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Welcome to the Homogeneous Dynamics course!

These lectures are intended to be an introduction to homogeneous dynamics, which nowadays
is a very active subject of research. Homogeneous dynamics lies at the intersection of many areas
in pure mathematics: of course, dynamics and ergodic theory, but also geometry, Lie group theory,
representation theory, and more. There are also remarkable connections to several problems in
number theory, some of which will be explored during the course.

The literature in the subject is vast and it would be impossible to cover it all. The choice I made
to select the specific topics which will be discussed during these lectures was motivated mainly by
two reasons. In part, of course, there are my personal preferences; more importantly, I wanted to
focus on concrete examples (where computations can be carried out explicitly) which can help to
build the intuition and provide insights on more general and abstract situations. It is my hope that
this introduction can sparkle the curiosity in students to pursue this line of research.

One final disclaimer before starting: these lecture notes are a work-in-progress, and as such
they need to be read with critical thinking. I tried to minimize the number of errors, but it would be
widely optimistic of me to believe that there are none. If you spot mistakes, or have any comment
in general, please let me know by sending me an email to davide.ravotti@gmail. com.

Davide Ravotti



Chapter 1

A quick recap: the case of linear flows on
tori

In this first chapter, we will quickly review some basic notions in dynamics and ergodic theory,
which the reader is assumed to be already familiar with. An exhaustive treatment of these topics
can be found, for example, in [4, Chapters 2, 4.3].

In parallel, we will look at linear flows on tori. Very roughly speaking, the course consists in
studying their non-Abelian analogues, as we will see later. Thus, focusing on this simple case can
be a nice “warm-up” exercise.

1.1 Smooth flows on manifolds

The subject of this course is a special class of smooth flows. Let us recall the general definition.

Definition 1.1. Let M be a smooth manifold, and let Diff(M) be the group of its diffeomorphisms.
A smooth flow ¢: R x M — M is a smooth map which satisfies

o=1d, and @i5=@ 00, =@0@, forallt,seR,
where @, :== @(t,-) € Diff(M).

In particular, Definition 1.1 implies that the continuous curve t — ¢ is a group homomorphism
between R and Diff(M), and { ¢, },cr is said to be a I1-parameter group of diffeomorphisms. We
will often identify ¢ with { @, },cr.

Given a smooth flow @, we can define a vector field X on M by

Xf(p) ::% fow(p), forall fe€”(M)andpe M.
=0
The vector field X is called the infinitesimal generator of @. Vice-versa, one can prove that, at least
when M is compact, for any given smooth vector field X, there exists a unique smooth flow ¢ with
infinitesimal generator X.
From here onward, M always denotes a smooth manifold, not necessarily compact, and ¢ is a
smooth flow on M.

Let us turn to a very concrete example. Let T" be the n-dimensional torus T" := R" /Z". We
will denote points in T” using the symbol [-], namely [x] := x+ Z". For any v € R"\ {0}, we
define the linear flow in direction v to be the smooth flow ¢ on T” given by

o) ([x]) = [x+1tv], forreR.
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It is easy to check that indeed ¢V is a well-defined smooth flow according to Definition 1.1. The
associated infinitesimal generator X is the derivative in direction v: for any p = [x] € T",

Xf(p) =2 f([[x+rvu>:v-vﬂxﬂfzivi(?i(uxﬂ)-

d t=0
In other words, under the usual identification of the tangent space 7, T" at p with R", we have

X = v. The associated 1-parameter subgroup consists of the translations ¢ : [x] — [x+7v] in
direction v.

Let us rephrase the example above in more algebraic terms. Our setting was the following. We
considered the Abelian group (R",+), and we fixed a 1-dimensional subgroup V = {rv:t € R} <
R". This subgroup V is everywhere tangent to the constant vector field v € R”, where we identified
R" = T4R" for all x € R". In turn, V is identified with the 1-parameter group of translations

{(x+—>x+1v):r € R} C Diff(R").

We then fixed the discrete subgroup Z" < R”" and we considered the quotient space T" = R" /Z". The
key observation is that the 1-parameter group of translations X — X+ ¢v associated to v descends to
the quotient, which means that they commute with the canonical projection X — [x] = x+ Z". This
tells us that, under the projection, we obtain a well-defined 1-parameter group of diffeomorphisms
of T”, and hence a smooth flow ¢".

Homogeneous flows, which are the subject of this course, are a “non-Abelian” generalization of
this simple example. Namely, we will replace

* R" with a Lie group G (the Heisenberg group in Chapter 3 and SL(2,R) in Chapters 4-7),

» 7" with a lattice I (a discrete subgroup of G with some additional properties that we will
discuss in §2.4),

o T with the left' quotient '\G = {I'g : g € G},

o V ={tv:t € R} with a 1-parameter subgroup {g; : t € R} of G (generated by a “constant”
vector field, which in the case above was v € R"\ {0}),

o @": [x] ~ [x+¢v] with the multiplication on the right’> Tg +T'g - g;.

We will make this analogy precise in the next chapters.

1.2 The topology of orbits

Let ¢ : R x M — M be a smooth flow, and let p € M. The orbit of p is the set

Op(p) ={@:(p):t R} C M.

Note that the orbit of any point p € M is an immersed smooth curve in M.

In dynamics, one is interested in the behaviour of orbits: do they “close up”? Do they accumulate
in some regions? Do they visit all parts of the space? From the topological point of view, it is
particularly important to try to understand their accumulation points and closure Oy (p) C M.

Note that, in the Abelian case, left and right cosets coincide.

2Taking left quotients and multiplying on the right is the conventional choice, but of course one could do the opposite
(taking right quotients and multiplying on the left). Note that, again, multiplying on the right and projecting on the left
quotient I'\G commute.
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Definition 1.2. A point p is a fixed point if Oy (p) = {p}. A point p is periodic if there exists T > 0
such that

¢r(p) = p. (1.1)
If p is periodic but not a fixed point, its period is the smallest T > 0 for which (1.1) holds.

Exercise 1.3.  (a) Show that the set of T € R for which (1.1) holds is a subgroup of R, in
particular if p is periodic but not a fixed point, its period is well-defined.

(b) Show that, if p is a periodic point of period T, then its orbit is an embedded closed curve and

Op(p) ={®:(p) :t €[0,T]}.

Periodic and fixed points have the smallest possible orbit closures, since their orbits are
themselves closed. On the opposite, we may have points with dense orbits, that is, points whose
orbit closure is the largest possible.

Definition 1.4. A smooth flow ¢ is minimal is all orbits are dense, namely if
Op(p) =M, forallpe M.

Let us look at our motivating example. In the case of linear flows on the two dimensional torus,
we have a pleasant dichotomy.

Theorem 1.5. Let ¢¥: T? — T? be a linear flow in direction v = (v,v;) € R*\ {0}. If v and
vy are rationally dependent, then every orbit is periodic; otherwise, if vi and v, are rationally
independent, the flow @Y is minimal.

We will say that @V is a rational linear flow if we are in the first case, and it is an irrational
linear flow if we are in the second one.

Before diving into the proof of Theorem 1.5, let us make a couple of simple observations. First,
note that a rescaling av of v for some a > 0 does not change the behaviour of the orbits of the
flow. If v, = 0, then v; # 0. It is clear that all orbits of @Y are periodic of period 1/v; and consist
of horizontal cirlces of the form T! x {p,}, with p, € T', hence the result is proved in this case.
If v, # 0, then, without loss of generality, we can assume that v = (v,1). We divide the proof of
Theorem 1.5 into two cases: when v € Q (the rational case) and when v ¢ Q (the irrational case).

Proof of Theorem 1.5 - Case v € Q. Let us write v = a/b in reduced terms. Then, we claim that
all orbits are periodic of period b. Indeed, let p = [x1,x,] € T2. Then,

o) (p) =[x1+b-a/b,xy+b] = [x1,x2] + [a,b] = p.

If T > 0 is such that ¢}.(p) = p, then, looking at its second coordinate, we see that x, + T +Z =
x2+7Z. Hence T € N, and, looking at the first coordinate, x| + T - a/b + Z = x| + Z. This implies
that (Ta)/b € Z. Since a and b are coprime by assumption, b divides 7. This proves the claim and
hence the theorem in the rational case. O

Proof of Theorem 1.5 - Case v ¢ Q. We first claim that it is enough to prove the following state-
ment.

(%) The circle rotation R,: T' — T' defined by R,([x]) = [x+ V] is minimal (where, here,
[x] = x+7Z).
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We leave as an exercise to the reader to check that indeed it is sufficient to prove (x). The idea
is that the orbit of a point p = [x,x,] under the flow ¢ is dense in T? if and only if its intersection
with the horizontal circle T! x {[x2]} is dense in T' x {[x»]}. Indeed, the projection on the first
coordinate of the intersection of the orbit of p with the circle T! x {[x,]} is precisely the orbit of
[x1] under the rotation R,.

We now focus on proving (x). Let p = [x] =x+7Z € T' and € > 0 be fixed; choose a natural
number N > £~ ! and partition T! ~ [0, 1) into N intervals I = [(k— )N~ ' kN~!) fork=1,...,N.
We need to show that the orbit of p visits all intervals /.

Let us consider the set Oy = {p,R,(p),...,RY(p)}. Since |Oy| = N + 1, by the Pigeonhole
Principle, there exists a k € {1,...,N} such that the interval /; contains at least two distinct elements
of Oy, say R}}(p) and R)'(p), with n < m. Let us call w the fractional part of (m —n)v. For any
y €[0,1), we have

RN = [+ (m — ] = [+ w] = Ru(D]),

namely, the map R]'~" is again a rotation of angle w € (0,1). Since we showed that the points
p' =R!(p) and R,,(p') = R!"(p) are both in the same interval I;, they are at distance less than
N~ Tt follows that 0 < w < N~! < &. Thus, the orbit of p under R, contains the orbit of p under
R} = R,,, which is a rotation of angle less than €. Since this latter set clearly intersects all
intervals I, the proof is complete. 0

In general, it is a hopeless task to try to understand all orbit closures. They can be quite
complicated objects, with “fractal-like” structures and non-integer dimensions. However, in the
particular case of linear flows on T2, orbit closures are well-behaved and we managed to classify all
possibilities: we showed that all orbit closures are either the whole space T? or circles isomorphic
to T'. In higher dimensions, a similar phenomenon occurs: orbit closures of any linear flow on T”
are sub-tori isomorphic to T, for some k = 1,...,n (see Section 1.3.4 below).

1.3 Elements of Ergodic Theory

Ergodic theory is the study of dynamical systems from the point of view of measure theory. The
measures on the phase space M that will be relevant for us are Borel invariant measures.

1.3.1 Invariant measures

Definition 1.6. Let ¢ be a smooth flow on M. A Borel measure |1 on M is an invariant measure for
o if for all Borel measurable sets A C M and for all t € R,

(@i (A) = u(A).

If W(M) = 1, then p is a probability invariant measure. The triple (M, @, 1) is called a probability
preserving flow (ppf, for short).

The previous definition extends to all functions in L' (M) = L'(M, u): if (M, ¢, u) is a ppf,
then, for every function f € L' (M) and for all t € R, the function f o ¢ is in L' (M) and

| romdu=[ rau.
M M
Similarly, if f € L>(M), then fo ¢, € L*(M) for all € R and

1o @illy = [I£1l,- (1.2)
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Let us see some examples of invariant measures. Clearly, the Lebesgue measure on the torus
T? is an invariant measure for all linear flows ¢". If the flow is irrational, we will see in Section
1.3.3 that there are no other invariant probability measures. However, if ¢V is rational, then we have
uncountably many invariant probability measures supported on periodic orbits. This is a general
fact: for any periodic orbit, there is an invariant probability measure supported on such orbit.

Exercise 1.7.  (a) Let v = (vi,v2) € R?\ {0}, with v\,v, rationally dependent. Let T be the
period of all orbits of @". Show that

_ min{||w|l,: w € RvNZ?, w# 0}

T
[I¥ll2

(b) Forany p € M, let l,, be the Borel measure defined by

1
Up(A) = ?Leb{t €[0,T]: @' (p) €A}.
Show that W, is a probability invariant measure for @".

(c) Prove that [, = Uy if and only if Ogv(p) = O¢v(q). Deduce that ¢ has uncountably many
probability invariant measures.

It is actually easy to see that if there is more than one probability invariant measure, then there
are uncountably many. Indeed, any convex combination of (probability) invariant measures is a
(probability) invariant measure. In other words, probability invariant measures form a simplex in
the space of probability measures on M.

The reader might wonder whether we are sure to find, in general, at least one probability
invariant measure. When M is compact, the following result answers this question affirmatively.

Theorem 1.8 (Krylov-Bogolyubov). Let ¢ be a smooth flow on the compact manifold M. There
exists one invariant probability measure.

Proof. Recall that, when M is compact, the set of Borel (signed) measures coincides with €' (M)*,
the weak-x dual of ¥’(M). Recall also that, by Banach-Alaoglu’s Theorem, the unit ball in € (M )*,
which contains all (positive) probability measures, is weakly-* compact. Fix any p € M, and
consider the family of (positive) probability measures {1 }rcr given by

1 T
ur(f) =7 [ ro@ar, fors e

By compactness, there exists an increasing sequence 7, — oo such that 7, weakly-* converges to a
(positive) probability measure p. We claim that y is invariant. Let f € ¥’ (M) and r € R; then,

Tn Tn
| reoma— [T roama
0 0

1
luz, (fo @) —ur,(f) = T

1 T,+r r
=T fo(p,(p)dt—/ foe(p)dt
n |JT, 0
2r || fll
- 11l ) o
T,
Therefore,
0= lim |uz, (f o @) — ur, (f)| = |1(fo ) =R (S)],
which shows that 1 is an invariant measure for ¢. O



D. Ravotti Homogeneous Dynamics

We will mostly be concerned with smooth invariant measures, namely measures given by
integrating a volume form on M. In this case, we can check whether a smooth measure is invariant
by computing its Lie derivative with respect to the infinitesimal generator of the flow.

Proposition 1.9. Let ¢ be a smooth flow with infinitesimal generator X, and let L be a smooth
probability measure given by a volume form @ on M. Then [ is invariant if and only if Zx(®) =0,
where Zx (@) = d(ix ) is the Lie derivative of ® with respect to X and i is the contraction
operator.

Proof. Let (¢,)* denote the pull-back by ¢;. By definition of the Lie derivative,

)=y (o)),

hence (¢;)*(®) = o if and only if % (®) = 0. By Cartan’s formula,
jx(a)) = d(ixa)) +ix (da)) = d(ixCO),
which follows from the fact that dw = 0 since ® is a n-form, where n = dim(M). O

Exercise 1.10 (Invariant measures of time-changes). Let @ be a smooth flow on M with infinitesimal
generator X, and let U be a smooth probability invariant measure. Show that, for any smooth
positive function a: M — R, the flow’ generated by the vector field aX preserves the measure
equivalent to | with density 1/a.

Once we have chosen a probability invariant measure, we can ask about the properties of typical
points, in other words the properties that are satisfied up to exceptional sets of measure zero. A
fundamental result is the recurrence theorem by Poincaré, which, roughly speaking, says that
typical orbits will come back close to their initial point infinitely often.

Theorem 1.11 (Poincaré Recurrence Theorem). Let (M, @, 1) be a ppf. If A C M is a measurable
(Borel) set, for almost every p € A there exists an increasing sequence T, — o such that @7, (p) € A.

1.3.2 Ergodicity and the Ergodic Theorems

Given a flow ¢ on M, we say that a measurable set A C M is invariant if ¢,(A) = A for all r € R.
If (M,p,u) is a ppf and A C M is an invariant set of positive measure, then we can consider the
subsystem (A, @, l14) given by the restriction of the flow ¢ to A with the conditional probability
invariant measure defined by

ua(B) := u(BNA)/u(A), for any measurable set B.

When we have an invariant set of positive measure, we can then reduce ourselves to study a “simpler”
system. Intuitivley, the notion of ergodicity plays the role of “indecomposability” in the context of
ppf’s. That is to say, an ergodic ppf cannot be decomposed into non-trivial invariant subsystems.

Definition 1.12. Ler (M, @, 1) be a ppf. We say that L is ergodic, or that (M, @, L) is an ergodic
flow* if for every invariant measurable set A C M we have w(A) =0 or u(A) = 1.

We recall the following characterization of ergodicity.

3This flow is called the time-change generated by o.
4Sometimes, by a little abuse of notation, when the reference measure  is clear from the context, we will say that @
is ergodic.
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Proposition 1.13. Let (M, @, L) be a ppf. The following are equivalent:
1. W is ergodic,

2. for every measurable set A C M such that (@, (A)AA) =0 forallt € R, then u(A) =0 or
n(a) =1,

3. if f: M — C is a measurable function such that f o ¢, = f almost everywhere for all t € R,
then there exists ¢ € C such that f = ¢ almost everywhere,

4. if f € L*(M) is an invariant function, namely if f o @; = f in L for all t € R, then there exists
c € C such that f = c in L.

Let us go back once more to the case of linear flows on tori and let us consider the ppf
(T2, @",Leb). It is easy to see that, if the flow ¢" is rational, then it is not ergodic. Indeed, any set
of the form

Ar=|J{0g+(p) : p=[x1,0] € T* with 0 < x; < r}

is an invariant set of with Leb(A,) = r. Choosing r € (0, 1) appropriately gives an example of a
non-trivial invariant set, thus disproving ergodicity.

Exercise 1.14.  (a) Show that the measures L, of Exercise 1.7 are ergodic.

(b) Show that any non-trivial convex combination of W, and [, for p and q on different orbits,
is not ergodic.

(c*) Finally, show that if | is an ergodic invariant probability measure, then L = W, for some
peT?

On the other hand, the Lebesgue measure is ergodic when the flow @V is irrational. There are
several ways of proving this fact, here we see a proof that uses Fourier analysis.

Theorem 1.15. Let ¢" be an irrational linear flow on T2. Then, the Lebesgue measure Leb is
ergodic.

Proof. We denote by - the scalar product in R?. For any f € L*(T?), we can write a Fourier
expansion

FIXD) = Y fad®™™x with Y [fal?> = [I£]5

neZz? ncz?

Assume that f is an invariant function, that is assume that fo ¢ = f for all + € R, where the
equality holds in L?(T?). We want to show it is constant in L?. For all x € R? and t € R we have

Z fa eZm’nx — f([[X]]) _ f([[X—i—l‘V]]) — Z fa eZm’n~(x+tv) — Z fa eZm’zn-veZm'nx‘
neZ? nez? neZ?

By uniqueness of the coefficients, we must have
_ 27itn-v 2
Jn= fne foralln € Z~.

If n # 0, then either f, = 0 or ™™V = 1 for all r € R, and this latter condition is verified if and
only if n-v = 0. Since v has rationally independent coordinates, this second possibility cannot
occur; hence we deduce f, = 0 for all n € Z?\ {0}. This proves that f = f; is equal to a constant
in L?(T?), and thus completes the proof. O

Let (M, @, 1) be an ergodic ppf. The ergodic theorems of Von Neumann and Birkhoff relate the
time averages % fOT f o ¢, dt of a measurable function f € L?>(M) (or L' (M)) to the space average

w(f) = Jy fdu.
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Theorem 1.16 (Von Neumann Ergodic Theorem). Let (M, @, 1) be a ppf. For every f € L>(M),
let P f € L*(M) be the projection of f onto the closed subspace of invariant functions. Then, the
ergodic averages of f converge in L*(M) to P f, namely

— 0.
2

H;/()wapz(p)df—f’f(l’)

In particular, if (M, @, ) is ergodic, P f = u(f) and hence

1 (T
?/ Fogudt— u(f) inLA(M).
0
Theorem 1.17 (Birkhoff Ergodic Theorem). Let (M, ®, 1) be a ppf. For every f € L' (M), there
exists f* € L' (M) with
u(f)=u(f*), and fro@=f" foralteR,

where the latter equality holds in L' (M), such that

1 T
7| reewa—ri).

for almost every p € M. If (M, @, 1) is ergodic, then f*(p) = u(f) almost everywhere.

1.3.3 Unique ergodicity

In Theorem 1.8, we saw that a smooth flow on a compact manifold M always has an invariant
probability measure, and we also noticed that, if there is more than one, then there are uncountably
many. The former case deserves a special name.

Definition 1.18. Let ¢ be a smooth flow on a compact manifold M. If there exists only one invariant
probability measure |, the system (M, @, L) (or simply @) is said to be uniquely ergodic.

The reader might be wondering what the uniqueness of the invariant measure has to do with
ergodicity. The following proposition shows that, in the case of a single invariant measure, ergodicity
is automatically guaranteed.

Proposition 1.19. Let ¢ be a smooth flow on a compact manifold M. The set of ergodic probability
measures for ¢ coincides with the set of extremal points’ of the simplex of invariant probability
measures. In particular, if there exists a unique invariant probability measure [, then it is ergodic.

If (M, @, 1) is uniquely ergodic, then, from the Ergodic Theorem, Theorem 1.17, we know that
the ergodic averages of any L'-function converge almost everywhere to its space average. On the
other hand, one can show that, if the function is continuous, then the convergence is uniform.

