed out that difftfomorphisms of the type f(x, y, u,v)=(2x+y,
X+ y, 2u-+ov,u+0), g(x, y, u,v)= f(x, y, u, v) +(0, 0, 5(x, y), p(x, y)) can be considered
having the same Lyapunov exponents at periodic orbits although the derivatives
at fixed points are not linearly conjugate, so that the conjugacy cannot be even C',

Another interesting open question would be to extend the results here to
analytic conjugacy.
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I1. Proofs of the Theorems

Theorem 2 is a consequence of Theorem 1 by a standard suspension argument. It
is casy to check that two topologically conjugate difffomorphisms give rise to
topologically equivalent manifolds and that the suspension flows are topologically
conjugate on the resulting manifold.

The strategy of the proof of Theorem 1 is based on that of [L1]: first we prove
Lipschitz regularity of the conjugation using scattering theory, and then we
“bootstrap” the regularity measured in the classes C¥, C* introduced in [LMM].

The key element that allows us to treat both flows and systems not necessarily
close to each other is the construction of well behaved smooth coordinates in
stable manifolds by regularizing carefully the initial conjugating homeomorphism.
This global construction permits us to work in the manifold itself instead of using
real coordinates, and the construction is more natural than that of [L1]. A global
construction of this sort for an infinitesimal problem can be found in [MM].

Before giving the proof of Theorem 1 we recall some definitions from [LMM].

Given a C° foliation # of a manifold M by C* leaves with continuous defining
jets (that is, the leaves are locally a continuous family of C* imbedded disks), we
say that a function defined on M is of class C% if it is of class C* on each leaf of #,
and the C*-jet of that restriction depends continuously on the base point. We
similarly define C3 maps between M and another manifold N. In case & is the
stable (respectively unstable) foliation associated to an Anosov system, we will
denote C% by CZ (respectively C°). When possibility of confusion arises because
there are several vector fields, we will indicate the vector field in parenthesis, e.g.
Cx)- We will also denote by C¥ the space of functions C% with respect to integral
curves of the vector field X.

Proof of Theorem . Let us denote by 1, and o, the flows of X and Y respectively.
Finally, ¢ will be the homeomorphism that conjugates the flows, 1,=¢og,0¢p .
To show that ¢ is C*, it clearly suffices to show that a cover is C*. Hence we can
assume without loss of generality that the stable foliations of X and Y admit
tangent vector fields of unit length which we will denote by X*and Y* respectively.

An important ingredient in our argument is the following lemma that shows
that ¢ can be approximated by more regular homeomorphisms.

Lemma. If Z and % are C° foliations of the compact manifold M with one-
dimensional C* leaves, then any homeomorphism ¢ of M that sends leaves of F to
leaves of % can be approximated uniformly by C% homeomorphisms that send each
leaf of F to its image under ¢, and whose inverses are of class Cg.

The proof of the lemma will be postponed to the end. We apply it now to the
conjugating homeomorphism ¢ and the foliations by stable manifolds of X and Y
to produce another diffeomorphism ¢ in Cx)-

We will show that p=¢ P~ " is in Cfy, Then ¢ itself should be in Ciyy A
similar argument with — X, — ¥, would show that ¢ isin C,{y,, and it is clear it is in
Cy. Then, an appeal to Lemma 2.3 of [LMM] (an alternative proof is [Jo]) will
show ¢ € C® and establish the theorem.

Using the regularized homeomorphism ¢ we introduce another flow
%,=¢o,¢ ! - which we can assume is C° close to 7,. We will show that, under the
hypothesis of the theorem, any homeomorphism intertwining 7, and 7, is in Cy,.
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To show that ye CJy,, we will prove that

p=limt,7_,
t— o
in the C? sense. This will enable us to conclude that y is Lipschitz along stable
directions of X by estimating the Lipschitz constant of t,o7_, along stable
directions independently of t. From that point, on the bootstrap of regularity is
much easier.

Since 7,7 (x)=1,01p ' o1_,01p(x), it suffices to show that t,oyp ~'o7_, con-
verges uniformly to the identity. This follows, by a well known argument, from the
fact that 1 ! preserves contractive leaves, that we can bound the distance along
the leaf between yp ! o t_ ,(x) and 7 _ (x) independently of x and t and the uniform
contractivity of 7, along the stable leaves.

