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Preface

The sole purpose of these lecture notes is to help the author in the organization
of the mini-course “Introduction to Ratner theory”, to be held at IMPA on
August 2013, as part of the activities of the thematic semester “Dynamics
Beyond Uniform Hyperbolicity”.

The aim of the mini-course is to introduce Ph.D. students to some beau-
tiful topics of dynamics on homogeneous spaces, with emphasis on Ratner’s
theorems on the classification of orbit closures, invariant measures and equidis-
tribution of actions of subgroups generated by unipotent elements on homo-
geneous spaces.

We tried to give as much as possible details in two situations: when the
topic is not of common knowledge for IMPA students, and when the details
provide a better understanding of the underlying idea. In all other cases we
skipped the details and gave references for the interested reader. Some rec-
ommended references for beginners: [1,3,7,19].

Again: these notes were intended for the author’s understanding, thus be
aware of the many mistakes contained in the text.
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Dynamics on hyperbolic surfaces

This first chapter deals with the simplest example of dynamics on homoge-
neous spaces: the geodesic and horocycle flows on surfaces of constant negative
curvature. It is the “toy model” to understand the role of dynamics in homoge-
neous spaces, both because of its simple description and richness of dynamical
phenomena.

1.1 The hyperbolic plane H

Let H = {2z = x + 4y : y > 0} denote the upper-half plane of C. H is a
manifold of dimension two. Each tangent space T,H is naturally identified
with R? = C. Also, the identity z € H — z € R? is a global chart, thus
TH=H x R? 2 H x C.

Fig. 1.1. The hyperbolic plane H.
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1.1.1 Inner product

We consider a metric in H, called the hyperbolic metric, as follows: given
v,w € T,H = R? with z = « + iy, we let

(v,w), = ?(v,w)7

where (v, w) represents the usual euclidean inner product in R2. The hyper-
bolic metric is conformal to the euclidean metric, thus any isometry of H
preserves euclidean angles!. If y = 1, then (v,w), = (v,w) and so the hy-
perbolic distance of points on the line y = 1 is the euclidean distance. As y
grows, the distances decrease.

The hyperbolic plane together with the hyperbolic metric is called the
hyperbolic space or the Lobachevsky space. It is a complete manifold. We will
usually call it just hyperbolic plane and denote it simply by H, the hyperbolic
metric being implicit.

H is homogeneous: given any two points z,w € H, there is an isometry
that sends z to w. Thus H is highly symmetric, all parts of the space looking
the same.

1.1.2 Mobius transformations

A way of understanding H is by first identifying its isometries. Let
ab
SL(2,R) = {(c d) ca,b,e,d e R,ad —be = 1}.

Given g = (ch Z) € SL(2,R), consider the linear fractional transformation

g : C — C defined by g.z = g’zzig Observe that g.H = H: if z = = + iy € H,
then

az+b  ac(a? +y?) + (ad 4 be)x + bd i Y
cz+d |ez + d|? |ez + d|?

g.z = € H. (1.1)
We call both g : C — C and its restriction g : H — H a Mébius transformation.
Let Mob denote the set of all Mobius transformations. Mob is a group under
the composition operation, and it acts on H in the canonical way.

Given g, h € SL(2,R), the Mobius transformation induced by the product
gh is the composition of the Mobius transformations induced by g and h.
Thus the map SL(2,R) — Mob described above is a group homomorphism.
In particular, SL(2,R) acts on H.

The Mobius transformations represent a large source of symmetries of H.

! Thinking of lines as circles passing through the point at infinity, an isometry of
H sends circles to circles.
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Lemma 1.1. Every g € Mob is an isometry of H.

ab a(cz —(az c
Proof. If g = (Cd> € SL(2,R), then dg(z) = ( +(Cdz)+((i)2+b) = (Czid)Q.

This and equation (1.1) imply that if v, w € T,H, then

(D(Q)U7D(g)w)g~z = 2 (D(g)uD(g)w)

ez +d|* v w
I lcz 4+ d|? |ez + d|?

Indeed, Mob is the set of all orientation-preserving isometries of H.

1.1.3 Geodesics of H

Given v € TH, there is exactly one geodesic with velocity v. If v = (1,0) €
T;H, then this geodesic is the vertical line x = 0. Because the Mdbius transfor-
mations preserve angles, they send this vertical line to a semicircle orthogonal
to the real axis. Because they are isometries of H, any such semicircle is again
a geodesic. Running over all elements of SL(2,R), we obtain all geodesics of
H: they are semicircles orthogonal to the real axis and vertical lines.

A

Fig. 1.2. The geodesics of H.

1.1.4 Hyperbolic surfaces

A complete, orientable smooth surface X is called a hyperbolic surface if it
has constant curvature equal to —1. The hyperbolic plane H gives rise to
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all hyperbolic surfaces: by the Riemann’s uniformization theorem, if X is a
hyperbolic surface, then its universal cover is H. In other words, X = I'\H,
where I is a discrete subgroup of orientation-preserving isometries of H, i.e.
I' is a discrete subgroup of Mob. In this case, TX = I'\TH.

Fig. 1.3. An example of a hyperbolic surface.

