ERGODIC THEORY OF GEODESIC FLOWS

CLAUDIO BONANNO

ABSTRACT. These are the notes of the course I gave for the PhD school in Mathematics at the
University of Pisa in spring 2025.

The aim of the notes is to give an introduction to the ergodic theoretic properties of the geodesic
flow on Riemannian negatively curved surfaces, a classical example of a “hyperbolic” flow which
is a flourishing research area in dynamical systems. The statistical distribution of the orbits of
the geodesic flow was already studied in the first half of the last century, first for the case of
surfaces with constant negative curvature and then in the general case of variable curvature, and
it was established the existence of a very rich dynamics making the geodesic flow as a prototypical
example of a “chaotic” system. However, it was not until 1998 that the first quantitative result
appeared about the speed of the decay of correlations for the case of compact surfaces with variable
curvature, a result lately sharpened by applying the modern techniques of the dynamical systems
theory.

After recalling the classical results, the notes focus on the more recent results about the decay of
correlations. Finally, we introduce the thermodynamic formalism approach to dynamical systems
and apply it to count the number of prime closed geodesics.
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1. THE GEODESIC FLOW ON RIEMANNIAN SURFACES

In this section, we first recall some basic notions of differential geometry of surfaces from the
intrinsic point of view. The reader can find more details on books on differential geometry, two
classical references we suggest are [dC76] and [Hi65].

Let ¥ be a smooth connected Riemannian surface with metric tensor < -,- >. The tangent space
at z € ¥ is denoted by T, %, and the tangent bundle of X is T'X.

Definition 1.1 (Levi-Civita connection). The Levi-Civita connection on X is the unique affine
connection D which is compatible with the metric tensor and is torsion-free, that is, for all vector
fields X,Y, Z (i.e. smooth sections of the tangent bundle) the following is true

Z(< XY >)=<DzX)Y >+ < X, DzY >,
DxY — Dy X = [X,Y],
where [X, Y] is the Lie bracket.

Definition 1.2 (Gaussian curvature). Let the Riemann curvature tensor R be defined for vector
fields X,Y, Z by

R(X,Y)Z := DxDyZ — DyDxZ — Dix yZ .
The Gaussian curvature of X is the function K given by
Ko <X,R(X,Y)Y >
T <X, X><Y)Y >—-< XY >2

for any vector fields X,Y for which the denominator does not vanish.

Definition 1.3 (Geodesics). Let v : (—¢,e) — X be a smooth parametrized curve with v(0) = z €
3 and §(0) = v € T,%. The curve v is the geodesic for (z,v) € TS if D4y = 0 for all t € (—e,¢).
We use the notation . . for the geodesic for (z,v).

Proposition 1.4. Given z € ¥ and v € 1.3, v # 0, there exist € > 0 and a unique smooth
parametrized curve (.. : (—€,€) — X which is the geodesic for (z,v).

Definition 1.5 (Complete Riemannian surface). A Riemannian surface ¥ is called geodesically
complete if all the geodesics have maximal interval of definition given by R.

Proposition 1.6. Let v : (—e,e) — X be a geodesic with 4(0) # 0, then |¥(t)| is constant.

Proof. Let s(t) := |%(t)| and let &’ € (0,¢) such that s(t) > 0 for all ¢t € (—¢’,&’). Then, define the
vector field X along « for t € (—¢’,¢’) as X :=4/s. It holds < X, X >= 1, therefore

0=X(<X,X>=2<DxX,X >,

hence Dx X is orthogonal to X. Since D4 = 0 and ¥ = sX, by the properties of a connection? we
have

0= Dsy=sDx(sX)=s"DxX +sX(s) X.
In conclusion, being Dx X orthogonal to X and s > 0, both terms vanish, therefore Dx X = 0 and
X(s)=0. O
Definition 1.7 (Jacobi field). A vector field J defined along a geodesic 7 is called a Jacobi field if
DyDsJ = R(¥,J)7 -

1Intuitively7 the component of the acceleration of the curve which is tangential to ¥ vanishes.
2For all f,g € C*°(2) and vector fields X, Y, it holds D;xY = fDxY and Dx(gY) = gDxY + X(g)Y.
2



Proposition 1.8. Given a geodesic vy : [0,1] — X, for each u,v € T, )% there exists a Jabobi field
J along ~y such that J(0) = u and DsJ(0) = v. Moreover, if u,v € T,0)% are orthogonal to §(0),
then J and D+ J remain orthogonal to 7y for allt.

Proof. The first statement follows by thinking of w,v as initial conditions for the second-order
differential equation defining a Jacobi field. The second statement follows from

V(< Dy, 4 >) =< DyDyJ, 5 >=< R(Y, J)y, ¥ >=< R(},9)y,J >=0,
where we have used the symmetries of the Riemann curvature tensor, and by
(< S,y >) =< Dy J, 5 > .
O

Proposition 1.9. Given a geodesic y : [0,1] — ¥ and a geodesic variation h., namely a smooth
function h, : (—e,e) x [0,1] = X such that h(0,t) = ~(t) for all t € [0,1] and t — h,(s,t) is a
geodesic for all s € (—¢,¢€), then Oh,/0s(0,t) is a Jacobi field along .

Proof. Let’s denote with l'zv the partial derivative of h, with respect to ¢. Since t — hy(s,%) is a
geodesic for all s € (—¢,¢), it holds Dj, hy = 0. Therefore, for all (s,t) € (—e&,e) x [0,1],
. Oh\ . . . . oh
. (h% 8;) hﬂy - thDah7/38h7 - Dahw/ath’th - D[hvvah’y/as]h'y - thDh’Yais’Y ’
where we have also used that [f., Oh~/0s] = 0 and that the connection D is torsion-free. It is then

enough to put s = 0 in the previous equality. O

Proposition 1.10. Let v : [0,1] — X be a unit speed geodesic and J an orthogonal Jacobi field
along v, that is J(0) and DsJ(0) are orthogonal to 4(0). Denote by N the orthonormal field to 7,
that is N € T,% and < N,y >= 0, then the function

(< N >)
t) i = ——=
)= "7 N>
satisfies the Riccati differential equation
(1.1) p(t) = —K(v(1)) - p2(t), Vte (0,1),

where K is the Gaussian curvature.

Proof. Since DN = 0, we have

(< J,N>)=<DsyJ,N > and (< DsJ,N >)=<DsDsyJ,N >=< R(¥,J)y,N >,
where we have used that J is a Jacobi field. Moreover, since J is orthogonal and |¥| = 1, we have
_<HBR(NHI> O <SR, ND)Y> . <N,R(Y,J)y >

K
) <JJ> <JJ> <J N>

Hence,
. (< DsyJ,N>) < DyJ,N>*

= —K(v) - p*.
p <J N> < J N >? () =p

0

Definition 1.11 (Length of smooth curves). Let v : (—¢,¢) — 3 be a smooth parametrized curve,
its length is defined as

£

o) = / 4(0)]dt.

—€
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Theorem 1.12 (Hopf-Rinow). Let d: ¥ x ¥ — ]R(J{ be the geodesic distance defined by
d(z,2') :=inf {{(e) : a is a piecewise smooth curve connecting z and z'} .
Then X is geodesically complete if and only if (X,d) is a complete metric space.

Proposition 1.13. For all z € X there exists a neighborhood U(z) in ¥ and r > 0 such that for
all w,w' € U there exists a unique smooth geodesic v : [0,1] — X such that: v(0) = w; v(1) = w’';
Uy) < r; l(y) < l(a) for any piecewise smooth curve o connecting w and w', and if £(y) = £(c)
then o and vy have the same image.

The properties of the geodesics on a complete Riemannian surface imply that it is well defined
the geodesic flow on the three-dimensional unit tangent bundle.

Definition 1.14 (Geodesic flow). Let ¥ be a smooth complete Riemannian surface and let T'%
denote its unit tangent bundle, i.e. all (z,v) where z € ¥ and v € 7,3 with |v] = 1. Then the
geodesic flow on ¥ is the dynamical systems given by the action of R on T'Y by

R x TS 5 (t,(2,0)) — pi(z,0) := (Yz,0) )5 Yz (B) € 'y,
For each t € R, the map ¢; : T'Y — T'Y is smooth.



2. SURFACES WITH CONSTANT CURVATURE

A well-known result states that if ¥ is simply connected with constant Gaussian curvature then
it is isometric to one of the standard surfaces.

Theorem 2.1 (Killing-Hopf). Let ¥ be a connected, simply connected, complete Riemannian sur-
face with constant Gaussian curvature K. Then, ¥ is isometric to the Euclidean plane R? if K = 0,
to the sphere S* if K > 0, and to the hyperbolic half-plane H? if K < 0.

Dropping the simple connectedness, ¥ is isometric to a quotient of R, S%, or H?, by a group acting
freely and properly discontinuously.

2.1. The Euclidean plane. For the Euclidean plane R2, it is well-known that the geodesics
are given by the straight lines, and for surfaces with constant vanishing Gaussian curvature, the
geodesics are given by the projection of the straight lines. This follows from the fact that on the
plane D;7y = 4, therefore the geodesic v(,,) with (z,v) € T'R? is the solution of the Cauchy
problem

() =0
7(0) ==
Y(0) = v

hence 7, ,)(t) = z + tv.
In particular, the geodesic flow on a flat surface has simple dynamical properties. We state the
following facts, which should be compared to their counterparts in the other cases:

(flat-a) On R?, there are no closed geodesics and all geodesics are unbounded. On T? := R?/Z2, a
geodesic is closed or dense on T?, but not on TT2.
(flat-b) On R2, for all z € R? and all v,v" € T!R? with v # ¢/, we have

d(’y(zm) (t),’y(zﬂ,/)(t)) =2tsina, VteR,
where 2 € (0, 7) is the angle between v and v’. On a compact quotient of R?, this relation
holds for small times.

On any flat surface, the projection of the geodesic flow on 3 is an isometry. That is, for all
2,2 € R? and all v of norm 1, we have

d(’}/(zm) (t), V(2 v) (t)) = d(z, Z/) , VteR.

2.2. The sphere. It is well-known that the geodesics on the sphere are all and only the great
circles. We give a proof of this results which mixes the analytical and geometrical points of view.

Proposition 2.2. The geodesics on S? are all and only the great circles parametrised with constant
velocity.

Proof. First, we show that all the great circles are geodesics parametrised with constant velocity.
The sphere S? as the subset of the Euclidean space R? of equation 22 + y? + w? = 1 in Euclidean
coordinates is a surface with constant Gaussian curvature K = 1. It is immediate to prove that
the curve I' = S N {w = 0} parametrised by

v(t) = (cost, sint, 0), te€[0,2n],

is a geodesic. Indeed, |¥(t)| = 1, and %(¢) is in the plane {w = 0} and is orthogonal to #(¢) for all
t. In addition, all the other great circles may be obtained as the image of I' for an isometry of SZ.
Since by Proposition 1.13, the geodesics are locally the unique minimisers of the geodesic distance,
it follows that all the great circles parametrised with constant velocity are geodesics.
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Analogously, let z € S? and 2’ € U(z) such that d(z,2') < r, with U(z) and 7 > 0 given by
Proposition 1.13. Let «a(t) be a geodesic with a(0) = z, a(1) = 2’. Since there is a great circle
through z and 2/, by the uniqueness result in Proposition 1.13 it follows that a(t) is part of a great
circle. 0

Concerning the dynamical properties of the geodesic flow on S? we can then make the following
remarks:

(pos-a) On S?, all the geodesics are closed.
(pos-b) For all (z,v), (/,v) € %, the geodesics 7(,,)(t) and (., (t) eventually intersect.

2.3. The hyperbolic half-plane. We consider the Poincaré upper half-plane model H? of the
hyperbolic two-dimensional space. Let

H?:={z=2+iyecC:y>0}

with TH? = H? x C. The connected half-plane H? becomes a Riemannian surface with constant

Gaussian curvature K = —1 when endowed with the metric tensor defined for each z = = + iy € H?
by

1 _
(2.1) <, >= 5 R, Vo, € T,H?,

Yy

where R(vv’) coincides with the Euclidean scalar product for v, v’ seen as vectors in R2.
We now proceed as in Section 2.2 to find all the geodesics on H2. The argument here follows
[FH19, Section 2.1].

Lemma 2.3. The imaginary azis I := {z € H? : x = 0} is a geodesic with unit-speed parametriza-

tion ~y(; ;) (t) = ie’.

Proof. First, it is immediate that 5, ;) (t) = ie’ satisfies

. : . 1 T
O = /< Ha0 @) e (®) > = 5 Rietie) =1, vieR

Then, let yo, y1 € (0, +00) and «a(t) = x(t) +iy(t) be a piecewise smooth curve connecting zg = iyo
to 21 = iyl for t € [to,tl]. Then

€(a):/tl |d(t)|dt:/t1 1/Wdt2/tl %dt,

where the right-most term is the length of the imaginary axis between zy and z;. Hence by the
length minimizing property of the geodesics, we find that the imaginary axis is a geodesic and the
geodesic distance between zg and z; on I is d(iyo,iy1) = log(y1/vo)- O

To argue as in Proposition 2.2, we need to have a characterization of the group of isometries of
H?. We begin by introducing the Mébius transformations.

Lemma 2.4. Let GL(2,R) be the group of real 2 x 2 matrices with positive determinant, and let
U be the map which associates to each g € GL,(2,R) the transformation of H? given by

a b
c d

az+b

) by, with why(2) = vz e H2

GL+(2,]R)99: < _m)

Then, W(GL4(2,R)) is a group under composition and it is a subgroup of the isometries of HZ.
Moreover, U is a group homomorphism with kernel R? - Id, where RY := R\ {0}.
6



Proof. The result follows from standard computations showing that for all g,¢' € GL4(2,R) we
have 14 0 9y = 1y and that 1)y, = 1py for all A € R?, and by proving that v, is an isometry of
H?. First,

~ det(g) S(2) a

b
(2.2) S(thg(2)) = ez 1 d? >0, VzeHZ,g:< d) € GL4(2,R),

c
hence v, (H?) C H?. Then, d.1y(v) = ¢ (2)v for all (z,v) € TH?, where

det(g)

(2.3) %(2) = m

is the derivative of 1,(z) with respect to z as a complex number. Hence, for all z € H? and all
v, v € T,H?, we have

S T = g R

for all g € GL1(2,R). O

< dyipg(v), datpg(v) >=

The subgroup of isometries M := W(GL,(2,R)) is called the group of Mobius transformations,
and it is isomorphic to the quotient PSL(2,R) := GL4(2,R)/(R" - Id) = SL(2,R)/(Id).

