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Chapter 1

Introduction

The object of this master’s thesis is the study of dynamical properties of the geodesic
flow in negative curvature. This flow acts on the tangent bundle of a Riemannian
manifold by moving tangent vectors to a geodesic a certain amount of time along the
geodesic itself. The geometry of negative curvature provides some interesting dynamical
properties to the flow, for example, the ergodic property. It is a classical problem in the
theory of dynamical systems.

One of the first results is due to E. Hopf, who proved the ergodicity of the geodesic
flow on manifolds of curvature —1 with finite volume [Hop36|. Later it was also proved
that the geodesic flow in this context is mixing. D. V. Anosov proved a generalization
of the ergodicity of the geodesic flow to negative curvature [Ano67]. We will study both
situations: the case of curvature —1 for surfaces and the case of variable curvature and
any dimension.

The text is divided in four chapters, the first of them being this introduction. The
second is also an introductory chapter to the objects that we will study, manifolds of
negative curvature. We put special emphasis to the hyperbolic plane and we describe the
surfaces of curvature —1. In Chapter 3, we introduce the geodesic flow and another kind
of flow, called horocyclic, on the hyperbolic plane and we study their dynamics. The
proof of their dynamical properties is based on the conjugation with an algebraic model,
that is easier to study. In the last chapter, we show the ergodicity in variable curvature.
We define some tools and state some results of geometry in negative curvature that
is needed and then we proceed to give evidence of the ergodicity, going through some
rather technical aspects of geodesic flow.

All the results here presented were already known, although it does contain some
own computations. The main job done on this master’s thesis consisted in learning
all the new concepts and gathering results from different sources to make a coherent
explanation of the subject. The ergodicity in negative curvature ultimately depends
on some facts concerning spaces of negative curvature. Some of them are out of topic,
but would be an excellent way to make our understanding better beyond this master’s
thesis.

Geodesic and horocyclic flow are known to satisfy stronger dynamical properties
than the ones we will see. The domain that studies these flows has still a lot of open
questions and some properties admit generalizations in some sense. For example, in the
case of nonpositive curvature, it is not clear yet what happens with a property called
equidistribution.






Chapter 2

Manifolds of negative curvature

The goal of this chapter is to give the necessary background concerning the objects we
will study. We present well-known results of Riemannian geometry in negative curvature
(Section 2.1), putting particular attention to the case of constant curvature, where we
are able to describe the complete Riemannian manifolds (Section 2.2). Section 2.3 is
dedicated to the hyperbolic plane and its isometries. We introduce the discrete groups
of isometries, which play an important role in the next chapter.

We do not present the proof of general results in Riemannian geometry, they can be
found in [dC92]. In the study of isometries of hyperbolic plane, [Dalll] and [Kat92] are
good references, from which we have taken inspiration.

2.1 The theorem of Hadamard

The sectional curvature K (z,II) of a Riemannian manifold M™, n > 2 is defined at each
point © € M, for each 2-dimensional subspace II C T, M. In this text, we are interested
in manifolds with negative curvature, that is to say, negative at every point and every
plane. Here, we present a result on manifolds of nonpositive curvature.

We say that M is (geodesically) complete if the geodesics are defined for all time. We
assume the reader has notions on complete manifolds and the Theorem of Hopf-Rinow,
which gives equivalent conditions to the fact of being complete and important properties
of the geodesics. As a consequence, we deduce that every compact Riemannian manifold
is complete.

This short section finishes with the statement of the theorem, which is proved using
Hopf-Rinow.

Theorem 1. (Hadamard). Let M™ be a complete Riemannian manifold of nonpositive
sectional curvature. Then, for all x in M, the map exp, : T, M — M is a covering map.
In particular, the universal cover of M is diffeomorphic to R™.

2.2 Manifolds of constant curvature

Now we restrict our attention to spaces of constant curvature. First of all, we remark
that, in a manifold M with a Riemannian metric g, a rescaling of the metric h = Ag, A >
0 changes the sectional curvature as K = %K g- Thanks to these rescalings we can focus
to what happens in curvatures —1, 0 and 1. Although we are only interested in the first
case, we will explain the others for sake of completeness.
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We introduce a well known space for each of these curvatures. Consider the sub-
manifold H" of R" equipped with the metric g_1, where

1
H* = {(1,...,2n) € R [z, > 0}, 9—1:x7(d$%+"‘+d$2)-

n

With some computations, it is easy to see that its sectional curvature is constant —1.
With curvature 0, we take R™ with the Euclidean metric go and with curvature 1, the
sphere S with the inherited metric g; from R™*!. The geodesic trajectories of the two
last spaces are easy to find, they are straight lines in the euclidean space and great
circles in the sphere.

Proposition 1. The geodesic trajectories of (H", g_1) are the straight lines perpendicu-
lar to the hyperplane {x,, = 0} and the circles with center in {x, = 0} and perpendicular
to it.

T2 !

m N
>

Figure 2.1: Two geodesics on the hyperbolic plane.

In Figure 2.1 we see a vertical and a half-circle geodesic on the hyperbolic plane.
We conclude that all three spaces are simply connected, geodesically complete and have
constant curvature. The following result is what makes them particularly interesting.

Theorem 2. Let M™ be a complete Riemannian manifold of constant sectional curvature
K =—-1,0,1. Then, the universal cover M of M, with the lifted metric, is isometric to:

(1) (H",g-1) if K = -1,
(i) (R™,go) if K =0,
(iii) (S", 1) if K = 1.
We can go further in our attempt to understand all the spaces of constant curvature.

Definition 1. Let M be a Riemannian manifold and I" a subgroup of isometries of M.
We say that ' acts totally discontinuously if for all x in M there is a neighborhood U
of z such that v(U)NU =0 for all v in I'\ {id}.

We say that I" acts properly discontinuously if for all x in M there is a neighborhood
U of x such that v(U) NU = 0 for all but finitely many ~ in T.

It is clear that the first property implies the second one, but it is convenient to
introduce both of them. They have the goal to provide nice properties on the quotient
of the set M under the action by evaluation of I'.
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In an introductory course in Riemannan geometry, it is seen that, given a Riemannian
manifold M and a group I' of isometries acting totally discontinuously, we can put a
natural structure of Riemannian manifold on the set

M4 = (T2 = {y(x) |y €T} |z € M},

Since M and M/T are locally isometric, if M has constant curvature, M/I" will also
have constant curvature with the same value. By taking M = R", H", S and a suitable
group of isometries I'; we can generate lots of manifolds of constant curvature. In fact,
all complete manifolds of constant curvature have this form.

Proposition 2. Let M™ be a complete Riemannian manifold of constant sectional cur-
vature K = —1,0,1. Then, M is isometric to the quotient M/F of the universal cover
M of M, with the lifted metric, by a subgroup of isometries of M that acts totally
discontinuously.

The proposition reduces the problem of finding manifolds with curvature —1 to the
study of subgroups of isometries of H" that act totally discontinuously. In Section 2.3,
we will describe these groups in dimension 2 and, in consequence, the surfaces with
curvature —1.

In fact, we will study properly discontinuous subgroups, because all the work that
we will do in Chapter 3 is valid for this kind of subgroups. In general, the quotient M /T
by a properly discontinuous group is no longer a manifold, but it is an example of a
more general object called an orbifold.

2.3 Surfaces of curvature —1

In this section, we take a close look at the geometry of surfaces with curvature —1.
To simplify notations, the hyperbolic half-plane will be simply denoted by H, with
coordinates (x,y), and the metric given by g = y%(daz2 + dy?). We also identify H =
{z€C|Imz >0} via z =z + iy = (z,y).

Homographies are maps ¢ from C U {oco} to itself of the form

az+b

go(z):m, a,b,c,d € C, ad — be # 0. (2.1)
They have the property to send the set of lines and circles to itself. Using homographies,
we can smoothly transform the upper half-plane H to other domains in C and pushing
forward the metric of H we obtain an isometric space. This means that there are
many other models for hyperbolic geometry. One of them is the Poincaré disk D =

{z € C||z| < 1} with the metric given by

4
dz? + dy?
APy W)
The transformation between them is
v: H — D
1
z — ’;i

This model is useful because of its symmetry, certain geometric reasonings are easier
to visualize. Recall that geodesics in the half-plane are vertical lines and semicircles with
center on the real axis (thus, perpendicular to it). Since the previous transformation is
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a homography that sends ¢ to 0, geodesics in the disk are circles perpendicular to the
border of the disk and lines passing through 0.

Now, we study the group of isometries Isom(H) of the hyperbolic half-plane. Con-
sider a homography ¢ of the form (2.1) with real coefficients a,b,c,d. We obtain by

computation
Imz 1

Imp(z) = m, dy = mdz.
The first implies that ¢ is well defined as a bijective map H — H. The tangent map of
such an homography is d.¢(v) = ¢'(z) - v, where z is in H and v = Ua:a% + vya% eT.H
is identified with the complex number v, + iv,. The determinant of the tangent map is
|/ (2)%. Tt is satisfied

@) s
=~ ()~ m(z2 - 00

g(dzp(v), d-p(v))

S0 ( turns to an orientation-preserving isometry.
This type of homographies are identified with PSLy(R) by a group isomorphism

a b N ZHaz—i—b
c d cz+d)’

We will refer to them as homographies associated to PSLy(R) and when it is clear from
the context we will directly write PSLa(R) for the subgroup of homographies.

Proposition 3. All the orientation-preserving isometries of H are homographies asso-
ciated to PSLy(R).

Proof. Consider H C R? equipped with the standard metric (-, -). A diffeomorphism
¢ : H — H is conformal if it preserves the orientation and there exits a function f : H —
(0, +00) such that (d.¢(v),d,¢p(v)) = f(2)(v,v). We observe that orientation-preserving
isometries with the metric g are conformal. Let us prove that conformal maps of H are
homographies associated to PSLa(R).

We will use the fact that conformal maps between two open sets are holomorphic
diffeomorphisms. In addition, holomorphic diffeomorphisms are automatically biholo-
morphisms.

Since the transformation ¥ is holomorphic, conformal maps of the disk are Conf(D) =
U Conf(H)¥~L. Therefore, proving that Conf(H) = PSLy(R) is equivalent to proving
that Conf(D) = W PSLy(R)¥~!. Tt can be seen that the set equality

U PSLy(R)U~! = {haﬁ ( a,BeC, o~ |87 = 1}

is held, where
az+
h == .
a,8(2) Bz +a
So, to finish the proof it is enough to show that every biholomorphism of the disk 0 is
of the form h, g.

This is an application of Schwarz Lemma. Suppose the map ¢ : D — D is biholo-
morphic. There exist h, g which sends ¢(0) to 0. By the Schwarz Lemma, since hq g
fixes 0, we obtain

ha,p(2)| < |2 and [(ha,p) ' (2)] < |2|, VzeD,

80 |ha p0(2)| = |2|. Again by Schwarz Lemma, hq g¢(2) = az for some complex number
a € C, |a| = 1, which implies that the map ¢ is as wanted. O
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It is clear that orientation-preserving isometries of PSLo(R) is a subgroup of index
2 of Isom(H), this makes them the main ingredient in the study of isometries of H and,
thus, of surfaces with curvature —1.

A discrete subgroup I' of PSLa(R) (with the topology of a quotient of a subspace of
the space of matrices) is called a Fuchsian group. We will show that the subgroups of
PSLy(R) acting properly discontinuously on H are precisely the discrete subgroups. We
start with some alternative characterizations of properly discontinuous actions.

Proposition 4. Let M be a Riemannian manifold and I' a subgroup of isometries of
M. The following are equivalent:

(i) The subgroup I' acts properly discontinuously.

(ii) For all z in M, for all compact subset K of M, the set

{yelr(z) € K}
is finite.
(iii) For all x in M, the set I'z is discrete and the stabilizer at the point x is finite.

Proof. (ii) = (iii). Take a compact neighborhood K of x. The stabilizer at x is the set
{y € T'|v(x) = 2}, which is included in the set {y € T'|y(z) € K}, and it is clear that it
has to be finite. Moreover, the set I'x N K is included in the set {y € T'|v(z) € K} (),
so it is finite. Then, there is a neighborhood of  which does not contain the points of
Gz different from x.

(iii) = (ii). Let K be a compact set. The intersection 'z N K is finite. The cardinal
of the set {y € I'|v(x) € K} is the sum of the cardinals of the stabilizers at y over all
y 'e N K, so it is finite.

(ili) = (i). Let K be a compact set. The intersection I'z N K is finite. Then,
there exists a ball B(z,¢) centered at = of radius € which does not contain any of the
points in T'z different from z. It follows that v(B(z,e/2)) N B(x,c/2) # 0 implies that
the isometry + is in the stabilizer at the point x, but this can only happen for a finite
amount of v in I'.

(i) = (iii). Let = in M. For each neighborhood V of z, we have

{(yeT|y(@) =z C{yeT|[y(V)NV #0}.

and by hypothesis of properly discontinuity we can choose one neighborhood V' such
that the second set is finite, so the stabilizer at x is finite as well.

For the same choice of V', we look at the set 'e N V. If some point y isin 'z NV,
we can write y = y(x) for some homography v in I, and it satisfies v(V) NV # (). Since
there are only finitely many ~ that satisfy that, the set I'c NV is finite, so we can find
a smaller neighborhood of x which contains no point of I'z other than .

O]

To prove the equivalence between discrete and properly discontinuous we need the
next lemma.

Lemma 1. Let z € H and let K be a compact subset of H. Then, the set
{y € PSL2(R) |7(2) € K}

18 compact.
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The proof of this lemma can be found in [Kat92]. With its help we prove the following
result.