1.1.5 The geodesic flow

The geodesic flow on H is the flow defined on the unit tangent bundle T H
whose orbits are the geodesics of H, parameterized by arc length. Formally,
let v € T'H, and let v be the unique geodesic such that 4/(0) = v. The
geodesic flow g = {g; }ser is given by giv = 7/(t). It is well defined because H
is complete.

The path that a geodesic defines in H is a curve which goes to infinity
for positive and for negative times. Thus the geodesic flow has no recurrent
properties. The situation changes if X = I'\H is e.g. a compact hyperbolic
surface. The geodesic flow of X is the projection of ¢ : T'H — T'H to
TX = I'\T'H.

o

AW

gtv

Fig. 1.4. The geodesic flow of H.
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1.1.6 The horocycle flows

Even not being interesting in the ergodic theoretical point of view, the geodesic
flow of H is very special dynamically: it has stable and unstable foliations.
Given v € TH, we define the stable manifold or stable leaf of v as the set

We(v) = {w € TH: tl}?oo d(grv, grw) = O}

of all vectors with the same future as v, and the unstable manifold or unstable
leaf of v as the set

W (v) = {w eTH: tiizn d(giv, grw) = O}

of all vectors with the same past as v.

For example, if i denotes the vector i € T}H, then W*(i) is the set of unit
vertical vectors with base point in the line y = 1 and pointing upward, and
W(i) is the set of unit vectors pointing outside and orthogonal to the circle
that is orthogonal to i and tangent to the real axis (see Figure 1.5).

Fig. 1.5. The stable and unstable leafs of i: vectors on the horizontal line form
W?*(i), and vectors orthogonal to the circle form W*(i).

The images of W#(i) and W"(i) under elements of Mob provide all other
stable and unstable leaves. The stable leaves are of two types:

(i) If v is a unit vertical vector pointing upward, then W#(v) is the set of
unit vertical vectors with base point in the same horizontal line as v,
and pointing upward.

(ii) If v is a unit vector and it is not a vertical vector pointing upward, then
W#(v) is the set of unit vectors pointing inside and orthogonal to the
circle that is orthogonal to v and tangent to the real axis.

A similar description holds for the unstable leaves:
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(i) If v is a unit vertical vector pointing downward, then W*(v) is the set
of unit vertical vectors with base point in the same horizontal line as v,
and pointing downward.

(ii) If v is a unit vector and it is not a vertical vector pointing downward,
then W*(v) is the set of unit vectors pointing outside and orthogonal to
the circle that is orthogonal to v and tangent to the real axis.

Fig. 1.6. The stable and unstable leafs of a generic v € TH: vectors orthogonal to
the circle on the right form W?(v), and vectors orthogonal to the circle on the left
form W*(v).

The family of stable leaves defines a one dimensional foliation of T'H,
called the stable foliation, and the family of unstable leaves defines the unsta-
ble foliation. If we parameterize each stable leaf by arc length, then the stable
foliation gives rise to a flow A, called the stable horocycle flow of H. Doing
the same for the unstable leafs, we define a flow h™, called the unstable horo-
cycle flow of H. Whenever there is no confusion, we will suppress the words
stable/unstable and symbols +, and refer to these flows simply as horocycle
flows and denote them by h.

Like in the geodesic flow, the horocycle flows of H have no recurrent prop-
erties, but the horocycle flows of hyperbolic surfaces X = I'\H do if X is e.g.
compact. The horocycle flow of X is the projection of h : T'H — T'H to
TX = I'\T'H.

1.2 Algebraic description of g, h™, h~

In this section we will obtain an algebraic description of the flows g, h™, h™.
We already started doing this in the description of a group homomorphism
between SL(2,R) and Mob. Let @ denote this homomorphism. @ is “almost”
an isomorphism, because its kernel is {+Id}: %jr's =z iff ez + (d — a)z —
b =0 iff (a,b,¢,d) = £(1,0,0,1). Thus & induces an isomorphism between
PSL(2,R) = SL(2,R)/{£Id} and Mob. We will see in Section 1.2.7 that the
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difference between SL(2,R) and PSL(2,R) is not relevant for us, because any
information on SL(2,R) and its subgroups translates to information on their
projective versions. Nevertheless, in the algebraic description of g, h™,h™ we
will use PSL(2, R).

1.2.1 The group SL(2,R)

SL(2,R) has many important subgroups. Here are the important ones for us:

cosf sinf
K_{<—sin9cost9> 'HGR}
A: <8a91>:a>0}
(ga()l) :aZl} (1.2)

Each of them is one dimensional. K is called the rotation group, and it is
isomorphic to S!. A is called the diagonal group, and it is isomorphic to R*.
U*,U™ are called the unipotent groups, and they are isomorphic to R. An
element of K is called elliptic, an element of A is called hyperbolic, and an
element of UT or U~ is called parabolic. This nomenclature comes from the
way each of them acts on R2, as we’ll now see.

1.2.2 The linear action of SL(2,R) on R?

Below we list some useful properties of the linear action of SL(2,R) on R2.
All of them are easily proved.

K acts by rotation.

A acts by hyperbolic matrices.

U™ fixes each point in the z-axis.

U™ translates horizontal lines x = ¢, for ¢ # 0.
U~ fixes each point in the y-axis.