Proposition 1.20. Let ¢ be a smooth flow on a compact manifold M. The following are equivalent:
1. @ is uniquely ergodic,
2. there exists a unique ergodic invariant probability measure,

3. forevery f € € (M) there exists a constant Cy such that, for all p € M,

1 rT
7| reama—cy. (13

3 A point in a simplex is extremal if it cannot be expressed as a non-trivial convex combination of two other points.
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4. forevery f € € (M), the convergence in (1.3) is uniform over M.

Under any of the assumptions above, the constant Cy in (1.3) equals | (f), where L is the unique
invariant probability measure.

We have seen already that for rational linear flows @ on T? there exist uncountably many
invariant measures. Let us now see that in the other case, when the coordinates of v are rationally
independent, the flow is uniquely ergodic.

Theorem 1.21. Let @Y be an irrational linear flow on T2. Then, (T2, ¢",Leb) is uniquely ergodic.

Proof. Let f € € (M) be fixed, and let us prove that the ergodic averages

1 (T
Arfp)i=7 [ foal(p)dr
0
converge uniformly to Leb(f) = [ fdLeb. We claim that the family
o = {ATf}T>() C CK(M)

is pre-compact in ¢’ (M), i.e., <7 has a compact closure. In order to do this, we check the assumptions
of the Ascoli-Arzela Theorem.

It is easy to see that <7 is equibounded: since || f o ¢,
for any 7 > 0 and for all p € T?, we have

= || f|l.. for all 7 € R, it follows that,

Hoo

1 T
Ar s < 7 [ dr = 111

Let us veritfy that .7 is equicontinuous. We will use the fact that ¢ is an isometry for all € R:
if we denote by d the Euclidean distance on T2, we have that d(¢Y(p), ¢} (q)) = d(p,q) for all
t € R. With this in mind, let us fix € > 0. Since f is uniformly continuous, there exists 6 > 0
such that |f(p) — f(q)| < € whenever d(p,q) < 8. Then, for any T > 0, if p,q € T? are such that
d(p,q) < 0, we get

1T 1T
Ar(p)=ar(@)| < 7 [ 100t ()~ fogrg)lar< 1 [ ear—e.

By the Ascoli-Arzela Theorem, the closure of <7 is compact in ¢’ (M), in particular <7 has limit
points. Let 7,, — « and g € €’ (M) be such that

Ar,f—g InEM).
By Birkhoff Ergodic Theorem, Theorem 1.17, for almost every point p we have
Arf(p) = [ FdLeb,
therefore g = Leb(f) almost everywhere. Since g is continuous, the equality must hold everywhere.

We have showed that all limit points of .7 are the constant function Leb(f). Therefore, the
limit point is unique and we conclude that the whole family converges in %' (M), namely

1 T
ATf:—/ foq),vdt—>/deeb
T Jo T2

uniformly on T2, which concludes the proof. O

10



D. Ravotti Homogeneous Dynamics

We remark that the proof of Theorem 1.21 works in a greater generality: any isometry of a
compact space which has an ergodic measure with full support is uniquely ergodic.

Exercise 1.22. Let (T?, @Y, Leb) be an irrational linear flow.

(@) Show that for any set A C T? with non-empty interior there exists Ty > 0 such that for all
points p € M there exists t € [0,T4] such that ¢ (p) € A (all points enter A before time Ty).

(b*) Provide a counterexample to (a) when we drop the assumption on A, namely give an example
of a set A C T? with positive measure and empty interior such that
1. almost every point enters A,
2. atleast one point p € M never enters A,

3. for every T > 0 there exists a set By C T? of positive measure such that all points in
Br do not enter A in the interval [0,T].

1.3.4 A glimpse at Ratner’s Theorems

Let us summarize what we proved in the case of linear flows on the 2 dimensional torus:
* If the generator v has rationally independent coordinates, then

1. the orbit closure of any point is the whole space T? (Theorem 1.5),
2. the orbit of any point equidistributes in T2 (Theorem 1.15),
3. Leb is the only ergodic probability measure for ¢ (Theorem 1.21).

* If the generator v has rationally dependent coordinates, then

1. all orbits are periodic, hence closed (Theorem 1.5),
2. all orbits are not equidistributed in T? (but, clearly, they equidistribute in their closure),

3. any ergodic measure is the normalized Lebesgue measure on a periodic orbit (Exercise
1.14).

It is possible to generalize these results to linear flows on higher dimensional tori. Let us first
recall some definitions.

A subspace V < R" is called rational if the discrete Abelian group V NZ" has rank precisely
equal to k := dim(V). It is easy to see that this happens exactly when we can find a basis of V
consisting of vectors in Z". The subspace V carries a smooth measure, that we call Leby, given by
the Lebesgue measure on V normalized so that the discrete subgroup V NZ" has covolume 1 (see,
e.g., Exercise 1.7). This measure descends to a measure on the k-dimensional torus V /(V NZ"), as
well as on its affine translates x+V /(V NZ") for all x € R". By a little abuse of notation, we will
still call Leby any of these affine measures.

Theorem 1.23. Let ¢¥: R x T" — T" be a linear flow on T", with v € R"\ {0}. There exists a
rational subspace V < R" of dimension k € {1,...,n} which contains the line Rv for which the
following holds.

1. (Orbit closure classification) The orbit closure of any point is an affine k-dimensional torus,
namely for all p = [x] € T" we have

Opr(p) =x+V/(VNZ").

11
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2. (Equidistribution) The orbit of any point p € T" equidistributes in its closure with respect to
the affine measure Leby.

3. (Measure classification) Any ergodic measure for @Y is an affine measure Leby on the affine
torus x+V /(VNZ") for some x € R".

Theorem 1.23 can be seen as a very simple case of a series of profound and general theorems
by Marina Ratner which classify all possible orbit closures for unipotent actions, show that all
orbits equidistribute in their closure, and prove that any ergodic measure is the affine translate of the
Lebesgue (Haar) measure on a intermediate subgroup. The purpose of this complicated comment is
only to whet you appetite for what will come in the rest of the course.

1.4 Further chaotic properties

1.4.1 Weak mixing

Let (M, @, 1) be a ppf. As we have seen in (1.2), for every ¢ € R the Koopman operator
Up: LA(M) = L*(M),  Uif=fog

is unitary. By Proposition 1.13, the flow ¢ is ergodic if and only if the eigenspace corresponding to
the eigenvalue 1 has dimension 1, and consists of constant functions. Since U; is unitary, if there
are other eigenvalues, they must have modulus 1.

Definition 1.24. We say that the ppf (M, @, 1) is weak mixing if the only solutions to
Uf =%  in2(M) forallt € R
are given by oo = 0 and f = c for some c € C.

As usual, when the reference measure U is clear from the context, we will often simply say that
¢ is weak mixing when the condition in Definition 1.24 is satisfied.

Clearly, a weak mixing ppf is also ergodic. The converse, however, is not true, and a family of
counterexamples is given precisely by our irrational linear flows.

Lemma 1.25. Any linear flow (T?, @Y, Leb) is not weak mixing.

Proof. 1t is sufficient to consider the irrational case, since we already know that rational linear
flows are not ergodic and hence cannot be weak mixing. We claim that for any n € Z2\ {0}, the

function
fallx]) = & € 17(T%) € L(T?)

is a non-constant eigenfunction, and the « as in Definition 1.24 is @ = n-v # 0. Indeed, for any
t € R, we have

szn([[x]]) _ fn([[x —i—tV]]) _ eZ:tin-(X+tv) _ eZm’m»v eZm’n‘x _ e2nitocfn([[x]])'
Thus, irrational linear flows are ergodic but not weak-mixing. O

Weak-mixing is a spectral property, in the sense that it concerns the spectrum of the Koopman
operators U, of the system. If they have no pure point component (no eigenvalues), the flow is
weak mixing. There are other equivalent characterizations of weak-mixing, which have a more
“dynamical flavour”’; we summarize them in Proposition 1.26 below.

Proposition 1.26. Ler (M, @, 1) be a ppf. The following are equivalent.

12
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1. (M,Q,u) is weak mixing.
2. Forany f,g € L>(M),

1 T
lim —/
T—eT Jo

3. Forany f,g € L*(M),

1 T
lim —/
T—eT Jo

4. Forany f,g € L*(M), there exists a set J = Jr¢ C R of zero density such that

dt =0.

/ foo -gdu—pu(f)u(g)
M

2
dr =0.

/ foo -gdu—pu(f)u(g)
M

lim /Mfo<pr-gdu=u(f)u(g')-

T—00, T¢]
5. The product measure L X U is ergodic for the flow @ X @ on M x M.
6. The product measure [l X U is weak mixing for the flow @ X ¢ on M x M.

7. For any ergodic ppf (N, y, V), the system (M X N, @ X W, L X V) is ergodic.

It might be worth for the reader to compare conditions 2—4 of Proposition 1.26 with the
following equivalent definition of ergodicity.

Exercise 1.27. Let (M, @, 1) be a ppf. Show that it is ergodic if and only if for any f,g € L*(M)

we have -
lim - | (/Mfocpt-gdu) dt = u(f) u(2):

Deduce in particular that a weak mixing ppfis ergodic.

1.4.2 Mixing

Mixing, sometimes called strong mixing, is an even stronger property that, roughly speaking, says
that any two events become asymptotically independent.

Definition 1.28. We say that the ppf (M, @, 1) is (strong) mixing if for any two observables
f.g € L>(M), the correlations decay, namely if

(fop,g) = /Mfoq),-gdu = u(f)u(g),
ast — oo,

It is clear from Proposition 1.26-(4) that any mixing ppf is also weak mixing. The converse,
however, is not true: there are weak mixing ppf’s which are not strong mixing. The first examples
of weak mixing but not mixing transformations were constructed by cutting-and-stacking methods.
In the context of flows, typical translation flows on translation surfaces and typical minimal area-
preserving flows on higher genus surfaces are also natural classes of examples of weak mixing
flows that are not mixing. It is also interesting to notice that, by the Halmos-Rokhlin Theorem,
weak mixing is a generic property, whereas mixing is meager. In this course, however, the flows
we will encounter are either not weak mixing (the nilflows in Chapter 3) or mixing (the geodesic
and horocycle flows in Chapters 4-7).

Returning to our case study, we already know from Lemma 1.25 that irrational linear flows are
not weak mixing, hence they cannot possibly be mixing. We can actually prove a stronger result,
namely they have the so-called rigidity property.

13
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Exercise 1.29. Let v= (v,1) € R%, withv ¢ Q.

(a) Prove that the linear flow @Y is rigid, namely there exists an increasing sequence t, —
such that for any measurable set A C T? we have

Leb(AAQ) (A)) =0, asn— oo

(b*) Even more, find an explicit increasing sequence t,, — o such that for any set Q of the form
Q=1 x5L+7Z? where I,,I, C [0,1) are intervals, we have

Leb(QN @} (Q)) > Leb(Q) — 1,2,

for all n € N sufficiently large (Hint: it might be useful to consider the continued fraction
expansion of v).

(¢) Conclude in particular that @V is not mixing.

One can also ask about the correlations of several events or observables, leading to the following
definition.

Definition 1.30. We say that the ppf (M, , 1) is mixing of order k or k-mixing if for any k
(real-valued) observables fi,..., fi € L>(M) we have

/Mfl f20 @ fro@du — u(f1) - pu(fi),

asty,t3 —1ty,... .ty —tg_1 —> .
We say that the ppf (M, @, ) is mixing of all orders if it is mixing of order k for all k > 2.

It is currently unknown whether mixing implies mixing of all orders. This open question is
known as the “Rokhlin Problem”.

1.5 Outline of the course

In Chapter 2, we present all the relevant background material on matrix Lie groups. We will
introduce their associated Lie algebras, which can be described as the space of all left-invariant
vector fields. We will then study the induced flows using the exponential map. In Section 2.3, we
introduce the Haar measure, which is the invariant measure we will be interested in, the Killing
form and the Casimir operator. These last two objects will play a role in the final chapter of these
notes. Finally, we define homogeneous spaces as the smooth manifolds obtained as quotients of Lie
groups by lattices.

In Chapter 3, we focus on Heisenberg nilflows. We describe them using the so-called exponential
coordinates and we classify all possible Heisenberg nilmanifolds. We then show that Heisenberg
nilflows are never mixing, but typically relatively mixing and uniquely ergodic. In Section 3.3, we
point out an interesting connection between Heisenberg nilflows and theta sums (or quadratic Weyl
sums), which are classical objects in analytic number theory.

In Chapter 4, we study in detail the action of PSL(2,R) on the hyperbolic plane (namely, on its
upper-half plane model), which is first introduced in §2.3. We define the geodesic and horocycle
flow as particular cases of homogeneous flows on quotients of PSL(2,R). As an important example,
we introduce the Modular Surface.

Chapter 5 is devoted to the study of the ergodic properties of geodesic and horocycle flow. We
prove that they are ergodic and mixing.

14
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In Chapter 6, we study the connection between the geodesic flow on the Modular Surface and
continued fractions. This fascinating topic dates back to Artin [1], but we will follow an elegant
presentation by Series [17].

The final part, Chapter 7, is devoted to the treatment of more advanced material. We prove
unique ergodicity of the horocycle flow on compact manifolds, a result originally due to Furstenberg
[8]. The proof we present in these notes is due to Coudene [3]. We then discuss the generalizations
of this result to finite volume, noncompact spaces and we state Ratner’s Theorem [15] on measure
classification in the case of unipotent flows. We then study some quantitative properties. We present
a special case of Ratner’s quantitative mixing result [14] for geodesic and horocycle flow and a
special case of Flaminio and Forni’s result [6] on asymptotics of horocycle averages, but following
the proof in [16].

15



Chapter 2

Lie Groups

In this section, we introduce and study Lie groups, in particular matrix Lie groups, and their Lie
algebras. We introduce the objects and some fundamental tools we are going to study in this course:
homogeneous flows, Haar measures, the Adjoint representation and the Casimir operator. Excellent
references for these topics are the books [13] and [12]

The reader will benefit from some familiarity with basic notions in differential topology, such
as tangent spaces, vector fields, and differential forms.

2.1 Matrix Lie groups

2.1.1 Definitions

Definition 2.1. A Lie group G is a group (G, -) endowed with a differential structure such that both
the multiplication map and the inverse map

GxG—G, and G—G

(g.h) > gh grrg !

are smooth.

If G is a Lie group, it follows immediately from the definition that, for any g € G, the left
multiplication map Ly: G — G given by L,(h) = gh and the right multiplication map Ry: G — G
given by R, (h) = hg are smooth maps.

The simplest example of a Lie group is (R”,+) equipped with the trivial atlas. It is clear that
the maps

R"xR" —» R", and R" — R"
(X,y) = X+Yy X— —X

are smooth. The space Mat(n, R) of square matrices of size n with real coefficients is also a Lie
group for the addition operation, since it is isomorphic to R™ (not only as Abelian groups, but also
as vector spaces). Similarly, we can see that the torus T" = R" /7" is a Lie group. Notice that the
projection map «: R" — R"/Z", n(x) = [x]] = x+Z", is a local homeomorphism; that is, for every
p € T" and any r € (0,1) there exists x € R" such that the restriction 7|y, : B(X,r) — B(p,r) of
7 to the ball centered at x of radius r is a homeomorphism on its image. Then, one can construct
an atlas on T" by means of (7| ) ': B(p,r) — R". The transition maps between charts are
translations by elements of Z". In this atlas, the group operations on T”, as a quotient group of R"
are smooth.
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Exercise 2.2. (a) Show that the circle S' = {z € C: |z| = 1} is a Lie group.

(b) Characterize for which v = (v1,v2) € R? the subgroup {[tv] : t € R} of T? is a Lie group
(with respect to the induced topology of T?).

In all the simple examples we have seen above, the group is Abelian. This is not an interesting
situation; our focus will be on non-Abelian groups.

Lemma 2.3. The general linear group
GL(n,R) = {g € Mat(n,R) : detg # 0}
with matrix multiplication is a (non-Abelian) Lie group.

Proof. 1tis clear that GL(n,R) is a smooth manifold, since it is an open subset of Mat(n, R) ~ R™,
and the restriction of the coordinate maps to this open subset defines an atlas of smooth charts. We
only need to verify that multiplication and inversion are smooth with respect to this atlas. Matrix
multiplication is smooth since, in these charts, it is a polynomial map; similarly, taking the inverse
is also a polynomial map in coordinates by the Cramer’s rule. O

As a consequence of the following lemma, whose proof can be found, for example, in [13,
Proposition 7.11], we get many more examples of Lie groups.

Proposition 2.4. Let H be a closed subgroup of a Lie group G. Then H is an embedded submanifold
of G and hence a Lie group.

Proposition 2.4 motivates the following definition.
Definition 2.5. A (real) matrix Lie group is a closed subgroup G of GL(n,R).

A matrix Lie group is thus a Lie group according to Definition 2.1. We remark that the converse
is not true, namely there exists Lie groups that are not matrix Lie groups!. However, we will not
deal with them in this course; actually, the examples of matrix Lie groups that we will mostly be
interested in are the special linear group of degree 2

SL(2,R) ={g € GL(2,R) : detg =1},

and the Heisenberg group

Heis =

S O =
S = =

b4
y|:xyzeR
1

2.1.2 Tangent spaces and geometric tangent vectors

Proposition 2.4 states that a matrix Lie group G is an embedded submanifold in Mat(n,R) ~ R™.
In particular, we can look at the set of geometric tangent vectors at any point g € G; that is, at the
set of vectors in R"" which are parallel to the tangent space at g. We will denote by g the set of
geometric tangent vectors at the identity e € G, more precisely we define

o= {30 = 5

Lemma 2.6. If G is a matrix Lie group, the set g is a subspace of Mat(n,R).

y(t) : v: R — G is a smooth curve with y(0) = e} .
=0

IFor example, the universal cover of SL(2,R).
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Proof. The zero matrix 0 € Mat(n,R) belongs to g, since it is the derivative of the constant curve
t+—e € G. Let 7(0) and 17(0) be two geometric tangent vectors at e, and let us check that their sum
is a geometric tangent vector as well. Define the curve (y-1)(¢) := y(¢)n(¢). Then, (y-1)(0) =e,
and, using the product rule, its geometric tangent vector is

| (@) =710)n(0)+r(0)n(0) =7(0)+n(0),

t=0

hence 7(0) +1(0) € g. Finally, let us check that g is closed under scalar multiplication. Let
7(0) € g, and let a € R. Then, the curve (ay)(z) := y(at) is a smooth curve such that (ay)(0) = e
and

& @0 =ar0)es

which completes the proof. 0

Let us see a concrete example: let us find the space s[(2,R) of geometric tangent vectors of
SL(2,R) at the identity e = ( ) If we define u(t ( ’i), then we obtain a smooth function

u: R— SL(2,R) and
1 ¢ 01
(o 1) =(0 o) eaem

In a similar way, by looking at the smooth curves a(t) := (e'(;z 83 /2> and v(t) := (19), we find that
u,a,v € sl(2,R), where

10 00
. 2 .
a:= (0 ;), and v:= <1 0).

In particular, if we denote by tr(x) the trace of the matrix x, by Lemma 2.6 we get

d

u:=u(0)= o

span{u,a,v} = {x € Mat(2,R) : tr(x) =0} C s[(2,R).

c(r) d(r)
then we have a(t)d(t) — b(t)c(t) = 1 for all t € R. Differentiating at r = 0, we get

Let us show that equality holds. If y(r) = (a(t) b(t) ) is a smooth curve in SL(2,R) with y(0) = (} 9),

0 = a(0)d(0) +a(0)d(0) — b(0)c(0) — b(0)¢(0) = a(0) +d(0).
This shows that 7(0) € {x € Mat(2,R) : tr(x) = 0}, and hence proves the equality
sl(2,R) = {x e Mat(2,R) : tr(x) = 0}.
Exercise 2.7. Find the space b of geometric tangent vectors of Heis at the identity.

If x,y € g are two geometric tangent vectors of a matrix Lie group G, by Lemma 2.6, their sum
x+y is still in g, as well as any of their scalar multiples. We define now a bilinear, antisymmetric
operation on geometric tangent vectors, which we call the bracket, and will turn the space g into an
algebra. The geometric interpretation of this operation will become clear in a little while.

If G C GL(n,R) is a matrix Lie group, define the bracket operation

[, ]g: gxg—Mat(n,R) by [x,y]g:=x-y—-y-X,

where - denotes the matrix multiplication in Mat(n, R). From now on, we will often suppress the
symbol -, which should be clear from the context. The definition immediately implies that the
bracket of a vector with itself is zero.
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Exercise 2.8. Show that [-,-]4 is bilinear, antisymmetric and satisfies the Jacobi identity: for all
X,y,Z € g, we have

1%, ¥]g,2]g + [y, 2]g, X]g + [[2,X]g,¥]g = O.
In sl(2,R), one can check that the nontrivial possible brackets of the basis elements u,a, v are
[a,ul50r) = —[w,a]50R) =u, [a,V]si2r) = — [V, alsi2r) = —V, 2.1
[, V]gi2r) = — [V, ulsi2,r) = 2a. (2.2)

Notice in particular that the bracket of any two vectors in s[(2,R) is again an element of s[(2,R).
Indeed, this is no coincidence, as the next lemma shows.