We start now to show that y is uniformly Lipschitz along stable manifolds of
X. It suffices to find a bound for the derivative of 7,0 t_, along X* uniform in ¢ and
x. Computing, we get

(To T (x) X()=(r,0 oo 071 (%) X(x)
=8P AP0 o TN TP o FTI) AP0 §T (X))
=[&(Poo_ o AN [A NP0 0§ (A0 o ¢ ()]
X (AN oa_ o~ )/ AN G0 0P ()], (1

where we have used that

F)- V() =& X)),
oy(x)- Y ()= A1) Yo (y),
7)(x) - X5(x) = A(x) - X*(z,(x))

for certain positive functions &AM, A in Cy,. The first follows from the fact that
¢ is Cgy, and maps leaves of the stable foliation for Y into leaves of the stable
foliation of X. A can be computed by

t

AX(x)=cxp [ ~ ﬂ&(nx)dr} @
0

where [ X, X*]=%X", and similarly for A®(x).
We will prove that each term in the right-hand side of (1) is bounded by a
constant independent of ¢t and x.
The first factor between brackets is bounded by a constant independent of t and
x since £ is a nowhere vanishing continuous function. In order to prove that the last
term is also bounded by a constant independent of ¢, we call 6 = max d(¢(x), P(x)),
xeM

where the distance is measured alorlg the stable leaf containin~g both of them. We
consider the points x,=¢oo_,c '(x) and x,=¢oo_,od '(x)e Wi(x). The
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distance between x, and x, is smaller than 6. Then, by (2),

IA00x0) — Axy )] =

exp [ — } )ﬁ,}(f,(xo))dr] —exp |: — } )L}(r,(xl))dr}
h)

< max(|AD (x| AXCe ) T 13,060 — (e, Mldr

< Cmax([ 47 (xo)l, [470x,)1) 2l e=0%,

where we have taken into account that % is of class C* (which is a consequence of
the C!'*™* smoothness of the center stable bundle) and that d(t,(x,), 7,(x,))
< KAd(x,, x,) for some A< 1; this exponential decay allows us to get a bound for
the integral independent of ¢. If we divide both sides of the above inequality by
|4%)(x )|, - which, clearly, is bounded away from zero — we get the desired estimate.

Finally, we show that |A®(¢co_, o ¢ '(x)/AM (o, d (x))] is bounded
uniformly in ¢ and x. This is a consequence of the fact that corresponding periodic
orbits X and Y have the same Lyapunov exponents. Given a periodic orbit y of Y of
period T, its stable Lyapunov exponent by (2) is

T
Li(y)=49((0) exp[— (j)) S((1) dt}

and the corresponding Lyapunov exponent of ¢(y) with respect to X is

T
L) = A5Ad((0)) = exp [ — 7&(¢v(t))dt] :

This implies that the function #(y) = A5(y) — 2%(¢(»)) has vanishing average over any
periodic orbit of Y. Using the well known fact that ¢ is Holder with a strictly
positive exponent, we can conclude that 5 is also Holder. Since by assumption Y
was transitive, we can apply Livsic’s theorem, [Li 1, Li2], to conclude that there
cxists a Holder function ¢: M —IR such that

t
! n(ogy)ds=oloy)—oly)
for any ye M, teR. By (2), the last factor to estimate in (1) can be rewritten

AP P oo oG () Aoy o G ()]
=explo(t,o0 -0~ x)—e(a o~ Hx)T=exp(2¢llco).-

This finishes the proof that ¢ is uniformly Lipschitz along stable manifolds of Y.
Now we conclude that it is actually of class C!.

By the fundamental theorem of calculus, the restriction of ¢ to any leaf of the
stable foliation is differentiable almost everywhere on this leaf.

Also, since ¢ intertwines t,, g,, the set of points where it is differentiable along
the stable foliation is invariant under o,.