U~ translates vertical lines y = ¢, for ¢ # 0.
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1.2.3 The hyperbolic action of SL(2,R) on H

Let’s see what are the Mobius transformations associated to A and UT. If

€ A, then a.z = A2z is a dilation. If n = b> € U™, then

= 01

A
0!
n.z = z + b is a horizontal translation.

In particular, SL(2,R) acts transitively on H: for any z,w € H, there is
g € SL(2,R) such that g.z = w. To see this, fix z = ¢ and let w = x+1iy. Thus
<‘6§ \/§1> sends 7 to iy, and <(1) 916> sends 1y to x + iy.

Here are some other (easily proved) properties of the hyperbolic action of
SL(2,R) on H.

e K is the stabilizer of i, and it acts on T;H by rotation.
e K acts transitively on any circle centered at 1.
e AT is a dilation with factor > 1 that preserves the y-axis.

1.2.4 The action of PSL(2,R) on T H

Each element of PSL(2,R) defines an isometry of H, thus PSL(2,R) acts on
T'H as well. Let us show that this action is also transitive: given v, w € T H,
there is g € PSL(2,R) such that Dg(v) = w.

Fix w = i and v € T!H. By the previous section, there is h € PSL(2,R)
such that h.z = i. The group K acts transitively on T}H. Thus there is
k € K that rotates the vector D(h)v to i. By the chain rule, g = kh satisfies
D(g)v = D(k)D(h)v =1i.

The existence of g above is unique: if h € PSL(2,R) also satisfies D(h)v =
w, then h = g. To see this, consider g, h as elements of SL(2,R) and note
that gh~! fixes i. Because it fixes i, we have gh~! € K. Because it also fixes
the direction i, we have g = +h. Coming back to PSL(2,R), this means that
h = g. Thus the map g € PSL(2,R) + D(g)i € T'H is a continuous bijection,
i.e. T'H can be viewed as a Lie group.

In the sequel we represent the geodesic and horocycle flows via this alge-
braic perspective.

1.2.5 The geodesic flow in PSL(2,R)-coordinates

We start by defining the geodesic through i. This geodesic is the imaginary
axis, and its parameterization by arc length is y(t) = el4, t € R. Indeed,

Y (),7 () = %(eti,eti) =1

Thus g,(i) = e'i € T, H. The matrix of PSL(2,R) that sends i to g;(i) is the

t
2 ez -1+0
diagonal matrix (62 9£ ) . To see this, note that % = ¢'4, and that
0 e 2 0-i4+e 2

t
D (602 9£ > i1is a vertical unit vector.
e 2
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Now let v € T*H be arbitrary, and let g € PSL(2,R) such that D(g)i = v.
Because g is an isometry, it sends the geodesic tangent to i to the geodesic
tangent to v. In particular, it sends +/(t) to g¢(v).

208 x

iA gt

gtv

Fig. 1.7. The geodesic flow in SL(2, R)-coordinates.

By composition, the element of PSL(2,R) that sends i to g;(v) is the prod-

t
e 2

uct g <602 0 ) Thus in PSL(2, R)-coordinates g; is a right multiplication:

gt : PSL(2,R) — PSL(2,R)

<e£ 0 ) (1.3)
g—g _t |-
0 e 2

Now let X = I'\H be an arbitrary hyperbolic surface, and let g; also
represent the geodesic flow of X. Because H is the universal cover of X,
T'X = I'\T'H and g; is the projection of the geodesic flow of H under the
quotient map T'H +— I'\T'H. Thus g; can also be represented in PSL(2, R)-
coordinates as a right multiplication:

i : T\PSL(2,R) — I'\PSL(2, R)

ez 0 14
Fg»—)Fg(Oe_;>. (1.4)

1.2.6 The horocycle flow in PSL(2, R)-coordinates

We proceed as above to obtain an algebraic description of the horocycle flows
h*,h~. We will do the calculations for A", and leave the calculations for h~
as an exercise to the reader.

Again, fix i. Its stable horocycle is W*(i) = {i € T'H : 2 € R + i} (see
Figure 1.5). On W*(i), the hyperbolic metric coincides with the euclidean
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metric, thus y(t) = ¢t + 4, t € R, parameterizes the horizontal line R + ¢
by arc length, and h; (i) = v/(t) = i € T}, ,H. The element of PSL(2,R)
that sends i to 7/(t) is the element n € U™ that sends i to y(t), i.e. it is

n= ((1) i) Consequently, if X = I'\H is an arbitrary hyperbolic surface,

then in PSL(2, R)-coordinates h;" is a right multiplication:
hy : I\PSL(2,R) — I'\PSL(2,R)

FgHFg(éi). (1.5)

Analogously,
h; : I'\PSL(2,R) — I'\PSL(2,R)

10
I’gr—>f’g(t1>

is the horocycle flow of X on PSL(2,R)-coordinates.

1.2.7 Comparison of SL(2,R) and PSL(2,R)

Our main object of interest is the unit tangent bundle of hyperbolic surfaces.
As we saw in Section 1.2.4, they take the form I'\PSL(2,R), for some discrete
subgroup I" of PSL(2,R). We want to convince the reader that we can work
with SL(2,R) instead of PSL(2,R). The reason is that unit tangent bundles
of hyperbolic surfaces can also be represented as I'\SL(2,R), where I' is a
discrete subgroup of SL(2, R).