Lemma 2.9. (a) Forall g € G and all x € g, we have

g 'xgeg.

(b) The space g is closed under bracket [-,-].

Before proving the lemma, let us note that, by part (a), the map
Ad(g): x> g 'xg

is an invertible linear transformation of g for any g € G, the inverse being (Ad(g)) ™! = Ad(g™!).
We call Ad(g) € GL(g) the Adjoint of g. As we mentioned, a geometric interpretation of these facts
will come later on.

Proof of Lemma 2.9. Let ¥ be a smooth curve such that (0) = x. Then, for all g € G, the map
Y (t) := g~ 'y(t)g is a smooth curve in G with 7,(0) = g~'g = e. Differentiating at r = 0, we get
d

dt

d
_ 1 =
z:oyg(t) —8 (dt

?’(t)> g=g 'xgey,
t=0

which proves (a).
In order to prove (b), let X,y € g; we need to show that [x,y], € g. Let () be such that 7(0) =x.
By (a), we know that
n(t):=yt)yy(t)"' €g forallz € R.

Moreover, since ¥ is smooth and multiplying matrices is a smooth map as well, the function n
defines a smooth curve in g. In particular, the derivative 17(0) of n at# = 0 exists. By Lemma 2.6,
g is a closed subset, hence the limit

t—0 t

belongs to g. Let us compute it. First of all, since y(¢) ! y(t) = e for all t € R and y(0) = e, by
differentiating, we get

007 +10),

From this, we conclude

. _ (< -1 d 1) e
dt t:(,"(’) = ( o ,_om)> yy(0)™ +v(0)y ( O I:O}/(t) ) — Xy — VX,
which shows that [x,y] € g. .
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Finally, let us recall that the definition of tangent space in the general context of differentiable
manifolds is given in terms of derivations as follows. For any g € G, the tangent space T,G at g is
the vector space of all possible derivations at g; that is, the space of all linear maps X, : €*°(G) — R
on smooth functions on G which satisfy the Leibniz rule

Xo(f112) = X (f1) f2(8) + f1(8) X¢ (f2)-

It is not hard to see that the tangent space at any point can be identified with the space of its
geometric tangent vectors; in particular we have the following identification.

Lemma 2.10. If G is a matrix Lie group, then T,G ~ g.

Proof. The isomorphism between g and 7,G is defined as follows: if ¥(0) € g, then we associate
the derivation 4
X, f— — t).
e S g tzofoy( )
In coordinates, if 7(0) = x, where x = (x; ;)i ;_; € Mat(n,R), then the associated derivation is
X (f) = Xi j—1%i,jo: jf (e), where d; ; is the partial derivative with respect to the (i, j)-coordinate.
It is an easy exercise to verify that this map is indeed a linear isomoprhism, for details see, e.g., [13,
Proposition 3.2]. O

2.2 The Lie algebra of a Lie group

2.2.1 Left-invariant vector fields

Let G be a Lie group, and let F: G — G be a smooth map. The differential DF of F is a smooth
map on the tangent bundle 7G of G defined as follows: the differential DF(g) at g € G is a linear
map from the tangent space 7, G at g to the tangent space T(,)G at F(g) which sends a derivation
X, € T,G to the derivation DF (g)X, € T(,)G given by

[DF(8)X,](f) = Xg(f o F).

The reader can check that DF (g)X, is indeed a derivation (namely, it is a linear map on ¢*(G)
which satisfies the Leibniz rule).

If G is a matrix Lie group, then we can define the differential DF of F in terms of geometric
tangent vectors as well, following Lemma 2.10. Let x = 7(0) € g be a geometric tangent vector at
the identity. We define

d
DF(e)x:= —| Foy(t),
dr,_,
which is a geometric tangent vector at F(e) € G.

Using smooth maps, we can therefore “move” tangent vectors around G. Recall that, for any
g € G, the left-multiplication map L, : h > gh is smooth. Then, for any element x € g we can
associate a tangent vector at any other point g by the aid of the differential of L, at e. In other
words, we can define a vector field X on G by setting

X :=DLg(e)X,, forall g€ G, (2.3)

where, again, X, € T,G is the derivation associated to x according to Lemma 2.10. Let us express
this in coordinates. If x = 7(0) € g, by Taylor’s Theorem we can write

Y(t) = e+1x+1R(1),
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where 1 — R(t) € Mat(n,R) is a smooth map and R(¢) — 0 as t — 0. Then

d

DL = —
g(e)x dr

(g+tgx+1gR(t)) = gx € Mat(n,R). (2.4)
=0

d
Lgoy(t) = dr

t=0

Proposition 2.11. For any x = X, € T,G, the associated vector field X defined by (2.3) is smooth
and left-invariant, namely for all g € G we have DL(g)X = X.

Proof. In coordinates, the fact that X is smooth comes from expression (2.4). More formally, in
order to check that X is smooth it is enough to show that X f: G — R is a smooth function for any
f € €(G). Let y(t) be a smooth curve such that y(0) = X,, and fix any such f € €*(G). Define
F(g,t):= f(gy(r)); then it is clear that F : G x R — R is a smooth function, and so is its derivative
%F(g,O) at7 = 0. Thus,

d d d
ng:(DLg(e)XE)(f):XE(fOLg):& fOLg(Y(t)):& f(gY(t)):EF(gaO)
=0 =0
is a smooth function in g, which proves that X is smooth.
The fact that X is left-invariant is an easy exercise that we leave to the reader. O

So far, we have seen that in a matrix Lie group G we can identify the tangent space at the
identity with the space of geometric tangent vectors g C Mat(n,R). Moreover, given any element
X, € T,G, we can define a smooth vector field X on G which is left-invariant.

Definition 2.12. Let G be a Lie group. The vector space of all smooth, left-invariant vector fields
Lie(G) :={X: G— TG : X is smooth and DL, X =X forall g € G}
is called the Lie algebra of G.

The use of the word “algebra” will become clear later on. The following result should come as
no surprise.

Lemma 2.13. The evaluation at the identity map ev: Lie(G) — T,G defined by ev(X) =X, is a
linear isomorphism.

Proof. Tt immediately follows from the definition that ev is linear. If ev(X) = X, = 0, then for
every g € G we have X, = DL,(e)0 = 0, which implies X = 0. This shows that ev is injective.
Let now X, € T.G, and define a vector field X as in (2.3). By Proposition 2.11, X is smooth
and left-invariant, hence X € Lie(G). By construction, ev(X) = X,, which proves surjectivity and
completes the proof. O

In the following, we will often identify x € g, X, € T,G and X € Lie(G). We now know that
(geometric) tangent vectors at the identity are in 1-to-1 correspondence with smooth left-invariant
vector fields. Each of the latters generate a smooth flow on G; more precisely, if X € Lie(G), there
exists a unique @X = {@X},; (which is defined at least on small intervals I containing 0) whose
infinitesimal generator is X, namely such that

d
X f = — foq)tx(g), for all g € G,
dr t=0

where f is any smooth function. The goal now is to find an expression for X and show that it is
defined for all r € R.
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2.2.2 The exponential map

On the space of matrices Mat(n,R), we introduce the following map

exp: Mat(n,R) — Mat(n,R)
X — k;) %xk (2.5)
called the matrix exponential.
Proposition 2.14. The matrix exponential is well-defined and satisfies the following properties:
1. exp(x)exp(y) = exp(x+Yy) if X and y commute,
2. exp(x) € GL(n,R) and exp(x)~! = exp(—x),
3. K(t) :=exp(tx) is a smooth curve in GL(n,R) whose geometric tangent vector at e is X,
4. exp(Ad(g)x) =exp(g~'xg) =g 'exp(x)g forall g € GL(n,R),
5. det(exp(x)) = ™),
6. exp: Mat(n,R) — GL(n,R) is a smooth map.

Proof In oder to show that exp is well-defined, we prove that for any x € Mat(n,R), the series
Yi o ;X' converges. For any submultiplicative norm ||-||, we have

i
L

<Y oKl <o
k=0 "
thatis, ) 7 %xk is absolutely convergent. Since Mat(n,R) is complete, this shows that the series
is convergent. We now verify the other claims.
1. if x and y commute, we have

o0 o0 o0 ok
exp(x)exp(y) = (Z kl!Xk> <Z 11!y1> — Z ﬁxkyl _ Z Z l(kl_z) X'y

k=01=0

=1 k _ =1
= ) k!z<l>xlyk l:ZkV(X+y) =exp(x+Yy).

k=0

2. Take y = —x in part 1, and notice that exp(0) = e.

3. We proved that } ;" %xk is absolutely convergent, so the following equalities hold

—XZ k= xy(1).

. d 1d
(1) = d—exp (rx) Z E& (tx)k =
Hence 1%(0) = x.

4. For any g € GL(n,R),

= 1 = ] 1
exp(g'xg) =), (e 'xe)' =} (g7 'x'g) = gl(Zk ")g g lexp(x)g.

k=0
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5. If x € Mat(n,R) is an upper triangular matrix, it is easy to see that the diagonal entries
of exp(x) are the exponentials of the diagonal entries of x; in particular the equality
det(exp(x)) = ¢"™® holds for these matrices. If x is arbitrary, write x = g~ 'yg in Jordan
normal form and apply part 4.

6. The fact that exp is a smooth map follows from the rules of differentiations for series of
functions.

O]

For any x € g and ¢ € R let us define

¢} (g) = gexp(rx). (2.6)

Notice that, a priori, ¢F: G — GL(n,R). We shall now see that @ has values in G and defined the
integral curves of the vector field X € Lie(G).

Proposition 2.15. The map ¢*: R x G — GL(n,R) defined by ¢*(t,g) = ¢¥(g) as in (2.6) is a
smooth flow with infinitesimal generator X € Lie(G), where X, = X.

Proof. The fact that ¢* is a smooth map follows from Proposition 2.14-(6). For t = 0, we have
¢} (g) = gexp(0) = g and for any 7,5 € R we have

P5(8) = gexp((r +5)x) = gexp(1x + sx) = gexp(1x) exp(sx) = ¢ © 97 (g),

where we have used Proposition 2.14-(1). Hence, @* is a smooth flow.

We now check that its infinitesimal generator is X € Lie(G). By Proposition 2.14-(3), we know
that the tangent vector at the identity associated to ¢* is x = X,. Then, for any smooth function f
and any g € G we have

d d
Sl o= fleexpx) = 3| (FoLo)(exp(tx) = DLy(e)X.](F) = Xef.
t=0 =0 t=0
which proves that the infinitesimal generator is X. O

Corollary 2.16. We have exp: g — G. Moreover, exp is a smooth diffeomorphism between a
neighbourhood of 0 € g and a neighbourhood of e € G.

Proof. Let X € g =Lie(G). By the standard theory of ODEs, there exists a unique smooth solution
y: I — G to the equation Y(¢) = X (7(¢)) with the initial condition y(0) = e. The solution 7 is
a smooth curve in G defined on an interval I = (—¢,€) for some € > 0. By Proposition 2.15,
the smooth curve 7 — @¥(e) = exp(rx) satisfies the ODE ¥ = X (), hence exp(tx) € G for all
t € (—¢€,€). Let N € Z be such that [N|~! < &. By Proposition 2.14-(1), we conclude

exp(x) =exp(N"'x)" € G,

since G is a group. This shows that exp maps g into G.

Let us show it is a local diffeomorphism. By the Inverse Function Theorem, it is enough to
show that the differential Dexp(0) from Tpg ~ g to 7,G = g is invertible. Indeed, for any x € g we
have Dexp(0)x = & |,_gexp(tx) = x; that is, Dexp(0) is the identity. This completes the proof. [

We have then shown that for any x € g there exists a smooth flow @* on G defined for all
times ¢ € R given by the action by multiplication on the right by the 1-parameter subgroup
{exp(rx) : t € R} generated by the left-invariant vector field X associated to x.
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Definition 2.17. For any x € g\ {0}, the flow {@}},cr given by ¢©}(g) = gexp(tx) is called the
homogeneous flow generated by x. We will write interchangeably ¢X and ¢;¥.

For example, we can check that

t/2
exp(tu) = <(1) i) , exp(ta) = (eO e(:/2> 7 exp(tv) = (: ?) , forallr € R.

As we saw, exp is a diffeomorphism between a neighbourhood of 0 € g and e € G, but in general
exp is neither injective nor surjective.

Exercise 2.18. (a) Show that exp: h — Heis is a global diffeomorphism.

(b*) Show that exp: sl(2,R) — SL(2,R) is neither injective nor surjective: find countably many
X, € 5[(2,R) such that exp(x,) = e and find a matrix g € SL(2,R) which cannot be written
as exp(x) for x € sl(2,R).

2.2.3 Adjoints, Lie derivatives and Lie brackets

Let G be a matrix Lie group and g its Lie algebra; call k = dimg. Let us recall, from Lemma
2.9, that, for all g € G, we can define a linear map Ad(g): g — g called the Adjoint of g by
Ad(g)x = g~ 'xg. The map

Ad: G — GL(g) ~ GL(k,R)

2.7
g+ Ad(g) @D

is a group anti-homomorphism, since
Ad(gh)x = (gh)~'x(gh) = h™' (¢ 'xg)h = (Ad(h) o Ad(g))x,

for all x € g. We call Ad the Adjoint representation of G.

Let us comment again on its dynamical significance. Let x € g\ {0}, and let ¢* be the associated
flow. We want to study the divergence of nearby points under ¢*. By Proposition 2.14-(6), the
exponential map is a smooth diffeomorphism when restricted to a sufficiently small neighbourhood
U of 0 € g. Let g € exp(U) C G be a point sufficiently close to the identity e, so that we can
write g = exp(z) for some z € U. If we want to move between the points ¢*(e) = exp(rx) and
¢} (g) = gexp(rx), we need to multiply by

exp(—x)gexp(tx) = exp(—x)exp(z) exp(tx) = exp(exp(—tx)zexp(tx)) = exp(Ad(exp(tx))z),

where we used Proposition 2.14-(4). In other words, the exponential of the Adjoint tells us how
nearby points diverge.

Let us be more precise. Let us fix € R and consider the time-f map ¢*: G — G. We compute
its differential D@} acting on tangent vectors. Fix g € G and Z € Lie(G), which we identify with
z € g as usual. In order to compute the image [D¢}(Z)], of the vector field Z at the point g, we fix
an arbitrary smooth function f on G so that

[DOX(Z)|o(f) = Zgx () (fo ) = %

70(]‘ o 97)(9*,(g)exp(sz))

- % f(gexp(—x)exp(sz) exp(tx)) = % f (s expls Ad(exp(rx))z)
$=0 s=0
= [Ad(exp(rx))zl, (f),
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where, in the last equality, we have used Proposition 2.14-(4). Therefore, we conclude
Do (Z) = Ad(exp(rx))z, (2.8)
that is, the action of Ad(exp(¢x)) on g describes how tangent vectors evolve under ¢*.

Exercise 2.19. Let 2 := {u,a,v} the basis of sI(2,R) we introduced in §2.1.2. For all x € % and
any given t € R, compute explicitly the matrix associated to DQ} with respect to 9. What is the
difference between a and the other two elements of % ?

For all x € g, let us call ady := [X,|y the linear map adyx: g — g. It is called the adjoint
endomorphism of X, and it can be expressed by a matrix ad € Mat(k,R). Clearly, this matrix is not
invertible. From the proof of Lemma 2.9, it follows that

d
—|  Ad(exp(—1x)) = ady, 2.9
dri,_o
from which one deduces
Ad(exp(tx)) = exp(rady) = Z Eab',ﬁ.
k=0""

While Ad(exp(rx)) describes the divergence of left-invariant vector fields (and nearby points) under
the flow @*, the map adx = % describes its infinitesimal version, that is how vector fields diverge
“infinitesimally”.

Again, let us be more precise. Let us consider two flows ¢X and ¢! generated by the vector
fields X,Y € Lie(G). If ¢ and ¢/ commute, that is if ¢} o 9! = @Y o @X for all ¢,5 € R, then
for any fixed ¢ € R, the differential D@X of the smooth map @ maps the vector field Y into itself.
If the two flows do not commute, then D@} maps ¥ smoothly into another smooth vector field
Z = Z(t). The Lie derivative describes the “infinitesimal change” of ¥ when moved by D¢;X. More
precisely, the Lie derivative £x(Y) of Y with respect to X at g € G is defined by

X _
4 DX (v) = tim 222 Y

K (Y) = —
x(¥) drl,_ t—0 t

The reader might be familiar with the formula
K (Y)=XY-YX,
we now show that the Lie derivative coincides with the bracket operation we defined in §2.1.2.
Proposition 2.20. Let X,y € g, identified with XY € Lie(G). Then,
Zx(Y) = [x,¥lg,
which is called the Lie bracket of x and y.

Proof. The claim follows immediately from (2.8) and (2.9), since

Zx(Y) 4

d
_ X _
=5 Do~ (Y) = —

=0 dt

. Ad(exp(—1x))y = adx(y) = [x,¥]g-

O

Therefore, the geometric interpretation of the Lie bracket [x,y], is to describe the infinitesimal
distortion of the left-invariant vector field Y =y under the action of the flow generated by X = x.
The Lie derivative (the Lie bracket) makes the space Lie(G) = g in an algebra.

Recall that, by definition, an ideal € of g is a vector subspace with the property that [¢, g], C £.

Definition 2.21. A Lie algebra g is simple if has no non-trivial ideals, namely if  is an ideal of g,
then t = g or t = {0}. A matrix Lie group G is simple if its lie algebra g is simple.

Exercise 2.22. Show that SL(2,R) is simple.
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2.3 Haar, Killing, Casimir

2.3.1 The Haar measure

Using the differential of the left-multiplication maps we can not only define vector fields starting
from a single vector at the identity, but we can also construct a measure on G starting from “a
determinant” on g. This measure will be one of the fundamental objects of this course. Let us see
how to do this.

Let V be a k-dimensional real vector space. It is a standard fact from linear algebra that there
exists a k-multilinear alternating form on V which is unique up to scalar multiplication; that is,
the space AKV* is one dimensional. In order to explicilty write one of such multilinear alternating
forms ®, one can do the following: choose a basis {vi,...,v} of V and identify V with R¥ by
means of this basis (i.e., identify w = ajv; + -+ + vy with (ay,...,a;) € R¥). Then, for any k
vectors wl) ... w®) with wl/) = Ziafﬂvi, consider the matrix W whose j-th row is (agj), ad).
Associated to this choice of basis, we can define @ by

ow ... . wh) = detw.

A different choice of basis would have the effect of multiplying @ by the determinant of the matrix
expressing the change of basis; in particular all possible multilinear alternating forms are multiples
of each other.

Let us now turn to matrix Lie groups. Let k be the dimension of g, and fix a basis {xj,..., X}
of g. Let @, be the associated multilinear alternating form on g ~ 7, G. Using the left-multiplication
maps L,, we can define a multilinear alternating form @, on the tangent space of any other point
g € G by pull-back, namely

o, (X", . X) = @, (DL, 1 (9)X",..., DL, (9)X")  forany x{",.... X" € T,G.

Notice that, indeed, since L,-1(g) = e, its differential DL,1(g) maps T,G to T.G.

In other words, from any choice of basis on g, we have defined a k-differential form; in formal
terms, a section of the vector bundle A*T*G — G. From a k-differential form ®, we obtain a
positive measure i by taking its absolute value, du = |o|.

Concretely, we fix a basis Xe(l), . ,Xe(k) of T,G. Using the differentials of L,, we obtain vector

fields XV, ..., x® ¢ Lie(G) by Xg(j) = DLg(e)Xe(j). Then, we take their dual dX(): these are
differential 1-forms defined by saying that for all g € G, we have dX\ (X)) = §; jGe,lifi=j
and 0 otherwise). We define the measure u by saying that for all continuous functions f: G — R,

| r@aute = [ rig)ax-ax.
G G

With a little extra effort, we can complete the proof of the following important result.

Theorem 2.23. Let G be a matrix Lie group. There exists a smooth measure L on G which is
invariant by all left-multiplication maps, namely for all continuous functions f: G — R and for all
h € G we have

| rng)aus) = [ fs)dute)
This measure [ is unique up to scalar and is called the (left) Haar measure on G.

Proof. Let us consider a measure u constructed as above. The fact that y is a smooth measure
is a consequence of Proposition 2.11, since the cotangent vector fields dX/) are smooth. Let us
verify that i = Lypt. First of all, we claim that the pullback (L,)*(dX D) of dX is again dX ()
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for alli =1,...,k. In order to show this, it is enough to show that for all fixed & € G we have
[(Lg)*(dX("))]h(X}EJ)) = §;j, by the definition of dXV. Indeed, we have that

x)) =8,

(DLy(X,")) = dXy) (X,

[(Le)* (aX N]u(x") = ax,”,
hence our claim is proved.