Definition 2.5. The elements of M = PSL(2,R) are of three types:

e Elliptic if the matrix g € SL(2,R) satisfies [tr(g)| < 2 or 1), has exactly one fixed point in
H2. An important example of an elliptic element is the inversion given by

g 0 -1 1
= 10 or ¢S(2)——;,

e Parabolic if the matrix g € SL(2,R) satisfies [tr(g)| = 2 or ¢, has exactly one fixed point
which lies in OH?. Important examples of parabolic elements are the translation given for

beR by
= Lo 1/)()* +b
TH — or ) = Z N
’ 01 ’

e Hyperbolic if the matrix g € SL(2,R) satisfies |tr(g)] > 2 or 9, has exactly two fixed
points both on JH2. Important examples of hyperbolic elements are the homotheties (or
squeezings) given for a € R\ {0,£1} by

IV ¥r(2) = o
a = or aZ:CLZ.
0 a! A

All parabolic and hyperbolic elements are conjugate to 7, or to A,, respectively, for some b € R
ora € R\ {0,+1}.
We can now prove the fundamental result to find all the geodesics on H?Z.

Lemma 2.6. For all g € SL(2,R), the image 14(I) of the imaginary axis I := {z € H? : x = 0} is
a vertical line or a semicircle with center on the real line {y = 0}. Viceversa, let C' be any vertical
line or any semicircle with center on the real line {y = 0}, then there exists g € SL(2,R) such that
Yg(I) =C.

7



Proof. The first part is a simple verification for which we use an important property. Namely,
every g € SL(2,R) can be written as a composition of translations, a homothety, and the inversion.
Indeed,

a b Tha © Aa , ifc=0andd=a"";
(2.4) SL(2,R)>¢g= = '
c d Tafe ©50Teg 0 Ac, if c#0.

Since the the homotheties preserve I and the translations send I to a vertical line, 14(1) is a vertical
line if c = 0. If ¢ # 0, (7eq © A\e)(I) is a vertical line, equal to I if d = 0. Now, the inversion S
preserves I and sends a vertical line {x = xo} in H? with ¢ # 0 to the semicircle with center in
z = —1/(2z0), hence 14(I) is again a vertical line or a semicircle with center on the real line.

The second part of the statement can be proved by constructing 4. If C is a vertical line
{z = z0} then ¢, (I) = C. If C is a semicircle with endpoints z¢ and xg + 7 > z¢ on the line
{y = 0}, then

g=TmoAFoTioSor gives Py(1)=C.

It is enough to check that 71 0 .S o 7 sends I to the semicircle with endpoints in 0 and 1, and that
the homothety A 5 and the translation 7, give the wanted semicircle C. O

Proposition 2.7. The geodesics on H? are all and only the vertical lines {x = x¢} and the semi-
circles with center on the real line {y = 0}.

Proof. We proceed as in the proof of Proposition 2.2. Given that by Lemma 2.3 the imaginary axis
I is a geodesic, all the vertical lines and all the semicircles with center on the real line are image of
a geodesic for an isometry ¢, € M of H?2. Hence, by Proposition 1.13, they are geodesics.

On the contrary, all points z1, z» € H? may be connected by a curve C, which is either a vertical
line or a semicircle with center on the real line. By Lemma 2.6, there exists an isometry which
sends C' to I, therefore again by the length minimizing property of the geodesics, the only geodesic
connecting z1 and zo is C. [l

We can now state the first property of the geodesic flow on H?Z.

(neg-a) On H?, there are no closed geodesics and all geodesics are unbounded. Given (z,v) € T H?,
the geodesic 7(; ., has endpoints

(2.5) Vo = 0 Y0 (1)

If the geodesic is a semicircle then y(j; » € {y = 0} C OH?, if the geodesic is a vertical line
then one of the endpoints lies on {y = 0} and the other one is co € OH?2.
On the quotients of H? it is possible to find closed geodesics and dense on T'H? ones, but

other behaviors are possible.

For the other dynamical properties we need to extend the algebraic approach to 7" H?.

Proposition 2.8. The action of M = PSL(2,R) on H? may be lifted to an action on T'H?, which
is simply transitive. In particular, PSL(2,R) is homeomorphic to T H?2.

Proof. The action of M = PSL(2,R) on T'H? is obtained by using the differential of the Mdbius
transformations. That is we consider

(2.6) PSL(2,R) x T'H? 3 (g, (2,v)) = dipg(z,v) := (g(2), 1 (2)v) € T'H?,

where [y (2)v| = |[v] = 1 because ¢, is an isometry.
8



It is now enough to show that for each (z,v) € T'H? there exists a unique g € PSL(2,R) for
which dipy(i,i) = (z,v). First, given z = x + 4y, it is a simple calculation to show that

VI 5 . .
(2.7) 9o =T A5 = ( 0 f gives )4, (i) = 2.
N
Then, a unit vector v € T,H? may be written as the complex number
(2.8) v =1y (cosf +isinf),

where y = J(z) and 0 is the angle between v and the vertical vector pointing upward in the plane
measured counterclockwise. So, for example i € T;H? has # = 0 and y = 1. Using (2.3), it is a
straightforward computation to verify that,

(29) d¢go (7’7 U) = (Z, y’U) .
Hence gg does not change the orientation of any vector v € TZ-I]HIQ, and the same holds when acting
on any (2/,v) € TTH2.

Let us consider the action on (i,4) of the following subset of Mobius transformations

[ 0
p ( COS§ Slni )
9 = .
-0 0
—sm§ COS§

Notice that S = p_, in PSL(2,R). Using (2.3) as before, one can verify that
(2.10) dip,, (i, 1) = (z’,i(cos@ +isin 9)) .

In particular, the subgroup K := {pp}¢ is contained in the the stabilizer of z = i for the action of
M on H? and acts on T;H? as a rotation of angle .

Given any (z,v) € T'H? with z = 2 + iy and v = iy (cos § + isin ), we are now ready to show
that diby(i,1) = (2,v) for®

N cosg sing
(2.11) gzg(z,v)izTa:)\\/yP(%:( 0 f 0 0 ’

NG —sing cosg
It is enough to put together (2.9) and (2.10).

So far we have proved that the action of M on T'H? is transitive. We now have to prove that
it is free, and it is enough to prove that the element g, ,) defined in (2.11) is the unique for which
dipy(i,1) = (z,v). This follows by showing that the stabilizer of (i,7) is {£Id}.

Let g € PSL(2,R) with di,(i,i) = (i,i). Then

_(“ ’ = ai+b—i and 7i =1
9=\ . 4 citd citd? =

The first condition on the right implies that the stabilizer of i for the action on H? is in fact the
subgroup K, and the two conditions together give that di4(i,i) = (i,7) implies g € {£Id}. We
have thus proved that (2.11) gives a map from T'H? to PSL(2,R) that has an inverse, which is
given by

a b at+b cosfO +isind
2.12 PSL(2,R = j TH?
( ) S(v )99 (C d>H<Cl+d’Z 02—|—d2 )6 )

where § = —2arctan(c/d) if d # 0, and # = 7 (mod 27) if d = 0.

3This is known as the Jwasawa decomposition of SL(2,R).
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Finally, thanks to the topological structures of PSL(2,R) and T'H?, we have defined a homeo-
morphism between the two spaces. ]

The geodesic flow of Definition 1.14 is the dynamical system on T H? given by the action of R
which makes a point (z,v) to flow along the unique geodesic it defines. Since T'H? is homeomorphic
to PSL(2,R), the geodesic flow on T'H? may be seen as the action of a one-dimensional subgroup
of PSL(2,R) on the group PSL(2,R).

Proposition 2.9. Let (z,v) € T'H? with z = x + iy and v = iy (cosf + isin @), and let 9(zv) be
as in (2.11). Then, p(z,v) is represented in PSL(2,R) by the matrix

20
Ipi(20) = Y(z0) Aet/2 = 9(20) 0 ot )

Hence, the homeomorphism between T'H? and PSL(2,R) is a topological conjugacy between the
geodesic flow on TYH? and the right action of the one-dimensional group {\,}a>0 on PSL(2,R).

Proof. First, let’s prove the result for (i,7). We have g
(ie!,ie"). Tt follows that g, ;) = Aet/2-

Let now (z,v) € T'H? with z = z+iy and v = iy (cos §+isin§). By Lemma 2.6 and Proposition
2.8, there exists a unique g = g, , such that di)y(i,i) = (z,v) and p(z,v) = dipg(pe(i,7)). It follows
that 9o, (z0) = 9(z,0) e (ii) = (z0) Aet/2- O

= Id and, by Lemma 2.3, ¢(i,1) =

i4)

Remark 2.10. Given (z,v) € T'H?, we can write the endpoints 'y(ﬂ; 0) (see (2.5)) of the geodesic

for (z,v) in terms of the entries of the matrix g(,,). Applying the geodesic flow as the right
multiplication by A_:/2, one finds

fa b N L+ _a - _b
g(z,v) - c d V(ZW) - c ’ 7(371)) - d’

with the convention 1/0 = co € OH?2.

We are now ready to study the properties in (neg-b). First, we read the properties in (flat-b)
by using the differential structure of T'R? =2 R? x S!. The unit tangent bundle T'R? is a three-
dimensional manifold with T, ,)(T'R?) 22 R? x R for all (z,v) € T'R?, with a possible basis of the
tangent space given by {v,u,1} where v,u € R? satisfy < v,u >= 0. This basis identifies three
directions along which to move the initial condition (z,v) of the geodesic flow. The first direction,
the variation along v in the position z, corresponds to the motion along the geodesic itself. The
second direction, the variation along u in the position z, corresponds to consider initial conditions
(z40u,v) for 6 € R. The third direction, the variation in the direction of v, corresponds to consider
initial conditions (z,v’) with v' # v. Thus, the natural variations considered in (flat-b) correspond
to the variations along a basis of the tangent space 7{. ,) (T'R?).

We can now repeat the same argument to obtain the statements in (neg-b). First, we have to
characterize the tangent spaces T{, ,) (T H?). For this, we use the homeomorphism with PSL(2,R),
which is a three-dimensional Lie group with Lie algebra s[(2,R). A possible basis of the Lie algebra
is given by

o1 e (V2 0 Lo (0 (00
' Lo o—12) TP oo) TN 0]

Therefore, given (z,v) € T'H? as the initial condition of a geodesic flow, we look at the variations
of the initial condition along the three directions identified by X, H,, H_ and using right actions.
10



We find that the first direction gives the point (2/,v’) for which
9= 0y = I(zw) XP(0X) = gz 0) Aes/2 5

that is (2/,v") = ps(z,v), hence it corresponds to the motion along the geodesic V(zw)-
Let us now consider the variations along Hy beginning with initial condition (7,7). Since

1 0
(2.14) exp(0Hy) =75 and exp(6H_) = ( . ) ;
we find
(2.15) W*(i,4) = {gi) exp(OH )}y = {(w+i,0) € T'HP} g

that is the horizontal line {y = 1} with tangent vectors i € T, ;H? for all 2 € R, and
W™ (i,4) == {9 exp(OH-)} 5 =

(2.16) N
— {($+2y,v) €T1H2 : :U2+ <y_2) :Z’ 9:—2arctan <.’L‘>} ,
Yy

that is the circle tangent to the line {y = 0} at x = 0 and passing through 4, and with unit tangent

vectors orthogonal to the circle and pointing outwards.

Definition 2.11 (Horocycles). Let (z,v) € T'H? and let Y(z,v) be the geodesic for (2, v).

e If 7, ,) is a vertical line with v pointing upwards, then we call positive horocycle of (z,v)
the set W (z,v) C T'H? given by the horizontal line {y = J(z)} with tangent vectors
iS(z) € Terig(z)Hz for all z € R, and we call negative horocycle of (z,v) the set W~ (z,v) C
T'H? given by the circle tangent to the line {y = 0} at = R(z) and passing through z,

and with unit tangent vectors orthogonal to the circle and pointing outwards.

e If (. ) is a vertical line with v pointing downwards, then we call positive horocycle of (z,v)
the set W*(z,v) C T'H? given by the circle tangent to the line {y = 0} at z = R(2)
and passing through z, and with unit tangent vectors orthogonal to the circle and pointing
inwards, and we call negative horocycle of (z,v) the set W~ (z,v) C T'H? given by the

horizontal line {y = $(z)} with tangent vectors —iS(z) € Ty g H? for all 2 € R,

e If 7(.,) is a semicircle with center and endpoints fy(j; vy On the line {y = 0}, then we

call positive horocycle of (z,v) the set W (z,v) C T'H? given by circle tangent to the line
{y=0}atz= y(t ) and passing through z, and with unit tangent vectors orthogonal to the

circle and pointing inwards, and we call negative horocycle of (z,v) the set W~ (z,v) C T H?
given by circle tangent to the line {y = 0} at x = ’y(_z V) and passing through z, and with

unit tangent vectors orthogonal to the circle and pointing outwards.
Proposition 2.12. For all (z,v) € T'H? we have W*(z,v) = dwg(z’v)(Wi(i,i)).

Proof. It follows from the homeomorphism between PSL(2,R) and T H?, since

g(z,v) exp(éH:l:) A d <¢g(2m) © ¢exp(6Hi)> (Z7 2) :

Definition 2.13 (Distance on T'H?). The geodesic distance d(-,-) on H? can be extended to a

distance dj,(-,-) on T'H? by

dn((z,0), (Z,0) = Vd2(z, ') + (L(v,0")2, V(z,v), (V) e T'H?,
11




where £ (v,v') is the angle in [0, 27] between v’ and the parallel transport of v from T,H? to T,/ H?
along the geodesic connecting z and 2’

Lemma 2.14. For all x € R, consider the point (x +14,1) € W (i,i). We have
lim e dy(@i(i, i), i(z +1,3) = V2|z|.

t——+o00
For all (z,v) € W~ (4,1),
R(z)
S(z)
Proof. For the first part, we need to compute the distance dj between the points (z,v) = ¢¢(i,7) =
(iet,iet) and (2/,v") = pi(x +i,i) = (z + iet, ie!). The geodesic between z and 2’ is the semicircle
centered on the line {y = 0} at (2/2,0) of radius r; = y/22/4 + e2t. It follows that

tii{noo e~ dp(i(iyi), pi(2,0)) = V2 ‘

d(z,2) ~ |z|et, ‘K(v,v’)‘ ~|z|e T, ast— +oo,
hence we obtain the first result.
For the second result, we start observing that
dh((pt(i’ i)a th(zv U)) = dh(‘)oft(i’ _i)7 (Pft('% _U)) )
and (z, —v) € W (i, —i). Then, by Proposition 2.12, the transformation di)g given by the inversion
S sends W (i,—i) to W (i,1), hence dig(z, —v) € W (i,4), and we can apply the first part. It
follows that
dh(QOt(Z., Z)a c)Ot(za U)) = dh(()@*t(i’ _i)7 (10*75(27 —’U)) = dh(di/)g(@,t(i, _i))a d¢5(4p*t(zv _U))) =
= dh(QO_t(i, Z)? QD_t(d’l/}S(Z, _U))) 9
and

tlir—noo et dr (et (i, 1), e(z,0)) = t—lz-irfloo ¢! dp (e (i, 0), pr(dps(z, —v))) = ﬂ‘%(¢5(z))’

Finally, from (2.16), we obtain

1
(z,0) = (x+iy,v) e W (i,i) = 22+ =y = R(Ws(z)) =R <_z> = —g.
O
Applying Proposition 2.12, we can state the general behavior for the orbits of variations of the
initial conditions.