To see this, let I" be a symmetric subgroup of SL(2,R), i.e. —¢g € I" when-
ever g € I'. Let P : SL(2,R) — PSL(2,R) and 7 : PSL(2,R) — PI'\PSL(2,R)
be the canonical projections. Thus Ker(wP) = I', and so I"\SL(2, R) is isomor-
phic to PI'\PSL(2,R). As I" runs over the symmetric subgroups of SL(2,R),
PTI runs over the subgroups of PSL(2, R). Most of the time we will be working
with SL(2,R).

1.2.8 Ergodic theory of Anosov flows

Let X be a compact hyperbolic surface. Its geodesic flow represents the basic
example of Anosov flows.

Definition 1.2. Let M be a smooth compact manifold, and let ¢ be a smooth
flow on M. We say that ¢ is Anosov if there is a continuous decomposition
TM = E*® E°® E" and numbers C > 0, A > 0 such that:

(i) E€ is tangent to the orbits of the flow,

(i) E*, E¢, E* are Dy-invariant,
(i3i) || Dpv® || < Ce™ for all v® € T'E® and t > 0,
(iv) || Dp_v"|| < Ce= for all v® € T'E™ and t > 0.
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Anosov proved that a flow satisfying (i)—(iv) exhibits chaotic behavior
in many different perspectives. For example, it has infinitely many periodic
orbits. Actually, Margulis proved that if X is a compact hyperbolic surface
and 7(7T) is the number of closed geodesics of X of length at most 7', then

lim 2Te Tn(T)=1.
T—~+o00

In particular, it is impossible to classify all invariant measures for g;: they
are just too many. We will see that the horocycle flow belongs to the other
spectrum, and that it is uniquely ergodic in most situations. The main reason
for this is that, contrary to the geodesic flow, which is defined by hyperbolic
matrices, the horocycle flow is defined by unipotent matrices, and their “poly-
nomial behavior” does not allow chaotic behavior. This is the role of Ratner’s
theory.

Let u = (Haar measure on X) x (Haar measure on S'). u is a measure sup-
ported on T'X, invariant under g;. Below we list some properties of geodesic
flows of compact hyperbolic surfaces.

e ¢ has positive topological entropy?.

e ¢ has Markov partitions. In general, Axiom A flows have Markov partitions
(Bowen [2]).

w is mixing (see Chapter 3).

(g, 1) is a K-flow (Anosov and Sinai).

(g, 1) is a Bernoulli-flow: every pair (g¢, ) is metrically conjugate to a full
shift on finitely many symbols with a product measure (Ornstein and Weiss
[20)).

We end this chapter proving that both A+, h~ have zero topological en-
tropy. Let us show this for A*. By the matrix identity

()G D0 e

we have gihsg_t = hget, i.e. hg and hget are conjugate. In particular, s = 1
and ¢t = log 2 give that hy and hy are conjugate, thus h; has zero entropy.

2 The topological entropy of a flow ¢ is defined as the topological entropy of its
time-one map.
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Ratner’s theorems

In this chapter we will state Ratner’s theorems, and provide the necessary
background to understand their setup. In a few words, the idea is to use
horocycle flows of hyperbolic surfaces as a basis model: hyperbolic surfaces
will be changed to quotient spaces of Lie groups by lattices, and horocycle
flows will be changed to actions of subgroups generated by unipotent elements.

2.1 Homogeneous spaces

2.1.1 Group actions

Let G be a locally compact Hausdorff topological group with identity e, and
let X be a locally compact Hausdorff topological space. A left action of G on

X is a continuous map
GxX—X

(9,7) = gz
such that:

(i) e acts by identity: ex = x for all z € X,
(ii) associative: (gh)x = g(hx) for all g,h € G and z € X.

A right action of G on X is defined similarly: it is a continuous map
XxG—=X
(z,9) — xg
such that:

(i) e acts by identity: ze = x for all z € X,
(ii) associative: x(gh) = (xg)h for all g,h € G and z € X.

We will mostly consider right actions. We can always assume that this
is the case, because every left action defines a right action and vice-versa: if
(9,7) € G x X + gr € X is a left action, then (7,9) € X x G+ g v € X
is a right action.
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2.1.2 Homogeneous spaces: general definition

Assume that G acts on X on the right.

Definition 2.1. We say that X is a homogeneous G-space or simply a homo-
geneous space if G acts transitively, i.e. if for each x,y € X there is g € G
such that g = y.

If we think of the elements of G as isometries of X, then a homogeneous
space is a space that locally looks the same at each point.

We will see in the next sections that a homogeneous space X is homeo-
morphic to a quotient space I'\G, where I" is a discrete subgroup of G. If
furthermore X has a G-invariant probability measure, then I" is a lattice.

Classically, the notion of homogeneous spaces is restricted to the action of
a Lie group on a manifold (see e.g. [14]). When G is a Lie group, the classical
definition coincides with Definition 2.1.

2.1.3 Lie groups

A smooth manifold G is called a Lie group if it has group operations of mul-
tiplication and inversion such that the map

GxG—d

(z,y) =y~ 2.1)

is smooth. As being a group, G itself acts on G both on the right and on the
left.