Now, for any continuous function f: G — R, by the change of variable formula, we have

[remau=[ ) @ax®) = [ (@) @) (L) @x @)
G Ly (G) Ly(G)

:/ de(l)---dX(k):/fdy.
hG G

This completes the proof of the existence of a measure as in the statement of the theorem.

Let us verify the uniqueness claim. The idea is that a left-invariant differential k-form is
uniquely determined by its restriction to 7,G, and, by the previous discussion, all multilinear
alternating forms on 7,G are multiples of each other. Formally, let v be another smooth measure
as in the statement of the theorem. Then, v is defined by integrating a smooth k-differential
form. In particular, there exists a smooth function f: G — R>( such that for all g € G we have
dv(g) = f(g)dxM...dX® By invariance under L; for all 4 € G, we deduce that f must be
constant. This proves the uniqueness claim and hence completes the proof. O

The important point to remember is that on any matrix Lie group, up to a normalization factor,
there is a unique smooth measure that is invariant by all left translations g — hg. We will come
back to the case of SL(2,R) in Chapter 4. In the case of the Heisenberg group, the Haar measure is
actually the Lebesgue measure on R?, as the next exercise shows.

Exercise 2.24. Let | denote the Haar measure on Heis, normalized so that

1 x,y,z € [0,1] =1.

S = =
—_— < N

1
u 0
0

For any function f: Heis — R and any g = ( 1 ;) € Heis, write f(g) = f(x,y,2). Show that for
0

1
0

. . . 0 1
any continuous function f: Heis — R we have

S(8)du(e) = [ flry.o)dedydz

Heis

In other words, L coincides with the Lebesgue measure on R3.

2.3.2 The Killing form

We can define a symmetric bilinear form on g as follows. Recall that, for all x € g, its adjoint is
given by adx = [X, ]y € Mat(k,R), where k = dimg.

Definition 2.25. The Killing form B is a bilinear symmetric form on g defined by
B(x,y) := tr(adx o ady), forallx,)y € g.

The fact that B is bilinear follows from the linearity of the Lie bracket ad,x 5y = [ax+Dy,-|g =
alx,-|g +bly,-|g = aadx + bady, as the reader can easily check. The symmetry of B follows from
the properties of the trace: for any matrices A, B we have tr(AB) = tr(BA).

The Killing form is Ad-invariant, as the next lemma shows.

27



D. Ravotti Homogeneous Dynamics

Lemma 2.26. For all g € G, we have

B(Ad(g)x,Ad(g)y) = B(x,y), forallx,y € g.

Proof. We first claim that, for all g € G and x € g, we have
adad(gx = Ad(g) cadxo Ad(g)™".

Indeed, let y € g. Straightforward computations give us

W aq(x(Y) = [Ad(g)x,¥]g =g 'xgy —yg 'xg =g ' (xgyg ' —gyg 'x)g

= Ad(g)(xAd(g™ ")y — Ad(g™")yx) = (Ad(g) oadx 0 Ad(g) " )(y),

which proves our claim. Then,

B(Ad(g)x,Ad(g)y) = tr(adad(g)x © W ad(g)y)

tr ((Ad(g) o ady 0 Ad(g)_1 )o (Ad(g)oadyo Ad(g)_1 ))
tr(Ad(g) o adyoadyo Ad(g) ")

(adxoady) = B(x,y),

tr

where we used the fact that the trace is invariant under conjugation. O

Let us compute the Killing form in the case of s[(2,R). Let us fix the usual basis {u,a,v} as in
§2.1.2. Then, using the computations (2.1), we can write

0 -1 0 1 0 O 0 0O
a,=(0 0 2], av=(0 0 0 |, awy=-2 0 0
0 0 O 0 0 -1 0 10

In order to compute the Killing form, it is enough to compute six matrices, for example ad2, ad2, ad2,
and ady 0 ady, ad, o ady, ady © ady, and look at their traces. In matrix form, we get

B(x,y) =x (2.10)

~ O O
S N O
S O B
<«

where 7 denotes the transpose. We conclude that the Killing form B on s[(2,R) is non-degenerate
and has signature (2,1). From this, we can prove an important geometrical fact that links the
algebraic properties of SL(2,R) to hyperbolic geometry.

Proposition 2.27. Let 57 be the hyperboloid model of the hyperbolic plane, that is the set
H = {x=(x1,X2,%3) €R>: x; > 0 and x] — x5 — x5 = 1},
equipped with the hyperbolic distance
dr(x,y) := arcosh(x;y; —x2y2 — x3y3).

The group
PSL(2,R) =SL(2,R)/{*e}

acts on F€ by hyperbolic isometries.

28



D. Ravotti Homogeneous Dynamics

Proof. We start by diagonalizing the Killing form, namely we can find positive constants aj,as,as3
such that the Killing form with respect to the basis {a;(u—v),aza,a3(u+v)} can be expressed as

B(x,y) = —x1y1 +x2y2 + x3y3.

By Lemma 2.26, since Ad(g) preserves B, we have that Ad(g) maps the set of vectors x € R?
which satisfy B(x,x) = —1 into itself. Moreover, one can verify by hand that if x; > 0, then
the first coordinate of Ad(g)x also is positive. Therefore, Ad(g) maps /# = {x € R?: B(x,x) =
—1 and x; > 0} into itself. Again by Lemma 2.26, Ad(g) is an isometry with respect to d .
We have shown that
Ad: SL(2,R) — 0(2,1)

is a smooth homomorphism into the orthogonal group of signature (2,1). It remains to show that its
kernel is {+e}. Clearly, —e € ker(Ad), so we need to verify the other inclusion. Let g = (¢ %) €
ker(Ad), then Ad(g) ($4) = (3 §) implies d = £1 and ¢ = 0, so that a = +1. Repeating the same

argument with ((1) 91) shows that » = 0 and hence g = +e, which concludes the proof. O

As we just saw, in the case of SL(2,R), the Killing form is non-degenerate. This is not always
the case.

Exercise 2.28. Show that the Killing form on Heis is identically zero, that is B(x,y) = 0 for all
X,y €bh.

Lie groups for which the Killing form is non-degenerate have a special name. Proposition 2.30
below, which we will not prove, gives some equivalent conditions.

Definition 2.29. A matrix Lie group G for which the Killing form on its Lie algebra g is non-
degenerate is called semisimple.

Proposition 2.30 (Cartan’s Criterion for semisimplicity). Let G be a matrix Lie group and g its Lie
algebra. The following are equivalent:

1. G is semisimple,
2. g is adirect sum of simple algebras,

3. g has no non-zero abelian ideals.

2.3.3 The Casimir operator

We conclude this section by introducing the Casimir operator, which will play a key role when we
discuss the quantitative ergodic properties of homogeneous flows on SL(2,R) in Chapter 7.

Recall that any element x € g can be seen as a (left-invariant) vector field X = x € Lie(G) on G,
and hence as a first order differential operator. The Casimir operator is a second order differential
operator on G, which, roughly speaking, plays the same role in the harmonic analysis on G that the
operator d‘i—zz on R does in the Fourier analysis in one variable.

Let G be a semisimple matrix Lie group, and let B be the Killing form. Let Z = {xi,..., X}
be a basis of g. Since B is non-degenerate, we can construct the dual basis B = {X1,...,X;} given
by the condition B(x;,X;) = &; ;.

Definition 2.31. The Casimir operator U = U g associated to the basis % is the second order
differential operator on G given by



D. Ravotti Homogeneous Dynamics

The definition is actually independent of the choice of basis: the matrix expressing the change
of basis of the dual basis is the inverse transpose of the matrix expressing the change of the original
basis, and these cancel out when computing the Casimir in the new basis.

Let us compute the Casimir operator for SL(2,R). Since the choice of basis is irrelevant, we
continue working with {u,a,v}. From (2.10), it immediately follows that u = %V,ﬁ = %a, and
v = 1u, so that

1 1, 1
U= 4uv+ 2a + 4vu.

The most important property of the Casimir operator, and the one we will use in this course, is
that it commutes with all the elements of Lie(G) = g.

Proposition 2.32. For everyy € g we have Oy =yl

Proof. We first show that for all x,y,z € g we have
B(adx(y),2) + B(y,adx(z)) = 0. (2.11)
Indeed, from Lemma 2.26, for all t € R we have
B(y,z) = B (Ad(exp(—x))y, Ad(exp(—tx))z) .

Differentiating at t = 0, we get

0

— % B (Ad(exp(—x))y, Ad(exp(—x))z)
t=0

d d
=B(—| Ad(exp(—t By —
(dt . (exp( X))y,2>+ (y, i

= B(adx(y),z) + B(y, adx(z)),

Ad(exp(—tx))z)

t=0

where we used (2.9).
Let us now fix a basis {Xi,..., X} and its dual {Xi,...,X;}, and lety € g. Let ¢; j,d; j € R be
such that

k k
[y,X,']g = Z CijXj, and [y,ii]g = Z di,j&\j-
j=1 j=1
Thus,
B(aay(X,’>,§(\j) = Ci,j, and B(X,‘7 aay(ij)) = dj_’l',

which, by (2.11), yields ¢; j+d;; = 0.
We conclude

k k
O,y =) xiXiy—yxiX; =) x; [Xi,y] — [y, xi]X;
i=1 i=1

k k
= Y xi(—di X)) - Y cijxXi=0,

i.j=1 ij=1
hence the proof is complete. O

Corollary 2.33. For every f € €(G) and for every x € g\ {0}, we have

(Of) oo =0(fo@), forallteR.
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Proof. By Proposition 2.32, we have

d x_ _ o4
G| Oneer—xn -0 -0

fo <p,"> :

t=0

Integrating both sides with respect to ¢ gives the result (notice that we can interchange the Casimir
with the integration since f is smooth and hence locally absolutely integrable). O

One could prove a stronger result, namely that, up to normalization, the Casimir is the only
operator with such property, but this goes beyond the scope of this course.

2.4 Homogeneous spaces

We have defined homogeneous flows and we have a smooth measure on the group. At the moment,
we still do not know whether homogeneous flows preserve the Haar measure, but we also have
another issue to worry about. The problem we face now is that, in the examples we are interested
in, the group G has infinite measure. This is the same situations as for linear flows in Chapter 1:
R" has infinite volume and the dynamics of the linear flows is not interesting, since every points
escapes to infinity. To have some recurrence, as we did in Chapter 1 by looking at linear flows on
tori, we want to quotient the group G by a discrete subgroup and study the homogeneous flows on
these finite-volume quotients of G.

2.4.1 Discrete subgroups

Let us start with an important observation. In the same way as we did for both tangent vectors
and for multilinear alternating forms, we can “move” inner products from the tangent space at the
identity to the tangent space at any other point using left-multiplication maps. More precisely, let
us fix a basis # = {x,...,x;} of g, and let us define an inner product (-,-)4 on g by declaring that
A is orthonormal and extending it by linearity. For any g € G, we can define an inner product on
the tangent space T, G at g by

(X,¥)1,6 = (DL 1(8)X,DLq 1(8)Y ).

This definition gives us a metric on G, which allows us to compute the length ¢(y) of smooth curves

Y: |a,b] — G by ,
() = [ /070, 6o

Since the metric is left-invariant by construction (as in the case of vector fields and of multilinear
alternating forms), it satisfies £(gy) = £(y) for all g € G. The resulting distance dg on G

dg(g,h) = inf{{(y) : yisasmooth curve from g to i}
is left-invariant as well, in other words
dG(gl,gz) :dc(hgl,hgz), forall h € G.

At this point, the metric dg depends on the choice of basis, but this will not be important for what
follows.

Remark 2.34. 1. Ifthe Lie group G is not connected, then the distance between two points in
different connected components is infinite. This will not be a problem for us since we will
only consider connected Lie groups.
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2. Itis not hard to see that the topology induced by any left-invariant metric is equivalent to the
Euclidean topology on GL(n,R) C R". Fora proof of this fact, the reader can refer to [4,
Lemma 9.12].

LetI" < G be a discrete subgroup of G, that is, a subgroup consisting of isolated points. Then,
I" acts on G by left-multiplications, and all these multiplication maps are isometries, since dg is
left-invariant. With this in mind, we can prove the following lemma.

Lemma 2.35. Let T be a discrete subgroup of a matrix Lie group G. Then, T acts properly
discontinuously on G. In other words, for every compact set K C G, the set {h € ' : hKNK # 0} is
finite.

Proof. Assume that this is not the case, namely there exists a compact set K C G and an infinite
set of elements A; € I such that 7;K N K # 0. Therefore, for every p € K, we have dg(p,h;p) <R,
where R is twice the diameter of K. This implies that the isometries L;, are equibounded on K.
Since they are clearly equicontinous (they are isometries!), by the Ascoli-Arzela Theorem, there is
a subsequence h;; € I" such that the maps Lh,.j : § — h;;g converge uniformly on K. Let us consider

the sequence of elements /; = hl.; lhij ., €T. The elements h; are assumed to be all distinct, so £; # e.
Moreover, the sequence of isometries Ly, converges uniformly on K to the identity. By Remark
2.34, the right-multiplication map R, is continuous with respect to dg; hence, the sequence ¢; — e.
This violates the assumptions that I" is discrete, hence proves the lemma. O

2.4.2 Quotients

Let I < G be a discrete subgroup of G, and let M = I'\ G the quotient space. From Lemma 2.35,
we can deduce that M is a smooth manifold.

Lemma 2.36. IfT" < G is discrete, then M =T'\G is a smooth manifold. Moreover, if I is normal
in G, then M = G/T is a Lie group.

Proof. By Lemma 2.35, the quotient map w: G — M is a covering map; in other words, for every
p = I'g € M there exists an open neighbourhood U, of p such that (U ») is a disjoint union of
open neighbourhoods U; of points in g; € 7' {p}. We can define charts on M as follows. For
every p € M, choose g € G and open neighbourhoods U,, of p and U, of g such that 7(g) = p and
7: Uy, — U, is a homeomorphism. The atlas on M is defined by composing the local sections
n ! U, — U, with the charts of G. The transition maps are given by the left multiplication maps
Ly, for h € I', which are smooth since G is a Lie group. This proves the first part.

If T is a normal subgroup, then the quotient inherits a group structure which is clearly smooth
in the charts we defined. O

Corollary 2.37. The group
PSL(2,R) =SL(2,R)/{*e}

is a Lie group. Its Lie algebra coincides with the Lie algebra of SL(2,R).

Proof. We apply the previous lemma with I' = {+e} = Z(SL(2,R)), which is the centre of
SL(2,R). Since —e acts properly discontinuously on SL(2,R), the tangent space at the iden-
tity e is the same, hence Lie(PSL(2,R)) = s[(2,R). O

Once we fixed a left-invariant distance and a Haar measure on G, we obtain a well-defined
distance and measure on M as well by composing them with local sections 7'1:17l :M — G. The
definitions are well-posed, since they do not depend on the choice of local section, by the left-
invariance properties of the distance and the Haar measure. Therefore, M is a metric and measured
space which is locally isometric to G.
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Definition 2.38. 1. The quotients M = T'\G of matrix Lie groups by discrete subgroups I are
called homogeneous manifolds.

2. A discrete subgroup I such that the quotient M has finite volume with respect to a (equiva-
lently, any) Haar measure is called a lattice. A discrete subgroup I such that the quotient M
is compact is called a uniform or co-compact lattice.

We will see examples of lattices in the next chapters. Notice that any uniform lattice is also a
lattice. The converse is not true, as we will see later in this course.

Exercise 2.39. (*) Let M =T'\G be a compact homogeneous manifold, and let [ be the probability
measure on M induced by the Haar measure on G. Let X € Lie(G), seen as a first order differential
operator (i.e., a derivation) on M. Show that for all f € € (M) we have

/Mdeu:o.

We conclude this chapter with the following simple but important observation. Let ¢ be the
homoegeneous flows on G defined by v € g\ {0}, and let M = I"\ G be a homogeneous manifold.
Since ¢" is obtained by multiplying on the right ¢, (g) = gexp(tv) and M consists of left cosets,
the flow (which, by a little abuse of notation, we denote with the same symbol)

O :RxM—M, o' (Tg) =T'gexp(tv)

is well-defined and is called the homogeneous flow on M generated by v.
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Chapter 3

Heisenberg nilflows

In this chapter we will study homogeneous flows on quotients of the Heisenberg group and we will
look into a nice application to a problem in number theory. More advanced material on general
nilpotent Lie groups can be found in [2].

3.1 Heisenberg nilmanifolds

3.1.1 Preliminaries on the Heisenberg group

Let us recall that the Heisenberg group is the 3 dimensional matrix Lie group

1
Heis = 0
0

S = X

Z
y|:x,y,ze€R
1

Although it is not an Abelian group, it is not very far from it. Let us explain what we mean. Recall

that, for any group G, the commutator (or derived) subgroup G' = |G, G] is the subgroup of G

generated by all elements of the form g~!'4~!gh for g,h € G. It is not hard to see that G’ is a normal

subgroup of G and the quotient ab(G) := G /G is the largest Abelian quotient of G, which is called

the Abelianization of G. In particular, G is Abelian if and only if G’ = {e}, and hence ab(G) = G.
In our case, if g,k € Heis with

1 x z 1 u w 1 0 vx—yu
g=10 1 y|,A=|0 1 v]|, theng'hlgh=[0 1 0
00 1 00 1 00 1

It follows that the commutator subgroup is

10
Heis' = 0 1 :z€ R » =Z(Heis).
0 0

— O N

which coincides with the centre Z(Heis) of Heis. We conclude that ab(Heis) ~ R?, where the
isomorphism is induced by

I x z
g=10 1 y|—(xyeR
0 01

whose kernel is exactly Z(Heis). From a geometrical point of view, this means that the Heisenberg

group is a connected and simply connected manifold, which can be expressed as a (non-trivial) line
bundle over R? ~ ab(Heis).
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Let us look at its Lie algebra . From Exercise 2.7, we get that  is the 3 dimensional vector
space

0 x z
h= 0 0 y|:xyzeR } =span{e,ey,es},
0 0O
where
010 0 0O 0 01
ee=10 0 0], ee=[0 0 1], es=[0 0 0
0 0O 0 0O 0 0O

With the aid of the basis {e;, e, e3}, we will from now on identify b with R3.

Notice that the centre 3(h) of h, namely the set of vectors whose Lie bracket with any other
vector is zero, is span{es}, which also coincides with the non-trivial ideal b’ = [h,h],. Since
[h,6']y = {0}, we say that b is a nilpotent Lie algebra of step 2.

3.1.2 The exponential coordinates

Recall that the exponential map exp maps § into Heis. Let v = (v1,v,v3) € b, and let us compute
its exponential. We have

> ] 1 1 Vi v+ %VIVZ
exp(v) = Z EVk =e+v+ Evz =10 1 123 , (3.1
k=0"" 0 0 1

since v€ = 0 for all k > 3. We now prove the following simple but important result, which the
reader might have already proved by themselves in Exercise 2.18-(a).

Lemma 3.1. The exponential map is a global diffeomorphism between h and Heis.

Proof. From (3.1), it is easy to see that the map

log:

S O =
S = =

Z
y H(xa%Z_x.y/z)
1

is the inverse of exp. Both exp and log are smooth since they are polynomial maps in coordinates.
O

From Lemma 3.1, it follows that we can define a new atlas on Heis consisting of a single chart
given by the exponential map. This new set of coordinates are called exponential coordinates. Let
us now compute how the matrix multiplication on Heis translates in exponential coordinates.

Lemma 3.2 (Baker-Campbell-Hausdorff Formula for the Heisenberg group). For any v,w € b, we

have exp(v)exp(w) = exp(v * W), where

V*W:v+w+§[v,w]h.

Proof. Let v = (vi,v2,v3) and w = (w1, w,w3). From (3.1) we get

L ovidwr v3+ gviva+viwa+ws + gwiws
exp(v)exp(w)= [0 1 Vo +ws
0 0 1

Using the formula for log in Lemma 3.1, we conclude
vxw = log(exp(v)exp(w)) = (vi +wi,va +wa,v3+ws+ (viw, —vawy)/2),

which proves the formula. O
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It remains to find an expression for any given Haar measure on Heis in exponential coordinates.
In a similar way as the reader did in Exercise 2.24, we prove the following lemma.

Lemma 3.3. Let U be a Haar measure on Heis. There exists A > 0 such that Lt = ALebon b. In
particular, we can identify (Heis, -, i) with (h,*,A Leb).

Proof. By Theorem 2.23, it is enough to show that Leb on h = R? is invariant under all left-
multiplication maps. Fix v € b, and let A C h) be a measurable set. If we denote Ly(X) = v*X, we
need to show that Leb(LyA) = Leb(A). Applying the change of variable formula, we get

Leb(V*A):/LV(A)dX:/bﬂA oLvl(x)dx:/b]lA(x)dLV(x):/A]detDLv(x)]dx.