(neg-b) For all (z,v) € T'H? the tangent space T{, ,)(T"H?) can be written as the sum of three
one-dimensional vector spaces,

(2.17) E°€:=Span(X), FE°:=Span(H,), E" := Span(H_).

If we move the point (z,v) along E°, we obtain points on the geodesic 7. ,)-

If we move the point (z,v) along E*®, we obtain points (z’,v") of the positive horocycle
Wt(z,v), and

dn(01(2,0),04(2', V') ~ispoo const(z,2) 7", Y (20) € W (z,0).

If we move the point (z,v) along E", we obtain points (z’,v’) of the negative horocycle
W~ (z,v), and

dn(pe(z,0), o1 (2, 0) ~i—oo const(z,2) - e, V(20 e W (z,0).

12



We end this section by introducing the positive and negative horocycle flows on H?. Given (z,v) €
T'H? and its positive (negative) horocyle W (z,v) (W~ (z,v)), the positive (negative) horocycle
flow {ut(z,v)}ser ({ug (2,v)}ser) slides the unit vector v € T,H? along W+ (z,v) (W~ (2,v)).

By mimicking the argument in Proposition 2.9 we can prove the following algebraic representation
of the horocycle flows.

Proposition 2.15. Let (z,v) € T'H? with 2 = x + iy and v = iy (cos O + isind), and let (=) be
as in (2.11). Then, uf (z,v) is represented in PSL(2,R) by the matriz

1 s
9ot () = Y(z0) XP(sHy) = g(z0) ( 01 ) :

Hence, the homeomorphism between TH? and PSL(2,R) is a topological conjugacy between the
positive horocycle flow on T'H? and the right action of the one-dimensional group {mp}per on
PSL(2,R).

Analogously, ug (z,v) is represented in PSL(2,R) by the matriz

10
9z (z) = 9wy OP(H) =9y | |-

Hence, the homeomorphism between TYH? and PSL(2,R) is a topological conjugacy between the
negative horocycle flow on T'H? and the right action of the one-dimensional group {exp(6H_)}scr
on PSL(2,R).

Proposition 2.16. For allt,s € R, the geodesic and the horocycle flows on H? satisfy the following
commutation rules

+ +
QOtOUS :u86¥t OgOt,

Proof. Using Propositions 2.9 and 2.15, it’s enough to prove that

1 s et/? 0 et/? 0 1 set
0 1 0 e_t/2 B 0 e—t/2 0 1

for the positive horocycle flow, and the analogous relation for the negative horocycle flow. O

13



3. HYPERBOLIC DYNAMICS

As shown in the previous section, the geodesic flow on the Euclidean plane and on the sphere
exhibits quite a “simple” dynamics. Either all orbits are periodic or little variations in the initial
conditions lead to “slow” separation of the orbits. The situation is different on the hyperbolic
half-plane.

In this section, we introduce the notion of Anosov flow, a class of flows including the geodesic
flow on surfaces with constant negative curvature, for which the dynamical properties have been
studied extensively over the last years.

Definition 3.1 (Anosov flow). Let M be a smooth connected manifold and ® = {¢;} a smooth
flow on M without fixed points*. A compact ®-invariant set A C M is hyperbolic if there exist a
®-invariant splitting TM|y = E°® E* @ E* and constants C' > 1, A € (0,1), and p > 1 such that
for all p € A we have:

(i) Ej = Span(4¢(p)]i=0);
(ii) for all w € B3, |dppt(w)| < C N |w| for all ¢ > 0;
(iii) for all w € EY, |dppi(w)| < C p* [w] for all ¢ < 0.

A smooth flow ® on M is said to be an Anosov flow if M is closed® and hyperbolic.

An Anosov flow is an example of a uniformly hyperbolic dynamical system, an important class
of systems with many interesting properties, some of which will not be considered in these notes.
We refer to [FH19] and references therein for a more detailed discussion of Anosov flows.

That the geodesic flow on a compact hyperbolic surface is an Anosov flow follows from the
properties we have stated in Section 2.3,(neg-b) (see also [FH19, Remark 2.2.2] for a discussion
using the Lie bracket of vector fields). However the geodesic flow may be Anosov also on closed
surfaces with non-positive curvature. The first result was proved in [An69] for manifolds of any
dimension, and in [Eb73] by using Jacobi fields (see also the exposition for surfaces in [Ya22]). In
these notes we give a sketch of the proof by the Alekseev cone field criterion.

Definition 3.2 (Cones). Given linear spaces E, F' and a constant 3 € (0, 1), the 5-cone Cg(FE, F)
is the subset of E & F given by

Cy(E,F)={v+w:veFE wekF, |w <p|}.

Proposition 3.3 ([FH19]). Given a smooth connected manifold M and a smooth flow ® = {¢:}
on M without fized points, a compact ®-invariant set A C M is hyperbolic if and only if there exist
constants C > 1, ,A € (0,1), and a decomposition T,M = S, @ E; @& Uy for all p € A such that
we have:

(i) E; = Span(¢i(p)|i=0);

(ii) dp(pt(C[g(Up, Eg @ Sp)) C Cﬁ(th(p), E;t(p) © S%(p)) for allt > 0;
(i) dp(pt(CQ(Sp, EIC) ® Up)) C Cg(S%(p), Efpt(p) &) U«pt(p)) for all t <0y
w) for all w € B ® , pr(w)| < w| for allt > 0;

for all Cp(Sp, E, ® Up), |dp O\ for all
v) for allw € Cg(U,, ES® S,), |dypi(w)| < C X7t w]| for all t < 0.
B\Yp> Lp P P

4This condition can be dropped, it is satisfied by geodesic flows.
5That is, compact and without boundary.
14



We just remark that for the “if” part of the proof of the proposition it is enough to consider the
construction

By = () do o1 (Ca(Sp 0BGy Ui )
t<0

By = ﬂ dso—t(p)‘Pt(Cﬁ(Uw—t(p%E;_t(p) D Sp_u(p))) -

t>0

Theorem 3.4 ([Eb73]). Let X be a closed connected oriented Riemannian surface with non-positive
curvature. If every geodesic in ¥ contains a point where the curvature is negative, then the geodesic
flow on X is Anosov.

Proof. We sketch the proof in [Kol8] (see also [FH19, Theorem 5.2.8]). The idea is to construct a
cone field on T'Y and verify the cone criterion.
First, it is useful to consider for (z,v) € T'Y the isomorphism

T(z,v) (le) = j(27 U) ©® E(Cz,v) )

where E(C
2,0

geodesic 7, ) for which J and Day(w)J are orthogonal to 7(.,). By Proposition 1.8, the bundle
{J(2,v)}(z,v) is invariant, namely

d(z,v)@t(j(z>v)) = j(@t(zav)) , VteR.

)= Span(v), and J(z,v) is the two-dimensional vector space of Jacobi fields along the

Then, for € > 0, one considers the following cones
Cr={em R : x>0}, CFi={(Em) R en<HE < g} :

and the cone fields which to each (z,v) € T'S associate C, CE C J(2,v).
The thesis is a consequence of the following steps.

Step 1. There exists k > 0 and tg > 0 such that for every unit speed geodesic v we have

to
(3.1) K(v(t))dt < —k.
0
If the statement is false, let (7,) be a sequence of unit speed geodesics such that each -, is
defined on [0, n] and

1

0> /n K(m(®)dt > -~
0 n

By compactness and a diagonal argument, one finds a subsequence converging uniformly on each
[0,n] to a geodesic v defined on R for which [ K (y(t))dt = 0. This is a contradiction with the
assumption of the theorem.

Step 2. There exists m > 0 and t1 > 0 such that, for any unit speed geodesic vy, the solution of
the Riccati differential equation u(t) = —K (v(t)) — u?(t) with u(0) = 0 satisfies u(t;) > m.

Given a unit speed geodesic v, let x and g as in step 1. First of all, by comparison with the
differential equation ¥ = —v?, we have that u(¢) > 0 for all + > 0. Then, choose t; > to and, for
a > max{1,tk}, let m = k(1/a — t1k/a?). Define

t* := sup {t € [0,t1] = u(t) >
15
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If t* = 0 then, by step 1,

u(tl):u(0)+/0tl a(t) dt:/otl (—K(v(t))—u2(t))dt2/0t0 (—K(v(t))>dt+/0t1 (—Zi) dt

2
2&—t1—2>m.
a

On the contrary,

u(ty) = u(t) +/

t*

t1

;2
>

*751 =m.

a?

Step 3. Let (z,v) € T'S and C’jE,C’Ei the cone fields defined above. Let p(t) as in Proposition
1.10 which satisfies the Riccati equation (1.1). Then, for t; found in step 2,

d(z,v)ﬁﬂtl(car) - C';“ and d(z,v)‘P—tl(Co_) C CE—.
See [Kol18, Lemma 5.7].

Step 4. We can apply Proposition 3.3.

Since ¢; preserves the volume form on 7'Y (see Theorem 4.5) and the surface ¥ is compact,
the cone fields induce a decomposition of T(Zﬂ,)le satisfying the properties in Proposition 3.3 (see
[Ko18, Theorem 3.3 and Lemma 5.8]). O

For our aims, the most important property of an Anosov flow is the existence of the strong stable
and strong unstable foliations.

Theorem 3.5 (Stable and Unstable Manifold Theorem (e.g. [FH19])). Let M be a smooth con-
nected closed manifold and ® = {1} a C", r > 1, Anosov flow on M with constants A\, as in
Definition 3.1. Then for each p € M there is a pair of embedded C"-disks, W .(p) and W}.(p),
depending continuously on p in the C' topology and called the local strong stable manifold and the
local strong unstable manifold of p, respectively, such that

(i) TyWise(p) = By, T,Wis.(p) = By
(i1) oW, (p)) € Wi (0(p)) for all £ >0 and (W, (p) € Wi (pi(p)) for all t < 0;
(1ii) for every § > there exists Cs > 0 such that
d(e(p), ¢e(a)) < Cs (A +0)"d(p,q), Vg€ Wig(p), t >0,
d(er(p), 01(q) < Cs (p—0)"d(p.q) . Vq € Wige(p), t <0
(i) there exists a continuous family of neighborhoods U, of p € M such that
Wiee®) = {0 € Up 1 01(@) € Uy, () ¥t > 0, d((p), pi(q)) — Oas t — +oo}
Wiee(p) = {a € Up + ¢1(q) € Uy, () ¥t < 0, d(e(p), e(q)) — Oas t — —oco} .

Then, it is possible to look at the time evolution of the local strong stable and unstable manifolds,
to obtain the sets

Wo(p) = ee(Wite(p—+(p) = {a € M : d(p:(p), pi(q)) — Oas t — +o0}
t<0

WH(p) = | e:(Wise(o—4(p)) = {g € M : d(¢s(p), ¢e(q)) — Oas t = —oo}
t>0

(3.2)
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which are smoothly injectively immersed manifolds called the strong stable and strong unstable
manifolds, respectively. Finally, we call weak stable and weak unstable manifolds, the manifolds

(3.3) we(p) = J @(W*(p)) and W) := ] @:(W"(p))-
teR teR

Example 3.6. For the geodesic flow on the hyperbolic half-plane H?, the results in (neg-b) can be
restated by saying that for all (z,v) € T H?,

Wo(z,v) = W (z,v) and WY(z,v) =W (z,v).
Moreover, the linear splitting of T(, T 'H? showing hyperbolicity of the geodesic flow does not
depend on (z,v).

For an Anosov flow, every single leaf of the strong foliations is a regular embedded manifold in
M, whose regularity is given by the regularity of the flow. However, the regularity of the foliations
is a different problem and, in general, one should not expect it to be more than continuous®. A
better result holds for geodesic flows on surfaces.

Theorem 3.7 ([Ho40, HP75]). Let ¥ be a closed connected Riemannian surface with negative
curvature. Then the geodesic flow admits C' strong stable and unstable foliations.

SFor example, if the weak foliations are very smooth then the manifold is algebraic (see [Gh87]).
17



4. ERGODICITY

In this section, we begin to study the ergodic properties of the geodesic flow on smooth connected
complete orientable Riemannian surfaces ¥ with negative curvature. The hyperbolic structure
constructed in Section 3 will play a major role.

We start by recalling the basic notions of ergodic theory.

Definition 4.1 (Invariant measure). Let (M, p) be a probability space and T': M — M a (Borel-)
measurable map. The map T is measure preserving (or p is T-invariant) if p(T~1(A)) = u(A) for
all measurable A C M.

A measurable flow ® = {p;} on (M, u) is measure preserving if ¢y : M — M is measure
preserving for all ¢t € R.

A fundamental result for probability preserving maps and flows is the Birkhoff Theorem.

Theorem 4.2. Let ® = {¢;} be a measurable measure preserving flow on the probability space
(M, ). Then, for all f € LY(M, ) there exists a ®-invariant’ f € L'(M, ) such that

fop) = lim /fsot ~ lim /fsot p)dt, for p-a.e. p,

T—+oo T T—+oo T

and [y, fdu= [y, fodp.

Definition 4.3 (Ergodic measure). A measurable flow ® = {¢;} on (M, p) is said to be ergodic
with respect to p (or u is ergodic with respect to @) if for any measurable A C M with ¢(A) = A
for all t € R either u(A) =0 or u(M \ A) = 0.

It is immediate that a measurable flow ® = {¢;} is ergodic if a single time-t map ¢y is ergodic.
Moreover, ergodicity can be reformulated in various ways.

Proposition 4.4. For a measurable flow ® = {¢} on (M, ), the following are equivalent:
(i) ® is ergodic with respect to .
(i) Any ®-invariant f € L*(M, u) is constant u-a.e.
(iii) Assuming that ® is measure preserving, if v << u is a ®-invariant measure on M then pu = v.
(iv) p is ergodic for the time-t map @ for all but countably many t € R.
(v) Assuming that ® is measure preserving, for all f € L'(M, ) the function fo in Theorem 4.2
is p-a.e. equal to the constant fM fdu.

Let’s now consider the geodesic flow ® = {¢;} on T'¥. First, we show that there exists an
invariant measure for ®.

Theorem 4.5. The geodesic flow ® = {1} on a smooth connected complete orientable Riemannian
surface ¥ is a contact flow. Namely, there exists a I1-form a on T'Y such that a A do is non-
degenerate, and the geodesic vector field X := d/dt|,—¢ p; € T(T'Y) satisfies: a(X) =1, da(X, &) =
0 for all £ € T(T'Y).