The smoothness of the map (2.1) implies that, for each h € G, both the left
translation Ly : g — hg and the right translation Ry : g — gh are smooth. To
see this, note that Ly, is the composition of the immersion g € G — (h,g™1) €
G x G with the map (2.1), and a similar statement holds for Rj,.

Here are some examples of Lie groups:

(St,.) is a one dimensional commutative compact Lie group.

e (R™, +) is a commutative Lie group of dimension n.

K,A,UT,U~ defined in Section 1.2.1 are one dimensional commutative Lie
groups.

(GL(n,R),-) is a noncommutative Lie group of dimension n?.
(SL(n,R), ) and (PSL(n,R), -) are noncommutative Lie groups of dimension
n? —1.

(SO(m,n),-) is a noncommutative Lie group of dimension

m4n)(m+n—1
(mn)(mtn=1)

2.1.4 Invariant distances

The action of G on itself allows us to define distances with additional symme-
tries. Let (-, ). be an inner product on T,G. For each g € G, define an inner
product (-,-), on T,G by
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(v,w)g = ((DLy-1)gv, (DLg-1)gw). , Yv,w € TyG. (2.2)

This defines a smooth metric on G. It is smooth because the expression (2.2)
is smooth on g,v and w. Let d be its associate distance. We claim that d is
left-invariant, i.e. d(hg1, hg2) = d(g1, g2) for all g1, g2, h € G. In other words,
we claim that every Ly is an isometry of (G,d). To see this, fix g € G and
v,w € TyG. By the definition of (-,-), and by the chain rule,

((DLh)gv7 (DLh)gw>hg = ((DL(hg)*l)hg(DLh)g% (DL(hg)*l)hg(DLh)gw)e
= ((DLg—l)g'U, (DLgfl)gw)e
:( ’w)g'

In general, d is not right-invariant. If it is, we say that d is bi-invariant. In
these notes we will only consider left-invariant distances.

2.1.5 Haar measures

A Borel measure p on G is called left-invariant if u(X) = p(gX) for all Borel
sets X C G and all g € G. One such measure always exists, and moreover it
is regular in many senses.

Theorem 2.2. There is a countably additive Borel measure y on G, unique
up to multiplication by scalar, satisfying the conditions below.

(i) p is left-invariant.
(ii) w(K) < oo for all K C G compact.
(iii) p is outer regular: for any Borel set X C G,

w(X) =inf{u(A): AD X is open}.
(iv) p is inner regular: for any Borel set X C G,
w(X) =sup{u(K) : K C X is compact}.

See e.g. [10]. We call i a left Haar measure. By symmetry, there is a unique
(up to multiplication by scalar) right Haar measure: a countably additive Borel
measure which is right-invariant and satisfies (ii)—(iv). For general groups, left
and right Haar measures do not coincide. If they do, G is called unimodular.
Here are some examples of unimodular Lie groups:

e Compact groups, e.g. St and SO(2).
e Semisimple Lie groups (see Section 2.2.1 for the definition), e.g. GL(n,R)
and SL(n,R).

In Chapter 3 we will describe the Haar measure of SL(2,R), and we will show
that SL(2,R) is unimodular.

In these notes we will only consider left Haar measures. Here are some
examples:
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e The Haar measure of R" is the Lebesgue measure.
e Let G, H be groups, and let ¢ : G — H be a isomorphism. Then p,uc =

bH-
e Let S = AU™. In the parameterization

Sz{(%ab1>:a>07beR} (2.3)

we have dug = %dadb, as we’ll prove in Section 3.1.5.

2.1.6 Quotient spaces and lattices

Let G be a Lie group, and let I" be a subgroup of G. Let ~ be the equivalence
relation defined by: g ~ h iff gh=! € I'. An equivalence class of ~ is called
a right coset, and denoted by I'g. The space of cosets is called the quotient
space, and denoted by I'\G. I'\G is a group iff I" is a normal subgroup.

G acts on I'\G on theright: ifx = I'g € I'\G and h € G, then xh = I'(gh).
Such action is well defined: if g1 ~ go, then gi1h ~ goh.

Definition 2.3. I is called discrete if it is discrete in the topology of G, i.e.
if for every g € I there is a ball B.(g) C G such that B.(g) NI = {g}.

By the invariance of d, I" is discrete iff there is a universal € > 0 such that
B.(g) NI ={g} for every g € G.

If I is discrete, then I'\G is a manifold of same dimension as G. Further-
more, it is a Riemannian manifold, because we can consider a left-invariant
metric d on G and induce it to a metric dp on I'\G by

dr(I'g,I'h) = inf{d(g,vh) : v € I'}.

Note that

e dp is symmetric: this follows from the left-invariance of d.

e dp is non-degenerate: let € > 0 such that B.(g) N I" = {g} for all g € G.
If dr(I'g,I"h) = 0, then there are v, € I' such that d(g,v,h) — 0. In
particular, there is r > 0 such that v,h € B,(g) for all n. Because the
right translation Rj,-1 is smooth, there is C' > 0 such that Rj,-1|p, (g is
C-Lipschitz. Thus

d(Vns Ym) = d(Rp-1(vah), Rp-1(Yymh)) < Cd(ynh, ymh) < €

if m, n are large enough. This contradicts the discreteness of I'.
e d satisfies the triangular inequality: let g, h, k € G. If 1,72 € I', then

d(g,v172k) < d(g,v1h) + d(y1h, iy2k) = d(g, v1h) + d(h, 72k).