Theorem 3. A subgroup T' of PSLy(R) is discrete if and only if it acts properly discon-
tinuously on H.

Proof. Suppose the subgroup I is discrete. We will use that I' is closed, it is a fact from
general topology that a discrete subgroup of a Hausdorff topological group is closed. For
all z in H, for all compact set K, the set

{yel|v(x) € K} ={y € PSLy(R) [~(z) € K} NT

is discrete and compact, because it is the intersection of a compact set (by Lemma 1)
with a closed set. Then, it has to be finite, so the action of I' is properly discontinuous.

Conversely, suppose that I' is properly discontinuous. Let us suppose that I' is not
discrete and obtain a contradiction. There exist v in I' and distinct elements ~, in I,
for all n in N, such that lim~, = 7. Let z in H. Then, the sequence 7 'v,(z) — 2
converges. In consequence, for any neighborhood V' of z, there exists ng in N such that
Y (V)N V # 0 if n > ng. This contradicts that I' is properly discontinuous. O



Chapter 3

Geodesic and horocyclic flows in
curvature —1

In this chapter, we will introduce the geodesic flow and the horocyclic flows for surfaces
of curvature —1, which have been an important object of study in classical dynamical
systems. In Section 3.1 we will present the two flows in a very algebraic context, where
they act by matrix multiplications. Thanks to some explicit relations between them it
will be easy to prove the dynamical properties of these flows, ergodicity and mixing, on
convenient spaces. In Section 3.2 we define the flows geometrically on the hyperbolic
plane and we establish the equivalence with the first model. In Chapter 4 we will deal
with a more general situation and we will use a different method to study the dynamics.
However, this other method was first applied in curvature —1, and we expect that the
connection between both cases will be clear thanks to the notions here explained. The
chapter is based on the notes from Y. Coudene [Coul4].

3.1 The algebraic model

3.1.1 Dynamics on PSL;(R)
The space where we will work is PSLy(R) := SLy(R)/{£Id}, where
SLa(R) = {A € Ma(R) | det A = 1}.

This set has a structure of differential manifold as a submanifold of the set of matrices
and it can be easily described with two coordinate charts, defined on the open sets

Ulz{@ Z) EPSLQ(R)‘d>O},

UQ:{@ Z) € PSLy(R) c>0},

which cover the whole manifold PSLa(R). Explicitly, the charts are

Py e Uq — RXRX(O,+OO)

a b ,
(3 — oo

’ngZ Us — RX(O,+OO)XR

(Z Z) — (a, ¢, d)

11
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Let us define a very special measure p on PSLy(R), called the Liouville measure.
The measure is defined from its densities on each chart:

1 1
dp = gdbdcdd on Uy and dpu = Edadcdd on Us.

A little computation shows that the Jacobian of the change of coordinates from U; to
Us is |c/d|, so the two definitions of du coincide on Uy NU; and we get a globally defined
measure.

Theorem 4. The measure p is invariant by left and right multiplication on PSLa(R).

Proof. The measure p is invariant by a differentiable function f from PSLy(R) to itself
if w(U) = pu(f~1(U)) for all open set U, or equivalently, the equality of differential forms
f*dp = dp is satisfied. Suppose that f is a left multiplication, i. e. there is g in PSLa(RR)

such that f(A) = gA for all A in PSLy(R). Writing g = (3 ?), we have

f a b\ [(aa+fBc ab+ Bd
c d) \vya+dc ~Ab+4dd)’
which in coordinates of Uy is

1
Flb,c,d) = (b + 5,7 4 e, 9b o+ 6d) = (¥, &, ).

Then, the Jacobian is

« * I3
b+ dd d
j=|det | O 72—1—5 0= (a5—57)’y+ =7
d d

v * 1)

and from db’ dc¢’ dd’ = jdbdcdd we obtain

_ dvdddd _ dbdedd _

The computations done so far are sufficient since PSLy(R) \ U; has zero measure. The
proof for right multiplication goes similarly. O

The geodesic flow {g;}ier is a flow on PSLy(R) defined by

et/? 0
gt(M) = M( 0 e—t/Q) :

There are also the contracting horocyclic flow {h}}scr and the expanding horocyclic
flow {h;, }uer defined by

hj(M)zM(é i) h;(M):M(l 0).

u 1

From Theorem 4, y is invariant by the geodesic (and horocyclic) flow in the sense that
it is invariant by g; (or hgc) for each t in R.

These flows satisfy some relations between them that can be showed by straight
computation, but they will be crucial to show the dynamical properties of the flows.
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Proposition 5. The geodesic and horocyclic flows satisfy:

giohl = h:e,t o gt, s,t € R, (3.1)
geohy =h,og,  tu€eR, (3.2)
h—:*lfl oh o h—s; © h:&*s*l = G2log s» s,e > 0. (3.3)

g

Moreover, they generate the action of PSLa(R) by right multiplication, i. e. if A €
PSLy(R), the right multiplication by A, R4, is

— + .
Ra= { hc/dog—Qlogdohb/d if d >0,

herapoly ©hZyy ifd=0,

a b
whereA-(c d)'

3.1.2 Quotients of finite volume

The space PSLa(R) acts as the cover of smaller spaces that interest us. In the following
we formalize this notion. Let I" be a subgroup of PSLy(R) which is discrete as a subset,
acting on PSLy(R) by left multiplication. We will refer to such a I' as a discrete subgroup.
Denote by X = I'\ PSLy(R) the group quotient and 7 the projection to the quotient.

Definition 2. We say that a discrete subgroup I' has finite covolume or that X has
finite volume if there exists a Borel subset D of PSLy(R) that satisfies:

(i) u(D) < +o0, p(dD) =0,
(ii) PSLa(R) = [T, epvD-

Suppose the group I has finite covolume. The Liouville measure on PSLg(R) induces
a measure ©r on X, defined by

fi(A) = u(x~'(4) N D).

It is possible that more than one set D satisfies the conditions in the definition. Never-
theless, the measure does not depend on the choice of D.

Right multiplications on PSLg(R) commute with left ones, so the flows g, hl, hy,
induce flows on X, because it is a left quotient. We keep the same names and notation
for these new flows. To be consistent we will use p for the measure induced on X.
Because of the left and right multiplication invariance of p on PSLy(R), the geodesic

and horocyclic flows on X are p-invariant.

3.1.3 Dynamical properties

It is time to introduce the two dynamical properties that will be studied. We define
them for a general (finite) measure preserving flow (X, A, u, {®!}er), where (X, A, i)
is a finite measure space and ®* a measurable flow on X that is p-invariant. A function
f € L?(x, p) is ®'-invariant if f o ®" = f a.e. for all t € R.

Definition 3. Let (X, A, u, {®'},cr) be a measure preserving flow. We say that ®¢ is
ergodic with respect to i if every invariant function f € L?(X, p) is constant a.e.
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There are several equivalent definitions of ergodicity, for instance, we can say that a
flow is ergodic if all invariant sets are either negligible or of negligible complement. A
measurable set A is invariant if u(®7t(A)AA) = 0 for every ¢t € RL.

Definition 4. Let (X, A, u, {®'};er) be a measure preserving flow. We say that ®¢ is
mizing with respect to p if for all f,g € L*(X, p)

1
fo(I)t-d—>/ d/ du.
/X gdu —— (X Xqugu

Recall the weak convergence in L?(X,u): a sequence {f,}nen in L2(X, u) weakly
converges to f € L?(X, u) if for all g € L?(X, p)

/fngd,U'T/ fgdu.
X ol JXx

We write f, — f in this case. We write f o ®' — h if for every sequence t,, — +o0, we
have f o ®'» — h. All the following formulations are equivalent ways to say that ®¢ is
mixing:

o Vf € LX), fod — iy [x fdu,
e VA, Be A, n(®74(A) N B) — u(A)u(B)/u(X) when t — +o0,
o Vf e L*(X,p) such that [ fdu=0, fo® —0,

e Vf € L*(X, ) such that [ fdu = 0, all accumulations points of {f o ®'},;>¢ are
Z€ero.

All equivalencies are easy to see, including the last one if we use the fact that the unit
ball of L?(X, i1) is sequentially compact in the weak convergence.

It is worth knowing that mixing implies ergodicity. Indeed, suppose A is an invariant
set. Then p(®'(A) N A) = u(A). If & is mixing, we obtain u(A) = p(A4)?/u(X), so
either u(A) =0 or u(A) = u(X). Therefore, * is ergodic.

The goal of the rest of this section is to prove the following result.
Theorem 5. Let I' be a discrete subgroup of PSLa(R) of finite covolume and let X =

'\ PSLo(R). The geodesic flow g; on X is mizing and horocyclic flows h, h;, are ergodic
with respect to the Liouwville measure L.

Until the end of the section, X will denote the quotient I'\ PSLa(R), where I is a

discrete subgroup of PSLy(R) of finite covolume. We begin with a property of X that
will be needed later.

Proposition 6. For all function f in L*(X, ), we have

L2
fog == (34)

and similarly for horocyclic flows.

LAAB = (A\ B)U (B\ A)
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Proof. Let D be a domain for I' as in the definitions of subgroup of finite covolume.
Consider the lift f of f in L?(X,u) to L?(D, ). Suppose f is bounded Lipschitz. Then,
by dominated convergence we have

- ~12 . ~12
i [ |Fog— 7 an= [ 1w |Fog -7 an=o0,
pt—=0

t—0 D

because f o g;(x) — f(z) for all z in the interior of D by continuity and p(8D) = 0.
Then, we deduce the convergence for f.

Since D has finite measure, bounded Lipschitz functions are dense in L*(D, ). Using
approximations we can translate the result to any functions f and f. O

The next two propositions are based on the commuting relations of geodesic and
horocyclic flows (Proposition 5).

Proposition 7. Let f be a function in L2(X,p) . Ift, is a sequence of real numbers
such that t, — +o0o and fog;, — f € L?(X,u), then the function f is invariant by the
flow ht.

If tn 1s a sequence of real numbers such that t,, — —oco and f o g, — feLl?X,p),
then the function f is invariant by the flow h .

In particular, every gi-invariant function is invariant by hY and h;, .

Proof. We use Equation 3.1 and we apply that the measure is ¢g; invariant and the
previous proposition to compute the L?-norm

Hfogtohi—fogtH:Hfoh+ ogt_fogtH:Hfoth fH totos,

se~t se~t

Hence, the sequence f o g o hf — f o g; converges weakly to 0. On the other hand, it
also converges to fohl — f. We deduce the first statement by unicity of the limit. The
second is done analogously using Equation 3.2. If f is g;-invariant, then f = f for any
sequence t,, and we deduce the last statement. ]

Proposition 8. Every hl -invariant function f in L*(X, u) is invariant by the geodesic
flow g;. Bvery hy, -invariant function f in L*(X,u) is invariant by the geodesic flow g;.

Proof. For any €,s > 0, we have by Equation 3.3

1f © 921085 — f||_Hth+1 , 0 he Oh+10h7 - _fH:

Hfo e o h; © h:ss*l —fo h:; © hies*l tfo hif—:s*1 B f” :

Ifonz = fll+]|f onTpr = 1| =20

A similar computation shows the second statement. O

We can now finish the section with the proof of Theorem 5 about the dynamical
properties of geodesic and horocyclic flows.

Proof of Theorem 5. For the mixing property of the geodesic flow we will see that, for
every square integrable function f with zero integral, all the accumulation points of
{f o g'}+>0 are zero a.e. We already know by Proposition 7 that these accumulation
points are h-invariant.



16 CHAPTER 3. FLOWS IN CURVATURE —1

Let us show that each h-invariant function f is zero a.e. This will prove the mixing
of geodesic flow g; and the ergodicity of the horocyclic flow i/ .

By the previous propositions f is also g; and h;-invariant. Since the three flows
generate the action of PSLy(R) by right multiplication, we deduce that

VA € PSLy(R), pra.e. x € X, f(zA) = f(z).

Applying Fubini’s theorem we get

p-ae. € X, prae. A € PSLa(R), f(zA) = f(x).

There exists at least one point zy in X such that for p-almost every A in PSLy(R), we
have f(xgA) = f(xo). Hence we deduce that f is constant almost everywhere. Since its
integral is zero, we conclude that f is zero almost everywhere.

The proof of the ergodicity for h; is done analogously. O

3.2 Geodesic and horocyclic flow on the hyperbolic plane

3.2.1 Unitary tangent bundle and geodesic flow

Recall that geodesic trajectories in the half-plane H are vertical lines and half-circles with
center on the real line. Geodesics themselves are parametrizations of these trajectories
by a constant multiple of the arc length parameter. The unitary tangent bundle 7' H
is the set of vectors of TH with hyperbolic length 1. For each v in T'H, let ~, the
geodesic satisfying ,(0) = 7(v) and 7/,(0) = v, where 7 : T'H — H is the projection.
In other words, -, is the geodesic trajectory with direction v parametrized by the arc
length, say ¢. For all v in 7" H, the geodesic v,(t) is defined for all ¢ in R, because both
ends of geodesic trajectories have infinite hyperbolic length, which is the reason why the
hyperbolic plane is complete. For the same reason, given any two distinct points in the
half-plane, there is a unique geodesic which joins them.

The geodesic flow {g; };er on the unitary tangent bundle is the flow g, : T*H — T1 H
such that, for all v in 7" H,

gt (v) = 7, (1)

The study of the dynamics of this flow, which has an indubitable geometric interest,
goes through the study of its asymptotic behavior. To do this, first we need to look at
the space T'H and the action of homographies.