From Lemma 3.2, the Jacobian matrix of Ly at X is

1 0 O
DLy(x) = 0 1 0],
/2 vi/2 1
which implies that |det DLy(x)| = 1 and hence proves the invariance of Leb under Ly. O

3.1.3 Lattices

By definition, a Heisenberg nilmanifold is a quotient M = I"\ Heis of Heis by a discrete subgroup
I'. We are interested in the case where I is a lattice, namely when the quotient manifold M has
finite volume. By the definition of the push-forward measure on M, this is equivalent to asking
that a fundamental domain for M in Heis has finite volume. Given a lattice I, we choose the
normalization of the Haar (Lebesgue) measure (t on Heis so that (any fundamental domain for) M
has volume 1. By a little abuse of notation, we will use the letter u to denote both the Haar measure
on Heis, which we identify with b, and the induced measure on M.

Let us classify all possible Heisenberg nilmanifolds of finite volume. The following exercise
will become useful in the proof.

Exercise 3.4. Show that the following linear transformations of iy are group automorphisms:
e Fup: b — b given by
Fup(x1,X2,x3) 1= (x1,X2,X3 —ax; — bxy),
where a,b € R;
e Fx: b — b given by
Fa(x1,x2,x3) := (ax) + bxp,cx) +dxy, (detA)x3),
where A= (%) € GL(2,R) is an invertible matrix.

Proposition 3.5. Let I" < Heis be a lattice. Up to a group automorphism, we have

1
1
F:FE 22261*Ze2*gze3: 0 :p7q7r€Z
0

o =T
— I~

where E > 1 is a positive integer.
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Proof. Let I < Heis = h be a lattice. We notice that I" # {(0,0,0)}, since h has infinite Haar
measure. Let us call 7: h — I'\h the canonical projection.

Assume that I C Res. Since I is a discrete subgroup of Res, it follows that I" = {(0,0,mz) :
m € 7} for some z € R\ {0}. Then, the projection 7 is injective on the set R? x (0, z), which has
infinite Haar measure. This is in contradiction with the assumption that I" is a lattice.

Since I' is not contained in Rej, there exists v = (vi,v2,v3) € I with v;v, # 0. Without loss of
generality, let us assume v, # 0. We can find a matrix A; € SL(2,RR) that maps (vi,v2) to (0,1).
Thus, by Exercise 3.4, up to a group automorphism we can assume v = (0, 1,v3) and, by the first
part of the same exercise, v=-e; €I

Let E be the subgroup of b given by E = Re, xRez = {(0,y,z) : y,z € R}, which is isomorphic
to R?, and let us assume that I' C E. Since I is a discrete subgroup, there exists an € > 0 such
that there are no elements of I" in the set {(0,y,z) : y,z € (0,€)}. This implies that the projection
7 is injective when restricted to the set {(x,y,z) : y,z € (0,€)}, which has infinite measure. The
contradiction with the lattice assumption implies that I" is not fully contained in E.

Let w = (w1,wa,w3) € '\ E, so that w; # 0. Then, we can find A, € GL(2,R) that maps
(wi,w2) to (1,0) and fixes (0, 1), so that, using both parts of Exercise 3.4, up to a group automor-
phism we can assume that e;,e; € I'. Moreover, we also have that

e3=e;xeyx(—ej)x(—ey) el

Notice that ' Res is a discrete subgroup of R = Re3 containing Zes, hence ' Re3 = %Ze_g for
some integer £ > 1. In particular, this proves

1
FE = Zel * Ze2 * EZ€3 - I.

Let us show the other inclusion. The Abelianization ab: h — h/Z(h) = R?, in exponential co-
ordinates, is the projection onto the first two coordinates. The projection Iy, = ab(I") of I is a
subgroup of R? which contains Z2. We claim that the index [Z? : T'y,) (equivalently, the cardinality
of the set [,y N[0, 1)2) is finite. Otherwise, there would exist a sequence vy = (xx, vk, zx) € I such
that the projections ab(vy) = (x,yx) are all distinct elements in [0, 1)2. Thus, we could construct a
sequence of distinct elements

viox (— |z ) e3) = (o, v,z — L2)) €TN0,1)°,
from which we could extract a converging subsequence. This contradicts the discreteness of I'.
Therefore [Z? : T'yp] < oo, which implies in particular that I, has rank 2. Up to a change of basis
of R?, and hence using once more Exercise 3.4, up to a group automorphism we can assume that
Ty = Z2.

Let x = (x,y,z) € I'. Since ab(x) = (x,y) € [y, = Z2, it follows that x,y € Z, which yields
1
x* (—yep) * (—xe;) = (0,0,z—xy/2) e TNRes = EZe3.

This implies that z —xy/2 = m/E for some m € Z. Therefore

1
X = (x,y,2) = (x,y,m/E +xy/2) = (xe;) * (yep) * <%e3> € Zey x Ze; * EZeg,

which proves the other inclusion and completes the proof.
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A consequence of Proposition 3.5 is that all Heisenberg nilmanifolds of finite volume are also
compact, that is to say that all lattices in Heis are uniform. This property holds for all nilpotent
matrix Lie groups, although we will see it does not hold in SL(2,RR). For the rest of these notes, all
Heisenberg nilmanifolds are assumed to be compact. Then, up to a group automorphism, they are
of the form I'g\ Heis = I'g\ b for some integer E > 1.

Corollary 3.6. Let M = T'\h be a Heisenberg nilmanifold. Then, M is a circle bundle over T? with
fibers parallel to es.

Proof. By Proposition 3.5, up to an automorphism of Heis (that is, up to a change of coordinates),
we have that I' = Ze| x Ze, %Ze3 =Tg. Thus, ab(I') = Z2. It is immediate to check that ab
induces a well-defined map

ab: M =T\h — T?
[(x,y,2) = [x,5]

which expresses M as a bundle over R J(E7'Z) =M b, T2, Indeed, the preimage of any point
ab(p) € T? is a circle p * (se3), with s € R/(E~'Z), which is homeomorphic to R/(E~'Z). O

3.2 Ergodic properties of Heisenberg nilflows

A Heisenberg nilflow is a homogeneous flow on a Heisenberg nilmanifold. Let M = I"\ Heis and
let v € Lie(Heis) = b, then the nilflow generated by v is the flow ¢ (p) = pexp(¢v) where p € M.
In exponential coordinates, if v = (v,vz,v3), we can write

o' (p) =pxtv=T(x+1tvi,y+tva,z+1vs+t(xvy —yv1)/2), where p=T(x,y,z). (3.2)

By Proposition 3.5, up to an automorphism of Heis, we have I' = I'g. In the following, just for
simplicity of notation, we will assume that £ = 1; in other words we will consider the Heisenberg
nilmanifold

M =T1\b={T(x,y,z) : x,y,z€[0,1)}, [ =ZxZxZ.

By Lemma 3.3, we can fix a normalization of the Haar measure so that M has volume 1, so that the
smooth measure on M coincides with the Lebesgue volume of [0, 1)3, which we denote by L.
Let us verify that @Y preserves L. Indeed, as we did in Lemma 3.3, we check that, for all r € R,

the Jacobian matrix
1 0 0

Do/(p)=| 0 0
v /2 —tvi/2 1

of @) at p has determinant 1. Thus, by the change of variable formula, it follows that ¢, preserves
the Lebesgue measure u. Indeed, the same reasoning yields the following result.

Lemma 3.7. The Haar measure |1 on M is right-invariant, namely for every continuous function
f: M — C and for every x € i) we have

| fpexdu= [ f(p)dn.

We now investigate the ergodic properties of ¢V with respect to the invariant measure L.
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3.2.1 Mixing properties

We start from the strong chaotic properties, since it is quite easy to see that nilflows are never
weakly mixing. Actually, there is a clear obstruction to weak-mixing, coming from the Abelian
quotient of Heis.

Proposition 3.8. Let ¢ denote the linear flow on T2 in direction V= (v1,v,) € R%. Then, ¢ is a
factor of ¢ that is, the following diagram

\

(M) —2— (M, )

L

(T2,Leb) — > (T2, Leb)

commutes for every t € R. In particular, ¢, is not weak-mixing.

Proof. The commutativity of the diagram is clear from Corollary 3.6 and (3.2). Let us show ¢, is
not weak-mixing.
For all (m,n) € Z*\ {(0,0)}, we define £,,,, on T? by f,, .= [x,y] — €*™"™*™) We showed

2mito

in Lemma 1.25 that f,,, is a non-constant eigenfunction of ¢" with eigenvalue e , where

o = mvy +nv,. Then, the function f,, , := fmn oab is a non constant eigenfunction for ¢Y; indeed

fnno@ = 7m,n o (pf oab — it 7%” oab— ezmzafm,n_
This shows that ¢ is not weak-mixing. O

Letab: (M,u) — (T?,Leb) be the factor map as in the previous proposition. If we denote by
ab’ : L2(T?) — L*(M) the pull-back ab (f) = f o ab, we have an orthogonal decomposition

LA(M) =ab LX(T?) @ L3(M), (3.3)

where L% (M) consists of all L? functions on M whose integral along all circles parallel to e; is zero,
namely

LE(M) = {feLz(M) : /lf(p*se3)ds:0forallpEM}.
0

We leave as en exercise to the reader, Exercise 3.10 below, to establish the decomposition (3.3).

In the proof of Proposition 3.8 we showed that there exists a dense set of functions in %*Lz(’ﬂ‘z)
which are eigenfunctions for the nilflow. We now prove that, in the orthogonal complement L(2) (M),
typical nilflows are mixing. In some sense, this suggests that the toral factor of Proposition 3.8 is
the only obstruction to mixing.

Theorem 3.9. Let ¢ be a nilflow such either v| or vy is not zero. Then, for every f,g € L% (M) we
have

. v o
lim(fo,g) =0.

Let us notice that all functions in L3(M) have zero integral, so that the result above indeed
shows the asymptotic decorrelations of the observables in L3(M) (i.e., mixing). Moreover, it is
clear that if both v; and v, are zero, the nilflow consists simply of parallel translations along the
fibers of the projection on T2, which is a periodic flow. Hence the assumption on v is necessary.

The proof of Theorem 3.9 is based on a “wrapping mechanism”: short segments in direction
e, gets sheared along the circle fibers Tes at linear speed (if v; # 0, otherwise one can consider
e instead), so that they get wrapped along these fibers. Since the integral of functions in L% (M)
on any circle Tes is zero, this implies that, for any continuous function f € L(z) (M), the integral of
fo @ along any short segment in direction e; is small. Let us now formalize this idea.
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Proof of Theorem 3.9. Since the space of continuous functions 6o(M) = €' (M) NL3(M) in L3(M)
is dense in L3(M), it is enough to prove the claim for every f,g € 6o(M). Let us assume that vy # 0,
the proof in the case v, # 0 is identical.

Let a = min{||f||=", 1} - min{||g/|=",1} and let us fix € > 0. Since f and g are uniformly
continuous on M, let § > 0 be such that if d(p,q) < 0 then both |f(p) — f(q)| < a€ and |g(p) —
2(q)| < ae. Call 6 = ad and fix T > (agovy)~!. Lett > T.

By Lemma 3.7, for any s € R we have

(rogte)= [ Foa(pa(p)di= [ foqr(prse)s(pse)dp

Moreover, for any s € [0, 5], by uniform continuity,

|fo@ (p*sex)g(pxser) —fop'(p*sex)g(p)l < fll.le(p=sex) —g(p)| <e.

In particular, averaging from O to o,
1 [° _
roatal =[5 [ [ routtoeseeoese

<|o [ [ roerrsetv)an s +1ro gl (peselssse) - Foed (pseal..

</ ‘/ fo@ (pxsey)ds
M| O Jo

We now focus on the integral in absolute value above. Geometrically, it corresponds to integrating
the function f along the push-forward of a segment of length ¢ in direction e, under the nilflow ¢;.
Let us see that it is “almost vertical”. Since

g(p)ldu+e.

34

seyx1v = (tvy,s+1vy,tva—(tv)/2) and tvsxse, = (tvy,s+1va,tv3+ (1v1)/2),
we can rewrite sep x1v = tv* (—stv| )es * sey. By uniform continuity of f, we get

o @) (prser) — f(pxivs (—stvi)es)| < e.

Thus, if we write p, := @ (p) = p*tv, from (3.4) we get

(foo'.g / ‘ (—stvi)es)ds|-g(p)|du + 2¢. (3.5)
For any ¢ € M and r € R, from the assumption f € 6, (M) it follows that
’/fq*se3 / Flgeses)ds| < [ £]...

since the integral of along a fiber Re3/Zes is zero. By a change of variable, we get

L[ e e as| = | [ o (-sjen)as] < Ul < e
— * (—stv s| = *(—s .
oo Dr 1)€3 otvy Dt = co
Using this observation in (3.5), we conclude
[(fo@ 8)| <aelflllgll.+2€ < e,
which finishes the proof. O

Exercise 3.10. Prove the decomposition (3.3).
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3.2.2 Ergodicity
We now look at ergodicity. The result we will prove is the following.

Theorem 3.11. Let @Y be a Heisenberg nilflow on the Heisenberg nilmanifold M = T'1\b, where
v = (v1,v2,v3) € h. The following are equivalent.

(a) The nilflow @V is uniquely ergodic.
(b) The Haar measure L is ergodic for ¢".

(c) The projected linear flow ¢ : T? — T2, with Vv = (v1,v2) € R?, as in Proposition 3.8, is
minimal.

(d) The coordinates vy and v, are rationally independent.

Clearly, (a) implies (b). By Theorem 1.5, (c) and (d) are equivalent. We leave as an exercise to
the reader, Exercise 3.12, to check that (b) implies (d).

Exercise 3.12. Show that if vi and v, are rationally dependent, then @Y is not ergodic; in particular
(b) implies (d) in Theorem 3.11.

Our goal is to verify that (d) implies (a). We will actually first prove that (d) implies (b), and
then we will show (a) using (b). In order to do this, in Lemma 3.13 below, we provide a special
flow representation of our nilflow. Let us recall the general definition of special flows first. Given
an invertible probability preserving system 7: (X, u) — (X, ) and a positive measurable function
f: X — Ry, we define the space

X ={(x,r):x€X,0<r< f(x)} / ~,

where the relation ~ identifies the points (x, f(x)) with (Tx,0). The special flow over T with roof
function f is the measurable flow 7, = T,f on X/ defined by T;(x,r) = (x,r+1t), equipped with the
invariant measure (L X dr, where dr is the Lebesgue measure on the second coordinate.

Lemma 3.13. Letr ¢¥ be a Heisenberg nilflow on M as above. Assume that vy # 0. Then, @ is
smoothly isomorphic to the special flow over the skew-translation

T:T%— T
[xi,x2] = [x1 + o6, x2 +x1 + B],
where o0 = v /vy and B = (vi +2v3)/(2v2), with constant roof function f = 1/v,.

Proof. We will find an embedded submanifold isomorphic to T? which intersects all orbits of the
nilflow (i.e., a global cross-section for the flow) and whose return time is constant and equal to
1/v,. This will suffice to prove our claim.
The set
E={T1(x,0,2):x,z€ [0, 1)} CM

is an embedded submanifold in M, and the map I'; (x, 0, z) — [x, z] realizes an isomorphism between
¥ and T2. Under the assumption v, # 0, all orbits of the nilflow intersect ¥, more precisely if
p=T1(x,y,z) € M with x,y,z € [0, 1), then it is easy to see that AN (p) €X.

If p=T(x,0,z) € X, then @¥(p) € X if and only if tv, € Z. It follows that the first return time
to X is constant and equal to 1/v,. The first return map 7' = ¢y Jp, O Yis

Tp=9i),(p) =T1(x,0,2) % (vi/v2,1,v3/v2) =1 (x+vi/v2, 1,24 v3/v2+x/2)
=T *(—e)* (x+vi/va, 1,24+ v3/va+x/2) =T1(x+v1/v2,0,z+v3/va +x/2+v1/(2v2)),
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that is, 7 is a skew-translation on £ ~ T? of the desired form. By Fubini, the Haar measure y on M
is identified with the product of the Lebesgue measure on X and the rescaled Lebesgue measure
vo dr on the second component. O

Assumption (d) is equivalent to say that & in Lemma 3.13 is irrational. Our goal is now to show
that if a ¢ Q, then the special flow T; is uniquely ergodic. We first verify that (d) implies (b) in
Theorem 3.11 by showing that the Lebesgue measure on T? is ergodic for T (the fact that ergodicity
of the base map implies ergodicity of the special flow is a general standard fact, but we still show it
for the sake of completeness).

Lemma 3.14. Assume that & ¢ Q. Then the skew-translation T : (T? Leb) — (T2, Leb) is ergodic.
In particular, if vi and v, are rationally independent, then the Haar measure [ is ergodic for @Y.

Proof. Similarly to Theorem 1.15, we use Fourier analysis. For any f € L?(T?), let us consider the
Fourier expansion
[ =Y ™, with Y [l =If]3-
nez? nez?
In particular, notice that |f,| — 0 when ||n||_, — oo.
Assume that f is an invariant function, that is assume that f o T = f in L*>(T?). For all x € R?,
by definition

2 2 2 2 + +
fOT [[X]] Z fn min-(x;+ 0o, xo+x1+8) _ Z f e minyo 2ming B 2mi((ny+n2)x; nzxz)
nez? neZ?

By uniqueness of the coefficients, we must have

Fimtmams) = Fomgny) €7 M%2™MP - for all ny,ny € Z. (3.6)

In particular, (3.6) implies that | S tnam) | | Snm) | and, by induction, for all k € Z, we also have
| fn,+kna ) | = [ fny o) |- Since we know that | fy| — 0 when |n|_, — oo, we deduce that f{,, ,,) =0
for all n # 0. On the other hand, when ny = 0, again from (3.6), we get f(,, 0) = fin,0) € e2rima,
Since a ¢ Q, this forces f(,, o) = 0 for all nj # 0. We conclude that f = f(o ) is constant.

We have shown that a = v; /v, ¢ Q implies the ergodicity of the base skew-product. We want
to show that this implies ergodicity of the special flow 7;. Let A be an invariant set for 7;. In
particular, A is foliated by orbits of 7;. Therefore, the intersection XN A is an invariant set for 7.
This implies that Leb(XNA) is 0 or 1. Since the measure u for the special flow is a product of the
Lebesgue measure on the base and of v, dr on the fibers, by Fubini, it follows that t(A) is either O
or 1. This proves ergodicity of the special flow, and hence of ¢". O

We are ready to finish the proof of Theorem 3.11.
Lemma 3.15. If o ¢ Q, then the skew-translation T is uniquely ergodic.

Proof. Let v be a probability ergodic invariant measure for S; we need to show that v = Leb,, the
two-dimensional Lebesgue measure on T2, Fix f € ¢(T?); we will show that v(f) = Leb,(f),
which implies our result.

Since the Lebesgue measure Leb is ergodic, there exists a set B C T? with Leby(B) = 1 such
that for all [x;,x,] € B we have

=
Anf([x1,x2]) == — Z foS"([x1,x2]) — Leba(f) as N — oo,

By Fubini, for Lebesgue almost all [x;] € T' we must have that Leb; (BN {[x;]} x T!) = 1. We
claim that {[x;]} x T' C B for almost all x € T".
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For any fixed [x;] € T!, the family of functions A1 = {AnS([x1,-]): T! — C}yen is
equibounded and equicontinuous, since f is continuous (hence bounded) and the restriction of T to
any fixed fiber is an isometry. By the Ascoli-Arzela Theorem, the closure of 47, ] is compact, in
particular the sequence Ay f([x1,-]) has limit points in %’ (T'). Since we showed that for almost
all [x;] € T', the sequence of functions Ay f([x1,-]) converges to Leb, (f) almost everywhere in
T!, we deduce that Ay f([x1,-]) converges to Leb(f) uniformly on T! for almost all [x;] € T'. In
other words, we can write B = By x T' for a set B; C T! with Leb;(B;) = 1.

Let w: T2 — T! denote the projection on the first coordinate. Then, the push-forward measure
7,V is invariant under x — x + . Since o ¢ Q, by Theorem 1.21 we get m.v = Leb;. This implies
that

V(B) = V(B] X Tl) = ﬂ*V(Bl) = Lebl(Bl) =1.

Since, by the Ergodic Theorem, the set E of points [x1,x,] € T2 for which Ay f([x1,x2]) — v(f)
has v-measure 1, it follows that v(E N B) # 0, in particular there exists a point [x;,x2] € ENB. For
such a point, we have Leby(f) = limy_ A f([x1,%2]) = v(f), which implies v(f) = Leba(f)
and completes the proof of the lemma. O

Corollary 3.16. Ifv| and v, are rationally independent, then @ is uniquely ergodic.

Proof. Asbefore,let M = {p =T'|(x,y,2) :x,y,2€ [0,1)}, 2= {¢=T(x,0,z) : x,z € [0,1)}, and
let " be a Heisenberg niflow, with v = (v;,v2,v3) € b and vy, v, rationally independent. It is clear
that unique ergodicity is preserved by all positive constant rescalings; that is to say, { @ };cr is
uniquely ergodic if and only if {@}, },cr is uniquely ergodic for all @ > 0. Therefore, without loss
of generality, we can assume that v, = 1.

Let f € ¥(M). By Proposition 1.20, we need to show that, for all p € M, %fOTfo o' (p)dt
converges to a constant as T — oo, Let us define g: ¥ — C by

g(q) = /Olfoq?tv(q) dr.