Running over ~1, 7, gives that dr(I'g, I'k) < dp(I'g,'h) + dp(T'h, k).



2.1 Homogeneous spaces 23

Locally, I'\G looks like G. Let m : G — I'\G be the projection. Each
g € G has an injectivity radius, i.e. a positive real number r = r(g) such
that the restriction m|p (4) is a homeomorphism onto its image. Because
7 is continuous, we just need to guarantee injectivity. Choose r such that
d(hk=1 e) < ¢ for all h,k € B,.(g). The choice is possible because the map
(h.k) € G x G~ hk™' € G is continuous and sends (g,g) to e. Thus 7|p, (4
is injective: if h, k € B,.(g) with I'h = I'k, then v = hk~! € I" and d(v, ¢e) < &,
i.e. h = k. When I'\G is compact, there is a universal r = r(I") > 0 such that
T|B,(g) is injective for every g € G.

I'\G also has volume measures. For that we need the notion of fundamental
domain. A fundamental domain of I' is a Borel set F' C G such that

G = |_|7F.

yer

Fundamental domains always exist (see e.g. [12]). Let us give two examples.

(i) Z™ is a discrete subgroup of R", and F = {(z1,...,2,) € R" : 0 <
X1,...,2Tn < 1} is a fundamental domain of Z™.

(ii) PSL(2,Z) is a discrete subgroup of PSL(2, R). Figure 2.1 depicts a funda-
mental domain of the action of PSL(2,Z) on H: it is the region enclosed
by the vertical lines = 0.5 and = —0.5 and the circle C' = {|z| = 1}.
Via the isomorphism PSL(2,R) = TH, the unit tangent bundle of this
region “represents”! a fundamental domain of PSL(2,Z).

-1 —-0.5 0 0.5 1
Fig. 2.1. The unit tangent bundle of the region R enclosed by the vertical lines
z = 0.5 and z = —0.5 and the circle {|z| = 1} “is” a fundamental domain of
PSL(2,Z).

L 'We put quotes because there are some technicalities regarding the three points
of intersection of C' with the vertical lines x = —0.5, x = 0 and x = 0.5: on these
points the fundamental domain folds into itself.
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‘We will now show that fundamental domains are universal in the sense of
the Haar measure p.

Lemma 2.4. Let By, By C G be Borel sets such that w|p,, m|p, are isomor-
phisms onto their images, and w(B1) = w(Bs). Then u(B1) = pu(Bs).

Proof. We claim that

Bi=| |(BinyBy) and By = | |(vBiN By). (2.4)
ver yell

Let us prove the first equality (the second is analogous). If ¢ € Bj, then
7(g) € m(B1) = 7(B2), thus there is v € I" such that vg € By. Because 7|p,
is injective, v is unique. Equality (2.4) and the left-invariance of p give that

p(B1) = > w(BiNyBy) =Y pu(y 'BiNBy) =Y p(yB1N By) = u(By).
yel' yel’ ~yel’

Let I’ be a fundamental domain of I'. Define a measure pp\g on I'\G
by pra(A) = w(F N t(A)). By Lemma 2.4, upr\ g does not depend on the
choice of F'. In general, yip\ ¢ is not finite nor G-invariant.

Definition 2.5. I is called a lattice if pp\q is finite. If I'\G is also compact,
we call I' a uniform lattice or a cocompact lattice.

Only unimodular groups have lattices, thus whenever we refer to a lattice
I, it will be implicit that G is unimodular. Quotients by lattices are special
because they carry G-invariant measures (remember that G acts on I'\G on
the right).

Proposition 2.6. Let G be a Lie group, and let I' be a discrete subgroup of
G. The following are equivalent:

(i) I is a lattice.
(i1) I' has a fundamental domain F such that p(F) < +oo.
(ii) I'\G supports a G-invariant probability measure.

In this case, the G-invariant probability measure is unique and equal to a
multiple of i\ -

From now on, we normalize pr\ ¢ to become a probability measure. Thus
pr\¢ is the unique G-invariant probability measure on I'\G. We call up\q
the Haar measure of I'\G.

If G = R™ then the notion of lattice equals to the geometrical notion of
lattices. For example, Z"™ is a lattice of R™. It is even cocompact: T™ = Z™\R"
is compact.

Here is another example, not coming from euclidean spaces: PSL(2,Z) is
a lattice of PSL(2,R). To prove that it is a lattice, we calculate the Haar
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measure of the fundamental domain described in Figure 2.1 (see Section 3.1.5
for the proper definition of the Haar measure of PSL(2,R)):

s 1 0.5 o0 1
w(T'R) = / / —dxdydf < 271'/ / —drdy < 400.
—-xJRY -05J05 Y

2.1.7 Homogeneous spaces as quotient spaces

If I is a discrete subgroup of G, then I'\G is a homogeneous space in the
sense of Definition 2.1: if x = I'g,y = I'h € I'\G, then x(g~'h) = y.