These two properties allow us to conclude that it is differentiable almost
everywhere with respect to the forward Sinai-Ruelle-Bowen measure.
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At the points where ¢ is differentiable, we have that AX(p(y)E(y)
oA or
i In&(o(v)=2(p(y) — A"(y). (3)

Since S-R-B measure is ergodic, the solutions of the Livsic equation are unique
in the class Ly p_p.

Hence % Iné has to agree a.e. S—R—B with the Holder function ¢

Using equation (3), we see that ¢ has to agree with ¢ everywhere and it is
standard that, therefore, it has to be the true derivative.

This proves ¢ is actually C!.

One we know (3) holds everywhere we can very quickly bootstrap. Since
/,€ C, assuming that ¢ € C¥y, implies the right-hand side of (3) is in Cly,. The
proof of Lemma 2.2 in [LMM] allows us to conclude In ¢ is also in Cyy, hence ¢ is
in Ck3

T(hl)S concludes the proof that ¢ € Cgy,. A very similar proof would conclude ¢
e Cy;). Now we can apply Lemma 2.3 of [LMM] (another different proof was
given by Journé [Jo] using different regularity assumptions, which also hold for
the foliations considered here) to conclude ¢ € C* as claimed in Theorem 1.

Proof of the Lemma. We can assume that both M and the foliations are orientable,
since otherwise we could work on a suitable cover of M. Then we construct a
global nowhere vanishing vector field G of class Cg, tangent to % cverywhere, and
another similar one, F for #. We consider a covering U, of M by elementary open

sets such that % is trivial on V,;= () U, for any i, },CV; is a transversal
U,nU,+0

hypersurface to ¢, and n;: V,—Y; is the projection along the leaves of 4.
We define D;e C*(V)) for every j by

y=expp,,ty, VeV, (4)

together with D (n;x)=0. Roughly speaking, we are taking coordinates along the
leaves in a coherent fashion for all the leaves. The reason why we do it using the
exponential map is to ensure that the differential operators that result can be
related for different leaves. Finally, we consider a C* partition of unity y;
subordinated to {¢~'(U})}, and define

$dx) =eXP(sF—1)(zix,(x)Dl(¢(x>)>¢(x), xeM, (5)
where I is the identity operator acting on C°%M), and S, is a CZ%-smoothing
operator acting on C°(M) by

S.900= [ ndlexphixdr.

where e CF(R) is a nonnegative even function with j n(t)dt =1. The operator S,

can be seen in local coordinates for the leaves of # as a convolution operator,
which approaches the identity as ¢ tends to 0. This implies that ¢, tends to ¢ as ¢
tends to 0.
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It should be noted now that, even when we are working on a cover of M, the ¢,
above defines a map from M to M. This is because # is an even function. Moreover,
itis obvious that any ¢, sends each leaf of # toitsimage under ¢. In order to prove
that each ¢, is a homeomorphism for ¢ near 0, it suffices to see that they are
injective. This can be seen easily as follows:

a) points in different leaves of # are mapped to different leaves of %;

b) one-dimensional convolution operators transform strictly increasing func-
tions into functions with strictly positive derivative, so the ¢,’s are locally injective
on each leaf, with uniform bounds on the size of the domain of injectivity.

Finally, we have to prove that each ¢, is of class C%. This can be seen as follows:
applying (4) to m,y, assuming ye U;0U, and U;nU, =0, we have

unG
Y = C€XPp ey LV >

and using this with j and k interchanged in (4) again we have

y= eszG)J(v) + Dy Y - (6)
Comparing this with (4), we see that
Dk()’)ZDj(y)+Dk(7Tj}’)~ (7

As a consequence of this, assuming y = ¢(x), we have for xe¢~Y(U,),
D(@(x)= 3 [x{x)D ($(x)) + 1 (x)Dy(m;p(x))] .
J
Using this in (4) as well as (5) and (6), we see that

G
DolX) = XS, (5, 1,10, (x)) + Eira ) Ditraben Tk PLX)

Now itis clear that ¢, is of class C5, since each ;- ¢ is (locally) constant along the
leaves of 7, S,(-) is of class C* by construction and exp?(y) defines a continuous
family of C* functions depending on the parameter y. This finishes the proof of the
lemma.
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