Firstly, we need to introduce a distance on the unitary tangent bundle. We can do
this as follows: for two unit vectors v1, vz in T H with basepoints m(v1) = 21, 7(v2) = 22,
let v be the geodesic joining the two points and define a distance

d(vl,vg) = d(zl,Zg) + |91 — 92| y

where d(x1, x2) is the hyperbolic distance and 61, 05 are the angles between vy, vo and the
direction of v at points z; and z9, respectively, as we can see in Figure 3.1. In abstract
terms, this distance has a term measuring the distance between their basepoints and
a term measuring the angle between vectors, after moving them to the same tangent
plane by parallel transport on the geodesic which joins them. Notice that the hyperbolic
angles and euclidean angles are the same because the metrics are conformal.

From a more geometrical viewpoint, we can put a natural Riemannian metric on
T1'H, called the Sasaki metric. We will define it in general in Chapter 4. The distance
obtained from this metric can be seen to be equivalent to the given one.
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Figure 3.1: Vectors v; and vo in the hyperbolic plane.

Recall from Section 2.3 that orientation-preserving isometries of H are homographies
associated to PSLy(IR). The action of these homographies on H can be extended on T H
by

PSLy(R) x T'H — T'H
¥ ) v — dw(v)(p(v) = SD/(W(U)) v,
where both points and vectors are thought as complex numbers. From now on, by
writing ¢(v) we will denote the action of ¢ € PSLy(R) on v € T H.

The action of PSLy(R) on T'H has better properties than on H. This action is
simply transitive, i.e. given any two vectors on T H there exists a unique homography
in PSLy(R) sending the first vector to the second.

Proposition 9. The action of PSLa(R) on T H is simply transitive.
Proof. Let vy = (8%)Z in T; H. The element py in PSLy(R) defined by

_ cos(0/2)z +sin(0/2)
po(2) = — sin(0/2)z + cos(0/2)

fixes ¢ in H and rotates vy an angle # counterclockwise. Let v in 7' H with basepoint
x + 1y € H and let 0 be the angle between v and the vertical upward direction. Then,
the homography y - pg + x in PSLa(R) sends vy to v.

To see that the action is simple, it is enough to show that if some homography in

PSLy(R) fixes the vector vy, it is in fact the identity. Take an homography of the form

o(z) = gjig, ad — be = 1. The condition ¢(vg) = vy implies

az+b . . 7

—i, dip(vo) = ¢/(i) i = ——— =i
cz+d 2, (P(UO) (p(Z) ? (Cl+d>2 t

p(i) =

Then, it follows a = d, b = —cand ci+d = +1,s0 c =0 =b and a = d = £1 which
gives ¢ = id g

Homographies associated to PSLy(R) preserve the geometry of H, because they are
isometries: lengths and angles of vectors are preserved, geodesics are sent to geodesics,
the distance between points and the distance between vectors on 7! H is invariant. We
will make use of these properties in the sequel.
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3.2.2 Stable and unstable manifolds and horocyclic flows

Next we will introduce two important curves in the unitary tangent bundle which contain
information on the asymptotic behavior of the geodesic flow. We can define the stable
manifold and the unstable manifold at v € T'H as the sets

W) = {u e T'H| d(g:(0), gu(w)) =4 0},

W) = {u e T"H|d(gi(v), g:(w)) == 0},

respectively.
We can explicitly determine these sets. Firstly, we focus in the case vy = (a%)i in

T;H. Suppose that v in T'H is a vector with basepoint z such that d(g(vo), g:(u))
tends to 0 when t tends to positive infinity. The image of vy by the flow is given by

g¢(vo) = €' (%)eti. We see that
d(7(ge(v0)), 7(ge(u))) > d(e'd, Im (7 ())i) = |t — log Tm(u(1))|,

so Im(7,(t)) is unbounded when ¢ approaches the infinity. If the direction w is non-
vertical, then the image of 7, is a semicircle, so its imaginary part is bounded. If u

is vertical but downwards, there is also contradiction. We deduce that u is vertical

upward, so we can write u = Im(z) (a%) for some z in H. If z = = + iy, then g;(u) =
z

ely (a%) L By the same argument as before, we obtain a lower bound
z+etyi

d(m(g:(v0)), w(ge(w))) = d(e"i, e'yi) = [logy],

so y = 1. We have proved that the stable manifold W*(vg) is included in the set

). 7=y

Let us prove that, indeed, there is an equality. On one hand, if u = (ETy) , the
x+1

distance between the basepoints is

m t—+o00

d(m(g:(vo)), m(g¢(w))) = d(e'i, x + e'4) < g 0.

On the other hand, denoting by # the angle between the geodesic and the horizontal at
the point e’i, the angular part of the distance is
|z

|01 — O3] = 260 = 2 arctan <2t> 2Ee, .
e

See Figure 3.2 for a better understanding. This shows the assertion.

Secondly, using the fact that stable (and unstable) manifolds are preserved by isome-
tries, we can find the stable manifold at any vector. Given a vector v in 7' H, choose
the unique homography ¢ in PSLy(R) that sends vy to v. Then, the stable manifold at
v is W*(v) = p(W*(vg)). The projection on H of this set has to be a line or a circle,
because it is the image of a line by a homography. We observe that PSLa(R) sends the
set RU{oo} to itself. Since ¢ preserves angles, the set m(W#(v)) has to be tangent to
the line RU{oo}. If v is vertical pointing upward, m(W#*(v)) has to be the horizontal
line (perpendicular to v) that passes through m(v). In the other cases, 7(W?*(v)) is the
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(91 92

Figure 3.2: Two vertical geodesics starting at the same height.

unique circle tangent to R, passing trough 7(v), perpendicular to v and v pointing to the
interior of the circle. The stable manifold itself is the set of unit vectors with basepoint
at m(W?(v)), perpendicular to it and pointing inward.

Finally, unstable manifolds can be computed from stable ones using that W*(v) =
—W5(—v). Usually, the curves 7(W?#(v)) and w(W%(v)) are called contracting and
expanding horocycles, respectively. In Figure 3.3, we represent a contracting horocycle
and its stable manifold.

Figure 3.3: Horocycle and stable manifold on the hyperbolic plane.

The contracting horocyclic flow {h}scr is a flow on T1H that parametri- zes the
stable manifolds by the length parameter. For all v in 7' H, consider the unique ¢ in
PSL2(R) such that ¢(vg) = v. We define

o=((z),.)

Here we are using the fact that homographies respect stable manifolds and lengths, so,
since (8%) s+i is an arc length parametrization of the stable manifold at vg, W?*(vp), its
image by ¢ is so for the stable manifold at v, W?*(v) = p(W?*(vy)).

The expanding horocyclic flow {h, }yer does the same for unstable manifolds. The
homography p defined by p(z) = —1 takes the vector vy to —vo. Since we have W*(vg) =
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—W?(—wp), then we obtain that

r=er((3)...)

parametrizes the unstable manifold at v by arc length.

It is useful to introduce two new sets, called the weak stable manifold W#°(v) and
the weak unstable manifold W*°(v), defined by

W) = |J W) = |J au(W*(0).

teR teR
Wh(v) = U W*(gi(v)) = U gt (W*"(v)).
teR teR

Thanks to the previous description of the stable and unstable manifolds, that we may
call strong to differentiate from the weak manifolds, we see that the weak stable manifold
at a vertical upward vector is the set of unit vertical upward vectors with any basepoint.
In the other cases, the weak stable manifold is the set of normal inward vectors to circles
tangent to the real line with the same point of tangency as the circle 7(W#(v)).

3.2.3 Correspondence with the algebraic model

In this section, we establish the relation between geodesic and horocyclic flows on the
hyperbolic plane and the algebraic model we have described in the first section. The
map
U: PSLy(R) — T'H
@ — ¢(vo)

is a diffeomorphism. The easiest way to see it is to write the map in coordinates. It is
already clear that W is bijective.

A vector v in T H has coordinates (z,,0) € R x (0, +00) x R /27Z, where (z,%) in

H is the basepoint of v and 6 is the angle of v with the vertical upward vector (8%)( .
x?y

For example, the maps ¥ and U~! in the chart (Uy,1)1) of PSLa(R) and the previous
coordinates on T' H are

c+b(c® + d?) 1 c
U(b,c,d) = ( WETd) Erd —2 arctan (8) ,

0 ) =0 0
TCOS5 +ysing _sing COSZ>
)

VY RV R/
and we see they are differentiable because d is positive. Similarly, we can compute

the expressions of ¥ and its inverse in the other chart and we can see they are also
differentiable, so we deduce that W is a diffeomorphism.

(3.5)

\11_1(,7;,:% 9) - <

Next, we want to know what the geodesic flow on PSLo(RR) looks like once passed to
T'H by the previous diffeomorphism. If ¢ is in PSLy(R), we compute

W) = (¢ (0" 9)) = (2 (07 %)) ) =0 (" % ) wo)

— ( (fy)) = (g1 (t0)) = ge((0)) = G(T(9)),
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so it turns out that the geodesic flows defined on each side are conjugate by ¥, that is
to say, the following diagram is commutative

PSLy(R) —2— T'H

bk

PSLy(R) —— T H.

Similar computations show that the two horocyclic flows are also conjugated by W.

It is obvious that the (left) action of PSLa(R) on the space PSLy(R) and the action
of the same group on 7' H are conjugated as well. Then, for any discrete subgroup I' of
PSLy(R), the diffeomorphism ¥ induces a homeomorphism between the action quotients
'\ PSL2(R) and 7' H /T. Geodesic and horocyclic flow are well defined on 7' H /T and
conjugated to the ones in I'\ PSLy(R).

On the unitary tangent bundle 7' H, consider the pushforward by ¥ of the Liouville
measure p on PSLy(R), that we denote also by p. Automatically, the new measure is
invariant by elements of PSL2(R) and by the flows g¢, h] and h; . Then, there is a well
defined measure on the quotient 7' H /T" invariant by the geodesic and horocyclic flows.
The dynamical properties are respected by conjugation, so we deduce the following
result.

Theorem 6. Let T’ be a discrete subgroup of PSLa(R) with finite covolume. Then the
geodesic flow g on T'H /T is mizing and the horocyclic flows h}, h; are ergodic with
respect to the Liouville measure p on TYH /T .

The hypothesis of covolume finiteness for I' is equivalent to the finiteness of the
volume of the quotient space 7' H /T. We now take a closer look at this space.

Proposition 10. Let I' be a discrete subgroup of PSLa(R). Then, the subgroup I' acts
totally discontinuously on the unitary tangent bundle T*H. In particular, the quotient
TYH /T is a differentiable manifold.

Proof. Given any v in T' H with basepoint z in H, since the action of I' on H is properly
discontinuous, the orbit I'z is discrete. There exists a ball B(z,e) such that 'z N
B(x,e) = {x}. Denoting B = B(z,¢/2), we have that v(B) N B # () implies that the
homography « is in the stabilizer of . The lift 7' B of B to the unitary tangent bundle
T'H is an open neighborhood of v such that v(7'B) N T B # () implies that  is in the
stabilizer of z. But the latter is finite and we know that the only element of PSLy(R)
fixing v is the identity, so we can find an open neighborhood W of v in 7" H that satisfies
YyW)NW =0 for v # id. O

Recall that for H /T' being a manifold we need a stronger property than I' being
discrete, we need the subgroup I' to act totally discontinuously. Suppose I' acts totally
discontinuously on H. Then, the projection p : H — H /I" is a local isometry between
Riemannian manifolds. It can be naturally lifted to the unitary tangent bundles p :
T'H — T'(H /T). The latter is a covering map and the covering group turns out to be
I, therefore we obtain a natural diffeomorphism 7% H /T — T (H /T).

In Chapter 4, we will define what the geodesic flow is in a more general situation,
a complete Riemannian manifold with negative sectional curvature. The previous dif-
feomorphism conjugates the geodesic flow on T H /T with the geodesic flow defined on
the unitary tangent bundle of the manifold H /T".
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3.2.4 Liouville measure and Hopf coordinates

Nowadays, the Liouville measure on 7' H is usually defined to be the volume form of
the Sasaki metric. However, in this chapter we are not discussing this approach and we
just work with its expression in coordinates. We start by computing the expression of
the Liouville measure y in the coordinates (z,y, ).

Recall that the density of the Liouville measure on PSLy(R) is dp = 2 dbdedd.
Then, thanks to Eq. 3.5, we compute

0
Vodp = 2 |70 dedydd = L dr dy do.
VY dy?

The factor 1/4 appears as a matter of normalization, the usual Liouville metric does not
have the factor. The expression allows to deduce that, in the case that I' is subgroup of
PSLy(R) acting totally discontinuously on H, we have that

w(TH /T) = 27 Vol(H /T).
From this fact and Theorem 6, we deduce the next corollary.

Corollary 1. Let M be a complete Riemannian surface with curvature —1 and finite
volume. Then, the geodesic flow on T'M is mizing and the horocyclic flows on T M
are ergodic with respect to the Liouville measure.

Before ending the section we want to show how p can be written in a coordinate
system that has the weak stable manifold and the unstable manifold as axis.

Let v be a vector in T'H. In a vast majority of cases, the vector v does not point
vertically upward, therefore the associated geodesic trajectory is a semicircle perpendic-
ular to the real line at two points. The one that is in the positive direction of v will be
denoted by vy and the other by v_, as it is drawn in Figure 3.4.

Figure 3.4: Different coordinates of the hyperbolic plane.