Reciprocally, homogeneous spaces are homeomorphic to quotient spaces,
perhaps by a non discrete subgroup. To see this, let X be a homogeneous
space, and let Stab(x) = {g € G : xg = 2} denote the stabilizer of x. Stab(x)
is a subgroup of G: if g, h € Stab(x), then x(gh) = (xg)h = zh = x. Fix some
L = Stab(z). Then the map Lg € L\G — xg € X is an homeomorphism.

Assume that L is discrete. Then X carries a G-invariant probability mea-
sure px iff L is a lattice of G. In this case, pux is unique and equal to the
push-forward of the Haar measure i\ ¢ under the homeomorphism described
above.

From now on, we restrict the term homogeneous space to refer to a quotient
X = I'\G such that I" is a lattice. We call the unique G-invariant probability
measure py the Haar measure of X.

2.2 Unipotent actions

2.2.1 Lie algebras

A Lie algebra is a real vector space b together with a bilinear map [-,] :
b x b — b satisfying:

(i) antisymmetry: [X,Y] = —[Y, X] for all X,Y € b, and
(ii) Jacobiidentity: [ X, [Y, Z]|+[Y, [Z, X]]+[Z,[X,Y]] = Oforall X, Y, Z € b.

Given X,Y € b, the vector [X,Y] € b is called the bracket of X and Y.
The most important example of a Lie algebra is defined on the tangent space
T.G of a Lie group G, as we’ll now see.

Let b be the set of vector fields? on G. b is an infinite dimensional real
vector space. The usual bracket [X,Y] = XY — Y X defines a Lie algebra
(b,[-,-]). We say that X € b is left-invariant if L,X = X for all g € G. Let
g C b be the subspace of left-invariant vector fields. g is closed under brackets:
if X,Y €g, then L,[X,Y] = [L,X,L,Y] = [X,Y].

2 A vector field on G is a smooth map X : G — TG such that X(g) € T,G for
allg € G. If ¢ : G — G is a diffeomorphism, we denote by ¢X the vector field

(6X)(9) = Doy-1(4)(X (67" (9)))-
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Definition 2.7. (g, [-,]) is called the Lie algebra of G.

Here is an infinitesimal interpretation of (g, [-,-]). As a vector space, g is
isomorphic to T.G via the evaluation map X € g — X(e) € T.G. Thus we can
induce the bracket on T.G: given v, w € T.G, define [v,w] := [X,Y](e), where
X and Y are the left-invariant vector fields with X (e) = v and Y (e) = w.

Below we list some examples of Lie algebras, and refer to chapter 15 of
[14] for details.

(i) R": g 2 R" and [X,Y] =0.
(i) S*: g= R and [X,Y] = 0.
(iii) GL(n,R): for each X € M(n,R),
2X2 3 X?

2+6

alt) =exp(tX)=T+tX + + (2.5)
defines a curve in GL(n, R) passing through I with velocity X. Thus g &
M(n,R). The bracket is the commutator of matrices: [X,Y] = XY -Y X.
We denote (g, [, -]) by gl(n,R).

(iv) SL(n,R): TrSL(n,R) is isomorphic to the space of trace zero matrices of
GL(n,R). The bracket is again the commutator of matrices. We denote

(g ['» ]) by sl(n,R).

The Lie algebra gives information on the local algebraic structure of the
Lie group (one cannot expect to get an isomorphism between Lie groups and
their Lie algebras, because the former is an infinitesimal object). Here is an
example of its role on this relation.

Theorem 2.8 (Fundamental theorem of Sophus Lie). Two Lie groups
are locally isomorphic (there is a local smooth isomorphism) iff their Lie al-
gebras are isomorphic.

Reference [14] contains this and other results on Lie groups.

2.2.2 Adjoint transformations and unipotent elements

Let h € G, and let C: g € G — hgh™! € G be the conjugation by h. C fixes
the identity e, thus DC, is a linear isomorphism of g. We call it an adjoint
transformation of G, and denote it by Ad,.

To exemplify, let’s calculate the adjoint for linear groups, e.g. GL(n,R).
Fix g € GL(n,R) and X € gl(n,R), and let « as in (2.5). The conjugacy by g
sends v to gexp(tX)g~!, thus Ad,X = gXg~! is again a conjugacy.

In linear algebra, a linear transformation A is unipotent if all of its eigen-
values are equal to 1, or equivalently if A = I + N where N is nilpotent. The
Lie algebra allows us to make a similar statement for elements of Lie groups.

Definition 2.9. An element g € G is called unipotent if Adg, is a unipotent
linear transformation.
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This definition coincides with the classical one for linear groups. To see
this, let g = I + N € GL(n,R), where N*¥*1 = 0. Thus

AdgX =T+ N)X(I =N+ + (-1)"N*) = X + f(X),

where f(X) = Ziﬂ‘>0 a;; N'XN7. Iterating 2k times, we get that 2E(X) =
Zi+j>2k bi; N'* X N7 = 0, because either N* =0 or N/ = 0. Thus Ady, = I+ f,
where f is nilpotent.