Clearly, g is continuous on X. By unique ergodicity of the skew-translation 7' = ¢ (see Lemma
3.15), which by definition is the time-one map of the flow ¢V, we have

) 1 N—1 ;
IgglgoﬁngogoT (q)—/zgdLeb. 3.7

We can rewrite the average in left-hand side of (3.7) as

1 N—1

lel 1 1 N

- T"(g) = — / V(oY dt:—/ Y(q)dt,

Nngogo (9) Nngo | forl(onla)di=5 | fool(a)
so that, for all g € X, we deduce

1 N 1
7/ foq),v(q)dt—>/gdLeb:// fo(p,VdLeb:/fdu, asN — oo, NeN. (3.8)
N Jo z xJo M

Let now p =T'1(x,y,2) € M, with x,y,z € [0, 1), be arbitrary. Notice that

g=0¢%,(p)=T1(x—y,0,z—xy/2) € L,
thus, from (3.8), after a change of variable, we get

1 [Ny

im v L Tee ) =a(f).
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If T > 0, define N = |T | + 1. Then,

‘ / foo!(p dt—f . S roat(p)ar
<q|[ reea- [ egtal Hren | ream
T | Jo —y T N
2 N+1
<2 KTy
which tends to zero (umformly in p) as T — o. We conclude that
. 1 T \4 . 1 N=y \4
fim 7 [ regr = tim [ poalp)ar=n(n),
which proves unique ergodicity. 0

Exercise 3.17. Generalize the proof Lemma 3.15 to compact Abelian extensions of uniquely ergodic
systems; that is, prove the following version of a theorem of Furstenberg.

Let T: X — X be a uniquely ergodic homeomorphism of a compact metric space, and let |l be
the unique invariant measure. Let n > 1 and let f: X — T" be continuous. Define the skew-product
S: X xT"— X xT"by S(x,p) = (Tx,p+ f(x)). If S is ergodic with respect to |1 X Leb, then it is
uniquely ergodic.

3.3 A connection to number theory

In this chapter, we studied the ergodic properties of Heisenberg nilflows @Y, with v = (vi,vp,v3) €
H\ {0} on the nilmanifold M = I';\ Heis = I';\h, where I') = Z « Z « Z. In Theorem 3.11, we
showed that if v; and v, are rationally independent, then the nilflow is uniquely ergodic.

Let us take vo = 1. In the proof of Theorem 3.11, we studied the time-one map 7' = ¢ restricted
to the submanifold X. The latter is isomorphic to a skew-translation 7'[x,y] = [x+ &,y +x+ B] on
the torus T? equipped with the Lebesgue measure, where 8 = v; /2 +v3. We showed that for all
a,B €R,if a ¢ Q, then (T?,Leb, T) is a uniquely ergodic transformation. As a consequence, we
get the following result.

Proposition 3.18. Let P(X) = aX?+bX +c € R[X] be a quadratic polynomial with real coefficients.
If a ¢ Q, then for all positive integer k > 1 we have

lim — Z 2mikP(n) — (), (3.9)

In particular, the sequence (P(n)),cn is equidistributed mod 1.

Proof. The equidistribution of the fractional parts of P(n) follows from (3.9) by the Weyl’s Cri-
terium. Thus, we only need to prove (3.9).

For any fixed a, B € R, it is easy to see, for example by induction, that the associated skew-
product Tx,y] = [x+ o, x+y+ B] on T? satisfies

T"[x,y] = [x+no,y+nx+nB+nn—1)/2a] foralln € Z.

We consider the continuous function f;([[x,y]) = ™, which has zero integral Leb(f;) = 0. Let
P(X) be a polynomial as in the statement of the proposition. Let o = 2a ¢ Q and f = b+ a, and
consider the point p = [0,c] € T2. By Lemma 3.15, we deduce

- n _ - . — 2wikP(n
0—1\1,13}o kaoT hm ka [na,c+n(b+a)+n(n—1)a]) J\I/ILILN Z
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which proves the result. O

Sums of the form N
Z eZﬂ:iP(n)’
n=0

where P is a polynomial with real coefficients, are called Weyl sums and they are classical objects
in number theory. In the case of a quadratic polynomial, they are called quadratic Weyl sums or
theta sums, and they have been studied since the work of Hardy and Littlewood [9, 10]. Recently,
the connection of Weyl sums to the ergodic theory of nilflows has become the subject of a lot of
research. For example, we highlight the work of Flaminio and Forni [7], who recovered the optimal

bounds
N—1
Z e2m’P(n)
n=0

(originally proved by Fiedler, Jurkat and Korner [5] using analytic number theory) by studing the
quantitative ergodic properties of Heisenberg nilflows. Although this goes beyond the scope of this
course, it is interesting to notice how the number theoretic properties of polynomial sequences and
the ergodic theory of nilflows are intimately related.

= o(N'/2*¢)  foralle >0,
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Chapter 4

Elements of hyperbolic geometry

We have seen in Proposition 2.27 that the Lie group PSL(2,R) acts on the hyperbolic plane by
isometries; in this chapter, we will study this action in detail. We will work, however, in another
model of the hyperbolic plane, namely the upper-half space, which we now introduce.

4.1 The hyperbolic plane

4.1.1 The upper-half space model

Let
H:={z=x+iyeC:y=3(z) > 0}.

To fix notation, we will always denote elements of H by z = x + iy, where x = R(z) is the real part
of zand y = 3(z) > 0 is its imaginary part.

For any z € H, we identify its tangent space T.H with R> ~ C. The hyperbolic metric on H is
defined by

1
(vyw), := ?v-w, forv,w € T,H, z € H.

We remark that, for any z € H, the scalar product (-, ), is a rescaled version of the Euclidean scalar
product on R?; in particular, the topology induced by the hyperbolic metric on H is the same as the
Euclidean topology. As we will see shortly, the geometry, however, is very different.

As usual, the hyperbolic metric allows to define the lengths of curves y: [a,b] — H by

(0= [\ 10

and, in turn, we define the hyperbolic distance by
dm(zo,21) = inf{€(y) : yis a smooth curve from zp to z; }. 4.1)

We will see shortly that the hyperbolic distance between two points zg and z; is always realized by
a smooth curve, which is called the hyperbolic geodesic between zg and z;.

4.1.2 The action of PSL(2,R) on H
Letg= (%) € SL(2,R), and let

_az+b
cz+d’

g8.7: forze H 4.2)

be the associated Mobius transformation.
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Lemma 4.1. Equation (4.2) gives a well-defined action of PSL(2,R) on H.

Proof. We first check that the definition is well-posed: the denominator cz+d in (4.2) is zero if
and only if z = —d/c € R or d = ¢ = 0; both possibilities cannot occur by definition.

Let us verify that all Mobius transformations map H to H. Indeed, for any g = (‘Cl Z) € SL(2,R)
and z € H, we compute the imaginary part of g.z by

1 __lfaz+b az+b\ (az+Db)((cz+d))—(az+Db)(cz+d)
3(g2)=3(2-87) =3 (cz—i—d B cz—i—d) N 2(cz+d)(cz+d)

2 2
_ad—bc z—7  3(2)
lcz+d]? 2 lez+d[*

(4.3)

Thus, since 3(z) > 0, we get 3(g.z) > 0, which shows that g.z € H.
Finally, we verify it is an action. Let g = (“5), g = (§3> € SL(2,R) and z € H. Then, we
c
have

(00 =7 <az+b> A% +b  (aa+be)i+ (@+bd)  (ad+be ab+bd .
o \ez+d)  FEthy+d  (Ca+de)z+(Cb+dd) \ca+de cb+dd)
= (88)-2,
which proves the claim. The matrix —e = (_0] Pl ), as Mobius transformation, is the identity, hence
(4.2) descends to an action of the Lie group PSL(2,R) on H. O

Mbobius transformations on H are smooth maps and their derivative can be expresses as

(cz+d)—(az+d)c 1
(cz+d)?  (ez+d)¥

In particular, we can define an action D of PSL(2,R) on the tangent bundle 7H = H x C by

az+b w >
cz+d’ (cz+d)? )’

g(z)="1 (4.4)

Dg.(ew) = (g.2,8/ () = (

Proposition 4.2. 1. For every g € PSL(2,R), the map Dg preserves the hyperbolic metric. In
particular, g acts on H by isometries.

2. The stabilizer of i € H is the compact group PSO(2,R) = SO(2,R)/{=xe}.
3. The action on H is transitive.

Proof. Let us fix z € H and v,w € T.H. Notice that under the identification R?> = C we can write
the scalar product v-w as R(vw). Using the definition of the hyperbolic metric, (4.3), and (4.4), we
compute

, , 1 Nt cz+d|* , . 1
(@ @W)ee = 500 M T EW) = L @PROW) = (gvew =

This shows that Dg preserves the hyperbolic metric, hence g is an isometry.

Let us compute the stabilizer of the point i € H. By definition, g.i =i if and only if i = ?l’jr“fl
which can be rewritten as (b+c) +i(a—d) = 0. Thus, g = (¢ %) € Stab(i) if and only if b = —c¢
and a = d. Since ad — bc = 1, we get a> +b*> = 1. In particular, we can choose 8 € [0,27) such
that a = cos 0 and b = sin 6. From this we conclude that

[ cos® sinB
~ \—sin@® cosB

> € SO(2,R),
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which proves the claim.

Finally, let us verify that the action is transitive. Let z = x4 iy € Hj it is enough to show that
there exists g € SL(2,R) such that g.i = z. By choosing the element g = (*? f;‘\g) , it is easy to

check that we indeed get g.i = x + iy = z as desired.
Corollary 4.3. We can identify H = PSL(2,R)/PSO(2,R).

Proof. The identification is given by associating to the point z € H the element gPSO(2,R) €
PSL(2,R)/PSO(2,R), where g € PSL(2,R) is such that g.i = z. O

Let us denote by T'H the unit tangent bundle of H, that is the subset of the tangent bundle
consisting of vectors of norm 1,

T'H={(z,v) eTH: ||v| = 1}.

By Proposition 4.2, the action of PSL(2,R) on TH restricts to 7'H. We now show that the this
latter action is simply transitive.

Proposition 4.4. The action of PSL(2,R) on T'H is simply transitive.

Proof. Let us fix (z,v) € T'H. Since the tangent vector v € T,H = C has unit (hyperbolic) norm,
we can identify it with the angle 260 that it forms with the half line iR~ ¢; In other words, we can
write v = yi(cos(20) 4 isin(26)), where that the factor y = 3z is to ensure that v has norm 1.

Let
(VY x/\/Y\ [ cos@ sin®
&= <0 1//y) \—sin® cos6 €PSL(2,R).

Using Proposition 4.2, we get

D (i,i) =D <\éy )1%/@) ' (i’ (cosO—iisinQ)z) - (Z’yi(c(:zzigt:?fg;) = @),

which shows that the action is transitive.
Let us show that the stabilizer of (i,i) is {£e}. By Proposition 4.2, if Dg.(i,i) = (i,i), then
g € SO(2,R). Let us write g = ( %% 5n@)_ Similarly as above, g'(i)i = i implies

—sin® cos6

] i . . .
e (cos @ —isin6)? = i(cos O +isin 9)2_

Therefore, we deduce 260 = 0 mod 27, which means g = +e. This completes the proof. O

By Proposition 4.4, for any (z,v) € T'H there exists a unique g € PSL(2,R) such that Dg.(i,i) =
(z,v). In this way, we have an identification

T'H ~ PSL(2,R). 4.5)

4.1.3 Hyperbolic geodesics

Recall from (4.1) that the hyperbolic distance between two points zg,z; € H is defined as the
infimum of the hyperbolic lengths of all smooth curves connecting zo to z;. We will now see that
the infimum is always realized by a unique (up to reparametrization) curve, which will be said to be
a geodesic.

Let us start by looking at a simple case.
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Lemma 4.5. The distance between zo = iyo and z1 = iy} is du(20,21) = |log(y1/y0)| and is realized
by the curve

Yo

Any other smooth curve y: [a,b] — H with the same length is a smooth reparametrization of y; in
other words, there exists an increasing, piecewise differentiable map f: [a,b] — [0,1] such that

y=7vof.

(1) = yo<yl>i, fort€[0,1].

Proof. First of all, we notice that y(t) = iSy(r) and y(¢) = y(r)log(y1/y0). On one hand,

dis(z0,21) < / 7)1z, /1 Wi(t; log @;) dt:/o log @;)
<§;>l

On the other hand, let now 7n: [a,b] — H be any other smooth curve connecting z to z;. Up to
a reparametrization, we can assume that [a,b] = [0, 1] and, up to reversing the orientation, that
3n(0) <3n(1). Let us write Ny (1) = RN (¢) and ny(y) = In(r). Then,

W | L
m= [ 10 = [ W [0, (00,
0

dr

ny(@) —  Jo my(r) (4.6)
n(1 )> ’ <y1) ’
=log < =log| = ]].
1y(0) Yo
This shows that dp(z0,z1) = ¢(Y) = |log(y1/yo)|. Finally, notice that equality holds in (4.6) if and
only if f],(¢) = 0 and 7,(¢) > 0 for all ¢ € [0, 1], which proves the second claim. O

The infinite path y(r) = yoe'i starting at yoi € H is a geodesic ray, that is, a curve realising the
minimum distance between its points and parametrized with unit speed.

Proposition 4.6. Any two distinct points zo,z1 € H are connected by a geodesic 7y. This curve is
unique: there exists a unique g € PSL(2,R) such that y(t) = g.(e'i).

Proof. By Proposition 4.2, we can choose gg € PSL(2,R) such that g .20 = i; let us denote

z= gal .z1. For any g = (gfnsg _cgis“ee) € PSO(2,R), we have §g51.z() = i; we claim that we can

choose g so that g.z is purely imaginary. In order to do this, we have to solve

1,0 =
—(gz+g82) =

- 1 fcosOz—sin@ cosO7—sinH
0=R(gz) = 5 < > :

2 \'sin Oz+cos® sinO7+cosO

After some calculations, we get that R(g.z) = 0 if and only if
(|z]* = 1)sin(26) +2%R(z) cos(26) = 0.

If |z] = 1, we can choose 6 = 7 /4, otherwise we can choose 6 such that tan(260) = —lzzlzifl. We
have then showed that there exists g = gog ' € PSL(2,R) such that g~!.z0 =i and g~ '.z; = iy for
some y > (. Moreover, we can assume that y > 1: since zg and z; are distinct, we have y # 1, and if
y<1, then( ) (iy) =iy~ L.

By Lemma 4 5, there exists a unique geodesic curve between i and iy with unit speed given
by é'i for t € [0,logy], where logy = dp(i,iy). Hence, since g is an isometry, y(t) = g.(¢'i) is a
geodesic curve between zg and z;.
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Finally, one can check that the element g as above is unique: if % is another element such

that h.(e'i) is a geodesic between zo and z, then h~'g.(e'i) = €'i. Letting h~'g = (¢4), we get
ae'i+b

e
elL= ce'i+d

and, taking the derivative at t = 0, we obtain

.ad—bc . 1
—i =—i .
(c—id)? (c—id)?
This gives us ¢ = 0 and d = £1, from which we get a = +1 and b = 0. Hence & = g in PSL(2,R).
This completes the proof. O

1=

By Proposition 4.6, geodesics can be described as the images of the vertical line ¢'i under
Mobius transformations. It is a standard fact from elementary geometry that Mobius transformations
map vertical lines into either vertical lines or into semicircles with centre on the real axis. These
are all the hyperbolic geodesics.

4.2 Geodesic and horocycle flows

We are going to define the two flows which will be the subject of the rest of this course: the geodesic
and horocycle flow.

4.2.1 Algebraic and geometric definitions

We have seen that for any p = (z,v) € T'H there exists a unique geodesic ray starting at p; that
is, a unique smooth curve y: R — H such that y(0) = z, 7(0) = v and which realizes the smallest
distance between any two of its points. The image y(R) is either a vertical line or a semicircle
with centre on the real axis. The geodesic flow g,: T'H — T'H consists in following this unique
geodesic for time . We are now going to show it can be seen as a homogeneous flow as discussed
in Chapter 2.

For (i,i) € T'H, we know that the geodesic is given by y(¢) = ¢'i. Once again, notice that the
tangent vector has norm 1, since

170751 = S;@m _

Therefore, g, (i,i) = (¢'i,€'i). It is immediate to check that
t/2 0

(¢i,e'i) = Day.(i,i),  wherea, = (e N

) € SL(2,R).

Let now (z,v) € T'H be arbitrary. We have shown that there exists a unique g € PSL(2,R) such
that (z,v) = Dg.(i,i) and the geodesic starting at that point is the image under g of the vertical
geodesic at (i,i). In particular

2:(g.(i,1)) = g(z,v) = Dg.(¢'i,€'i) = Dg.(Day.(i,i)) = D(ga,).(i,i).
Thus, under the identification (4.5), the geodesic flow on T'H translates into the flow on PSL(2,R)
that maps the element g into ga,. Using the notation of Chapter 2, the geodesic flow is the
homogeneous flow

a. e 0\ (12 0
(p,.gHg(O ot/2 = gexp(ra), where a = 0 —1/2 €sl(2,R).

The other homogeneous flows on SL(2,R) we encountered in Chapter 2 were the ones generated

byu=(§1))andv=(99), namely the flows ¢"(g) =g ({!) and ¢} (g) =g (! 9). We now see
what are the geometric interpretations of these two flows.
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Proposition 4.7. . Forall g € SL(2,R) and allt,s € R we have
o 0 0 (8) = 9t 0 ' (8)- 4.7)

2. The flow @ consists of unit-speed translations along the stable manifolds of the geodesic
flow: points in the same orbit of ¢ get exponentially closed under the action of the geodesic

Sflow.

Proof. A straightforward computation gives us

a_ us (1t e 0 _ e tes?
¢ o ¢'(g) = gexp(tu)exp(sa) = g <0 1) ( 0 e2) T8 o
es/? 0 1 te™s s
_g( 0 es/2> (0 1 > = gexp(sa)exp(e"ru) = @;y, 0 97 (8),

which proves (4.7).

Let us now verify the second claim. We fix a left-invariant metric on PSL(2,R) as in §2.4.1
given by the usual basis {a,u, v}. Then, the homogeneous flow @ has unit speed. Let us show that
points on the same orbit get exponentially close under the geodesic flow: fix g € PSL(2,R) and let
g1 = ¢}'(g) = gexp(fu) another point in the orbit of @". Using (4.7), we get

d(9(2) 97 (81)) = d(9'(g) -, 9 (3)) = d(gexp(ra), gexp(ta) exp(e 'fu))
=d(e,exp(e ")) =e 4,

where we used the left-invariance of the metric on PSL(2,R). Since the latter term goes to zero as
t — oo exponentially, the proof is complete. O

The flow @} is called the (stable) horocycle flow. On the hyperbolic plane H, the orbits of the
horocycle flow (called horocycles) are either horizontal lines or circles tangent to the real axis (the
former case can be seen as a circle tangent to infinity). The point of tangency is the limit point of
the geodesic starting at any point of the horcycle orbit.

A similar characterization holds for v, we leave it as an exercise to the reader.

Exercise 4.8. Show that @2 o ¢} (g) = @Y, 0 ¢?(g) forall g € SL(2,R) and all t,s € R. Deduce that
@} parametrizes the unstable manifolds of the geodesic flow. It is called the (unstable) horocycle
flow.

Geodesic and horocycle flows on 7'H are rather boring, as every orbits escape to infinity (we
are in the same situation as a linear flow on R”). In order to have some recurrence, we need to look
at the projections of these flows on finite volume quotients of PSL(2,R), which we are going to
focus on in the next section.

4.2.2 Finite volume homogeneous manifolds

Let us call G =PSL(2,R), and let I" < G be a discrete subgroup. We have seen in Lemma 2.36
that the quotient space M = I'\G is a smooth manifold. Moreover, for every x = I'g € M, there
exists r > 0 such that the restriction of the canonical projection w: G — M to the ball centered at
g with radius r is a homeomorphism onto its image; an atlas of charts on M can be obtained by
considering these local inverses of 7. The push-forward under 7 of any fixed left-invariant metric
on G gives us a distance on M by

dy(x1,x2) = inﬁdc(gl,ygz), where x; =T'g;, i =1,2,
ve
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and the infimum above is actually a minimum by Lemma 2.35.

In a similar way, the push-forward of any Haar measure i on G induces a well-defined measure
on M, which we will denote by u. Recall that a discrete subgroup I is said to be a lattice if M has
finite measure, and is said to be co-compact if M is compact.

Before looking at examples of lattices, we are now going to show that the Haar measure g
is invariant under right-multiplication, and therefore is an invariant measure for the geodesic and
horocycle flows. Given a discrete subgroup I of G, a subset F' C G is called a fundamental domain
for I'if

G=|JF, and W(FNyF)=0 forallyeT\ {e}.
yell
In other words, a fundamental domain is a set which, up to a zero measure subset, contains one
representative per orbit of I'.

Exercise 4.9. Show that if F C G is a fundamental domain for T, then so is Fg for all g € G.