In particular, the geodesic flow preserves the Liouville measure, or volume form, p=m x £ on
T'S. Here, m denotes the volume form on X, and ¢ the Lebesque measure on S'. If ¥ is closed,
then p is a probability measure.

Proof. Here we sketch the main steps of the proof. For all the details we refer to [Pa99, Section
1.3].

First, we define the 1-form «. Let 7 : TS — X be the canonical projection, 7(z,v) = z for all
(z,v) € TE. Then, define

(41) A(zv) (g) =< d(z,v)ﬂ-(g)a v >, \V/f € T(z,v) (Tz) :

TA measurable f: M — R is said to be ®-invariant if f o p; = f p-a.e. for all t € R.
18



Then, da is a symplectic form on T for which the geodesic flow is the Hamiltonian flow of
H(z,v) =1/2|v|?, that is
It follows that, for all (z,v) € T'%,

a(z’v)(X(z,v)) =< d(z’v)Tr(X(z,v)),v >S=<v,0>=1,

and
da(X,€) = —dH(€) =0, Ve T(T'Y),
since H is constant on T'¥.
It follows that the flow ® preserves o and dev, in particular it preserves aAda, hence the Liouville
measure. Indeed,
Lxoa= Zx(da) + d(iXOz) =0,
since iya = a(X) =1 and ix(da)(¢) = da(X,€) =0 for all £ € T(T'Y). O

Example 4.6. The geodesic flow ® = {¢;} on the flat torus T? is not ergodic. For all (z,v) €
T'T?, we have ¢i(z,v) = (Y (t),v) for all ¢ € R. Hence, if [a,b] C S' denotes a finite arc
of directions of positive Lebesgue measure, the set A, = T? x [a,b] C T'T? is ®-invariant, and
1(Aap) = m(T?) - £([a, b]) # 0.

The same problem arises for the geodesic flow on the sphere S? with constant positive curvature.

In the following of this section, we prove that the geodesic flow on a closed surface with negative
curvature is ergodic with respect to the Liouville measure. First, we prove this result in the case
of constant negative curvature using the algebraic framework introduced in Section 2.3. Actually,
we prove a more general result.

Theorem 4.7. Let ' < SL(2,R) be a lattice, that is a discrete subgroup such that ¥ = I'\H? has
finite volume. Then, the right action of all non-elliptic elements g € SL(2,R) is measure preserving
and ergodic with respect to the Liouville measure ju on T3,

Proof. The Liouville measure p is invariant by the left action of all elements g € SL(2,R) since
they are isometries. That the right action of ¢ is measure preserving with respect to u follows from
the fact that SL(2,R) is unimodular (see [EW11, Proposition 9.19]).

It remains to prove that the right action of non-elliptic elements of SL(2,R) is ergodic with
respect to p. By Proposition 4.4, it is enough to show that all g-invariant functions in L?(T'¥) are
constant u-a.e. We adapt a more general argument from Margulis (see [EW11, Proposition 11.18]).

First, let ¢ € SL(2,R) be a hyperbolic element. Then, up to conjugacy, we let g = A, with
a € R\ {0,£1} (see Definition 2.5) and |a| > 1. The case |a| < 1 follows analogously. We now
prove the following claim: If f € L?(T'X) is A\,-invariant, then it is constant p-a.e.

By rescaling f, we assume || f|l2 = 1. Since the action SL(2,R) > h+ foh € L?(T'Y) is unitary
and continuous, we obtain that the map

(4.2) SL(2,R) > h—p(h):=<foh, f>
is continuous. Moreover, for all n,m € Z,
(4.3) PAGhAT™) =< fo(Agh), fodg >=p(h)

since f is Ag-invariant. Let us now consider the one-dimensional subgroup {7, }scr. For all 7, we
have by a direct computation that A 7, A\, — Id for n — —oo. Hence, by (4.3) and the continuity
of p(*),
p(mp) = lim p(Ag7pA;") = p(Id) =1.
n——oo

Then, by the Cauchy-Schwarz inequality, 1 = |p(7)| < ||f o 7||2 || f]|2, and it follows that for, = f
u-a.e. for all b € R.
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In the same way, one can prove that if f € L2(T'Y) is \,-invariant, then it is invariant under
the action of exp(dH_) for all § € R (see (2.14)). Recalling that SL(2,R) is generated by the
subgroups {7}, and {exp(0H_)}s, it follows that if f € L?(T'Y) is A,-invariant, it is SL(2,R)-
invariant. Hence, f is constant p-a.e. because the action of SL(2,R) on H? is transitive.

Let’s consider now the case of a parabolic g € SL(2,R). Up to conjugacy, we let g = 7, with
b € R. As before, we prove that: If f € L?(T'Y) is 7p-invariant, then it is constant p-a.e.

We follow the same ideas as before. Fixed b € R, let {e}} be a vanishing sequence in R* such
that be, € R\ Q for all k£ € N. Then, classical results in Diophantine approximation of real numbers
guarantee the existence of sequences {n;} and {my} in Z such that

ng be’:‘k

S E—— €k -
1+ ng bep k

|nk bep — 1| < e and 'mk bey, +

Let now consider the elements hy = exp(e,H_). If f € L?(T'Y) is my-invariant, using the function
p(h) defined in (4.2), by (4.3) we have

pr* iy 7™) = p(hy) — p(Id) =1, as k — +oo,

At the same time,

ng mg
T " Ty =

<1+nkb5k (1+nkb5k)mkb+nkb> (2 r
—
0

) =:h, ask— +oo,
Ek 1+ my, beg, 2

up to the choice of as subsequence {k;}. Therefore, the continuity of the function p(h) implies
p(ry* b 7"*) — p(h), as k — +oo,
and, as before, from p(h) = 1, we obtain that foh = f p-a.c.
Finally, since h is a hyperbolic element in SL(2, R), it is conjugate to some A, with a € R\{0, £1}.
Hence, we have proved that if f € L?(T'Y) is 7y-invariant for any b € R, it is Aq-invariant for some
a € R\ {0,£1}. As proved above, this shows that f is constant p-a.e. and the proof is finished. [

Corollary 4.8. Let I' < SL(2,R) be a lattice and ¥ = T'\H?. Then, the geodesic flow and the
horocycle flows on X are measure preserving and ergodic with respect to the Liouville measure u on
Ty,

We now consider the non-constant curvature case.

Theorem 4.9 ([Ho39, Ho40]). Let ¥ be a smooth closed connected orientable Riemannian surface
with negative curvature. Then, the geodesic flow is ergodic with respect to the Liouville measure
pw=mx4tonTY.

Proof. We follow the argument by Hopf as exposed in [Br95] for manifolds of arbitrary finite
dimension. The proof is divided into steps.

Step 1. Let f : T'Y — R be a measurable function invariant for the geodesic flow ® = {o;}.
Then, there exists sets N° and N* of null u-measure, such that

f(Z0) = f(z,0) for all (z,v),(Z,v) € T'S\ (N*UNY) and (2',v') € W*(z,v) UW%(z,v).

Without loss of generality let f be a non-negative ®-invariant function. Then, for all C > 0, the
function fc := min{f,C} is in L}(T'%, u) and ®-invariant. Hence, there exists a sequence {g, }nen
of continuous functions on T'Y such that || fc — gnll1 < 1/n.

For each n € N, Theorem 4.2 implies that there exists (g,)s such that

T
(a0 = im 7 [ gu(atzo)a
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for p-a.e. (z,0) € T'S. Then, if (2/,v') € W(z,v) and (gn)e(2',v") exists, (gn)o(2,0v) =
(9n)a(z,v) because g, is uniformly continuous.
Finally, using that the Liouville measure p is ®-invariant, we obtain
1
vo [ e =gl di= [ oz - galentz )] da
TS TS

n

- / fo(2.0) — gnlon(z )] dy,
TR

from which

T T
| e —7 [ aatond ae< 5 [0 et - st du <

Passing to the limit for n — oo, we obtain that || fo — (gn)s||1 — 0.

Therefore, there exists a set NS of null y-measure, such that for all (z,v), (2/,v') € TI1X \ N2
and (2/,v") € W¥(z,v) the value (g,)e(2',v") exists and is equal to (g, )e(z,v). Hence, fo(2/,0v") =
fo(z,v) for all (z,v),(2/,v') € T'S\ N3 and (2/,v") € W*(z,v) where N® = U, enN;.

The same argument works for the unstable manifold.

Step 2. The weak stable and weak unstable manifolds give absolutely continuous foliations of
T'S. That is, for each (z,v) € T'S, let U be an open set for which U N W¢(z,v) is a union of
local stable manifolds, i.e. there exists T > 0 for which

Unwe(zo)= | (Wiler(z,0) N0).
te(=T,T)
Then, there is a measurable family of positive measurable functions hy : Wi (pi(z,v)) N U — R
such that for any measurable set A C U

T
tes(ANWE (2 0)) = / (/ xa(2',v") hy(2,0) d;zs(z',v/)) dt,
-T e (Pt (z0))NU
where s and ps denote the two and one dimensional volumes induced from p on W(z,v) and
W#(z,v), respectively. And the analogous result holds for the weak unstable manifold.

This follows putting together that: the geodesic flow is smooth; the local stable and unstable
manifolds are smooth; the strong stable and unstable foliations are C* (see Theorem 3.7).

Step 3. Let f : T'S — R be a measurable function invariant for the geodesic flow ® = {@;}.
Then, f is constant p-a.e.

From Step 1, a ®-invariant measurable function f is constant on the strong stable and unstable
manifolds up to a set of null y-measure. Since the strong foliations are C'', we can repeat Step 2
using the weak and the strong foliations to obtain an absolutely continuous foliation of the manifold,
on which the function f is then constant u-a.e. O

The proof of Theorem 4.9 can be adapted to finite volume surfaces with curvature bounded and
bounded away from O.
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5. A DETOUR: FLOWS UNDER A FUNCTION

A classical method to study the dynamics of a flow is the identification of a Poincaré section for
the flow and the definition of a Poincaré map. The result of this classical procedure is modelling
the flow by a flow under a function.

Definition 5.1. Given a set M and a map T': M — M, consider a function 7 : M — [0, +00) and
define the space

M, :={(p,s) e M xR :0<s<7(p)}/~

with (p, 7(p)) ~ (T'(p),0). The function 7 is called the roof function of M, and the map T': M — M
is called the base map.
The semi-flow under the function 7 is the “vertical” flow V' = {V};} defined on M, for all ¢ € [0, +00)
as

M; > (p,s) = Vip,s) = (p,s +t) € Mr.

If the map T is invertible, the maps V; can be defined for all ¢ € R and define the flow under the
function T.

When the map T is the Poincaré map on a section X, then 7 is the return time function for the
flow.

Proposition 5.2. Given a measure space (M, v) and a v-measure-preserving map T : M — M, the
semi-flow V = {V;} under a function on M,, with T € L*(M,v), preserves the probability measure

pr = (v x€)/ [y, Tdv.

Proof. It’s enough to control the p,-measure of the sets of the form A x (s1,s2) for A C M v-
measurable. Then, the results follows by checking that the pr-measure doesn’t change when the
set goes through the roof of M. O

Proposition 5.3. Given a probability space (M,v) and a v-measure-preserving map T : M — M,
the semi-flow V = {V;} under a function on M,, with 7 € L*(M,v), is ergodic with respect to ju,
if and only if T is ergodic with respect to v.

Proof. Let’s assume that the base map T is ergodic on (M, v) and let f : M, — R be in L?(M,, it;)
and V-invariant, that is f oV, = f pr-a.e. for all £ € R. Then, there exists a set N C M of null
v-measure such that

7(p)
o(p) = —— /O " fp.s) ds

is defined for all p € M \ N, and g(p) = f(p,0) and g(T(p)) = f(T(p),0). Since f(T(p),0) =
f(p,7(p)) = (f o Vi(»))(,0), it follows g(p) = g(T'(p)) for v-a.e. p € M. By the ergodicity of the
base map T, it follows that g(p) is constant v-a.e. Hence f(p, s) is constant p,-a.e.

On the other direction, let’s assume that the flow V' is ergodic on (M, ). Given a function
g € L?(M,v) which is T-invariant, we define f(p,s) = g(p) for all s € [0,7(p)). Then, f(p,s+1t) =
f(p,s) for all t € [—s,7(p) — s). For the other t’s, we have

f(p,s+1t)=f(T(p),s+t—7(p)=9(T(p) =9g(p) = f(p,s)

for all t € [7(p) — s, 7(T(p)) + 7(p) — s), and the argument can be repeated for the other cases to
show that f is V-invariant. Hence, f(p, s) is ur-a.e. constant, and the same holds for g for v-a.e.
pE M. ]

Exercise 5.4. Consider T? = R?/Z? and the flow ® = {;} given by

[0,1) x [0,1) 5 (z,y) — @i(z,y) = (z,y) + tv € T?
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for a fixed v = (vi,v2) € R? with |v| = 1, v; > 0, and vy # 0. Consider the section M =
{0} x [0,1) C T?, compute the return time function 7 on M, and define the Poincaré map 7' on M.
Find the conditions on v under which the Poincaré map is ergodic.

It turns out that flows under a function are an important class to study. For a proof of the next
result see also [FH19, Theorem 3.6.2].

Theorem 5.5 ([Am4l]). Let ® be a measure-preserving flow on a Lebesgue space with essentially
no fixed points, then ® is isomorphic to a flow under a function.

5.1. The modular surface SL(2,Z)\H2. The following material is from [BDI24, Appendix A].
Let us consider the quotient of H? by the action of the lattice SL(2,7Z), in this section ¥ denotes
the modular surface, that is the quotient SL(2,7)\H?, with fundamental domain

1
f:{z:a:-i—iyEHQ : ]w|§§, \z|21},

and let 7 : H?> — ¥ be the standard projection. By Corollary 4.8, the geodesic flow on ¥ is measure

preserving and ergodic with respect to the Liouville measure p. Here we construct a Poincaré

section and write the geodesic flow as a flow under the return time function. This is similar in

spirit to the results in [AF84, Se85] and uses essentially the same Poincaré section as in [Mal2].
Given n € Z, let Z,, denote the vertical line in H? given by

In:{x+iy€H2 : :)::n}

and let

It =TyNF={2€H’ :2=0,y>1} and I =Z\IT={z€H*:2=0, 0<y<1}.
Our Poincaré section will be the set

C:= {(z,v) eT'Y 1 2€TT, O(v) # 0,7r},
where 6 is as in (2.8). Set moreover C' := {(z,v) € T'H? : dn(z,v) € C}. Using ¢g(i) = i and
¥s(ZT\{i}) = Z~, with S defined as in Definition 2.5, and the fact that the lift dig : TH? — T H?
satisfies
0(dibs(z,v)) = 0(v) + 7 (mod 27), V(z,v) € T'H? with z € Ty,

for each (z,v) € C there exists (2/,v') € T'H? with 2’ € Zg and 0(v') € (—=,0) such that dn(2',v") =

(z,v). Hence in the following we identify C with the set of points on Zy with tangent unit vector v
pointing towards the half-plane of points with strictly positive real part, in accordance with

(5.1) Czdﬂ({(z,v)eTle : zEIg,G(v)E(—W,O)}).