The unstable manifold W*(v) is the set of normal outward vectors to the circle
tangent to the real line at v_ and containing the basepoint of v. Then, there is a unique
vertical upward vector in W*(v). Recalling that the weak stable manifold of the vertical
upward vector vg at ¢ in H is the set of all unit vertical upward vectors, the previous
vector can be written as g;(h(vg)) for some s,t in R.

On the other hand, the unstable manifold W*(vg) at vg is the set of normal outward
vectors to the circle containing ¢ and tangent to the real line at 0. There is exactly
one vector of W"(vg) that lies in the weak stable manifold, namely, the vector on the
semicircle containing 0 and v;. This vector can be written as h,} (vg) for some u in R.
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The values (s,t,u) are a system of coordinates defined on a subset of the unitary
tangent bundle. The origin of this system is the vector vy, the (s,t)-axis is the weak
stable manifold W*°(vp) and the u-axis is the unstable manifold W*(vp).

From Figure 3.4 we see that s = v_. The number ¢ is the distance between the circle
tangent to the real line at v_ of euclidean diameter one an the circle tangent at the same
point and pasing through the basepoint of v. Then, the values (v_, vy, t) are another set
of coordinates, called the Hopf coordinates. If we apply the homography z — —1/z, the
unstable manifold W"(vg) transforms to the horizontal line passing through . Then,
the image of h (vo) and the image of v; by —1/z lie on the same vertical line, so we
deduce that u = —1/vy.

We can establish the relation between these coordinates and the classical coordinates
(z,y,0). We can draw the semicircle representing the geodesic trajectory of the vector
with coordinates (z,y, ) and compute the two intersection points with the real axis to
obtain the expression of v_ and v4. Then we can use the homography z — 1/(v_ — z)
that sends v_ to 0o, 0o to 0, v_ +1 to ¢ and the tangent circle at v_ of euclidean diameter
1 to the horizontal line passing through 4. Then, ¢ is the distance between this line and
the image of the point x + yi, which is a very simple computation. By this method we
obtain the following relations:

v_ =x+ytan(0/2),

¥
T tan(0)2)

t =logy — 2log|cos(0/2)] .
T_he P_Iopf coordinates (z_;_, v, t) are well defined from the wh_ole space T'H to the
set (RxR—A) xR, where R = RU{oo} and A is the diagonal of R x R. Computing the

Jacobian of the transformations, we can write the expression of the Liouville measure
in the different sets of coordinates, obtaining

_ dxdydd 5 dv_dov,dt dsdtdu

du =
Y2

(or =0~ “(ut 1)






Chapter 4

Geodesic flow in negative
curvature

In this chapter we will study the geodesic flow in manifolds of varible negative curvature.
The main goal will be to prove the ergodic property of the flow when the manifold is
compact using the so-called Hopf argument. To understand the behavior of the flow it
is important to study the geometry of negative curvature. As we will see, the geodesic
flow is related to Jacobi fields, which at the same time are linked to the curvature of the
manifold. We will also need to formalize the notion of horospheres, which play the role
of horocyclic flow in higher dimension, and stable and unstable manifolds. All this will
be done in Section 4.1.

In Section 4.2, we will explain how the proof of the ergodicity proceeds and what
ingredients we need. It will remain to prove a rather technical property called absolute
continuity. In Section 4.3, we will look at a class of flows that generalize the geodesic
flow. They satisfy a property that will be needed in the proof of absolute continuity.
Finally, we will be able to prove absolute continuity and, thus, the ergodicity of geodesic
flow in Section 4.4.

This chapter is inspired in the notes [Bal95] of W. Ballmann, that include an ap-
pendix dedicated to the ergodic property of the geodesic flow.

4.1 Geometry in negative curvature

4.1.1 Geodesic flow

Our goal in this preliminary section is to define the geodesic flow in a general manifold
with a Riemannian metric. This flow is defined on the tangent bundle of the manifold
and it can be restricted to the unitary tangent bundle, that is where we will work.
Certain properties of the geodesic flow are reflected by its tangent map defined in the
double tangent bundle. Next, we provide a nice description of this space.

Let M be a Riemannian manifold. We assume that the reader is already familiar
with the structure as manifold of the tangent bundle TM of M. Let w : TM — M
denote the projection. We consider the bundle

£ =a*(TM) & 7*(TM)

of the tangent bundle T'M. The fiber at the point v in T'M is the space T, M & T, M,
where z = 7(v).

25
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We can also consider the tangent bundle TT'M of the manifold T M, know as the
double tangent bundle. For each Z in TT'M, there exists a curve V : (=0,0) = TM
such that V(0) = Z. Set c=m oV and define amap Z : TTM — £ by

1(2) = (¢0). 2 ).

where % is the covariant derivative of the field V' at 0 in the direction ¢(0).

Recall that a system of coordinates in the manifold M gives a compatible system of
coordinates of T'M. If we write the map Z in these coordinate charts, it is not difficult
to see the following result.

Lemma 2. The map L : TTM — & is an isomorphism of vector bundles.

From now on, we will identify the double tangent bundle TT' M to the vector bundle
& with no further mention.

To define the geodesic flow we will additionally suppose that the manifold M is
complete. Given v in T'M, let v, denote the unique geodesic satisfying v, (0) = v. The
geodesic flow g; : TM — T'M on the tangent bundle is then defined by

g:(v) = Yu(t), VteR.

Jacobi fields are very useful to describe the geodesic flow. Let us make a reminder of
these fields. Let v : [0,a] — M be a geodesic. We say that a vector field J : [0,a] — T M
along 7, i. e. mo J =, is a Jacobi field if it satisfies the Jacobi equation

J"(t) + R(5(t), J(t))¥(t) =0, Vte0,a], (4.1)

where J” stands for the second covariant derivative of J in the direction of the geodesic
4(t) and R is the Riemann curvature tensor.

The Jacobi equation 4.1 is a linear differential equation of second order, so given
initial conditions J(0) and J'(0) there exists a unique solution of the equation. The
following result is easy to prove with some computations, but it is out of the topic of
this dissertation. It can be found in Chapter 5 of [dC92].

Lemma 3. Let V : [0,a] = TM be a field with V(0) = v. Then the field J defined by

0

J(s) = g

() (s)
t=0

is a Jacobi field on the geodesic .

Let v in TM and let (X,Y) be a vector in T,,7M. Consider a smooth curve V on
TM such that ¢(0) = X and %(0) =Y. We consider the Jacobi field

0

J(s) = g

MW () (s)
t=0

on the geodesic v,. The tangent map of the geodesic flow is

d
dvgs(Xv Y) = 7

RO

t=0

If we denote W (t) = gs(V(t)) = Jv () (s), then mo W (t) = yy()(s) and we obtain

D

4. 1) = (wowy . 27 0) = (5] w5

"YV(t)(S)>

t=0 t=0
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(70 5] Fove) = (1652 5| we) = 0.0

The Jacobi field J is determined by J(0) = X and J'(0) =Y. We deduce the expression
of the differential of the geodesic flow.

t=0

Proposition 11. Let s € R and v € TM. The tangent map of the geodesic flow
gt : TM —TM acts by
dugs(X,Y) = (J(s), J'(s)),

where J is the unique Jacobi field such that J(0) = X and J'(0) =Y.

Let us now talk about the Sasaki metric on the unit tangent bundle that we have
already mentioned. Using the decomposition of the double tangent bundle, for all
(X1,Y1),(X2,Ys) in TTM, we define the metric

(X1, Y1), (X2, Y2)) = (X1, Xa) + (Y1, Y2), (4.2)

where the right products are done using the Riemannian metric of M. This endows the
tangent bundle with a structure of Riemannian manifold.

We introduce a differential 1-form on T'M by
ay((X,Y)) = (v, X),
for v in T'M, and a differential 2-form
w((X1,11), (X2, Y2)) = (X2,Y1) — (X1, Y2). (4.3)

Working in coordinates we can see that da = w. Next, we observe that w is invariant by
the geodesic flow. Let .Ji,.Jo two Jacobi fields such that J;(0) = X; and J/(0) = Y; for
i = 1,2. Then, using the Jacobi equation and the symmetries of the curvature tensor
we have

%W(dvgt(Xl,}q))dvgt(X%YQ)) = % (<J2(t)) J{(t» - <<]1(t)v Jé(t»)

- <J27 J{/> - <J17 J£I> = _<R(7U7 Jl);)/’ln J2> + <R(’}/’U7 JQ);YQH J1> = 0

We claim that w™ is the volume form of the Sasaki metric. This follows from the
fact that w™ evaluated at an orthonormal basis is 1. In effect, for a fixed v in T'M take
an orthonormal basis eq,...,e, of L) M. Then the vectors Fy,G1, ..., F,, Gy, where
F;=(0,¢) € T,TM and G; = (e;,0) € T,TM, form an orthonormal basis of the Sasaki
metric 4.2. Using 4.3 we see that the form w, in the dual basis is written

n
Wy = ZF;‘ NGy
i=1
It follows that
wy =FFANGIN---NFy NG

and we conclude that w” is the volume form. The measure associated to this volume
form w™ is called the Liouwville measure and it is invariant by the geodesic flow, because
w is.

Let us turn our attention to the unitary tangent bundle 7' M, which is a submanifold
of T'M of one dimension less. An important remark is that the normal direction of this
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submanifold at the point v in T'M is given by (0,v) in T,7M. Consequently, the
tangent spaces of this submanifold can be described as

T,T'M = {(X,Y) € T,TM|Y Lv}.

The geodesic flow sends the unitary tangent bundle 7'M to itself. The differential
forms o and w can be restricted to T* M, we also denote them « and w. The fact that we
are in the unitary tangent bundle implies that « is also invariant by the geodesic flow.
For all v in T'M and (X,Y) in T, T* M, take the Jacobi field J such that J(0) = X and
J'(0) =Y and compute

et (ot (X, V) = 0y (10, 7(0)) = 5 G0, T(0)

= <;7v(t)7 ']/(t)) = <;Yv(0)7 J/(O)> = <va> =

The unitary tangent bundle inherits a Riemannian structure, whose volume form at

point v in T'M is

n n—1
L(0,0)Wy = TLL(0,0)Wo Nwy

but for all (X,Y) in T,T' M, we have

L0,0)wWo (X, Y) = wy((0,), (X,Y)) = (v, X) = a(X,Y),

so we deduce that the volume form of the unitary tangent bundle is ¢(g ,yw" = naAw" L.

The measure defined by this volume form is also called the Liouville measure. We have
proved the following result.

Theorem 7. Let M be a complete Riemannian manifold. The Liouville measure on the
unitary tangent bundle T'M is invariant by the geodesic flow g : T'M — T1M.

Let us show what the Sasaki metric looks like in the case of the hyperbolic plane.

We use the coordinates (x,y) in H. Then the tangent bundle 7'H has a compatible set
of coordinates (z,y, &, n), where for all v in TH, Z(v) = z(7w(v)), y(v) = y(7(v)) and

v=¢(gx)  (5)
9% ) 7 (w) 0Y ) n(wy

The unitary tangent bundle 7! H is equipped with the coordinates (z, 7, ) as in Chapter
3.

First of all we need to compute the expression of the basis of the tangent space of
T H via the identification Z. We obtain

()= ((22) 5 (G) -5 ()
(@)=(@) @) &)
)= (@)
)= @)

7z

(@
(

:
(>

o€
9
n
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To obtain the expressions in the coordinates of 7' H we set £ = —rsinf, n = r cos§ and
we let r = 1. Using the definitions of the Sasaki metric we compute its matrix in the
basis of (z,y,6),

< | OQM‘M
oS ©
— OoOe=

It follows that the volume form in these coordinates is

V2

¥ dzdydo
Y

which coincides with the Liouville measure density we used in Chapter 3, up to a con-
stant.

4.1.2 Jacobi fields in nonpositive curvature

In the previous section, we have seen that there is a relation between the geodesic flow
and Jacobi fields. In the present one, we will study some properties of the Jacobi fields
in nonpositive sectional curvature that will be needed in the future.

Let us introduce a particular type of Jacobi field.

Definition 5. Let M be a Riemannian manifold of nonpositive curvature. We say that
a Jacobi field J along a unit speed geodesic v : R — M is stable if its norm is bounded
for nonnegative time, i.e there exists a constant C' > 0 such that foll all ¢ > 0 we have

()] < C.
We will need the following properties which are proved in [Bal95, IV.2.8].

Proposition 12. Let M be a Riemannian manifold of nonpositive curvature and -y :
R — M a unit speed geodesic. Set p = ~y(0).

(1) For all vector X in T,M, there exists a unique stable Jacobi field Jx along v such
that Jx(0) = X.

(ii) Let {vn}nen a sequence of unit speed geodesics converging to . Let J, be a Jacobi
field along vy, for all natural n. Suppose that J,(0) — X and that there is a
constant C' > 0 and a sequence of real numbers converging to infinity t, — +o0
such that || Jy(t,)|| < C for all n. Then we have J, — Jx and J;, — J

The main goal of this section are the following estimates of stable Jacobi fields, which
will allow to control the growth of the geodesic flow.

Proposition 13. Let M be a Riemannian manifold of nonpositive curvature, v : R — M
a unit speed geodesic and J a stable Jacobi field along v perpendicular to .

(i) If the curvature of M along the geodesic vy is bounded from above by —a?, where
a > 0, then we have

O < 17O and |70 > allJ@)] >0,

(ii) If the curvature of M along the geodesic vy is bounded from below by —b?, where
b >0, then we have

1O = 17O ™ and [|7@)]| <blI@)] V> o0.
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We will show how the proof goes in the case of curvature bounded from above. The
proof for the second case does not follow the same method. We start with a lemma that
estimates the second derivative of the norm of a Jacobi field.