Proposition 4.10. Let I be a discrete subgroup of G, and assume that there exists a fundamental
domain F with finite Haar measure. Then, U is a lattice, all fundamental domains have the same
measure and for all measurable subsets B C M we have

u(B) = ug(m=~'(B)NF).

Moreover, U is invariant under multiplication on the right and hence is an invariant measure for all
homogeneous flows on M.

Proof. Let A,A’ C G be two measurable sets such that the restrictions of the canonical projection
7: G— M to A and A’ are both injective up to zero measure sets and w(A) = w(A”"). We now show
that tiG(A) = ug(A’); in particular this will imply that any two fundamental domains F, F’ for T’
have the same Haar measure.

Notice that, for almost all g € A, there exists a unique ¥ € I" such that y'g € A’. Thus, up to a
Zero measure set, we can write

A= |AnyA,
yel
and, similarly,
A= |A'nyA.
yer

Using the left-invariance property of the Haar measure, we get

HG(A) = Y ug(AnyA") = Y po(y 'ANA") = ug(A").
yell yell
In particular, all fundamental domains have the same measure. By definition, the push-forward
measure [ on M can be expressed as in the statement of the proposition, and this also proves that
w(M) = ug(F) is finite, hence T is a lattice.

We are left to show that u is right-invariant. We will prove that the Haar measure Lg is
right-invariant, from which the claim follows. Let us fix g € G, and consider the measure Vv, on
G defined by v4(A) = ug(Ag). Clearly, v, is invariant by left-multiplication of any element of G,
since the Haar measure g is. By uniqueness (see Theorem 2.23), there exists a positive constant
m(g) > 0 such that v, = m(g) . Let now F be a fundamental domain for I". By Exercise 4.9, the
set F'g is also a fundamental domain; therefore, using what we proved so far,

UG(F) = pG(Fg) = Vo (F) = m(g) uG(F).

This implies that m(g) = 1 for all g € G, that is, U is right-invariant. The proof is then complete.
O
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Given a finite volume homogeneous manifold M = I'\G, we will always consider the nor-
malization of the Haar measure [l that makes p a probability measure on M; that is, such that
w(M) = ug(F) = 1, where F is any fundamental domain for M.

In order to determine whether a discrete subgroup is a lattice, it is enough to find a fundamental
domain F C G = T'H and compute its Haar measure. Let us try to express the Haar measure on
PSL(2,R) in terms of the coordinates on T'H.

We have seen in Proposition 4.2 that the action of G on H by M&bius transformations is
isometric with respect to the hyperbolic metric y~2(dx? + dy?). Thus, the action of G preserves the
Riemannian volume

1
dmpy = — dxdy.
y

Once the base point z € H is fixed, the restriction of the action of G on tangent vectors in T,/ H is
given by v — g'(z)v, which is a rotation (a multiplication by a constant of modulus one with respect
to the hyperbolic metric). Therefore, if we choose the angle 8 that v makes with the vertical as a
coordinate on TZ1 H, all maps Dg for g € G preserve the modulus of the 1-form df. Therefore, we
have shown that the maps Dg on T'H preserve the measure

1
dpsy 1= 5 ddyd.

By the identification (4.5), the action of Dg on H corresponds to the left-multiplication action on
G = PSL(2,R). By uniqueness of the Haar measure in Theorem 2.23, we conclude that fig = gy
(as usual, up to a constant factor).

The expression we just found for the Haar measure on PSL(2,R) allows us to estimate explicilty
the measure of fundamental domains for discrete subgroups. We remark that, since the stabilizer of
i € H acts on the right (see Corollary 4.3), while the discrete subgroup I" on the left, we have that

I'\PSL(2,R) =\T'H = 7'(T'\H),

that is, the quotient M can be identified with the unit tangent bundle of the hyperbolic surface
S :=T"\H. In order to show that the measure of I'\ PSL(2,R) is finite, it is enough to show that the
hyperbolic area of S is finite:

mH(F\H) < oo,

4.2.3 An important example: the Modular Surface

We can now see an important example of a lattice in PSL(2,R). Consider

I =PSL(2,Z) = {y: <‘c’ fl> € PSL(2,R) :a,b,c,dGZ}.

Clearly, I" is a discrete subgroup of PSL(2,R). It will be useful to consider the elements

1 1 0 —1
1_(0 1>,G—<1 0>€F.

Notice that T.z=z+1and 6.2 = —1/z.
We now describe a fundamental domain for I" and show it has finite measure, thus showing that
I is a lattice.

Proposition 4.11. Let
E={zeH:|z] > 1, |Rz < 1/2}.

Then, F = T'(E) C T'H is a fundamental domain for T = PSL(2,Z). Moreover, T is a lattice in
PSL(2,R).
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Proof. Let us first assume that F' is a fundamental domain for I', and let us estimate its measure.
Clearly, E is a subset of E = {z € H : |Rz| < 1/2, |3z| > v/3/2}, so that its hyperbolic area can be

bounded by
1/2 = dy 2
il )_/E " ( ~172 ) < ﬁ/zyz) V3

where we used Fubini’s Theorem. Thus, tzi1g(F) < 2mmy(E) < oo, which proves that I is a lattice.

Let us now verify that F' is a fundamental domain for I'. In order to do this, it is enough to show
that all I'-orbits intersect £ and, up to a zero measure set, they intersect E exactly once.

Fix z € H, and let y = (¢%) € I'. By (4.3), 3(7.z) — 0 when either ¢ or d go to infinity.
Thus, there exists y € I" that maximizes 3(y.z). Choose k € Z such that |[Rw| < 1/2, where
w = tfy.z. If |w| < 1, then the element &.w is such that 3(c.w) = 3(w)/|w| > 3(w), contradicting
the maximality assumption. Hence |w| > 1. This shows that w € E and hence ['zNE # 0.

It remains to show that if two points in E are in the same I'-orbit, then they belong to a zero
measure set; in particular we will show that they belong to the boundary of E. Let us consider
z,w € E such that w = .z for some y € I'. Up to exchanging z and w, and considering y~!, we can
assume that 3 (w) > 3(z). We write again y = (%), with the sign assumption that ¢ > 0. By (4.3),
from 3(y.z) > 3(z) we get

1> |cz+d| > S(cz+d) =c3z>cV3/2 > ¢/2,

from which it follows c =0or c = 1.

If c =0, then 1 =dety = ad implies thata =d = +1 so that y.z =z=+b. Sincew = y.z,z € E
both have real part in [—1/2,1/2], the only possibilities are » = 0, which implies w =z, or b = £1
and Rz = F1/2, which means that w and z belongs to the boundary of E, as claimed.

If ¢ = 1, then from the inequality |z+d| < 1 we deduce that either d = 0, or d = +1. In the first
case, we get |z| < 1, which, since z € E, forces |z| = 1; moreover, the condition on the determinant
implies b = —1. Thus, w = y.z=a—1/z € E implies that = 0 and |w| = 1 as well, or a = 1 and
z is the primitive sixth root of unity in E. Either way, both z and w belong to the boundary of E. In
the second case, similarly, from |z+ 1| < 1 and |z] > 1, we deduce that z is one of the sixth roots of
unity in E. A straightforward computation allows to conclude that also w is a sixth root of unity in
E. In both cases the claim is proved, hence the proof is complete. O

The hyperbolic surface S = PSL(2,Z)\H is called the Modular Surface, and, as we mentioned
above, its unit tangent bundle can be identified with the quotient 7' (S) = PSL(2,Z)\ PSL(2,R). It
is an example of a homogeneous space with finite measure but which is not compact.
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Chapter 5

Ergodic properties of geodesic and
horocycle flows

In this chaper, we are going to study the ergodic theory of geodesic and horocycle flows on finite-
volume quotients M of G = PSL(2,R). We showed in Proposition 4.10 that the normalized Haar
measure is an invariant probability measure for all homogeneous flows on M. We are going to show
that it is ergodic and, in fact, mixing for both the geodesic and the horocycle flow.

5.1 Ergodicity

5.1.1 Hopf’s argument

Let us fix a lattice I' in G, and let M = I'\ G be a homogeneous space. We equip M with the measure
U (which, locally, coincide with the Haar measure l; on G), normalized so that M is a probability
space. The goal is to show that the geodesic flow ¢*: I'g — ['gexp(¢x) is ergodic with respect to .

One ingredient that we will need to use is that the subgroups exp(Ru) and exp(Rv) gener-
ate SL(2,R). One could show this fact using the general theory of Lie groups, or in a direct,
computation-based, way. We leave this as an exercise to the reader.

Exercise 5.1.  (a) Show that all matrices of the form (8 1(/)0) or (_?/a (a)) € SL(2,R) can be

written as a product exp(xju) exp(x2v) exp(x3u) exp(x4v) for some x; € R, i =1,2,3,4.

(b) Show that all elements g € SL(2,R) can be written as a product g = goexp(y1v) exp(y2u)
for some y1,y>» € R, where gy is either of the form <8 1%) or (,?/a 8)

(¢) Deduce that all for all g € SL(2,R) there exist x; € R, i = 1,...,x5 such that g =
exp(xju) exp(x2v) exp(x3u) exp(xav) exp(xsu).

Another result that we will use is the following, whose proof relies on Fubini’s Theorem and
the right-invariance of the Haar measure (see Proposition 4.10).

Lemma 5.2. Let Ay,Ay C M be two measurable sets of positive measure. Then, the set
{e€G:u(A1gnAy) >0}

has positive measure; in particular it is not empty.
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Proof. Let F C G be a fundamental domain for I'. In particular, for any subset £ C F we have
UG(E) = u(m(E)). We can find two subsets Bj,B, C F such that, up to zero measure sets,
n(B1) =A; and w(B,) = A,. Since m(B1gNB,) C AjgNA; for all g € G, we obtain that

H(A1gNA2) > u(n(Bi1gNBy)) = Ug(BigNBy),

thus, in order to conclude, it is enough to show that the set {g € G : ug(B1gNBz) > 0} has positive
measure.
Before doing that, let us make a few observations:

1. forany g,h € G, h € Bygif and only if g GBl_lh, where Bl_1 ={b~':he B}

2. /.L(;(Bl) > 0 if and only if ug(B; ') > 0; indeed, it is easy to see that the measure V(A) :=
Ug(A~1) is a (right-invariant) Haar measure on G, and hence must be proportional to .

3. if [;uG(BigNB2)du(g) > 0, then the set {g € G : ug(B1gMNB,) > 0} has positive measure.

The third observation tells us that we should estimate [ 1g(B1gNB2)du(g). Using Fubini’s
Theorem and the first observation,

/‘u,G BigNBy)du(g) /(/ U, g(h) g, (h) du(h )> du(g)

= /G s, (h) ( /G llglg(h)d[.t(g)> du(h) = /G g, (h) < /G ﬂBllh(g)du(g)> du(h)
= [ Dn(muo(B; "W au(h).

From the right invariance of the Haar measure and from the second observation, we conclude

/HG B1gNBy)du(g /1132 )uG(B; ') du(h) = uG(B; ) uc(B2) >0,

which proves our claim. O

In order to prove ergodicity, we need to show that any measurable function which is invariant
by the geodesic flow is almost everywhere constant. The first step in this direction is given by the
following lemma

Lemma 5.3. Let f: M — C be a measurable function such that f o ¢? = f almost everywhere for
allt € R. For every s € R, there exists a set My C M of measure (M) = 1 such that for all p € M
Jor which both p € M and ¢'(p) € My, we have f(p) = f(¢'(p))-

The same conclusion holds with ¢ replaced by ¢,

Proof. Let f: M — C be as in the assumptions, and let s € R. Fix € > 0, and choose a compact set
K C M of measure 1(K) > 1 — € such that the restriction of f to K is continuous.
By the Ergodic Theorem, there exists a measurable function ¢: M — R such that

—hm / ﬂKO(])r

t—oo

almost everywhere, and [, fdu = [}, Igdu = u(K) > 1—¢€. Let
1
B:{pEM:E(p)>2}.
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Then, since 0 < ¢(p) < 1 almost everywhere,
l—e< / du = /Ed,u—i—/ £du < pu(B)+u(M\B)-esssup,cpn5{(p)
M B M\B

< u(B)+ Su(M\B) <  + Su(B),
from which we get u(B) > 1—2e¢.
Let now p € Band g = ¢*(p) € B. Since, by definition of B, the geodesic orbits of p and ¢
spend more than half the times in K, we can find an increasing subsequence of times #, — o such
that ¢2(p) € K and ¢ (¢) € K. Moreover, we have

¢tz,:(Q) = ¢tj odd(p) = ¢:ﬂns o q)tja

hence
de (9 (p),¢2(q)) — O, as n — oo,

exponentially fast. By the invariance assumption on f and the continuity on K, we deduce

1f(P) = F(@)| = £ (@5 (p)) — £(9(2))| =0,

which means that f(p) = f(g) whenever p and g = ¢"(p) are both in B.

If now we consider a smaller € < €, we can repeat the same argument and find a larger Bon
which the same conclusion holds. Therefore, taking the union over all € > 0, we deduce that there
exists a set M, of full measure on which the conclusion holds.

The same argument can be repeated for ¢; up to considering negative times f, — —oo. O

We now have all the tools to prove ergodicity of the geodesic flow.

Theorem 5.4. Let I be a lattice in G = PSL(2,R). Then, the geodesic flow ¢ on M =T\G is
ergodic with respect to UL.

Proof. Let f: M — C be a measurable function which is invariant by the geodesic flow ¢?. By
Lemma 5.3, for every fixed s € R, there exists a set M}, of full measure such that

f(p) = f(pexp(su)) = f(pexp(sv)),

for all p € M.

We need to show that f is constant almost everywhere. Assume that this is not the case, namely
there exists two measurable subsets A;,A, C M, both of positive measure, and two disjoint balls
I1,I, C Csuchthat f(A;) C I; and f(A2) C I,. By Lemma 5.2, there exists g € G such that u(A;gN
Aj) > 0. According to Exercise 5.1, we can write g = exp(sju) exp(s2v) exp(s3u) exp(s4v) exp(ssu).
By Lemma 5.3 applied (at most) 5 times, there exists a set

M =My, N M, exp(—siu) N My, exp(—s,v) exp(—siu) N Mj, exp(—s3u) exp(—sav) exp(—s u)
N M;, exp(—s4V) exp(—s3u) exp(—sa2v)exp(—siu),
with p1(M) = 1, such that f(p) = f(pg) forall p € M.

The set »
A@):=A1g 'nA M

has positive measure, in particular it is not empty. Let p € A(g). From p €Ay weget f (p) € L; on
the other hand, since p € A;g~!, we get also f(pg) € I;. However, p € M implies f(p) = f(pg),
which contradicts the fact that /; and I, are disjoint. The proof is then complete. O
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5.1.2 Mautner’s Phenomenon

In this section we will see an instance of the so-called Mautner’s Phenomenon. Roughly speaking,
this refers to the situation when the invariance of an observable with respect to a flow implies an
additional invariance with respect to a transverse flow. In our case, we will show that a measurable
function which is invariant for the horocycle flow is also invariant for the geodesic flow. From this
we will deduce that the horocycle flow is ergodic.

As before, M =T'\G is a finite-volume homogeneous manifold. We will need a couple of
preliminary results.

Lemma 5.5. Let (X,d) be a metric space and let | be a Borel probability measure on X. Assume
that {T,},en is a sequence of continuous measure preserving self-maps on X which converges
uniformly to a continuous measure preserving map T : X — X. Then, for every f € L*(X), we have
foT,— foT in L*(X).

Proof. Let f € L*(X) and let us fix € > 0. By Lusin’s Theorem, there exists a compact set K C X
of measure ((K) > 1 — € such that the restriction of f to K is uniformly continuous. Let § > 0 be
such that |f(x) — f(y)| < € whenever x,y € K and d(x,y) < §.

By assumption, there exists N € N such that for all # > N and for all x € X we have
d(T,(x),T(x)) < 8. Let n > N, and consider K(n) := T~'KN T, 'K. By construction, and since
T, and T are measure preserving, i(K(n)) > 1 —2¢€ and |foT,(x) — foT(x)| < & for all x € K(n).
Therefore, we get

IFoTi=foTIE = [ IfoTx) = foT(x) Pdu

= o —fo 2 o _fo 2
= oy T = foT @R+ [ 1foTi()~ foT () Pan
< 2| £1Bu(X \K(n) + 21 (K (n)) < (4] 713+ e,
which proves our claim. 0

In the following proposition, we prove that if a function is invariant for the horocycle flow, it is
also invariant for any other homogeneous flow that satisfies a certain condition.

Proposition 5.6. Assume that w € sl(2,R) satisfies the following condition:

forallt € R, there exist sequences (ry)neN, (Sn)nen of real numbers, and {g, }nen C G with
gn — e, such that
exp(s,u) g, exp(r,u) — exp(tw).

Then, if a function f € L*>(M) is invariant under {9 }:cw, it is also invariant under {§" };cr.

Proof. Let f € L>(M) be any real-valued measurable function. We are going to define an auxiliary
function p: G — R as follows

p(g) = (foRy, f),

where, we recall, R, : M — M is the right-multiplication map p — pg. The function p satisfies the
following properties:

1. pis continuous. Indeed, for any convergent sequence g, — g in G, by the Cauchy-Schwartz
inequality

Ip(gn) = p(8)| = [{foRg, — foRy, /)l < || fll2- lf o Rg, — fo R = O,

which follows from Lemma 5.5.
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2. if p(g) = || f||3, then f o R, = . This follows again from the Cauchy-Schwartz inequality:

IF12 = p(e) < foRe I < IIfll2- 1f o Rell2 = [l 22113

Since equality holds, the terms f o R, and f must be linearly dependent, foR, = A f. Since
they have the same norm, A = +1.

Assume now that f € L?>(M) is invariant by the horocycle flow, and let w € s[(2,R) be as in the
assumption of the lemma. We need to show that fo ¢ = f in L>(M) for all € R,

Fix r € R, and let (ry)nen, (Sn)nen, and {gn}nen be such that exp(s,u)g, exp(r,u) —
exp((¢/2)w). On one hand, by the continuity of p, we have

p (exp(squ) gn exp(ryu)) — p (exp((1/2)w)).
On the other hand, by assumption on f and again by the continuity of p, we have

p(exp(snu) &n exp(rnu)) = <foRexp(s,1u)gn exp(r,,u)vf> = <fo¢;:, ORgn O¢;:,af> = <foRgn 0 ¢sl:laf>
= (foRg, [0, ) = (foRy,. f)=p(g.) = ple) = | /I3

Combining these two observations, we deduce p (exp((t/2)w)) = | f||3- By the second property of
p, we get fo q)t”/"z = 4 f, from which it follows

foo" :fo¢;v;2°¢;v;2 = i(foq);‘;z) =/
and the proof is complete. 0

Theorem 5.7. Let I be a lattice in G = PSL(2,R). Then, the horocycle flow ¢" on M =T'\G is
ergodic with respect to UL.

Proof. Let f € L>(M) be an invariant function for the horocycle flow. We want to apply Proposition
5.6 to show that f is also invariant for the geodesic flow. Once we have done this, it follows from
Theorem 5.4 that f is constant almost everywhere, which proves the result.

Leta = <1(/)2 7? /2> be the generator of the geodesic flow. We show that we can find sequences

(7n)nen, (Sn)nen such that

5 E D) ) e

It is immediate to verify that s, = n(e? — 1) and r, = n(e~2 — 1) satisfy the required property. [J

[SThat

5.2 Mixing

In this section we prove that the geodesic and the horocycle flow are mixing. The proof relies on
the ergodicity of the horocycle flow that we showed in Theorem 5.7.
Let us first prove mixing for the geodesic flow.

Theorem 5.8. Let I be a lattice in G = PSL(2,R). Then, the geodesic flow ¢ on M =T\G is
mixing with respect to UL.
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Proof. Let f € L>(M). Mixing for the geodesic flow is equivalent to the claim that f o ¢ converges

to u(f) = [y, fdu in the weak-* topology.
Since || f o @2 ||2 = || f]|2, the family {f o ¢? : r € R} is contained in a closed ball in the dual

L>(M)* = L*(M). By Banach-Alaoglu’s Theorem, such set is relatively compact in the weak-*
topology; in particular it has limit points. We claim that the only limit is the constant p(f).

Let t, — oo be an increasing sequence of times such that f o ¢ — fy, for some fy € L>(M)*.
Notice that

| rdu= ) = (ogt = (o) = [ fodu,
M M

therefore it is enough to show that fj is constant.

We show that fj is invariant under the horocycle flow. Theorem 5.7 implies that it is constant,
hence finishing the proof. Let us fix T’ € R, and let us prove that fyo ¢7 = fo. Let £ € L?(M); then,
using measure invariance,

<fo¢tja€> = <fa€o Et,,> = <fo¢ET/gtn7€o Et,, O¢ET/gtn> = <f7£o¢it,, O¢ET/etn> +E(tn)7

where the term
E(t,) = <(fo¢ET/efn —f),foq)ftn O¢ET/gfn>
satisfies
E(ta)| < 1f 0 @57 et — fll2- [[£]]l2 =0,

where we used Cauchy-Schwartz inequality and Lemma 5.5.
We now apply the commutation relation (4.7) and we get

(fodn ) =(fLog ro¢?, )+ E(tn) = (fodyLod )+ E(in).