Stated otherwise, when we write (z,v) € C we think of it as a couple with z € Z; and 0 € (—,0).
Analogously we set
(5.2) C={(zv) € T'H? : 3g € SL(2,Z) such that ,(2) € Zo, 0(diy(z,v)) € (—=m,0)} .

Subsets of C' which play an important role in the rest of the section are points with base on the
lines Z,, and on the half-circles

1\? 1
Tn = {x+iy€H2: (:L‘—n—2> +y2:4}.

Note that Z,, = 7 (Zp) and J,, = ¥ (¢1(Zo)), where

ZZG g’)
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Note moreover that for each n € Z the lines Z,,, J,, and Z,,41 are the sides of the hyperbolic triangle

1

1 2
An::{x+iyEH2:nS:€§n+1, <$—n—2) +Z/224}

with vertices in n, n+1 € R and oo (each A,, contains three copies of the fundamental domain F).
Let (z,v) € C and 7(,)(t) be the corresponding geodesic. Since 6(v) € (—,0) we have W(J; v €
R* and Vow) ERT. We let
G:={(v.n) : v,nERT}

and consider the map
G:C—G, (Z,U) = g(Z,’U) = (7(—;1,)7 _fy(_z,v)) .
Using the identification of T'H? with PSL(2,R) in (2.11), we have
1 1
(ﬂ) P9 (1) iy
) VA n v+
0 2 ()
) Am ) A
We now consider the return to C starting from a point (z,v) € C and along 7, ,)(t) for positive

times ¢. Let (v,n) = G(z,v). Given (2/,v’) the point in C of the first return, we can describe the
Poincaré map as a map

(5.3) (z0) =G v = gew =

N

P:G =G, Pylv,n)=1):=G().
Our aim is now to describe the map P on the points of G. The map P, depends on the set of C
defined in (5.2) on which the first return occurs. The proof of the following result is straightforward.

Lemma 5.6. For (z,v) €C, let (v,m) = G(2,v). If the first return to C along (.. (t) for positive
t occurs on ;1 (Zo) for some g € SL(2,Z), then (v, 1) = P(v,n) satisfies

Y =g(v) and 0 = —thy(—n).

There are a couple of different cases to be considered. Given (z,v) = G~1(v,n), if ¥ > 1 the first
return to C' along 7, ,)(t) for positive ¢ occurs on Zy = 97, (Zp). On the other hand, if v < 1 it
occurs on Jy = v;(Zp). Finally, when v = 1 there are no returns to C along 7, ,(t) for positive ¢.
However we can extend the map also to this case, and using Lemma 5.6 we obtain

(7_1777"1'1)) if7>1;
(5.4) (Y1) =P(v,n) = (ﬁ ﬁn) . ify <1
(0,00) , if y=1.

We can now construct the flow under a function associated to (G,P). Let (z,v) € C and apply
the geodesic flow along 7, ,(t) for ¢ positive. Letting (v,7) := G(z,v), the first return of the
geodesic flow on C occurs at a time #(z,v) > 0, which can then be written as a function of (v,7)
as 7(v,m) = t(G~(v,m)). Let us now compute 7(7,7). When v > 1, we have seen that the first
return on C along v, ., (t) for positive ¢ occurs on Z;. Hence, using the identification between T1H?
and PSL(2,R) and Proposition 2.9, we write

_ a b 6% 0 h _ a b
Pvey® =\ e g 0 et where gy = . 4)>
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from which it follows that ¢(z,v) is the positive solution of

5 aefi—l—beff 1
cezi+de 2
A straightforward computation and (5.3) give

_ 1 ac+ d? 1 IE A
t(z,v) = 5 10g<ac—02) and 7(y,n) = 5 log (1_717 if v > 1.
v

When v < 1, we have seen that the first return on C along 7, ., (t) for positive ¢ occurs on Jo.
Hence, as before it follows that ¢(z,v) is the positive solution of

ae%i—&-be_% 1 1
ce%i+de_% 2

A straightforward computation and (5.3) give

_ 1 b —bd 1 1
t(z,v) = = log < ) and 7(v,m) = = log <+77> if v < 1.

5
2 ac — a? 2 1—7
Now we can construct the flow under the roof function 7(v,n) with base map P on G. Given

Gr={(v,m8) : (M €G,y#1,0<s<7(v,n)}/~,
with (vy,n,7(v,m)) ~ (P(v,7n),0), we consider the vertical flow V' = {V;} on G, defined by

Vi(v,m,8) = (vsm, 8 + 1)
Proposition 5.7. The following properties hold:
(i) The map P : G — G preserves the infinite measure v which is absolutely continuous with
respect to the Lebesgue measure on G with density h(y,n) = (v +n) 2.
(ii) The roof functions T(v,n) is in LY(G,v), hence the vertical flow V. = {V;} preserves the
probability measure i = (v x £)/ [ Tdv on G.
(11i) The vertical flow V. = {V;} on (Gr, ) is isomorphic to the geodesic flow ® = {¢:} on
(T'S, 1), where p is the Liouville measure du(x,y,0) = y~2 dx dy df, with 0 = 0(v).
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6. DECAY OF CORRELATIONS

We begin to study the “chaotic” properties of the geodesic flows. The chaos index we consider
is mizing and its rate. Let’s first recall the basic definitions.

Definition 6.1 (Mixing). Let (M, u) be a probability space and ® = {¢;} a measurable flow on
M which preserves p. The flow ® is said to be mixing if for any two measurable sets A, B C M

Jm u(AN @-¢(B)) = u(A) u(B).
It is interesting to study the quantity

AN p_(B)) = /M XA (XB o @t) du

for more general observables.

Definition 6.2 (Koopman operator). Let (M, 1) be a probability space and ® = {¢;} a measurable
flow on M which preserves u. The Koopman operator Uy associated to ® for ¢ € R is the linear
operator defined for all p > 1 by

Ut:Lp(M,:U’)_)Lp(MnU’)a Utf:fOQDI%

Definition 6.3 (Decay of correlations). Let (M, u) be a probability space and ® = {¢;} a mea-
surable flow on M which preserves p. Given f,g € L?(M, i), we call correlations of f and g with
respect to the flow ® the quantities

Calt.a.t):= | s Waydu=( [ fan) ([ adn).

We say that the flow ® has decay of correlations if for all f, g € L?(M, )
Jim Co(f,9,4) = 0.

Proposition 6.4. For a measure-preserving flow ® = {1} on the probability space (M, ), the
following are equivalent:

(i) ® is mizing.

(i) ® has decay of correlations.

The question we want to answer is whether it is possible to obtain an estimate on the rate of the
decay of correlations for observables in a functional subspace of L2. We can interpret this rate of
decay as a measure of chaoticity of the system.

The first results on a precise rate of decay of correlations for the geodesic flow on a negatively
curved surface were obtained in the case of constant curvature in [Ra87]. The main advantage was
clearly the possibility of using the algebraic structure. Here, we recall the proof that the geodesic
flow on the hyperbolic surfaces is mixing.

Theorem 6.5. Let I' < SL(2,R) be a lattice and ¥ = T\H2. Then, the geodesic flow on ¥ is
mixing with respect to the Liouville measure pn on T1X.

Proof. We follow [FH19, Theorem 3.4.32] and prove that the geodesic flow ® = {¢;} has decay of
correlations. First, we remark that the Koopman operator U; is an isometry on L? = L2(T'%, 11).
Then, for all g € L?, the set {U;g}; is bounded, hence there exist a sequence ¢, — +00 and go, € L?
such that Uy, g converges weakly to goo. The proof of the theorem is finished if we show that, for
all g € L?, we have goo = fTIZ g du and the convergence holds for U;g as t — +oc.

Let ’s consider a fixed g € L? and a sequence {t;} for which t; — +oo and

U,g — e L2.
g k—4o00 Goo
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Then, on one hand, using Proposition 2.16 and the isometric property of the Koopman operator,
we have

Ut 0 uf = Useglla = 10 (9 0 ul ) = Unglla = llg o ufomy, —glla — 0,

where {u}} is the positive horocycle flow. On the other hand, being the Liouville measure u/ -
invariant by Corollary 4.8, we have

Ut g 0 uy ——— goo O Uy
k—+4o0

for all fixed s. It follows that
|goo © u;r — goll2 = 0.
Since the horocycle flow is ergodic with respect to the Liouville measure (see Corollary 4.8), then

Joo = leE gdlu“
Finally, the same argument can be repeated for all sequences {t} for which t; — +o00, hence

Ut 7 g 99

and the thesis follows. O

The argument in the proof of Theorem 6.5 can be repeated for the geodesic flow on a negatively
curved closed surface ¥, by proving that for all g € L*(T'3, 1) the weak-accumulation points of
{Uig} are p-a.e. constant along the strong stable and unstable foliations. Then, we obtain the
following result, whose proof can be found in [FH19, Theorem 7.1.9].

Theorem 6.6. Let X be a smooth closed connected orientable Riemannian surface with negative
curvature. Then, the geodesic flow is mizing with respect to the Liouville measure u on T1Y.

We conclude this short discussion about the mixing property, by recalling the Anosov alternative
for flows under a functions.

Theorem 6.7. Let © be a measure preserving Anosov flow then:

either the strong stable and unstable foliations are ergodic and ® is mizring;
or the flow is the flow under a function with constant roof function and base map given by an
Anosov diffeomorphism.

This gives another proof of Theorem 6.6.
Corollary 6.8. Contact measure preserving Anosov flows are mizing.

Proof. We show that a contact Anosov flow ® = {¢;} cannot be given by a flow under a function
with constant roof. For simplicity, we consider flows on three dimensional manifolds.

Let a be the 1-form such that the flow vector field X = d/dt|;—op: satisfies a(X) = 1, a A da
is non-degenerate, and da(X, &) = 0 for all vector fields €. It follows by the Anosov property that
keraa = E° @ E*. If the flow is a flow under a constant function, then ker o is tangent to the
foliation into level sets of time, hence a = a(s)ds for some smooth function a. But then, da = 0
contrarily to the non-degeneracy assumption on o A da. g

6.1. Exponential decay of correlations. Finally, we are ready to state and prove the estimate
on the decay of correlations for geodesic flows.

Definition 6.9 (Rates of decay of correlations). Let (M, u) be a probability space and ® = {¢;} a

measurable flow on M which preserves u. Given a function r : R — (0, 4+00) such that r(t) — 0 as

t — 400 and two Banach spaces (B, ||-||g) and (B, ||-||5) continuously embedded in (L?(M, p), ||-||2),
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we say that the flow ® has decay of correlations with rate r(t) on B and B’ if there exists a constant
C > 0 such that for all f € Band g € B

(6.1) 1Ca(f,9,0) < Cllflsllgls r(t).

In particular, we say that flow ® has exponential decay of correlations on B and B’ if (6.1) holds
with r(t) = 9! for some ¥ € (0,1).

Theorem 6.10 ([Do98, Li04]). Let ¥ be a smooth closed connected orientable Riemannian surface

with negative curvature. Then, the geodesic flow has exponential decay of correlations on couples
of C' observables.

The proof uses the transfer operator L; associated to the geodesic flow ® = {¢;} on X, defined
as the operator dual to the Koopman operator with respect to the Liouville measure p, that is

[ s@gau= [ @hgdu. ¥ige Tz,
TS TS
from which, since p is ®-invariant,

(6.2) Lif =fop—t.

It follows from (6.2) that the constant functions are fixed by the transfer operator, and this is
equivalent to the Liouville measure being ®-invariant. Hence, we restrict ourselves to the case of
functions f € L?(T'Y, u) with Jpis fdp = 0. This can be done without loss of generality. Let
f=fo+cforceRand [,y fodu = 0. Then, for all g € L*(T'%, ),

C<1>(f,g,t):/ fO(Utg)dN+C/ Utgdu—C/ gdu = Cs(fo,9,t),
Ty TR TS

where we have used that p is ®-invariant. Then, we follow [Li04] in proving Theorem 6.10 as a
corollary of the following result for the transfer operator £;. See Appendix A for an example of
the application of the transfer operator method to discrete dynamical systems.

We need to define a Banach space B of functions on which we can control the action of £;. We
begin by introducing a couple of dynamical distances. The geodesic flow on ¥ is Anosov, hence we
find constants A € (0,1) and p > 1 as in Definition 3.1.

Definition 6.11. Let o € (0, +00) such that e € (1, min{\™!, u}) and let

+o0
d((2,0), (2, 0')) = /0 et d(pi(,0), (2, 0')) d

0
du((2,0), (#,0)) == / et d(y(z,0), pr(2 1)) dt

—0oQ
where d(-,-) is the Riemannian metric on T13.

The two dynamical (pseudo-)distances ds, d,, are finite and smooth only on points which belong
to the same strong stable and unstable manifold, respectively. Moreover,

ds((pt(Z, U)a Spt(zla vl)) S eiat dS((Z7 U)’ (ZI? UI)) ’ \V/t > 0 ’
(6.3)
du(pe(2,0),01(2',0)) < 7 du((2,0), (2, 0)), VE<O0.
Then, we consider the spaces of Holder functions with respect to these distances. For a fixed
§ >0, let for >0 and h € CHT'Y)

V)]

\h(z,v) B h(zlv )

6.4 H, g(h) == sup )

(64) s(h) do((z0), (2 ) <8 ds((2,0), (2,07))P
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Then, we denote by C2 C CO(T'S) the closure of C1(T'%) with respect to | - |s,3- The analogous

definitions using d,, lead to quantities H, g(h) and |h|, g, and to the space cy.
We are now ready to introduce an auxiliary space B of Banach functions useful in the proof of
the result.

Definition 6.12. Let f € C1(T'Y) and 3 € (0,1). Let’s consider the following quantities

|flw:=  sup [ hdu,
heCl, |hls <1 JTIS

1fllg == Hup(f)+  sup fhdu.
heCt, |hls g<1 THE

Then, we define the space B to be the closure of C'(T'Y) with respect to || - |5, and the space By,
to be the closure of C1(T'Y) with respect to | - |-

Theorem 6.10 follows from:

Theorem 6.13 ([Li04]). The transfer operators L, defined in (6.2) form a strongly continuous
group on B. In addition, there exist constants C > 0 and 6 € (0,1) such that for all f € C1(T'Y)
with lez fdu =0 one has

(6.5) I£eflls < Cllfller 6", V>0,

Proof of Theorem 6.10. For all f € C' with [,y fdu=0and g € C' C C?, with 8 € (0,1), we
can apply Theorem 6.13 to obtain constants C' > 0 and 6 € (0,1), independent on f and g, such
that for all ¢t > 0,

Calt.0.01=| [ (€f)adu] < 1€ Nslolos < C 1 len lgllcn o'

where we have used that, by definition, B is contained in the dual of Csﬁ . O

We now give a sketch of the main steps of the proof of Theorem 6.13. For all the details, we
refer to [Li04].