Lemma 4. Let v : R — M be a unit speed geodesic. Suppose that the curvature of M
along v is bounded above by a constant k. If J is a Jacobi field along v perpendicular to
4, then for all t where the field J does not vanish we have

1717 () = =k || 7]| (2).

Proof. We compute the second derivative

" <J/7J> /_ 1 " ’oqr _(J/7J>2
11" = (S552) = o (e e - )

1

_ L (B3, D). J)
[Pl

R 2 (
(CRGD3 D T+ P11 = 070)7) 2 =2
The sectional curvature at the plane spanned by + and J is

(R(¥, )Y, J) (R(%, 1), J)

I 111 = (3, )2 1711*

and is smaller than k. Hence, we obtain the lower bound of the second derivative. [

The same computation shows that in the case of nonpositive curvature the function
|.J|| is convex, so it cannot have more than one zero if the Jacobi field is nonzero. If J
is a Jacobi field such that J(0) = 0, then the consequence of the lemma is valid for all ¢
different from 0. In addition, we observe that the tangent direction of a Jacobi field is

(1), 7 (1)) = (1(0),7'(0))t + ((0), J(0)),

so if J(0) = 0 the fact that J is perpendicular to 4 means that J’(0) and 4(0) are
perpendicular.

Proposition 14. Let v : R — M be a unit speed geodesic. Suppose that the curvature
of M along v is bounded above by a constant k = —a® < 0. If J is a Jacobi field along
v with J(0) =0, J'(0)L4(0), then for t > 0 we have

171" (t) = acoth(at) |7(t)] -
Proof. By Lemma 4, the quantity
(171 (¢) sinb(at) — a 7] () cosh(at))’ = (I7]" () — a*[|T| (t)) sinh(at).
is nonnegative for positive time ¢. Then, for ¢ > 0,
|lJ]|" (t) sinh(at) — a ||.J|| (t) cosh(at) > 0, (4.4)
and the statement follows. O

With these ingredients we can prove the estimates for the case of bounded above
curvature.
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Proof of Proposition 13 (i). For each n > 1 consider the Jacobi field J,, along v such
that J,(0) = J(0) and J,(n) = 0. Notice that J is perpendicular to 7 at least at two
points, so it has to be perpendicular everywhere. Proposition 14 applied to the field J,

defined by J,(t) = J,(n —t) gives

(t) > acoth(at). (4.5)

Integrating both sides of 4.5 we obtain between n — t and n, and then taking the
exponential, we obtain for ¢t <n

[BAG)]
[ u(n— )]

sinh(an)
sinh(a(n —t))’

(t) > (4.6)

Equations 4.5 and 4.6 in terms of J,, and J are
[Jnll () < —acoth(a(n — 1)) [[Ja(B)]]

[J2 ()] _ sinh(a(n —1))

|J(0)| = sinh(an)
Proposition 12 implies J,, — J and J], — J’ when n tends to infinity. The limit of the
last expression gives the first formula in the statement. For the other we notice that

Iny J;,
] = e

and use the previous bounds.
O

To finish the section we state an estimate of the distance between two geodesic flow
orbits that will be needed later [Bal95, IV.2.10]. We let d; denote the distance on the
unitary tangent bundle.

Proposition 15. Let M be a Hadamard manifold. Suppose that the sectional curvature
is pinched between two constants —b> < —a? < 0. Then for every constant D > 0 there
exist constants C,T > 1 such that

di(g¢(v), ge(w)) < Ce™dy(v,w), 0<t<R,

where v and w are inward unit vectors to a geodesic sphere of radius R > T in M with
basepoints x and y at distance less than D.

4.1.3 Horospheres

We continue the study of the geodesic flow, this time we will look at some objects called
horospheres that are intimately related to the stable and unstable manifolds. To define
them we will first talk about Busemann functions. We will work on a Hadamard mani-
fold M, which is a simply connected, complete Riemannian manifold with nonpositive
curvature.

Definition 6. A ray o : [0, +00) — M is a unit speed minimizing geodesic.

The word minimizing means that, for all ¢,¢ in [0, +00), the distance between ~(t)
and (t') is [t — t’|. A geodesic is always locally minimizing, but here we are requiring
that it holds globally.
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Definition 7. Two rays o1, 09 are asymptotic if d(oy(t), o2(t)) is bounded uniformly in
t>0.

To be asymptotic is an equivalent relation over the set of all rays in M. We define
the closure of M as the set of equivalence classes by this relation and it will be denoted
by M(o0). If £ is an equivalence class of asymptotic rays and o is a ray in &, we will
write o(00) = &.

Let oy, : [0,1,,] be sequence of unit speed geodesic segments on M of length tending
to infinity, i. e. [, — 4+00. We say that the sequence o,, converges to a ray o of M if
for all real numbers € > 0 and R > 0, there is a natural ng such that , for all n > ny,
we have [, > R and

d(on(t),0(t)) <e
for t in [0, R).

To continue our discussion we need the next fact from nonpositive curvature geom-

etry (see [Bal95, 1.5.4]).

Lemma 5. Let M be a Hadamard manifold and let 01,09 : I — M be two unit speed
geodesics on M. Then the function

d(o1(t), o2(t))
of t is conver.

Thanks to this lemma we can prove the following fact about rays.

Proposition 16. For each x in M and each & in M(c0), there is a unique ray oy ¢ -
[0, +00) = M such that 0,¢(0) = x and o,¢(00) = &.

Sketch of the proof. The unicity follows from the fact that if o1, 09 are two asymptotic
rays starting at the same point, then the function

d(01(t), 02(t))

of t € [0,+00) is 0 at the point 0, is bounded and it is convex by Lemma 5, so it is 0
everywhere.

Let o be a ray representing £&. We consider the parametric family of geodesic segments
or connecting the point x to the point o(T'), where T' > 0. Using again the properties
of the manifolds with nonpositive curvature (see [Bal95, I1.2.1]), we prove that: given
two real numbers € > 0 and R > 0, there exists Ty > 0 such that T, .5 > T implies

d(op(t),os(t)) < e

for all ¢ in [0, R].
We deduce that o7 converges to some ray o, ¢ starting at x and asymptotic to o, or
equivalently o, ¢(00) = &. O

Let us introduce an essential notion related to the horospheres.

Definition 8. Let x be a point in M and £ a point of the closure M (o0). The Busemann
function by ¢ : M — R at § based at x is defined by

beg(2) = lim (d(o(t),2) — 1),

t——+00

for all z in M, where 0 = 0, ¢ is the unique ray such that o, ¢(0) = x and o, ¢(00) = &£.
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The limit in the definition exists because the function h(t) = d(o(t), z) —t is bounded
from below and decreasing. In effect, we have

t =d(c(0),0(t)) < d(c(0),z) +d(z,0(t)),
so h(t) > —d(x, z) and if ¢ > t, we also have
d(o(t'),z) <d(o(t'),o(t)) +d(a(t),z) =t —t+d(o(t),2),

so h(t") < h(t).

The Busemann function is continuous, in fact, a simple computation shows that
|ba,e(y) — bag(2)] < d(y, 2).

We want to see that Busemann functions are approximated by some simpler func-
tions. Let b, : M — R denote the function defined by

bey(2) = d(y, z) —d(y, x).

Definition 9. We say that a sequence of points {z,, },cn converges to a point £ of the
closure M (oco) if the distance d(x,z,) — +0o and the minimizing geodesic segments
Ozo,a, connecting the point zg to the point x,, tend to the ray o, ¢.

We remark that the previous definition does not depend on the point zy in the
following sense: if {x,} is a sequence converging to £ in M (oc0) and y is a point in M,
then the geodesic segments oy ., converge to the geodesic ray o,¢. It can be seen with
a similar argument to the one used in the proof of Proposition 16.

The reason for introducing these last notions is the following result.

Proposition 17. Let {x,} be a sequence converging to & in M(oco) and x be a point in
M. Then we have

Proof. The fact that 0., — 0,¢ implies that d(o,¢(d(x,xp)),zn) — 0 as n — +o0.
In addition, we have d(z,x,) — 400, and therefore, for all z in M,

bpe(2) = lm (d(oge(t),z) —t) = lim (d(oge(d(z,zn)), 2) — d(z,2n))

t—+o0 n——+4oo

= lim (d(zy,z2) —d(z,,z)) = lm by, (2).

n—-+o0o n—-+00

d

In the previous proposition we have proved that Busemann functions are a pointwise
limit. In fact, it can be seen with some geometry of nonpositive curvature that the
convergence actually is uniform on compact sets [Bal95, II]. This fact will be used in
this dissertation without proof.

A horosphere is a level set of a Busemann function. More precisely, for some x in M
and £ in M (o0), the level set

{2z € M|[by¢(2) = 0}

is called the horosphere centered at § passing through x. Observe that b, ¢(x) = 0 so the
point z is contained in a horosphere passing through x.
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It is clear that, for all points x,y, z,w in M, the equality

bz,w(2) = byw(2) = bzw(y)

holds. By applying it to the points z, y, z, w,,, where w, is a sequence of points converging
to £ in M(00), and passing to the limit, we obtain the equality

brg(2) = bye(2) = bre(y).
This implies the equality between horospheres
{2 € M|bye(z) = R} ={z € M|bye(2) = R+ boe(y)},

where R is a real number, so the set of horospheres given by the function b, ¢ is the
same as the set of the ones given by b, ¢, whatever the points x and y in M are.

Let x be a point of M and {z,} be a sequence of points of M converging to & in
M(o0). The level set b} (0) is the sphere centered at x,, passing through z. Since we
have by, — by ¢, we can say that the horosphere centered at § passing through x is the
limit of spheres passing through = when their centers tend to ¢ and the convergence is
uniform on compact sets.

Now we introduce some subspaces of the unitary tangent bundle T'M. The (strong)
stable manifold at v in T'M is the set

W* () = {w € T"M |d(3,(t), 7u(t)) = 0},
First of all, we also remark that
g (W?(w)) = W?(gi(v)) VteR.
In the next proposition we reveal the relation between stable manifolds and horospheres.

Proposition 18. Let v be a vector in T'M with basepoint x and let & denote the
asymptotic class of the ray associated to v. Then the stable manifold at v is the set
of vectors with associated ray in £ and starting point on the horosphere centered at &
passing through x, i. e.

W) = {6y,¢(0) |y € M, by ¢(y) = 0},

Proof. Let w be a vector in W?*(v) with basepoint y in M. The ray o, ¢ is the restriction
of the geodesic -, starting at v to nonnegative time. Moreover, it is clear that -, and
7w are asymptotic, so o, ¢ is the restriction of the geodesic v,, to nonnegative time and
it follows that w = d,¢(0). Let us show that b, ¢(y) = 0. We have

be(y)] = Jim_|d(0e(t),y) —t] = Jim_|d(ore(t),y) — d(oye(t),y)] <

t—+o0
Jim d(og (1), oy,6(t) = lim d(y(t), (1)) = 0,
so y is in the horosphere centered at & passing trough x.
Conversely, let y be a point in the horosphere centered at £ passing through = and

we must show that
t——4o00

d(oge(t), oye(t)) 0.

For any sequence of real numbers ¢, — 400, consider the sequence of points z,, =
04.¢(tn). This sequence converges to £ in the closure M (oco). Then we have

d(026(tn) oy e(tn)) = d(@n, oy e(d(z, 20))) < d(Tn, 0y e(d(y, zn)))+
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A0y (. 70)), 7y (A, 20))) = A, 0y (A, 20))) + |d(n, y) = d(zn, )|
= d(Tn, 0y e(d(Y, Tn))) + |bz,z, (Y)]

and both terms tend to zero, the first because oy ., — o0y¢ and the second because

We define the weak stable manifold at v as the set
We°(v) = {w € T M | 7,(00) = y(c0)}.

It is clear that the strong stable manifold is included in the weak stable manifold and
that the weak stable manifold is the same along the orbit of a vector by the geodesic
flow. In fact, we will prove that each point in the weak stable manifold is on the strong
stable manifold of one of these vectors, i. e. we have the equality

W) = |J W (ao)). (47)
teR
Let w any vector in W*°(v) and denote x = 7(v), y = m(w) and £ the asymptotic class
of the rays generated by v and w. Then y is in the horosphere centered at £ and passing
through 7, (t0), where tg = —bg ¢(y), so w is contained in W*(gs,(v)). In effect,

by, (to),e () = bae(y) + by, (10),6 (%) = bre(y) + 1o = 0.

For every ¢ in M(o0), we introduce a vector field vg defined for all z in M by
ve(2) = 02,¢(0). Then the weak stable manifold is described as

W (v) = {ve(2) |z € M}
where £ = 7, (00). The next proposition helps to understand stable manifolds.

Proposition 19. Let M be a Hadamard manifold, x a point in M and £ a point on the
closure M (cc). Then the Busemann function by ¢ at & based at x has regularity C? and
we have

grad b, ¢ = —v¢ (4.8)

and for all z in M and X in T,M the covariant derivative of the previous fields is
DX(grad b$75) == —JS((O),
where Jx is the stable Jacobi field along the ray o, ¢ with Jx(0) = X.

Sketch of the proof. For y in M consider the unitary radial field v, centered at y, given
by vy(2) = 6.4(0) for all z in M. The first property is true if we replace horospheres
for spheres, i. e. for all points x,y in M, we have

grad b, , = —vy.

Then applying the previous equality to a sequence of points converging to & and using
the uniform convergence on compact sets to the Busemann function b, ¢ we get that it
is C! and that grad by = —vg.