Taking the limits for n — oo, since we showed E(t,) — 0, we obtain
(forl) = Tim (Fo 92,0) = i (f 092,00 0%7) + E(1a) = {fo, L0 9"7) = (fo0 0F, ).

Since the equality holds for all £ € L?(M), we conclude that fy = fy o ¢¥ in L?(M); in other words
we proved that fj is invariant under the horocycle flow, which proves the theorem. O

With the same strategy, we can prove that the horocycle flow is mixing.

Theorem 5.9. Let I be a lattice in G = PSL(2,R). Then, the horocycle flow ¢* on M =T'\G is
mixing with respect to L.

Proof. We proceed as in Theorem 5.8: let f € L>(M), and let fo o — fo be a converging
subsequence in the weak-* topology of L?>(M). We prove that f; is invariant under the horocycle
flow. This forces fj to be constant and equal to pt(f), which proves mixing.

Letus fix T € R. We will use again (4.7), more precisely we will apply the relation

0%, 0 Diog(147/20)) (P) = Piog(147/(21,)) © ¥212 2y © 957 0 024, (D), G.D

for all p € M. As in the proof of Theorem 5.8, using (5.1), we have

(fod,,l)=fo ¢§log(1+T/(2tn))’€ o¢t, o ¢§1og(1+r/(2tn))>
= ([0 0g(147/0)) £ © Plog(14+7/(21)) © Po72)(21,) © 927 0 0%,,)
= (f, Lo 00" )+ Ei(tn) + Ex(tn),
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where we have

[E1 ()] = [(F 0 Drogr7/21,)) = )5 €0 Paog(147/21,)) © 9272 20,) © 927 © 95, )]
< Nf o Wogr1/ 21y = fll2- 1€]l2 =0,

by Lemma 5.5, and similarly

[E2(tn)| = [(f 5 (€0 Oog(147/(21)) © P22 (21 =€) © 27 092, )|
< Afll2- 160 9 og147/2)) © 27221,y — Ell2 = O

Therefore, we get
(oo 0) = lim (Fo62,0) = lim (£ 0 62,00 0% 7) +Er (1) + Ealtn) = {fo, L0 9"7) = (o0 9}, 0).

Since ¢ € L*(M) was arbitrary, we conclude fy = fo o ¢¥, which completes the proof. O
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Chapter 6

The geodesic flow on the Modular
Surface and continued fractions

In this chapter, we are going to explore an interesting and rather pleasing connection between
the geodesic flow on the Modular Surface and the classical continued fraction expansion of real
numbers. This connection was first noted by Artin [1], who used it to construct dense orbits of the
geodesic flow. We will follow the treatement by Caroline Series in [17].

6.1 Background on continued fractions

Let us recall some background on the theory of standard continued fractions. Let us consider a
positive rational number p/q € Q, with p,q € N coprime. By applying the standard Euclidean

algorithm, we obtain finite sequences ay, . ..,d,,"1,...,m—1 € Nwithg >r; >--- >r, > 1 such
that
p=apq+ry, q=airi+r, ri=ar+r, ..., Iny=au_1tp—1+1, r—1=a,-1.

The second to last remainder is 1 because of the coprimality assumption. If we combine these
equalities together, we can write

P r 1 1 1 1

“=ay+—=ap+—=ap+ =ay+————=ap+
q r 1 1
- ar+— ay + a+
r | r3 1
a+ — a, +
2] . 1
.. + R
an
For short, we write p/q = [ap;ay,...,a,|. Note that this expression is almost unique, as we could

also write p/q = [ag;ay,...,an—1,1].
The same algorithmic procedure can be carried out for irrational numbers. Let |-| and {-}
denote respectively the integer and fractional part. For any positive real x > 0, we inductively define

a=|x), G'(0)={1/x},  a,=[G"(x)], G ={1/G"(x)}.
In this way, for any n € N, we can express x as

1 I 1 - 1
Glx) X @ 1
ap + 7G2(x) a + ‘ 1

-‘ +

X=aop+

an + G (x)
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This procedure stops if and only if x € Q. If x € R\ Q, we obtain an infinite sequence of positive
integers a; € N, and we write x = [ag;a;,ay, . ..]. This is called the continued fraction expansion
of x.

The previous discussion can easily be extended to negative reals if we allow ag to possibly be a
negative integer (while still ¢; € N for all i > 1).

If x € R\ Q, the rational numbers p,/q, we get by truncating the continued fraction expansion
at step n, namely

Pn .

—_— = [ao,al,. .. ,an]

qn

are called the convergents of x. Convergents satisfy the following properties, see, for example, [11].

Proposition 6.1. Ler x = [ag;ay,ay,...|, and let p,/q, denote the sequence of its convergents
(written in reduced terms). Then,

1. the matrix (p n P "H) has determinant =1 for all n > 0,
dn  4n+1

2. forn>1,
Dnt1 = An1Pn + Pn—1 and Gn+1 = An-1qn +Gn—1

where p_1 =1and g_1 =0,
3. foralln >0,
P2n < DP2n+42 <x< P2n+1 < p2n717
92n 42042 Q2n+1  42n—1

with equality on one side or the other if and only if x € Q and the sequence terminates,
4. foralln>1, we have |x — pn/qu| < (qnqns1) " and g, > n.

The continued fraction expansion of a number can be recovered by looking at its itinerary under
the Gauss map G: [0,1) — [0,1), defined by G(0) = 0 and G(x) = {1/x} for x # 0, as follows.
Define

1 1
In:: [m,;), fornZI,

note that the intervals I, form a partition of (0,1). For x € R, let ap = |x], and xo = {x} € [0,1).

Then, a, = k if and only if the (n — 1)-th iterate G"~!(xq) of xo belongs to I;. The orbit of xo under
G is infinite if and only if xy (and hence x) is irrational.

6.2 The Farey tessellation

Given two rational numbers p/q,r/s € Q, we define their Farey sum p/q@®r/s € Q to be

p_r p+r

g s q+s

Notice that p/q < p/q®r/s < r/s. We say that p/q and r/s are neighbors if |ps —rq| = 1. It is
not hard to see that, if p/q and r/s are neighbors, then so are p/q and p/q@®r/s, and p/q®r/s
and r/s.

For any n € N, we define the n-th Farey Sequence JF, to be the set of all rationals p/q with
|p|,|g| < n arranged in increasing order (with the convention o0 = £1/0). The first few Farey
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Sequences are

Fr im0 < —1<0<1 <o,

¥ —oo<—2<—1<—%<0<%<1<2<oo,

F3 - —oo<—3<—2<—%<—1<—%<—%<—%<0<%<%<%<1<%<2<3<oo.
One can see that the n-th Farey Sequence is obtained by adding to the (n — 1)-th Farey Sequence
all the Farey sums between consecutive terms.

Using the Farey Sequences, we now describe an algorithmic procedure that will result in a
tessellation of the hyperbolic plane H. The procedure goes as follows:

1. draw vertical lines from eachn =n/1 € Z,

2. join each pair (7, #) by a semicircle with center on R,

n—+1

3. mark the points 7 ¢ "1~ and join them with their neighbors 7 and % by semicircles centered

on R,

4. inductively, if p/q and r/s are neighbors joined by a semicircle, join p/q with p/q@® r/s and
p/q®r/s with r/s by semicircles centered on R,

5. continue in this way.

Notice that the lines drawn in this procedure are all geodesics with respect to the hyperbolic metric.
In this way, we subdivide H into infinitely many ideal triangles A; that is, hyperbolic triangles
whose vertices lie in the boundary dH = RU {e} of H. We call T the resulting subdivision.
Alternatively, one can obtain J by drawing the vertical line through 0 and the joining adjacent
points in each Farey Sequence J,, by a hyperbolic geodesic (with —eo identified with oo).

We now show that 7 is a tessellation of Hl, namely we show that T is obtained as the images of
a single ideal triangle A, under a group of symmetries.

Proposition 6.2. Let A, be the ideal triangle with vertices 0,1,00. For all g € PSL(2,7), the
triangle g(A,) is an element of T. Moreover, the triangles in T cover H without overlaps (except at
their boundaries).

Proof. Let us show that all triangles in T are the image of A, under some element of PSL(2,Z).
If p/q > r/s are joined by an arc of T, then, by construction, they are neighbors in some Farey
Sequence F,. Therefore, det(45) = 1, so that g = (¥ 5) € SL(2,Z). Since g is a hyperbolic
isometry, it maps the triangle A, into the hyperbolic triangle A, with vertices g.0, g.1 and g.oo.
These are r/s, p/q @ r/s and p/q respectively, hence our claim follows.

Let us now verify the second claim. Clearly, all points in H belong to some triangle in J. Since
any triangle in T is A, = g(A,) for some g € PSL(2,7Z), in order to check that elements of T do not
overlap it is enough to show that the interior of A, and of g(A,) do not intersect when g # e. Let us
first note that the matrix (91 } ) maps A to itself, with the effect of rotating its vertices.

Let g = (%) € SL(2,Z), with a/c > b/d. By translating and rotating A, if needed, that is,
up to applying matrices of the form (é "f) or (91 }), we may assume that the side of g(A,) from
a/c to b/d cuts the imaginary axis. This implies that a/c > 0 > b/d, in particular ad and bc have
opposite signs. Since they are all not 0, we would obtain 1 = |ad — bc| = |ad| + |bc| > 2, which is
a contradiction. O

We have shown that the Farey Tessellation T is invariant under the action of PSL(2,Z). The
following exercise provides some additional properties of 7.
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Exercise 6.3. (a) If p/q,r/s € Q are neighbors, then they are vertices of some triangle in 7.
(b) Every p/q € Q is a vertex of a triangle in 7.

In §4.2.3, we have introduced the Modular Surface S = PSL(2,7)\H and its unit tangent bundle
M = PSL(2,7)\ PSL(2,R). We showed that the set T'(E), where

E={zeH:[z>1, [Ref < 1/2},

is a fundamental domain for the action of PSL(2,Z). Let us cut E is half at the imaginary axis, and
let us move the left half over using the transformation z — z+ 1 and glue the two halves together.
This cut-and-paste operation give us a new fundamental domain F, which is a quadrilateral with
vertices i, (1+iv/3)/2, 1+, and e. Once can write

1
Ae:FUgo(F)Ug%(F), where 80:<_01 1>

is a hyperbolic isometry of order 3 (i.e., gg = e) that stabilizes A.

6.3 Cutting sequences and continued fractions

Let ¥ be an oriented geodesic on T'H = PSL(2,R) passing through some element g € PSL(2,R),
namely let ¥ = 7,(¢) be of the form ¥, (¢) = gexp(x). For any A € T, let so = YN A be the oriented
segment of geodesic contained in A. Then, sa cuts two sides of A that meet in a vertex. We say that
sa has type L if this latter vertex lies on the left of sx, and we say sa has type R if the vertex lies on
its right. There is a little ambiguity if the segment s5 ends in a vertex of A; in which case the type
could be either L or R; we will come back to this in a few moments.

Any geodesic ¥ = 7,(¢) as above cuts a sequence of triangles Aj,A,,... when moving along
future times ¢ > 0, and similarly its “past” cuts a sequence of triangles ..., A_;,Ag. We define the
cutting sequence of y to be the sequence of symbols

o ["2RMIgLORM ...

where the i-th symbol is L or R if the type of the segment sp, = YN A; is L or R respectively. The
symbol g in the sequence is there only to denote the starting point of the geodesic. In other words,
the cutting sequence above means that the future geodesic from g intersects ng triangles of J in
segments of type L, then n; triangles in segments of type R, and so on. A similar description holds
for the past of the geodesic, ending in g.

For any geodesic Y as above, let

Voo 1= lim 7,(1) € RU {eo)
denote the endpoints of y. The cutting sequence of ¥ is finite on the right if and only if ¥, .. a vertex
of a triangle of T, in which case the cutting sequence could end with either L*! or with LR, or
similarly with either R"*! or with R" L. Analogously, it is finite on the left if 7_.. is a vertex of a
triangle in 7.

By Proposition 6.2, any element ¢ € I' = PSL(2,7Z) preserves T and moreover ¢ preserve
orientation. Therefore, the cutting sequence of the geodesic %, (7) must coincide with the cutting
sequence of the geodesic ¥y () (¢). This implies that, if 7 is a geodesic on the Modular Surface S,
then its cutting sequence is well-defined: the cutting sequence of any two lifts of 7 to T'H must
coincide, up to a choice of the starting point.
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Exercise 6.4. Let 7 be a geodesic in S. Show that there exists a lift y = ¥,(t) on T 'H that satisfies
the following properties

(A) the starting point g is on the imaginary axis (i.e., g.i € iR~p), 0 < |V_o| < 1,
Y-o and Yie have opposite signs.

Yieo| > 1, and

The following result makes precise the connection between geodesics on M and continued
fractions.

Theorem 6.5. Let 7 be a geodesic on M = T'(S), and let ,(t) be a lift of 7 which satisfies (A).
1. If---L"2R" ' gL"™ R™ - - is the cutting sequence of Y,(t), then

—1
Y+N:[n0;nla'--]a and 7=[n,1;n,2,...].

—o00

2. If---R"2L"1 gR"™ L™ ... is the cutting sequence of Y,(t), then

Yiew = —[n0511,...], and =[n_1;n_p,...].

1
V-
Proof. Let us assume that we are in the first case, namely the cutting sequence of Y,(t) is
< ["2R'1 g [ R™M ... the other case is analogous. We write Y = [d0;a1,a2,...], and we
want to show that a; = n;.

Since the cutting sequence after g.i € iR~ starts with L™ R, this implies that np < ¥4 <ng+1,
and the equality Y;. = no+ 1 holds if and only if the cutting sequence stops. In this latter case,
the claim is proved, hence let us assume it does not terminate at this point. Therefore, we get
no = Y1) = ag.

Call x; the point on ¥ that lies on the boundary of the triangle A; := 7A, and where the
change from L to R in the cutting sequence occurs. We now make use of the distinguished elements
T= ((1) %) and 0 = ((1) _01 ) of SL(2,7Z), as we denoted them in §4.2.3. By definition, the element
T~ "0x; belongs to the imaginary axis. The geodesic 7" () still projects onto ¥ and, up to a time
reparametrization, can be identified with the geodesic ¥, (¢) starting at T~"x; and ending at
Y1 —ng € (0,1). The cutting sequence of this new lift of ¥ starts with 7 "0x;R" - -.

We now apply o. Call g; := o7 ™x; and 93 = 67" () the new geodesic (which, again, is a
lift of ). Since the imaginary axis is fixed by o, the starting point g; still belongs to iR~; on the
other hand, the endpoint of y; is now

0T " (Yie) = O(V4oo —10) = =1/ (V4o —1mo) < —1.

Similarly, the starting point 67" (y_.) € (0, 1). This implies that y; is a lift of 7 which satisfies
(A). Since the cutting sequence of y; starts with R" L, as before, we deduce that —n; — 1 <
07T " (Y1) < —ny, with equality if and only if the cutting sequence terminates (in which case the
claim is proved). If it does not terminate, we deduce

np= =0T "(Yie) = 1/ (V4o —@0) = a1.

At this point, we apply 67" to ¥;, and we obtain a new geodesic » = 617"y = ot oT Y,
which projects onto ¥, and satisfies (A) with endpoint 67067 Y, > 1 and starting point
ot"oT Yy € [—1,0). The argument repeats, and hence the claim is proved for ;.

To study the starting point Y_., one applies the map o and considers the geodesic o ()
parametrized with negative times. In this way, the starting point is & (¥, the endpoint is 6(¥_«) =
—1/¥-, and the cutting sequence is ---R™ L0 ¢(g) R"-! L"-2---. The first part of the argument
applies and yields the result —1/y_c. = [n_15n_2,...]. O
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Remark 6.6. 1. The endpoint V. is independent of Y—. and on the part of the cutting sequence
that precedes g, and vice-versa.

2. The ambiguity in the cutting sequence that arises if the geodesic ends in a vertex of a triangle
of T corresponds to the ambiguity in the continued fraction expansion of rational numbers
that we mentioned in §6.1.

The remarkable connection described in Theorem 6.5 betweend geodesics on M and continued
fractions helps in both ways: on one hand, one could use properties of continued fractions to deduce
properties of geodesics on M; on the other hand, it is possible to recover simple and streamlined
proofs of facts on continued fractions from geometric considerations or from facts on the geodesic
flow. We give here a couple of simple examples of this phenomenon, but the story goes on well
beyond what we mention here. The interested reader can find more material for example in [17]
and in further, more recent works.

We can use the properties of the golden mean (1++/5)/2 = [1;1,1,...] to construct a periodic
geodesic on M. More in general, as the next lemma shows, any real number with a periodic
continued fraction expansion gives rise to a periodic geodesic on M.

Lemma 6.7. Let @ > 1 be a real number with a periodic continued fraction expansion. Then, the

geodesic y in T'H with endpoints Y, . = & and Y_.. = —1/a projects onto a periodic geodesic on
M.
Proof. Up to repeating the period, we can write & = [ap;ay,-.-,a2,+1) be a periodic continued

fraction expansion of o with an even period. Consider the geodesic ¥ on M with endpoints V. = &
and ¥_.. = 3, where —1/B = [az,+1;a2s,- - -,a—1). Then, y has a periodic cutting sequence

... [A2r RA2r+1 gLaO R ... [%2r RA2+1 40 . .
which is fixed by the element
l:=ot"or ..ot 0otr “ € SL(2,Z).

This implies that the geodesic 7 is fixed by /, i.e., £(y) = 7. It follows that the projection on M is
periodic. O

On the other hand, we can give a simple proof of the following fact on continued fractions
using what we have seen so far. We say that two numbers o, 8 € R, with & = [ap;ay,...] and
B = [bo;b1,...], have the same tail if there exists k,/ € N such that a, = b, for all n € N; we
say that they have the same tails mod 2 if k+ [ is even.

Lemma 6.8. Two reals a and B have the same tails mod 2 if and only if there exists { € SL(2,7.)
such that (.o = .

Proof. We leave as an exercise to the reader to show the left-to-right implication.

We start by verifying the following claim: if two geodesic have the same endpoint, then their
cutting sequences eventually coincide. Indeed, if two geodesic have the same endpoint, we can
find a side of a triangle in T which is cut by both of them. By applying an element of SL(2,7), we
can map that side to the imaginary axis, hence getting two geodesics starting on the imaginary axis
with the same endpoint. Applying this element of SL(2,7Z) had the effect of shifting the cutting
sequences of the original geodesics. On the other hand, these two new geodesics, by Theorem 6.5,
have the same future cutting sequence, hence the claim is proved.

Let us assume that there exists ¢ € SL(2,7Z) such that /. = 3. Up to applying o and some
appropriate power of 7, we can assume that both ¢, 3 > 1. Choose @ € (—1,1), and consider

67



D. Ravotti Homogeneous Dynamics

the geodesics ¥y, g With starting from @ and with endpoints & and 8 respectively. Now, ¥, and
{(7y) have the same cutting sequence, up to a shift in the symbols (that is, up to choosing the
starting point). Moreover, by the previous claim, the cutting sequences of £(¥y) and y3 eventually
coincide, since they have the same endpoint. Moreover, they must have the same tails mod 2 since
the alternating symbols L and R have to match. 0

Exercise 6.9. Prove that, if a, B € R have the same tails mod 2, then there exists { € SL(2,7Z) such
that L.o0 = B.

Let us finish this chapter by giving a geometric interpretations of the sequence of convergents
of a real number .

Lemma 6.10. Let sq,s1,... be the sides of the triangles in T which mark the changes in the cutting
sequence of Y, (t) for t > 0 from L to R and vice-versa. Then, for n > 0, the endpoints of s, are

pn/Qn and pnfl/anl-

Proof. Let ---L"2R"1 gL R" --. be the cutting sequence of 7,(¢), and let us look at positive
times ¢ > 0. As in the proof of Theorem 6.5, the endpoints of the side s¢ are ag and . Define, as
in Proposition 6.1, p_; =1 and ¢g_; =0, so that o = p_; /q_; and ap = po/qo. After the side s,
there are a; segments of type R. Thus, the left endpoint of s; is still ay = po/qo; however, to find
the right endpoint, we need to perform the Farey addition »; times, and hence we find

p—1t+mpo _ pi

B po/qoD---Dpo/qo = )
/ / qg-1+niqo q1

where we have used Proposition 6.1-(2). We now continue in the same way: the right endpoint of
s» is the same as 51, namely %, whereas to find the left endpoint we need to perform 7, times the
Farey addition, since there are n, segments labeled L. We then deduce that the left endpoint of s is

+n
PO Pl o PL_Potmpi _py
9 g1 g1 qot+tmqr  q2
The proof carries on for all n > 1. O
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Chapter 7

Further topics

7.1 Invariant measures and Ratner’s Theorems

7.1.1 The horocycle flow on compact quotients

7.1.2 Ratner’s Theorem on measure classification
7.2 Quantitative properties

7.2.1 Quantitative mixing

7.2.2 Quantitative unique ergodicity
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