Proof of Theorem 6.13. The idea is to overcome the problems due to the existence of a central
direction for the action of the time-t maps of the flow ® = {(;} in the tangent space to T3, by
using the spectral properties of the infinitesimal generator of the group L£;. First, one needs to
prove the following lemma. We fix a 8 € (0, 1) as in the statement of Theorem 6.10.

Lemma 6.14. The operators L; extend to a group of bounded operators on B and B, and they
form a strongly continuous group. In addition, for all f € By,

1Lt flw < | flw,
and for each 3" € (0, 3) there exists a constant C1 > 0 such that for all f € B

1Cef s < Iflss I1€eflls < 3e || flls + Ci |fl
Then, the operators £; are equi-continuous on B with spectrum spec(L¢|g) C B(0,1) ={( € C :

|¢| < 1}. In addition, one can consider the infinitesimal generator

L(f) := lim L =7

t—0 t

which has domain D(L) containing the smooth functions, on which it coincides with the vector
field defining the flow. By Lemma 6.14, the spectrum of L, spec(L), is contained in the half plane
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{R(¢) < 0}, and 0 is an eigenvalue corresponding to constant functions in D(L). Then, we can
consider the resolvent

+o0o
(6.6) [R(Q) > 0} 5 ¢ RO f 1= (CTd— L)™' f = /0 et L, fdt
Lemma 6.15. For each ¢ € {R(¢) > 0}, R(C) is compact as an operator from B to By,. In addition,
for f € D(L?) it holds
(6.7) R(Of = ¢+ CT2L(f) = CPRIOLA(S),
and for f € D(L*)NC°, using ( = p+in, p,n € R, one can write
(6.8) Lif = % /+OO e R(p 4 in)fdn,  with p=R(C) > 0 fized.

To obtain the estimate (6.5), we need to shift the contour of integration in (6.8) to the half plane
{R(¢) < 0}. And, to this aim, we need a better control of the spectrum of L.

Lemma 6.16. For ecach ( € C with p = R(¢) > 0, and for all f € CY(T'Y), it holds
. 3 ,

R <p7 ' R fllp < ——r +CLp 77 | flw .,

IRl <p IR(C) flis < TETAE 1flls+Crp™ |f]

where o is as in Definition 6.11, and ' and C1 are as in Lemma 6.14.

In addition, there exist p > 1,7 >0, and v € (0,1), such that for all { = p+in with p € [p~*, p]

and |n| > 7, the spectral radius of R(C)|g is bounded by v p~?.

Proof. The first inequality follows from (6.6) and Lemma 6.14, since

+o0
1ROl < /O P Luflsdt < ot |flls, Vf € CT.

For the second inequality, we use the formula
. 1 too

R(C)Jf = m A tjil Cict ﬁtfdt, V] eN.

Again from Lemma 6.14, it follows,

) 1 too
IR Sls < =gy [ 07 e L st <

1 too /
<— tI=Lemrt (3e7Ft Cilflw)dt =
<o= [ e (3 s + )

3 .
= +Crp™? .
The proof of the last statement can be found in [Li04, Sections 5-6]. O

Applying Theorem A.1, the inequalities in Lemma 6.16 show that, for all { = p + in with p > 0,
we have essspec(R(¢)|g) € B(0, (p+0o8)~1). Since, by (6.6), L = (—R(¢)~! for all ¢ € {R(¢) > 0},
setting A¢(w) := ¢ —w™ !, we find that

essspec(L|p) C ﬂ A¢ <B(0, (p+ 05’)_1)> ={leC: R <-0p}.
¢=p+in,p>0

Actually, more can be obtained by using the last statement in Lemma 6.16. Namely, there exists
ro > 0 such that

(6.9) spec(Lig) N{L e C : R() > —ro} = {0}.

We need the last estimate on the resolvent.
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Lemma 6.17. There exists r € (0,19) for which there exists Co > 0 such that for all p € [—7,0]
and n € R, we have

IR(p+in)lls < Co (14 +/In]).

Now, we are ready to obtain the thesis of the theorem for f € D(L?) N C° By (6.9), we can
move the line of integration in (6.8) to the left of {f(¢{) = 0}, and write

| , L[ by , -1
Lif = — e n R(—T—i-m)de:% e " (R(—r—i—m)—(—r—i—m) )fdm

27 J_

where we have used the Residue Theorem to add the last term which has vanishing integral. By
(6.7) and Lemma 6.17, it follows

1 too g
I£eflls < e / e (s + IR+ i) s 1227 ) d <

1 too g
<z /_oo T (1L s + €2 (1 + VD I ()l dn <

< (IL(N)ls + 1L2(f)lls) e

Finally, we consider any f € C*, with Jpis fdp = 0, and prove the statement. Let & : R — [0, +00)
be a fixed C*° function with support in (0,1) and [, {(t)dt = 1. Then, for each ¢ > 0 let
E(t) =1 ¢(e7 ), and set

€
J = / €(t) (Lof) dt
0
Then, f. € D(L™) N C! for all n € N, and
I — flls < / (D) 1Lef = fllendt <P [ fler sup lpilen
0 te[0,1]

Moreover,

IL2 el S/O O Lefllsdt < e 1€ 11 1 fllen -

Hence, for all ¢ > 0 and all € > 0, we have
1€eflls < ufells +11fe — Flls < (Caz™ e+ C5 ") | fllen
Choosing ¢ = e_”(6+2)71t, we find that for all f € C, with lez fdu=0,and all t >0

1Leflls < Cllfller ©*
with ¢ = e~"A(B+2)7" g
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7. ZETA FUNCTIONS COUNTING PERIODIC ORBITS

Given a set M and a map T : M — M for which Fiz(T"), the set of fixed points of the iterate
T™ is finite for all n € N, one can build the Zeta function

+oo
(7.1) 77T (w) = exp nzl % #Fig(T™),

a complex function to control the exponential rate of increase of #Fix(T™) by the convergence
radius of Z(w). This idea was introduced in [AM65], where it was proved that a C'-dense set of
diffeomorphisms of a smooth compact manifold satisfies

1
R(T) := limsup — log (#Fiz(T")) < +o0,
n—+oo N

hence Z(w) has a positive radius of convergence.

We now show the properties of the Zeta function for a simple example, a subshift of finite type.
Let A be a finite alphabet of N elements, for example A = {1,..., N}, and let Q = A% denote the
set of bi-infinite words with symbols from A, that is

N ={w=(wi)iez : wi € A, Vi€ Z}.

We then consider a N x N matrix M with coefficients mpy, € {0, 1} for h, k € A, which we call the
transition matriz, and restrict our attention to the infinite words in Qs C €2 which are allowed by
M, that is

Qu ={we: myuw,, =1,VieZ}.

The subshift of finite type is the dynamical system defined by the discrete-time action on ;s of
the shift map

(7.2) J:QM—>QM, (U(Ld))i:wi_;,_l VieZ.

When endowed with the product topology over the discrete set A, §2,, is a compact space and the
shift map is continuous.

We now state two preliminary results. The first is a corollary of the well-known Perron-Frobenius
Theorem on matrices with non-negative coefficients.

Definition 7.1. A N x N matrix M with non-negative coefficients is called primitive if there exists
m € N for which all entries of M™ are positive.

Lemma 7.2. If M is primitive, then M has a unique real positive mazximal eigenvalue \yy.
Lemma 7.3. For the fixed points of the iterates of the shift map, it is true that
#Fix(o") = trace(M").

Hence, if M s primitive,

h(oc) = lim 1 log (#Fix(c™)) = log Ay,

n—+oo N
where \ys is the mazimal eigenvalue of M.
Lemma 7.3 implies that the Zeta function Z?(w) for the subshift of finite type on Q,; has radius

of convergence \,; and it defines an analytic function on {jw| < \;;}. However, it is possible to
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obtain a meromorphic continuation for Z7(w) to C. For |w| < A\;/, we can write

X X wn =1
ZU _ Fi ny — —t Mn = —t M "
(w) = exp nEZI ~ #Fix(o") = exp nEZI ~ race(M") = exp nEZI - race((wM)™)

+oo
7.3 _ 1 n) _
(7.3) = exp tmce(nzz:l - (wM) ) = exp trace( —log(Id — wM))

This is the required continuation, which shows that Z7(w) is a meromorphic function on C with
poles of finite order at the values w; for which wj_l is an eigenvalue of M. Hence, under the

assumptions of Lemma 7.2, the smallest pole is a simple one at )\]T/[l

This is the property we would like to obtain also for a general dynamical system by using a
suitable transfer operator instead of M. This would give us information on the growth of the
number of periodic points, for which in general we don’t have an explicit relation like that in
Lemma 7.3. Before coming back to the geodesic flow on negatively curved surfaces, let’s make a
last remark on the Zeta function (7.1).

Let’s write w = e~ with o € C and h = h(c). Indicating with “ppo” the set of primitive
periodic orbits and by £(-) the period of such an orbit, we obtain® with some abuse of notation

ZU(Q) = exp Z _ e—a”h #F’LLL‘ = exp Z Z e—om,h

werac(J”)
(7.4) —exp Y Z e MO —oxp 3" —log ( —af(v)h>
vy € ppo m=1 7Y € ppo
= 11 (1 _ e*aﬁ(v)h>_1 7
¥ € ppo

which is convergent for R(«) > 1.

The last expression has the advantage of being well defined also for continuous-time dynamical
systems, under the assumption that primitive periodic orbits are at most a countable infinity.

Let ® = {(;} be the geodesic flow on a smooth closed connected orientable negatively curved
Riemannian surface ¥.. Given a primitive periodic orbit (ppo)  for the flow, and denoting by ¢(~y)
its length or period, we consider the counting function

(7.5) (0,400) 2T = 7(T):=# {y€ppo : L(y) <T}.

By Theorems 3.4 and 6.6, the flow ® is Anosov and mixing with respect to the volume form on
T'S. As a corollary we then obtain

Proposition 7.4 ([Bo72]). Let ¥ be a smooth closed connected orientable Riemannian surface with
negative curvature. Then, the geodesic flow has countably many primitive periodic orbits and,

1
h(®) := Tlirfw T log 7(7T)

exists, is finite, and coincides with the topological entropy of the flow.

The following result gives a more precise estimate of the asymptotic behavior of (7).

8This is the analogous computation of that giving the Euler product expression for the Riemann Zeta function.
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Theorem 7.5 ([PP83, PS88|). Let ® = {p:} be the geodesic flow on a smooth closed connected
orientable negatively cruved Riemannian surface . Then, letting h = h(®), there exists ¢ < h such
that

hT

€ 1
T) = Ty,
") = [ o dr 0T

The idea of the proof is to obtain “good” continuation properties for the Zeta function of the
flow ®, and to do that one can use a flow under a function with base map a subshift of finite type.
The properties of the zeta functions are obtained by relating them to generalised complex transfer
operators associated to the base map. This procedure is part of the thermodynamic formalism
approach to dynamical systems.

In these notes we give the proof of the simpler result

ehT

T
For the proof of Theorem 7.5 we refer the reader to [PS88] and the survey in [Ma04].

(7.6) 7(T)

7.1. Thermodynamic formalism for subshifts of finite type. Let A be a finite alphabet
with N symbols, M a N x N transition matrix, and Q}, := (AY°), the set of one-sided infinite
sequences with symbols from A and admissible with respect to M. Let the shift map o act on Q]\JF/I
as in (7.2). This defines a one-sided subshift of finite type.

For ¥ € (0,1), consider the following metric on Q},. For w,& € QL, let

N(w,@) = inf{i eNp @ w; # (IJZ} s
with N(w,®) = +o0 if w; = @; for all i € Ny, and define
dy: Qb x Q= [0,+00),  dy(w,@) = 9N

The metric dy induces on QL the product topology, hence (Q&, dy) is a compact metric space.
Let By be the space of Lipschitz functions on QJ]\“/[ endowed with the norm

u(w) — u(@)|

o = Wl + oy 2= sup © 0
Fixed u € By, we define the Ruelle transfer operator L, to be the linear operator
(7.7) Ly:By— By, (Luf)w)= > '@ f@).

o(@)=w

The function w is called the potential of L,,. By varying the choice of the potential, one may reduce
L, to the transfer operator defined in the previous section.

We now recall classical results for the Ruelle transfer operators. A classical reference is [PP90].
First, it is easy to see that £, is bounded. If u is real and £,1 = 1, we say that u is normalised.

Definition 7.6. Two functions u, v € By are said to be cohomologous, and we write v ~ wu, if there
exists a continuous function g such that v =u+goo —g.

Lemma 7.7. If u € By is real valued and L, has a real positive eigenfunction fg with eigenvalue
B € (0,+00), then v =u —log 8 —log f3 0 o + log fz ~ u is normalised.

We now state the main result for the transfer operators L, associated to a subshift of finite
type. The proof of the parts (a) and (c), known as the Ruelle-Perron-Frobenius Theorem, follows
by arguing as in the proof of Theorem A.2. For the other parts we refer the reader to [PP90].

Theorem 7.8 ([PP90]). Let M be a primitive transition matriz. Given a potential u € By, we
have:
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(a) If u is real valued and normalised, then:

(i) L, has 1 as simple maximal eigenvalue with eigenfunction 1 € By;

(ii) L, has a spectral gap;

(iii) There exists a unique probability measure m such that L:m = m, where L}, is the dual
operator, and m s o-invariant;

(iv) For all f € CO(QL), it holds L7 f — fQL fdm uniformly as n — +oo.

(b) If u is complex valued with R(u) normalised, then:

(i) The spectral radius of Ly is bounded above by 1;

(ii) If L, has an eigenvalue B of modulus 1 then it is simple and unique, and L, =
ﬁMﬁm(u)M_l where M is a multiplication operator. In addition, L, has a spectral
gap;

(iii) If L, has no eigenvalues of modulus 1, then its spectral radius is strictly smaller than
1.

(¢) If u is real valued and non-normalised, then:

(i) Ly has a simple mazimal positive eigenvalue 3 with real positive eigenfunction fg € By;

(ii) Ly has a spectral gap;

(iii) There exists a unique probability measure m such that Lim = fm, where L,
dual operator, and fgm is o-invariant;

(iv) For all f € C°(2},), it holds B~"Lf — f35 IQL fdm uniformly as n — +o0.