Let z,y be two points in M and X be a vector in T, M, consider the Jacobi field Jx
along o, with conditions Jx(0) = X and Jx(d(z,y)) = 0. Some computations show
that

Dxvy = J5(0)*,
where J% (0)* indicates the component of J4 (0) orthogonal to v,(z). Again we have to
apply the previous equality to a sequence of points converging to £ and use properties of
nonpositve curvature to obtain the covariant derivative of the gradient of the Busemann
function on the left side. The right side converges to the stable Jacobi field along the
ray o, ¢ with initial condition X by Proposition 12. O
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We deduce that the weak stable manifold at v is the set
W#°(v) = {—gradby¢(2) |z € M}
where x = 7(v) and £ = ~,(0), and the stable manifold is
We(v) = {—grad by ¢(2) |z € M, by ¢(2) = 0}.

In other words, the stable manifold at v is the set of normal inward vectors to the horo-
sphere centered at & passing through 2. We also deduce that W?*(v) is a C'! submanifold
of the unitary tangent bundle T M.

The set of tangent spaces to the stable manifold form the so-called tangent distribu-
tion E% of W%, These spaces are

Ef(v) = T,Wiw) = {(X,Y) € T,T'M | X 1v, Y = Jx(0)},

because the first component has to be tangent to the horosphere, thus perpendicular
to v by Proposition 19, and the second has to be J% (0), where Jx is the unique stable
Jacobi field along -, with initial condition X.

The stable manifold at v can be also defined as
W*(v) = {w € T'M | di(g:(v), g1(w)) =2 0},

where d; is the Riemannian distance associated to the Sasaki metric on the unitary
tangent bundle T'M. If we add some hypothesis to the manifold M, the two definitions
are equivalent because of the following lemma.

Lemma 6. Let M be a Hadamard manifold with sectional curvature pinched between
two negative constants. Then the distance di associated to the Sasaki metric on the
unitary tangent bundle T'M is equivalent to the distance d given by

d(v,w) = d(7,(0), 7 (0)) + d(7 (1), 7(1)) Vo, w € T'M.

This implies the equivalence of the two definitions because if two geodesic converge,
d(vs(t),7(t)) — 0, then in the distance of the lemma we have

d(gt (1)), gt(w)) = d(r)/gt('u) (0)7 Yot (w) (0)) + d(’)/gt('u) (1)7 Vgt (w) (1)) =

d(yo(£), Yo (t)) + d(yo (t + 1), 7o (t + 1)) = 0,

so they converge also in the distance dy. The converse is clearly true.
The unstable manifold at v in T*M is the set

Wi (v) = {w € T*M | d(7,(t), 7 (t)) == 0}.

All the results seen in this section are still valid for the unstable manifold if we reverse
the time. In fact, since g_;(v) = —gi(—v) for all real t and v in T M, we see that the
unstable manifold at v is
W (v) = =W?(—v).
Similarly, we can define the weak unstable manifold.
So far we have worked under the hypothesis that M is a Hadamard manifold. For
a complete Riemannian manifold M with nonpositive curvature which is not simply

connected, then its universal cover M is a Hadamard manifold. We can define the
strong (weak) stable (unstable) manifold at v in 7'M as the projection of the stable
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manifold at one lift ¥ of v. In the same way, horospheres, tangent distributions E*, E",
etc. are moved to the manifold M.

To finish the section, let us compute the horocycles (this is the name that receive
horospheres in dimension 2) for the case of the hyperbolic plane. Some computation
show that asymptotic classes of rays are identified with the endpoint of the geodesic
contained on the border RU{oo} of H.

We compute the Busemann function at co based at i. The geodesic joining i to
infinity is o(t) = ie’. Let z = z + 4y in H and consider the point 7(t) = z + ie’. A
computation using hyperbolic lengths shows that the distance between z and o(t) is
bounded below by the distance between z and 7(¢). On the other side, the length of
the path joining z and 7(t) vertically and then joining 7(¢) to o(t) is greater than the
distance between z and o(t). Hence, we obtain

t—to=d(z,7(t)) <d(z,0(t)) <d( (t))+M—t—t +m

O - Z7 T - Z? o —_ Z7 T et - 0 et )
where tg = logy and we assume that ¢ > t3. Therefore, the Busemann function at the
point z is
bioe(z) = Jim_(d(o(t), 2) ~ 1) = 1 = ~ log Im(:).

We deduce that the horocycles centered at infinity are just horizontal lines. Using the
fact that Busemann function are preserved by isometries, we can obtain the horocycles
centered at a given point £ in R. They are the images of horizontal lines by homographies
of PSLa(R) that send oo to &, that is to say, circles tangent to the real line at the point
&. They coincide with the projections of stable manifolds that we gave in Chapter 3.

4.2 The Hopf argument

Our ultimate goal is to prove the ergodicity of the geodesic flow with respect to the
Liouville measure on a compact manifold of negative curvature. In other words, we
have to show that every g,-invariant function is constant almost everywhere. Morally,
the proof has two steps: firstly, we show that an invariant function by the flow is
invariant by the stable and unstable manifolds, in some sense that we will specify, and
secondly, we will use a regularity property of the stable and unstable manifolds, called
absolutely continuity, to conclude that if a function is invariant by these manifolds, then
it is constant almost everywhere.

The key point of this argument is the absolutely continuity of the stable and unstable
manifolds. The previous argument was first applied by E. Hopf in the case of surfaces
of curvature —1 of finite volume [Hop36]. It was the first known proof of the ergodicity
of geodesic flow in this situation, which is the reason why this way to proceed is known
as the Hopf argument. We will add some remarks later to explain why the stable and
unstable manifolds are absolutely continuous. The proof of absolutely continuity when
the curvature is variable requires a more technical study of the stable and unstable
manifolds, that we have already started and we will finish in the next sections.

4.2.1 Foliations

We will use the language of foliations, because it captures the essence of the problem.
If W = {W,};cr is a partition of the manifold X, for all z in X, we will denote by W (x)
the unique element of W that contains z. In addition, let B* denote the closed unit ball
of R¥.
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Definition 10. Let X" be a manifold. A k-dimensional C°-foliation with C' leaves is
a partition W in k-dimensional connected C'' submanifolds such that, for all z in X,
there exists a neighborhood U of 2 and a homeomorphism ¢ : B¥ x B"* — U with
©(0,0) = z satisfying, for all z in B"*,

(i) the image by ¢ of the set B¥ x {2} is the connected component W ((0, 2)) of
W((0,2)) N U containing ¢(0, z),

(ii) the map ¢(-,2) is a C! diffeomorphism between B* and Wi ((0, 2)), depending
continuously on z in the C'-topology.

We will say that W is a C'-foliation if the map ¢ is a diffeomorphism.

The set of stable and unstable manifolds are examples of C-foliations with C'-leaves
of the unitary tangent bundle 7'M, in Section 4.1.3 we discussed their regularity. We
will refer to them as the stable foliation W?*, the unstable foliation W* and analogously
for the weak ones, W*° and W"°.

Definition 11. Let X be a Riemannian manifold of finite volume and W be a partition.
We say that a function f : X — R is invariant by the partition W if there is a set €2 with
complement of zero volume measure such that, for all z,y in , the fact that y € W(x)
implies that f(y) = f(z).

Let ®* be a continuous flow on X. For all z in X, we define the stable set at = as
the set
Vi(2) = {y € X |d(@'(2), 8 (y)) = 0}

The stable sets form a partition V. There are also the weak stable sets, defined as

Vo) = o) = | wie' @),

teR teR

which form the weak stable partition V*°. Analogously we can define unstable partitions
V% and V*°.
We recall the Birkhoff ergodic theorem.

Theorem 8. Let (X, A, ) be a finite measure space, ' be a measure preserving flow
and f: X — R and integrable function. Then, for p-almost every x in X, the Birkhoff
averages

T
7| et

converge when T tends to infinity to a ®'-invariant function f in L'(X, ) and / fdu =
J fdu.

From this fact, we can deduce the first step of the Hopf argument. We will let du
be the volume form of the Riemannian manifold X and g the volume measure.

Theorem 9. Let X be a Riemannian manifold of finite volume and ® a continuous
flow on X preserving the volume measure. Let f : X — R be a ®'-invariant function.
Then f is invariant by the partitions V, V¥ V3 and V4.

Proof. By modifying the function f on a set of zero measure if necessary, we can suppose
that it is strictly invariant, i. e. f o ®* = f for all real ¢.

By Lusin’s theorem, given a number ¢ > 0, we can fix a Borel set F' such that
w(X \ F) < ¢ where the function f is uniformly continuous.
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The Birkhoff ergodic theorem applied to the indicator function of the set F' says that
the average time spent by the orbit of z in the set F’

1
= lim —\{te€[0,T]|®'(z) e F
re(e) =l ({1 € 0,7)]@'(2) € F))
is defined for a.e. x in X, X\ being the Lebesgue measure. In addition, the set Ap =
{rr > 1} is invariant, because 7 is.

Suppose that = and y are two points in Ap such that y € V*°(z). There exists a
point z in V*¥(z) and a real number t; such that y = ®%(z). Then 2 is also in Ap
because 7 is invariant by the flow. Since 7p(z),7p(z) > 3, there exist a sequence of
real numbers ¢, converging to infinity such that ®'(z), ®!n(2) € F for all n. We also
know that the distance between the orbits of x and z goes to zero because they are in
the same stable set. Because of the uniform continuity on F' and the invariance of f, we
have

’f(l’) - f(y)’ = |f(x) — f(Z)| = ’f(q)tn(x)) _ f(q)t"(z))‘ m) 0.

The property holds in the set Ap. Observe that its complement is A% = {7pc > %}

and it has measure
Ldp < /
A

uai) = [

Therefore we can consider a sequence of sets A,, such that u(AS) < 27", for all nat-
ural n, where the property holds. Then the sequence of sets B, = Ni>, Ay is increasing
and the measure of their complements goes to zero. That allows to conclude that there
is a set of full measure where the property is true.

27pe dp < 2/ Tpe dp = 2u(F°) < 2e.

c c
F F X

The proof for the weak stable partition is analogous. The case of strong partitions
is clear from the weak ones. O

In the case of the geodesic flow, stable and unstable partitions correspond to the
stable and unstable foliations W* and W*" and the involved measure is the Liouville
measure.

4.2.2 Absolutely continuity

The second step in Hopf argument is the passage from the invariance on stable and
unstable foliations to the fact that the function is constant at least on a neighborhood
using a version of the Fubini’s theorem. But the foliations have not enough regularity a
priori, so we will need to introduce a new property, the absolute continuity, that allows
to complete the argument.

A transversal L of a k-dimensional foliation W on some manifold X is a (n — k)-
submanifold of X such that at every point = in L the tangent spaces of W (x) and L are
a direct sum T, L & T,W(x) = T, X. The induced volume form on a submanifold Y of
X will be denoted by duy .

Definition 12. Let X be a Riemannian manifold, W be a k-dimensional C°-foliation
with C'-leaves We say that W is absolutely continuous if, for every transversal L and
for every open set U of X such that

U= [] Wu(a),

zeLNU
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where W, (z) is the connected component of W (z) NU containing x and it is diffeomor-
phic to B¥, there exists a family of positive measurable functions §, : Wy (z) = R, = €
LN U, such that for every measurable subset A of U we have

H(A) = /L B /WU(@ 14(4)6(y) dpwy (o) (4) dpzow ().

The definition is a way of saying that the volume measure on the manifold can
be locally decomposed as a sum of measures on each leave of the foliation that are
equivalent to the induced volume measure. We have defined this new property because
of the following essential fact.

Proposition 20. Let X be a connected Riemannian manifold and let W1, Wy be two
absolutely continuous foliations of X such that at each point x in X we have T,W1(z)®
T, Wa(x) =T, X. Let f : M — R be a measurable function. If the function f is invariant
by the foliations W1 and Wy, then it is constant almost everywhere.

Proof. Let N1, N be null subsets such that for all z,y € Ni, No, the fact that y €
Wi(z), Wa(z) implies f(z) = f(y). We set N = N1 U N3 and consider the full measure
subset X = X \ N where f is constant on the leaves of both W; and Wh.

Let x be a point in X. By hypothesis W;(z) is a transversal of the foliation Ws.
There exists a neighborhood U of x satisfying

U= I WwWw.

yeEW1y ()

The volume measure of N NU is zero. By the absolute continuity of Ws we deduce
that for a.e. y in Wiy (z) the set Wy (y) \ N has full pyy,, (,)-measure. We fix an y that
has an open neighborhood V' C U of y containing x and such that V is the union of the
local leaves Wiy (2) for z in Way (y). On the set War(y) \ N the function f is constant
equal to ¢ in R.

We consider the subset

0= U le(z)

2€Way (y)\N

of V. Then, since Wy(y) is a transversal of the foliation W7, by the absolute continuity
we get that  has full measure in V. Every point w in Q \ N is in the Wj-leaf of
some z in Way (y) \ N. Since the function is constant in the leaves of W; outside NV, it
follows f(w) = f(z) = c¢. Finally, the set 2\ N has full measure in the neighborhood
V of x, hence f is locally a. e. constant. We conclude that f is a.e constant on X by
connectedness. O

We want to apply the previous proposition to the case of the geodesic flow. The
foliations we use have to be transversal, in the sense that at each point the tangent
spaces of the two leaves are in direct sum, and have complementary dimensions. The
tangent space at v of the unitary tangent bundle is decomposed in three subspaces,
namely, the stable space E*(v), the unstable space E*(v) and the space of the direction
of the flow, as we have seen in Section 4.1.3. The tangent space of the weak stable
manifolds is the sum of the corresponding strong space and the direction of the flow.
Therefore, Proposition 20 has to be applied to foliations W* and W“°, or vice versa.
We already know that any g;-invariant function is invariant by the two foliations and we
are going to prove that foliations W* and W* are absolutely continuous. The following
result will allow to deduce that W"° is also absolutely continuous.
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Let W, W7, W5 be three foliations of X of dimensions d, d1, ds with d = di + do. We
say that W7 and Wy are integrable and that W is the integral hull of W1 and Ws if they
are transversal and, for all z in X, we have

W(x) = Uyew, @) W2(y) = Uyew, @ W1(y)-

Lemma 7. Let Wy and W two integrable CO-foliations with C'-leaves of a Riemannian
manifold X with integral hull W. If Wy is C' and Wy is absolutely continuous, then W
1s absolutely continuous.

Proof. Let L be a transversal of W and U an open set that is the union of the local
leaves Wy (z) where x is in L N U. Then the set L= UzernuWiv(x) is a transversal
for the foliation Ws. By hypothesis, Wy is absolutely continuous, so for all measurable
subset A of U we have

H(A) = /L /Ww(y) 14(2)6,(2) dpspwy () dptz (0).

The restriction of Wy to L is a C'-foliation. Then there exists a continuous Jacobian
7 such that for all integrable function h we have

/ h(y) duz (y) = /L B /W I ) s ()

L

The restriction of Wy at each leaf W (x) is a Cl-foliation. So there exist a family of
Jacobians 7, such that for all integrable function g, we have the equality

/ 9(2)dpw, (@) (2) =/ / 9(2)n:(y, 2)dpw, , (v) (2) Ay, (2)(Y)-
Wy (z) Wau () Y Wiu ()

Changing the order of integrals by Fubini and combining the three formulas we can
express the measure of A as an integral on L of an integral on the leaves of W and we
can conclude that W is absolutely continuous. O

By Equation 4.7, the weak unstable foliation W"° is the integral hull of W* and
the foliation of the unitary tangent bundle by orbits of the geodesic flow, which is
differentiable. If we show that the strong unstable foliation is absolutely continuous, we
will be able to deduce that the weak one is absolutely continuous too.

4.2.3 The case of surfaces with curvature —1

Let us come back to the manifolds of constant curvature. In Chapter 3 we studied
the stable and unstable manifolds of the hyperbolic plane and we saw that there is a
coordinate system (s,t,u) of the unitary tangent manifold. This system has the vertical
upward vector vy at ¢ as origin. If we fix a value of u then s,t parametrize the weak
stable manifold of the point h; (vg). On the contrary, if we fix values of s and ¢, the
parameter u moves along the strong unstable manifold at g;(h (vp)).

We showed that in these coordinates the Liouville measure is expressed as an integral
of a Jacobian, that we computed, on the weak stable and strong stable manifolds,
because s,t,u are all arc length parameters. Since we already know that a g;-invariant
function is invariant by stable and unstable manifolds, the argument used in the proof
of Proposition 20 allows to conclude that the function is constant almost everywhere.
As we have said, the proof of ergodicity in constant curvature is simpler and it came
before than the general case.
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4.2.4 Transversal absolute continuity

All that remains to do is to prove the ergodicity of geodesic flow is to show the absolute
continuity of stable and unstable foliations. In fact, we will prove that they satisfy a
stronger property than absolute continuity that we will define next.

Definition 13. Let W be a foliation of a Riemannian manifold X, z; be a point
X, xo a point in the leaf W(x;) and L;, Ly two transversals containing the points
x1, X2, respectively. There are small enough neighborhoods Uy, Us of x1,z2 in Ly, Lo,
respectively, such that for every point y in U; the intersection of the leaf W (y) and the
set Us is a unique point. The Poincaré map is the homeomorphism p : Uy — Us that
sends y to this unique point.

We say that the foliation W is transversally absolutely continuous if for every
Poincaré map p : Uy — Us there is a positive measurable function ¢ : Uy — R, called
the Jacobian of p, such that for every measurable subset A of U; we have

e () = [ 1al)a(0) sy )
1
Next we will establish the relation between the two properties.
Proposition 21. Let W be a foliation of a Riemannian manifold X. If W 1is transver-

sally absolutely continuous, then it is absolutely continuous.

Proof. Let L be a transversal, U be an open set of X that is the union of the local
leaves Wy (y) where y is in LN U and z be a point in L N U. The transversal L can be
extended to a C'l-foliation F such that F(z) = L and

v= J] Fuly
yEWY (z)

This foliation is absolutely continuous and transversally absolutely continuous because
it is differentiable. We apply the absolutely continuity for the transversal Wy (x) of F.
There exists a family of positive measurable functions §, : Fyy(y) — R such that for
every measurable subset A of U, we have

/ / (2) dpry ) (2) dpwy ) (Y)-
Wo () J Fo(y

Now we apply the transversally absolutely continuity of W between the transversals
Fy(z) = LNU and Fy(y). We denote by p, the Poincaré map between the two
tranversals and ¢, its Jacobian. We can write the equality

/ 14(2)5,(2) djtpp)(2) = / 140y ()5, (py ()5 (8) dpzowr(s).
Fy(y) nU

We put the previous expression in the first equation and change the order of inte-
gration by Fubini,

wlA) = /LmU /WU )S (Py(5))gy(s) d'uWU(J?)(y) dprnu(s).

Finally, we use the transversally absolutely continuity of ' between the transversals
Wy (z) and WU( ). We let ps denote the Poincaré map and g, its Jacobian. We notice
that if y = p; *(r), where r € U, then py(s) = r. Hence, it follows that

; 51 (8)35 (1) diry () (r) d s).
/LmU /WU 051 () (M1 () ()05 (1) iy (o) (1) Az (5)

Therefore, the foliation W is absolutely continuous. O
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4.3 Anosov flows

In this section, we study a class of flows introduced by D. V. Anosov that are a gener-
alization of the geodesic flow, copying the hyperbolicity of its differential. Let M be a
compact Riemannian manifold and ®! a differentiable flow on M. If the flow is gener-
ated by a vector field X, i. e. X(z) = %|t:0¢’t(x), we will denote the direction of the
flow by E°(z) := (X(z)).

Definition 14. We say that ®' is Anosov if it has no fixed points and for every z in
M there exist two proper ®‘-invariant subspaces E*(x), E%(z) of T, M, and constants
C >0, XA €(0,1) such that

(i) E*(x) @ E%(x) @ E°(z) = T, M,
(i) [ld:Dt(u)]| < CA|Jull, Yt > 0, Yu € E*(x),
(iii) [|de®t(u)|| < COX|ul|, Vt > 0, Vu € E%(x).

The condition of not having fixed points is equivalent to say that E°(z) has always
dimension 1, or equivalently, X (z) # 0 for all x in M. The ®!-invariance of E%"(x)
means that d,®'(E*"(x)) = ES%(®!(x)). For an Anosov flow, spaces E*(x) and E%(x)
are uniquely determined by conditions 2 and 3.

We are interested in a distance between subspaces of tangent spaces. We will give
the definition of one distance convenient for our purpose, but in the literature we can
find other distances equivalent to this one. Let x,y be two points in M, F' a subspace
of T, M and H a subspace of TyM. Let T, , : T, M — T,,M be the parallel transport on
the minimizing geodesic segment [x,y] between x and y. Define the distance

D(F, H) = d(m’y) + dGr(Tx,yFa H)

where d(x,y) stands for the Riemannian distance and dg, is a distance on the set
of subspaces of the vectors space T, M. We can define it in the following manner:
let (V,||-|l) a normed vector space, U, W two subspaces and Py, Py the orthogonal
projections on each space, we set

der(U,W) = || Py — Pw||

where ||| - || is the operator norm associated to || - ||. Having defined the distance, we can
announce the following property.

Lemma 8. E*(z) and E"(z) depend continuously on x.

Proof. Let z,, — = be a converging sequence. We will start by showing that there is
a subsequence such that E*(z,,) — E*(z) and E"(z,,) — E"(z). First, extracting
a subsequence if necessary, we suppose that dim E*(x,) = k and dim E%(z,) = [ for
all n, where k + 1+ 1 = dim M. Consider the family of parallel transported subspaces
{T};, +E°(xn)}yn living in the Grassmannian Gry (T, M) of k-dimensional subspaces of
T, M. By the compacity of the Grassmannian, there is a converging subsequence

T

Ty, T

E*(zp,) — H®.

In addition, as x,, — x, we see from the definition of the distance between subspaces
with different basepoints that the sequence E*(x,, ) itself converges to the subespace H*®
of T,M. Repeating the argument for the other subspace we find a sequence such that
lim E*(x,, ) = H® and lim E%(x,, ) = H". A vector v in H® is a limit of vectors satisfying
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condition 2 in Definition 14. Since d,®!(w) is continuous on z in M and w in T, M, v
will satisfy the condition too. Therefore, we have H® C E*(z) and H* C E%(z). Finally,
by dimension, we deduce the equalities lim E*(z,, ) = H® = E®(x) and lim E%(x,, ) =
H" = E"(z).

This is enough to prove the continuity. In effect, suppose that the sequence E*(zy,)
does not converge to E*(x). For some § > 0, we can find a subsequence n; such that
D(E*(xy,;), E°(z)) > 0. By compacity, the last sequence has a converging subsequence
E*(zn; ) to some space H. Then, the inequality D(H, E*(x)) > ¢ holds. Finally,
applying the first part of the proof to the last sequence, there is a subsequence of E* (:pnh)
converging to E*(x), but this contradicts the lower bound D(H, E*(x)) > ¢. O

We can conclude that E* and E“ are continuous ®‘-invariant distributions, called
the stable distribution and the unstable distribution, respectively. It turns out that these
distributions satisfy a stronger regularity condition that we will see next.

First, we will slightly modify the metric of the manifold to simplify the computations.
Fix numbers § € (A,1) and T" > 0. Every vector v in T, M has a decomposition
vV =05+ vy + v, € E*(x) ® E%(x) @ E°(x). Define

T T _
d D7 (v dp @77 (vy
"Us‘ :/ ” BT(U )HdT, ‘Uu‘ :/ H 67—(” )”dT,
0 0

s ol = Jos o+ Joul? + ool

|vo| = sup Hdggfbt(vo)
teR

By compacity there are constants Cy,Cs > 0 such that for all z in M, we have
Cy < || X(2)|| < Cs. Hence, for all z in M, for all ¢ in R,

Cl 02

=N HUOH < deq)t(UO)H < a llvol| -
It is not difficult to verify that |-| is a norm on each tangent space T, M, and it is
equivalent to || - || because all norms on a finite vector spaces are equivalent. The new

norm induces a Riemannian metric on M, which is equivalent to the original one because
of the compacity. From the definition, it is obvious that subspaces E*(x), E*(x), E°(x)
are pairwise orthogonal by the new metric.

We observe that
T T+t t+T r
4.0 = | W’Mw:ﬂt/ I (el ,
0 t

BT BT
t+T d (1>T S d q)’r s
:,Bt <|Us| +/ H U / || U ) .
T
But
T de @7 (vs) | <1>T vs | de @™ (v C’/\T Hd <I>T vs
T 57+T "

so, if we suppose that T is big enough so that C(\/B)T < 1, then we get |dy®(vs)| <
B |vs|. Similarly, we have |dy® ' (vy)| < 8" |v,| for all nonnegative ¢, and it is clear that
{dxq)_t(vo)‘ = |vo| for ¢ in R. With this new metric, called adjusted metric, the flow is
still Anosov, with normalized constant and orthogonality between stable, unstable and
flow directions.

From now on all Anosov flows will be considered with an adjusted metric and con-
stants C = 1 and A € (0,1). Next, we look at the evolution of subspaces under the
flow.
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Lemma 9. Let ®' be an Anosov flow on M and x a point of M. Then, for every
0 < 6 < w/2, there exists a constant K > 0 such that for every subspace H of T, M of
the same dimension as E*(x) that satisfies

i L(v, B E° >0
min |Z(0, B*(x) © B°(x)| 2

then, fort >0,
D(d,® " (H), E*(® " (z))) < KA'D(H, E*(z)). (4.9)

E*(x)

Figure 4.1: Evolution of subspaces under the flow.

Proof. The proof relies on the fact that the stable component of H decreases with time ¢
and the rest remains bounded, thus the angle between the subspaces H and E*® reduces
when time goes back (see Figure 4.1). Let v in H with norm ||v|| = 1. It decomposes as
v =05+ Uy + v, € E*(x) ® E%(xz) @ E°(x). From the Anosov flow conditions we have,
for every nonnegative t,

ldz®™" (ve)[| = A7 ls ]I,
dz®~" (vu)l| < Aol < [lvall-

Denoting vy, = vy + vy, it follows the inequality deq)_t(vuo) H < ||vyol]- The tangent
of the angle formed by the vector d,®!(v) with the stable subspace is

deq)_t(U“O)H t”“uon
<A
[dz @~ (vs)|| = lvs]]

Now, the quantity ||vye|| is the cosine of v with the stable subspace, so it is bounded by
a constant multiple of the distance D(H, E*(z)). By hypothesis, ||vs|| is bounded below
by a constant (sin ). Hence, we obtain

|d: 2" (vuo) |

—Hdwq)_t(vs)” < AN'D(H, E*(z))

for some constant A > 0. Since the inequality is valid for all v in H of norm |v|| =1
and the supremum of all the tangents of angles between vectors of H and the subspace
d,®'E*(z) bounds the distance between subspaces (up to some constant), we obtain the
desired inequality. O

We say that a distribution { E(x)}zenr, where each E(x) is a subspace of the tangent
space T, M, is Hélder continuous if there exist constants A, & > 0 such that, for all points
z,y in M,

D(E(z), E(y)) < Ad(x,y)*
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Theorem 10. Let ®' be a C? Anosov flow. Then the distributions E°, E*, E%° :=
Es @ E° E" := E" @ E° are Holder continuous.