(d) Let D C By denotes the set of non-necessarily real functions u such that L, has a simple
mazimal eigenvalue f(u) with spectral gap (clearly real valued functions are in D). Then:

(i) D is open;

(ii) the pressure P(u) :=log f(u), fized to be real for real valued potentials, is defined mod
2mi and is an analytic map;

(iii) if u € D and u ~ v+ c+2miv for some integer valued function v, then P(u) = P(v)+c
(mod 273 ).

is the

Having generalised the transfer operator, we can consider the analogous generalisation for the
Zeta function (7.1). Instead of simply counting the fixed points of o™, we can weigh them by using
a potential.

Given u € By, we define the dynamical Zeta function of o by

+o0 w” n—1 )
J

(7.8) Z7(w) = exp Z o Z H e’ (@)

n=1 wEFiz(o™) j=0
Clearly Z§(w) = Z° (w).
Proposition 7.9. If u € By is real, then ZZ(w) has radius of convergence e ¥ = B(u)~1. In
particular, P(0) = h(o).
Proof. If u(w) = u(wo, w1 ), namely u only depends on the first two symbols of w, then we can repeat
the argument in (7.3) with the matrix M, = e*M, for which (my)pr = €“Fmy,, for all b,k € A,

to obtain .

" det(Id — wh,)
At the same time, the operator L, is given by
(Luf)(@) = D My €M) f(hw) = 3 7 iy e ().
heA heA

Then, the real positive eigenfunction fg, relative to the maximal eigenvalue 3 given in Theorem
7.8-(c-1), is of the form fg(w) = fg(wo), hence is represented by a row vector Fg = (Fj)pe4 which
35
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satisfies FgM,, = BFg. Therefore, 5(u) is the maximal eigenvalue of the primitive matrix M,, and
the result follows in this case.

For any real u € By, for all ¢ > 0 there exists & € By depending on a finite number of symbols
such that |ju—al| < e. The result follows by using that the pressure function is Lipschitz continuous
with constant 1. O

In the following, we are interested in the convergence of a dynamical zeta function ZJ at w =1,
which for a real valued w is equivalent to P(u) < 0.
The next result is a consequence of the analytic properties of the pressure.

Theorem 7.10 ([PP90]). Let u € By with R(u) normalised, hence P(R(u)) = 0. Then:

(i) If the spectral radius of L, is strictly smaller than 1, then there exists € > 0 such that for all
v € By with ||lu —vl|ly < e, the dynamical zeta function ZJ converges absolutely at w = 1.

(ii) If the spectral radius of L, is equal to 1, then then there exists € > 0 such that for all v € By
with ||u — ||y < e, the series

n—1

oo 4 ‘
Z7(w) := exp Z % Z <H v @) _ e"P(”))
n=1

weFiz(c™) Jj=0

converges absolutely at w = 1. In addition, the expression

Z3(1)

g P v

v Z7(1) = [ P

gives an extension of Z3(1) to a neighbourhood of u, which is non-zero and analytic provided
that e’ £ 1, that is 1 is not an eigenvalue of L.

7.2. Proof of (7.6). Let Z%(a) be the Zeta function of the geodesic flow ®

(7.9) 2= [ (1-e )

Y € ppo

where h = h(®) is as in Proposition 7.4 and is convergent for f(a) > 1.
Using the next result we reduce the problem to the study of the dynamical zeta function of a
subshift of finite type.

Theorem 7.11 ([Bo73]). There exists a subshift of finite type (Qur,0) on a finite alphabet A with
primitive transition matrix M, and a positive roof function T € By for some 9 € (0,1), such that
the vertical flow V = {V;} defined on (1) with base map o has topological entropy h(V') = h(P)
and its zeta function ZV(a) is such that Z*(a)/Z" (a) is non-zero and analytic in the region
R(a) > 1 — ¢ for some e > 0.

We are thus interested in studying Z" (). First, we note that there is a one-to-one correspon-
dence between the periodic orbits for V' and for o. If 7/ is a periodic orbit for V' then there exists

exactly one v = {w,o(w),...,0" 1 (w)} periodic for o with period n such that
n—1
()= 7(0’ (W)
j=0



Hence, we can repeat the computations in (7.4) backward to obtain for h = h(V) = h(®)

z%()= ] (1_ e ) = exp Z Y ki elw@)

S ppo(V) wEFiz(o™)

= exp Z Z 1:[ —ahr( UJ @) zahT(l) .

wEsz( n) j=0

Hence, we are reduced to study the convergence properties of the dynamical Zeta function (7.8)
of the subshift of finite type with potential u,(-) := —ah7(-) € By. Moreover, without loss of
generality, we can consider the one-sided subshift ¢ on Q]T/I Thus, we are ready to apply the results
from Section 7.1.

Lemma 7.12. Let G € C((2},);) and g(w) = f 7() G(w,s)ds. Then, there exists a constant
¢ = ¢(G) such that P(g — ct) = 0. In addition, ¢(0) = h(V'), hence P(uy) = P(—ht) = 0, that is
uy 18 normalised.

Thanks to Lemma 7.12, we write a = 1447 and apply Theorem 7.10 to w14, for all n € R. The

first question is whether 1 may be an eigenvalue for £, := Ly, ,, .

Proposition 7.13. For alln € R\ {0}, 1 is not an eigenvalue of L,

Proof. We use that the vertical flow V = {V;} on (92},), is mixing. In particular, it is weakly
mizing, that is the Koopman operator on L? has no eigenvalue of modulus one different from the
maximal eigenvalue 1.

Let n € R\ {0}, and assume that £, has 1 as an eigenvalue. That is, the potential u14,(-) =
—h7(:) —inh7(-) is such that $(u14s,) = u1 is normalised, since P(—h7) = 0, and £, has a simple
maximal eigenvalue at 1 = e£'(1),

Let f1 € By be the eigenfunction of £, with eigenvalue 1, then

A1) =(Lurein i) |—\ Z e @ i@ (o)
wwEQ
< O A1(@)] = (Lulfi) ).

N e 0T
o(@)=w,weNy,

Let now m be the unique probability measure for which £, m = m. Then,

| 10tam = [ @ulsl)am

M

It follows that | f1| is a multiple of the eigenfunction of £,, for the eigenvalue 1, hence |fi] is m-a.e.
constant.
In addition, recalling that £,,1 = 1, we write

1@) = Lu @) = (La (7™M R) ) = >0 e @ @ ().
o(@)=w,weQ,

Hence, the rightmost term is a convex combination of complex numbers with modulus |f;| which
is a complex number with modulus |f;|. Therefore,

VweQl,, e f(w) = fi(o(w)).
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This gives a contradiction with the vertical flow being weakly mixing. Indeed, setting for all
(w,8) € (U))rs F(w,s) = fi(w)e” ", we have
F(w,7(w)) = fi(w)e ™™ = fi(o(w)) = F(o(w),0),
hence F is well defined as a continuous function on (Q},), and in L?. Moreover,
F(Vi(w,s)) = F(w,s +t) = fi(w)e M) — =t By ) VieR.
The mixing property of V implies that nht = 0, hence n = 0. This is a contradiction. U
Applying Theorem 7.10 to ZV(a) = Z°

—ahTt

analytic continuation of ZV(a) to a neighborhood of {R(c) > 1} with a simple pole at a = 1.
Theorem 7.11 then implies that

Corollary 7.14. The Zeta function Z®(a) of the geodesic flow ® defined in (7.9) converges for
R(a) > 1, has a simple pole at o = 1, and has a non-zero analytic extension to a neighborhood of

R(a) = 1.
By the properties in Corollary 7.14, we can write
(Z2%)(e) _ d ® —amt(y)h
Z%()  da 0gZ7(a) Z Z he(

v € ppo m=1

:_[ *“htd(z Z h£(7)>

m=1 ~ € ppo, ml(y

(1), Proposition 7.13 implies the existence of an

1
— 4 W
- W),
where W (a) is analytic in R(«) > 1. A classical Tkehara-Wiener Tauberian Theorem (see [PP90,
Theorem 6.7]) implies that

+oo
= Z Z he(y) ~ e as T — 4oo0.

m=1 ~ € ppo, ml(y) <T

In addition, recalling the definition of the counting function 7(7’) in (7.5),

D= Y | e <irem),
y€ppo, £(y) <T
hence,

>1.

. . . hTxw(T)
(7.10) Hon inf =257

In the other direction, let £ € (0,1). Then,

AT =r€)+ Y 1<aen+ Y )

T
ET<L(y)<T U(y)<T
W(T)
Ty 4 2/
Since m(£T) = o(eT), we have
. RTm(T) 1
7.11 limsup ———= < —.
(7-11) T—>+o<13) eh = ¢

From (7.10) and (7.11) for all £ € (0,1), we obtain (7.6).
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APPENDIX A. EXPONENTIAL DECAY OF CORRELATIONS FOR DISCRETE-TIME DYNAMICAL
SYSTEMS

In this appendix we apply the transfer operator method to prove exponential decay of correlations
for smooth expanding and hyperbolic maps. For more information we refer to [DKL21]. We recall
the following result, known as Hennion’s Theorem (see e.g. [DKL21, Theorem 1.1]) and similar to
other spectral results, such as Ionescu-Tulcea-Marinescu’s Theorem.

Theorem A.1. Let (B, ||-||g) and (By,|-|w) two Banach spaces with B compactly embedded in By,
and let L : By, — By be a linear continuous operator for which L(B) C B. If there exist constants
Cg >0 and M > k > 0 for which, for oll f € B and j € N, the following hold

(A.1) L7 flw < O M7 |fluw,
(A.2) 1£7 flls < Cr #? || flls + Cr M7 | fluws

then, using the notation B(0,7) = {¢ € C : || < r}, the spectrum and the essential spectrum of L
satisfy

spec(L|g) C B(0,M), essspec(L|g) C B(0,k).

The first result we prove shows how to apply the spectral properties of the transfer operator for
one-dimensional smooth expanding maps.

Theorem A.2. Let T : S' — S be C? and expanding, that is there exists X > 1 such that
|T"(z)| > X for all x € St. Then, there exists a unique T-invariant probability measure yu which is

ergodic, mizing, and absolutely continuous with respect to the Lebesque measure with density h(x).
Moreover, h € WH2(S1) and T has exponential decay of correlations on W2(S1) and L?(S').

Proof. We begin by recalling the standard continuous embedding for the Sobolev and Lebesgue
spaces of S! with Lebesgue measure,

(A.3) wh2(sh c. LA(sY) c Lr(sh), whi(sh) c c¥(sh),

where C. denotes a compact embedding”. Moreover, we will need that for all z € S! the set of
preimages

U T7%) = {y € S : 3k € N for which T"(y) = :c}

keN
is dense in S!. This follows from the expanding property of T, indeed for all ¢ > 0 and all y € S*
there exists k € N for which S ¢ T*(y — e,y +¢).

Let now introduce the transfer operator £ associated to T, defined as the linear operator on

L' which is the dual to the Koopman operator Ug = g o T on L™ with respect to the Lebesgue
measure. That is,

(A.4) Slf(Ug)dx:/Sl(Lf)gda:, VfelLl,geL™.

All z € S' have a finite number of preimages, that is

(A.5) N::ﬁ%)f (# {y e st T(y) ::U}) <|T|oo < 00, Vzxe St
Hence Lf is well defined by

(A.6) LDV I, Lf(x)= T(g):z ‘T,ty” ).

9From now on, we drop S' from the notation of the Sobolev and Lebesgue spaces.
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Step 1. The transfer operator L is positive and continuous on L', with ||L||y = 1. In particular,
the spectrum satisfies spec(L|r1) C B(0,1), where B(0,1) = {{ € C : |¢] < 1}.
It is immediate that f > 0 implies £f > 0, hence L is positive. Then, by (A.4),

/ ,Cfd:v:/ fdx, VfelL',

St St

from which it follows that £f € L' and |[Lf||1 < ||f]l1. In addition, ||Lf|j1 = ||f]l1 for all f > 0.
Hence, || L1 = 1.

Step 2. There exists h € W2 such that Lh = h. In particular, du(x) = h(z)dz is a T-invariant
probability measure which is equivalent to the Lebesgue measure, that is h(z) > 0 for all z € S*.
We claim that f € W2 implies £f € W12, This follows from (A.6). First, we write

2 = xr = X 20 X %:
. e = [ @nena= [ rwepar<isla( [ er?oras)

=l ([, (€n? (€n)dn)® <1210 17T < 5 1512 17 e,

where 1 denotes the constant function and we have used (A.5). Then,

1 T"(y)
A8 Lf)(x)= sgn(T’ "(y) —
(A.8) (L) (@) %x (™) (e £ W)~ e /)
where sgn(7”) is +1 according to whether 7" is always positive or negative, from which
T//

(A.9) 1= "C(\Tf )|+ ‘£<\T’]2>‘
It follows

;C / T/ 1 T// T/ -2 ”T”HOO

L) 2 < IH I~ f||2+ 1T T fll2 < 5 ||fH + 3 — IIfll2-

However, it turns out t'hat for f € I/Vl’2 we can bound ||£7 f||yy1.2 un1formly for all j > 1. First,
we consider the norm ||£? f||y1.1. From Step 1, we have

1L fllv < IIflle, VieN.
Moreover, from (A.9), we obtain
||T"||oo

_ _ 1
LAY Tl < MTT oo 1Ml A 1T 1T loo L1l < 5111+ £l

Iterating, we get

17l <5 )l +

I ”Hoo

1 1
171 < 33 12+ 1o (55 + 32) 1 <

" ~ j—1 T -
s+ 1 (S 217 < 51+ 56 ey g1,

BRY A1)
Finally,
~ 17"l .
J
(A.10) 129 s < 55101+ (14 55 ) Il VieN.
Now, using (A.3), we obtain
- . 17" .
J < ||rJ < )
127 ke < 182 fllws < (24 5555 ) Wl s Vs €N
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Hence, we can repeat the argument in (A.7) for £7f to obtain that

1
17"

AN —1)
To obtain the estimate for ||(£7 f)’||2, we first note that

@ =Y mf(y)-

T (y)==

(A.11) 3C; =1+ > 0 such that |£/f|ls < C1 ||fll2, VfeL* VjeN,

Hence, similarly to (A.8), we write

oy / 1 / (T7)"(y)
L’ = Y omr—o
(L) () T% (1) (e )~ iy ) =
oy (i (1) f
For all j € N, we have the estimate H(Tj ’\*1H < A7/, and we can write
// x i/
(%) Z Ty T @) (1) @),
from which, using that 7' € C?, for all j € N
T] // T// j_ l T Tl/ ; Tl/
KR < |2 S I <l 5 < 5 L = e

Thus, we get that
(A.12) 3Cy > 0 such that |(L7f) |2 < CLAT||f |2 +C1Co || fll2, VY feWh? VjeN.