Proof. Let us first prove the property for the stable distribution £E®. Recall that the
distance between two stable subspaces is D(E*(z), E*(y)) = dar(E*(x), Ty E*(y)) +
d(x,y), so we only have to deal with the first term, since the second is clearly Holder
continuous. We will denote ® = ®!.

Let x be a point in M. For a natural number m, we consider coordinate balls V},
centered at ®F(z), for 0 < k < m. Let 1 > 0 be small enough so that ®*(B(x,e1)) C
Vi, kK = 0,...,m, where B(z,e;1) is the ball of radius €; centered at x. For each y in
B(z,e1), let A denote the matrix of dq)'msz(x)(b_l in the chart of V,,,_ and Bj, denote
the matrix of Ty yodgm—x( ®~1oT, , in the same chart. In addition, if v is in E*(®™(y)),
for 0 < k < m, we set

Y)

Uk = Tom—k(y),om—+(a) © dq””(y)@ik(v)’

Up = U5 + 00 € ES(@™ R (z)) @ BYO(d™F(2)).

In Figure 4.2 we can see the situation and these notations.

E()(@n),(y))

E(@™(y))

Figure 4.2: Notations for the proof of Holder continuity.

Consider constants x € (v, 1),

K

that exist because ® is C? and M is compact. Fix also § < (1 —v/\)/2.

The distribution E? is continuous and M is compact, so E? is uniformly continuous.
Consequently, there exists a constant g9 > 0 such that if z, 2’ are two points in M at
distance d(z,2") < go then we have

1
D > max{sup ld-2|, } , M > sup Hd%@fl
zeEM Kk veTM

uo
s H(Tzczv)sH <5
vers () ||[(Te2v)"||

because the left side is equivalent to the distance between E®(z) and the parallel trans-
port of E*(2") when they are small.

Now, take
2)\1\4 ’ \/XM 0l '
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We claim that for all y in M at distance d(y,z) < ¢ and for all integer m > 0 such that
D™d(x,y) < e, setting the discussed notations, we have

v

%]
for all v € E*(®™(y)). The proof is done by induction. The case k = 0 is true by the
choice of . Suppose it is true for £ < m — 1 and we show that it also holds for k£ + 1.

S(S/ikfor()gkgm,

The Anosov conditions imply ||Agvi|| > A7!||vf|| and ||Agvie|] < [[vpe]. In addition,
we can write

Vg1 = Brop = Apvi + (B — Ap)vg = Apvg + Agv® + (Br — Ag) vk,
therefore

loisall _ kvl + 1Bk = Aellllowll _ 66* [[vpll + MeD™* o]
lopaall = Aol = 1Bk = Axllllonl = A1 [oil] = Me ol

where we used that
|Br, — Agll < M d(@™F(z), @™ (y)),

d(@m*k(a:), @m*k(y)) < pmk d(z,y) < eD7F <.

Next, since [lvg]| < [[vg]| + [op°ll < [l ]l + 0s® [l ]l < [lvgll + 0 [Jvkll, we obtain

.
1—6—AMe’

H“?ﬁl“ ork ”'Uk” + Merk HUkH - )
lotal = X7 = 0) ol — Me flogll (6+Me)Vak

The fraction is less than 1 because of the choice of é and . The choice of € ensures that
(6 + Me)V/X < 0k as well, and we get the desired inequality.

In particular, if m is the integer part of (loge —logd(x,y))/log D,

o < 0" < o Tt 2 yiein T d(a, ) oED,
vm

This is valid for every v in E*(®™(y)), which covers all the vectors vy, in T, ,E*(y),
thus dg, (E*(2), Ty E*(y)) < Ad(z,y)* for some A > 0 and o« = —logk/logD > 0.
Modifying the constants, this is valid not only if d(x,y) < €, but for all y in M, because
M is compact. Again using the compacity, we find constants that do not depend on x
in M. This proves the Holder continuity of E*.

Reversing the time, we obtain the property for the distribution E*. The distribution
E° has regularity C', and in particular Hélder. Finally, £ and E*° are Holder because
they are sums of Holder distributions. O

To finish the section we recall the results in Section 4.1 to show that the geodesic
flow g* on the unitary tangent bundle of a compact manifold with negative curvature
satisfies the Anosov conditions. The stable and unstable subspaces in the definition of
Anosov flow coincide with the ones we had described geometrically as

Ef(v) ={(X,Y) e T, 7'M | X 1v, Y = J¢'(0)},

EU(v) ={(X,Y) e T, T'M | X 1v, Y = —J¢'(0)},

where J§ and J% are the stable and unstable Jacobi fields along the geodesic v, with
initial condition X. The first of the Anosov conditions is clearly satisfied because spaces
E?*(v), E*(v) and E°(v) = {(v,0)) are disjoint and their dimensions are complementary.
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Let us show that the second condition is satisfied. Given v in T'M and (X,Y) in
E*(v), the stable Jacobi field Jx satisfies Jx(0) = X and J5(0) =Y, so we have for
t>0

lduge (X, V)| = [|(Tx (2), Tx ()] = \/HJx(t)!!2 + [T @ < X Y)IVI+be™

by Proposition 13, where —a? and —b? are the upper and lower bounds of the sectional
curvature. The third Anosov condition follows from the analogous result for unstable
Jacobi fields.

4.4 Proof of the ergodicity of the geodesic flow

In this section we will complete the proof of the ergodicity of the geodesic flow for a
compact manifold. We will need the following result from measure theory.

Lemma 10. Let X, Y be two compact metric spaces and (X, A, u), (Y, B,v) be two Borel
measured spaces. Letp: X =Y andp, : X = Y, for all natural n, be continuous maps.
Suppose that

(i) the maps py, n € N, and p are homeomorphisms onto their image,
(ii) the sequence py, converges uniformly to p,

(iii) there is a constant C such that for all measurable subset A of X, we have v(p,(A)) <
Cu(A).

Then, for all measurable subset A of X we have v(p(A)) < Cu(A).

Finally, we are prepared to show the transversally absolutely continuity of the stable
and unstable foliations.

Theorem 11. Let M be a C? compact Riemannian manifold with negative sectional
curvature. Then the stable and unstable foliations, W* and W, of the unitary tangent
bundle T'M are transversally absolutely continuous.

Proof. We will treat the case of the stable foliation, the other case is analogous.

We need to show that for every pair of points vy, v in T1M such that v € W*(v1),
for every pair of transversals L, Ly to W?# containing the points vy, ve, respectively, the
Poincaré map p : Uy — Us, defined between two neighborhoods of the points v; in L;,
has a Jacobian ¢ : Uy — R. Figure 4.3 shows how the Poincaré map acts on the disk.

The set of inward normal vectors of a sphere in M of radius k is a submanifold of the
unitary tangent bundle. The set of all these submanifolds with k fixed forms a foliation,
that will be denoted by ¥. In Section 4.1.3 we have seen that spheres of increasing radius
normal to a vector converge uniformly on compact sets to the horosphere associated to
the vector. Thus, leaves of ¥; converge uniformly on compact sets to leaves of the stable
foliations W# when k tends to infinity. We will let k£ € N tend to infinity.

If k£ is big enough, L1 and Lo will be transversals of the foliation > at least on the
neighborhoods Uy and Us. We consider the Poincaré map pi : Uy — Us of the foliation
Y. We want to apply Lemma 10 to the maps p; and p on properly chosen compacts
with the induced volume measure. The first condition it is clearly satisfied and the
second is a consequence of the uniform convergence on compact sets of the leaves of ¥
to stable manifolds.
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Figure 4.3: The Poincaré map p of the foliation by stable manifolds on the disk. In
green we represent (the projection of) the stable manifold of v; and in red the stable
manifold of v. Black arcs are geodesics.

We will show that the Jacobians g of pg are uniformly bounded in k, that implies
the third condition. Then, the lemma allows to conclude that the pullback by p of the
volume measure p,, is absolutely continuous with respect to pr, and that is equivalent
to the existence and boundedness of the Jacobian q.

We can reduce the problem to only two cases. We consider the weak unstable
manifolds at points v; and vy, that are transversals of the foliation W¥. Let py, be the
Poincaré map between the transversals W*"°(v1) and W"°(v2) and, for i = 1,2, let pr,
be the Poincaré map between L; and W*"°(v;). Then we can write the decomposition

P =P} ©Puo©PL,-

So it will be sufficient to prove the existence and boundedness of Jacobians of maps be-
tween two unstable manifolds and between every transversal on a point and the unstable
manifold at the same point.

For the first case suppose we have L; = W*°(v;), the maps p, px and the Jacobians
q,qr as before. Let P(vg) : T'M — T'M be the map that at each vector v € T'M
associates the unique vector with basepoint 7(v) that is in the weak stable manifold
W#°(vg) of va. Then the Poincaré map of the foliation by vectors normal to spheres of
radius k is decomposed as

Pk = g—k © P(v2) o g

if we restrict the geodesic flow g, to Ly. In Figure 4.4, we represent schematically the

situation.

We restrict the map P(va) : grx(L1) — gr(L2) and denote by Jy its Jacobian, that
exists because the map is differentiable. Notice that gx(L;) = L; because L; = W*°(v;),
so Jo does not depend on k. We set the notations le(v) = Ty, ()95 (L1) and Tf(v) =
Ty, (o (v)) 95 (La), for vin Ly and 0 < j < k—1. We can write the Jacobian of the Poincaré

g
map pg as a product of Jacobians of the time 1 flow ¢g; and Jy.

k—1 k—1
a=TH"Jo- T[] 7} (4.10)
Jj=0 j=0
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V2

Figure 4.4: The Poincaré map pi of the foliation by inward vectors to spheres of radius
k. In green we represent the stable manifold of v; and in blue the sphere of radius &
such that v is normal inward.

where le(v) = ]det(dgj(u)gl‘le(v))"
and J3 (v) = |det(dy, (5 () 911720

We notice that in fact le (v) = E*(g;(v)) and TjQ(v) = E"(gj(px(v))). We apply
the Holder continuity of the weak unstable distribution. For all v in L,

D(T} (v), T} (v)) < Adi(g;(v), gj(pe(v)))*, k>1,0<j<k-1.

By Proposition 15, since v and pg(v) are unit inward vectors to the same sphere, we
will have, if k is big enough,

di(g;(v), gj(pr(v))) < Ce™dy(v,pi(v)), 0<j<k—1,

for some constants C,a > 0. It is clear that the factor d; (v, px(v)) is bounded uniformly
in v and k. Hence, for k big enough

D(T} (v),T}(v)) < Be P, 0<j<k—1VYve L,

for some constants B, 8 > 0.

By hypothesis of regularity, the geodesic flow is C?, so the tangent map dg; is
Lipschitz continuous i.e. there is a constant L > 0 such that H‘dvgl — Tg&)dwgl o Tyw ‘H <
Ldyi(v,w) for all v,w in T*M, where Ty,w is the parallel transport along the geodesic
connecting v to w and ||-[|| is the operator norm of maps between T, 7'M and T, (,) T M.
The Jacobians le (v) and J J2 (v) are the determinants in absolute value of the restricted
maps dg. ()91 le(v) — leﬂ(v) and dg; (p, (1)1 T]-Z(v) — TjQH(v), respectively. The
directions T} (v) and T} (v) are exponentially close, so

[ (0) = J2)| < Ke %, 0<j<k-1,Vve L,

where K and 3 are constants. By the compactness of M the uniform norm ||JJZH of the
Jacobians is separated away from zero, so we deduce

172 . |
<1+4KeP, 0<j<k-1
172] ’ ’
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if k is big. Then, by Equation 4.10, we conclude that ||gx|| is uniformly bounded in k.

The second case is between a transversal Li containing vy and the weak unstable
manifold W#°(v;) which has the role of Ly. The proof follows the same idea. This time
we have the decomposition

Pr = gk o P(v1) o g
The only difference with the first case is that the restriction P(v1) : gx(L1) — gr(L2) =
W#°(v1) depends on k. However, since T,L; is transversal to the stable space for v in
L1, we can apply a version of Lemma 9 for the weak unstable spaces and positive time
and obtain that '
D(T} (v), B*(g;(v))) < KN D(T, L1, E*(v)) (4.11)

for some constants K > 1 and A € (0,1). We can find constants such that the last
inequality is uniform in v. Hence the difference of the new and the old Jacobians
decreases exponentially in j in the uniform norm.

The same fact is used to estimate the distance between spaces le(v) and TjQ(v) =
E(g;(p(v))),

D(T} (v), T} (v)) < D(T} (v), E*(g;(v))) + D(E"(g;(v)), E**(g;(pr(v))))
<Be I 0<j<k-—1, Ve L,
for some constant B’, 3’ > 0. The rest of the proof goes analogously to the first case. [J

Putting all the pieces together we obtain the proof of the ergodicity of the geodesic
flow.

Theorem 12. Let M be a C® compact Riemannian manifold with negative sectional
curvature. Then the geodesic flow g; on the unitary tangent bundle T'M is ergodic with
respect to the Liouville measure.
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