Now, since 1 € W12, for all n € N,
1 n—1 '
gn 1= z(:) £'1ewh?
J

and ||gn|l2 < Cj since ||£71]]2 < C; for all j. By the compactness of the embedding of W12 in L2,
there exists a subsequence {n}x and h € L? such that

li hll1 =0.
Jimlgn, — Al

First, we show that £h = h. It is a consequence of the continuity of £ on L' and of the following
limits in L?

L] —1

=) =n.

1o
Lh = hm Lgn, = hm — Z L£'1 = klig)lo (gnk + -

k—oo NE %
Jj=1

From (A.4) we obtain that du(z) = h(z)dz is a T-invariant probability measure. One gets

/(Ug)du:/ (Ug)hdx:/ g(ﬁh)da::/ ghda::/ gdu, VYgelL™.
St S St St St

Moreover,
ne—1
S = hdz = li = lim — Li1de=1.
sty = [ has =t [ o= im S5 [ e
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We now prove that h € Wh2. Since g, € W2 and g,, — h in L', for all ¢ € C* we have
/ ggkdjdx:/ Gny, V' dr —— h' dx .
g1 g1 k—+oo Jg1
Moreover, by (A.12),

ne—1

1 .
llgn,ll2 < - LY < CiCy, VEEN,
=0

therefore, up to a subsequence there exists a function A’ € L? such that g{lk — k' for k — oo in L2
Then, for all ¢ € C*

/ g;kwdx—> h i dx,
g1 k—+oo Jg1
and together with the previous value of the limit, we get that b’ is the weak derivative of h in L?.
Therefore, h € W12,

It remains to prove that A > 0. First, since L is a positive operator, we have g,, > 0 for all n € N,
hence h > 0. By contradiction, let zq € S* for which h(zg) = 0. Then,

0= h(wo) = (L) (wo) =

T*(y)=zo

1 _
‘(Tn)/(y)‘h(y) VkeN = h(y)=0 VyekLGJNT (z0) .

But the last set is dense, and since h € W12 hence is continuous, this implies » = 0. This is absurd
since p(S1) = 1.

Step 3. The spectrum of L on W12 satisfies spec(L|y1.2) N{|¢| = 1} = {1}, and 1 is a simple
etgenvalue.

Let f € Wh2 c Whl, f £ 0, satisfy Lf = e'f for £ € R. We need to show that ¢ = 0 and
f =h. Since h > 0, we let g :== f/h. We have

it wlf _Lf —ie 1 1 1
efg=e"-=— & glx)=e"— gy)h(y), VreS .
T H = 2 G
T(y)==
Since g is continuous, because f and h are, we find xg € S* such that |g(zo)| = ||g|lec. Using the

previous equality and Lh = h, we obtain

1 1
ol = o)) < 5 (30 gy ) e, 1ot = oup 1ot

As above, using that the set of preimages of every point is dense, we find that |g(z)| = ||g||cc for
all z € St, hence g(z) = ce'@) for some ¢ € R and a continuous ¢ : ST — R. Then, for all z € S1,

Gitl@) _ =it 1 L i) _ it h(y) Sil)
) 2 e 2 manam

T(y)=z T(y)=x

The right hand side is a convex combination of points on S', since it has to be a point on S!, we
have that there exists y € T—!(z) for which

@) — 7 W) o Y(y) = U(T(y)) =1, YyeSt.
Using that the probability measure p is T-invariant, we obtain
t= [ (o - ) du=o.
S1

Hence, g(x) = ¢ and f(z) = ch(x).
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Step 4. The map T has exponential decay of correlations on W2 and L.
By Definition 6.9, we have to show that there exist constants C' > 0 and ¢ € (0, 1) such that

|CT(f7gan)’ < C HfHVVl*2 HgHQﬁnﬂ Vne N7 f € W172 » g € L2-

In Step 2, we have proved that £(W'?) c W'? and that we can apply Theorem A.l to £ with
B, = L? and B = W2, In particular, (A.11)-(A.12) imply (A.1)-(A.2) with

Cxg =max{C;,1+C1Cy}, M=1, r=X1€c(0,1).
Therefore,
essspec(L|y12) € B(0,A71),
and applying the spectral theorem, we find that there exist linear operators K, R : W2 — W2,
with K compact and R continuous, such that RK = KR =0, and for all j € N,

Lf=Kf+Rf with |Rf|lyrz <XV |fllyrz, VfeWh?,

In particular, K corresponds to the projections on the eigenspaces of the eigenvalues of L|j1,2 in
{|¢] > A71}. By Step 3, 1 is a simple eigenvalue and it’s the only one on {|¢| = 1}, hence, setting

¥ :=max {|p| : p is an eigenvalue of £ with A\~ < |p| < 1} ,

we can write K = K + Ky, where K; is the projection on h and Ky is the projection associated
to the other eigenvalues in {|| > A1} Then, K1 Ky = KyK; = 0, and writing R = Ky + R we
obtain 1R = RK, =0, and for all j € N,

(A.13) Of=Kf+Rf with |Rf|pre <0 ||fllyrz, VfeWh?.

We now describe K. There exists a functional k; : W2 — R such that, for all f € W2,
Kif = ki(f) h. For all f € W2 we have

1 n—1 ) 1 n—1 ) 1 n—1 o
slfdx:/glngﬁjfd””:/,yl (n;m“n;w)dﬂ”:

n—1 n—1
1 - 1 -
= KlfdaH—/ ZR]fde/ Klfdx—l—fzHRJfHWLz:kl(f)—i—o(l) as n — +o0.
Sl st n =0 St n =0
Hence,
b= [ fde. view'.
S1

Finally, we recall that f,h € W12 implies f - h € W12 and there exists a constant ¢ > 0 such
that

(A.14) If - Pllwrz < cllfllwrz [Rllwrz .
Then, for all f € W2 and g € L? we write

[ twain= [ n@wrgyde= [ (erimgds -
= [ rtmgde s [ imgde= [ ka(thyngdat [ (R (h) gdo =

Sl

= (/Sl fdu) (/Sl gdu) +/Sl (R"(fh)) gdx.
Since,

’/31 (R"(fh))gdx‘ < B (fW)llwez gllz < Ifhllwz llgllz < ellhllwrz 0™ 1 flwz llglle
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where we have used (A.14), we set C' = ¢ ||h|y1.2 to obtain
Cotrgml=| [ @ gdn= ([ sau) ([ gdu)] <l lglaom.
St St St

Step 5. The map T is mixing, hence ergodic, with respect to the probability measure p. By
Proposition 6.4, it is enough to show that

lim Cr(f,g,n) =0, VfygeL®

We know that the previous limit holds with exponential decay if f € W12, Since W2 is dense in
L? for all f € L? and for all € > 0 there exists fo € W12 such that ||fh — fo|l2 < . Hence,

[ ran= [ gvas| < [ ipne ol <,

St St St

and, for all g € L? and all n € N,

[ = [ (@] < [ 1 m-en il gde < 1€ 0= ol gl < <€ gl
where we have used (A.11). Therefore, for all n € N, we write

Crttgml <] [ twadn= [ (@ igde|+| [ fau= [ fode| lala+

| [ e mgde— ([ fade) ([ gdu)| <

<(@+Celglz+ Cllfollwrz llglla 9™,
where C' > 0 and ¥ € (0,1) are as in Step 4. This proves that for all f,g € L?

T [Cr(f,g,m) < (1+C)ellgla, Ve >0,

hence the result of this last step and the theorem are proved. O

In order to introduce the difficulties one needs to face when studying Anosov flows, here we sketch
the proof of the exponential decay of correlations via the transfer operator method for the simpler
case of a hyperbolic discrete dynamical system. Namely, we consider maps for which the tangent
space has a splitting in stable and unstable directions. The existence of the central direction for
Anosov flows will make the argument more difficult as explained in Section 6.1.

Here, we consider the simplest possible example of a hyperbolic discrete system, the toral auto-
morphisms.

Theorem A.3. Let A € SL(2,Z) be symmetric with eigenvalues X > 1 and A\=* € (0,1), and
orthogonal eigenvectors v* and v, respectively. Let Ty : T? — T? be the toral automorphism
defined by

T2 3 (z,y) — Talz,y) = A <z> (mod 72) .

Then, the Lebesque measure m on T2 is a Ta-invariant probability measure, and T4 is ergodic

and mizring with respect to m. Moreover, T4 has exponential decay of correlations for couples of
observables in C>°(T?).

Proof. Since A € SL(2,7Z), the map T4 is continuous, invertible, and preserves the area. Hence,
the Lebesgue measure m is Ts-invariant. By Proposition 6.4, the mixing property of T4 can be
proved by checking that
lim CT,q(f?.gan):Ov vfageLQ(r]IQ’C)
n—oo
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directly. For all f € L?(T?, C) we can use the Fourier series expansion and write

Z f 27rz nx+my)

(n,m)€Z?

2mi(nz+my) 2mi(n’z+m’y)

Then, it is enough to consider the case f(z,y) = e and g(z,y) = e for some

n,n',m,m’ € Z. We have
CTA f,g, / f Uk dz dy = / 6—27ri(m:+my) e27ri(<(n/,m/),T’j(m,y)> dr dy =
T2

_ / 6727ri(n:p+my) e27ri(<(n’,m’),Ak(:L",y)> dx dy — / 672m'(nz+my) 6271'1'(<A’“(n’,m’),(ac,y)> dx dy _
T2 T2
_ / 627ri(<Ak(n’,m’)—(n,m),(m,y)> dr dy,
T2

where we have used that 7% (z,y) = A*(z,y) (mod Z?) and that A is symmetric. By the properties
of A, for all (n/,m’) there exist c,, cs € R such that (n,m) = ¢, v"* +cs v* as a vector in R?. Hence,

AR/ m) ~ A e v, as k — +oo.

In particular, this implies that for all n,n',m,m’ € Z there exists k € N such that A¥(n/,m') #
(n,m) for all k > k. In conclusion,

Cralfgk) = [ F W g)dedy =0, V=T,
’]I‘Q

and this proves that T4 is mixing with respect to m.

We now use the transfer operator method to show exponential decay of correlations. We follow
[DKL21, Section 3.4]. Since det(A) = 1, defining the transfer operator £ as in (A.4), we have that
for all f € L' and g € L™,

f(Ug)dxdy:/ (Lf)gdrdy = Lf=foTy".
T2 T2

Arguing as in the proof of Theorem A.2, we expect that £ regularizes observables in the expanding
direction spanned by v* at each point (z,y) € T?, but the contrary happens in the contracting one.
Therefore, we need to look at norms which capture high order derivability in the v* direction and
high order nice distributional behavior in the v* direction.

Let!? f € 0. We use the following notations

Ouf =< v Vf> and 0Osf :=<v°,Vf>.
Fix a 0 > 0 and consider the space of real functions in C§°([—0, d]). For all g € Ny, let @ denote
the g-th derivative for ¢» € C3°([—9, d]). Then, we set

[l == max [j{?)]|oc .

0<q¢’'<q

Let’s now introduce the Banach spaces we will use to apply Theorem A.1. For all p,q € Ny and
f € C*, consider the norm

)

(A.15) | fllpg == sup  sup ( sup / o f((x,y) + tv®) () dt) .
(z,y)€T? 0<p’'<p “PeCF([=0,9]),l[¢llca<l /—o

Then, we define BP9 to be the Banach space obtained by completing C>° with respect to || - [/pq-

The spaces BP? have the properties stated in the next lemma. For the proof we refer to [DKL21,

Lemmas 3.8-3.9-3.10).

10When not specified we refer to real functions defined on T2
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Lemma A.4. For all p,q € Ny the spaces BP? satisfy:

(i) If p > 0, then B”? is continuously embedded in (C9)*, the dual of C1.
(ii) The operator O, is bounded as an operator from BPT14 to BP9 with kernel given by the
constant functions.
(iii) If p > 0, the space BP9 embeds compactly in BP~Ha+1

For our aims, it is enough to fix p =1 and ¢ = 0.

Step 1. If in Theorem A.1 we choose (Buy,| - |w) = (B®Y, || llo1) and (B, || - |5) = (BY°, || - l1.0),
then (A.1) and (A.2) hold.

Let f € C™. First, we want to estimate ||£7 f|jo,1 for all j € N. For all ¢y € C*([—4,d]), since
T~ stretches the lines in the v* direction by a factor \, we have

5 4 . .
/_ (@) + ) 01 di = / T ) + ) p(0) de

A / AT (@, y) + %) (AT dt
—oNI

which can be reduced to the sum of ¢; - M terms, for a fixed constant ¢; > 0, of the form

t;+0 )

[ )+ et b .
t;—90
with {¢;}; a C* partition of unity with v; having supports of size 6 and ||¢;||c1 < co. Then, we
find 5
| [ 2t + o) ot it < el ol

Hence, _

1£7 fllog < et llfllop, VjeN.

This proves (A.1) with M = 1.
Let’s now consider ||£? f]1,0. For all ¢ € C*°([—6,d]), we estimate the integrals

)
/ aﬁ'(ﬁjf)((a:,y)+tv8)¢(t)dt, for p' =0, 1.
—0

When p’ = 0, we follow the same computations as above, but at the end we use, for all 7, the
estimate

lo1-

ti+0 )
[ H@a o) eI b0 de] < o ol 1
ti—
Let’s now set p’ = 1. We recall that, being A symmetric, V(f oT~7) = A=/ Vf, hence
(A.16) Ou(LIf) =< v V(foT) >=< A" (V) o T >= X (yf) o T77.
Therefore,

| Z 0L 1) () + o) ity at| =3 | [ i L@uF) (@) + ") () dt] <

< e X7 0uflloo [¥llso < et X7 | £ll10

[0 -
We have thus proved 4 '

1L fllo < e A7 I fllvo + ez ([ flloa, VieN.
This proves (A.2) with M =1 and k = A~! € (0, 1).

Step 2. The spectrum of L satisfies spec(L|pr0) N {[¢| > A71} = {1}.
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By Step 1, we have spec(L|goq) C B(0,1) for all ¢ € Ng. Let f € BYO, f # 0 satisfy Lf = £f for
some £ € {[¢| > A~'}. Then,
0o, f = au(ﬁf) = £(auf)
as shown in (A.16). Hence, d,f € B%? by Lemma A.4-(ii) and it is an eigenfunction of £ with
eigenvalue ¢\ € {|(| > 1}. Since spec(L|go0) C B(0,1), it follows that 9d,f = 0. Therefore, by
Lemma A.4-(ii), f is constant. This implies ¢ = 1.

Step 8. The map Ta has exponential decay of correlations for couples of observables in C°°(T?).
We can repeat the argument in Theorem A.2 - Step 4, to get

1Cr, (f, 9,m)| < max{cr, ca} [ fllrollglloc A7
This concludes the proof. ]
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