2.3 Ratner’s theorems

We are finally able to state Ratner’s theorems. The setup is:

G is a connected Lie group.

I' is a lattice of G.

X is the homogeneous space I'\G.

U is a closed connected subgroup of G generated by unipotent elements.

Ratner’s theorems are rigidity theorems about the U-action on X, at three
different levels: orbit closure rigidity, measure rigidity and equidistribution.
For the historical perspective that led to Ratner’s theorems, we refer to [21].

2.3.1 Ratner’s orbit closure theorem

Also known as Raghunathan’s conjecture, the first theorem classifies orbit clo-
sures of U-actions. It was first proved by Ratner in [24].

Given z € X, let 2U = {zu : u € U} denote the U-orbit of z. In some
cases xU is very simple, e.g. if U = {u; : t € R} is a one-parameter subgroup
and zu; = x for some ¢, then zU is closed and isomorphic to S'.

In general, zU is not closed, e.g. the horocycle flow of hyperbolic surfaces
has dense orbits. Ratner’s orbit closure theorem says that, although U may
be complicated, its closure zU is nice: it is the L-orbit for some closed subgroup
L containing U.

Definition 2.10. A subset A C X is called U-homogeneous if there is a closed
subgroup L D U and a point x € X such that A = xL is a homogeneous L-
space.

Some remarks concerning the above definition:

e The L-action we consider in L is the right action: (zl1)ls = z(l1l2).

e This L-action is transitive: if zl, 21y € L, then (zl1)(I] 'l2) = zls.

e If x = I'g, then xL is a homogeneous L-space iff L N g~ 'I'g is a lattice of
L: the map | € L — 2zl € xL induces a homeomorphism between Stab(z)\L
and xL. Note that Stab(x) = L N g~1I'g, because
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wl=x & Igl=Tg < glg' €I < lcLng 'Iy.

By Proposition 2.6, zL is a homogeneous L-space iff LN ¢~ 'Ig is a lattice
of L.

Ratner’s orbit closure theorem states that orbit closures of unipotent sub-
groups are homogeneous.

Theorem 2.11 (Ratner’s orbit closure theorem). Let X = I'\G be a
homogeneous space, where G is a connected Lie group, and let U be a closed
connected subgroup of G generated by unipotent elements. If x € X, then U
1s U-homogeneous.

This conclusion is far from being true if we drop the unipotent assumption,
e.g. some orbit closures of geodesic flows are horseshoes.

Note that if U = zL, then L acts on zU. Unless L = U, there is no
obvious reason for this to be true. This means that the closure of U is much
richer and nicer that zU itself.

2.3.2 Ratner’s measure classification theorem

The second theorem classifies what are the invariant Borel probability mea-
sures for U-actions. By the ergodic decomposition, any invariant probability
measure is the convex combination of ergodic invariant probability measures.
Thus it is enough to classify the ergodic invariant Borel probability measures.
Dani conjectured that all such measures are algebraic in the sense to be de-
fined below. Let X = I'\G be a homogeneous space, and let x be an ergodic
U-invariant Borel probability measure on X.

Definition 2.12. u is called algebraic if there is a closed subgroup L of G and
a point x € X such that xL is homogeneous and p = pizr, .

In the series of works [22-24] Ratner established Dani’s conjecture.

Theorem 2.13 (Ratner’s measure classification theorem). Let X =
I'\G be a homogeneous space, where G is a connected Lie group, and let U
be a closed connected subgroup of G generated by unipotent elements. Then
every ergodic U-invariant Borel probability measure on X is algebraic.

2.3.3 Ratner’s equidistribution theorem

The notion of equidistribution requires to consider averages along F¢lner se-
quences. Thus we need to restrict ourselves to amenable subgroups. Let U
be a one-parameter unipotent subgroup, i.e. U = {u; : t € R} where u; is
unipotent for all ¢ € R. Given a bounded continuous functions f : X — R, we

consider averages of the form + fOT f(zug)dt, where T' > 0.
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Definition 2.14. A point x € X is called U-generic if there is a closed sub-
group L D U such that xL is homogeneous and

1T

for every bounded continuous f: X — R.

Theorem 2.15 (Ratner’s equidistribution theorem). Let X = I'\G be
a homogeneous space, where G is a connected Lie group, and let U be a one-
parameter unipotent subgroup of G. Then every x € X is U-generic.

In particular, the above theorem implies that every x € X is recurrent:
there is a sequence t; 1 400 such that zu,, — z. We would like to con-
trast this conclusion with Poincaré’s recurrence theorem: while Poincaré’s
recurrence theorem implies that almost every z € X is recurrent, Ratner’s
equidistribution theorem asserts that every x € X is recurrent.

2.3.4 A simple example: toral translations

Here we discuss an application of Ratner’s theorems for translations on tori.
Toral translations are a classical object in ergodic theory, thus we use this
example to clarify Ratner’s theorems. The conclusions below were know even
before Ratner’s work, by means of tools such as harmonic analysis.

Let T" = Z™\R" be the n dimensional torus. Given = € R", denote x
(mod Z™) by [z]. Every v € R™ is unipotent, because Ad,(v) = u+v—u =v.
The flow generated by w is the translation on T” by w, i.e. [x]u; = [z +tu]. By
Ratner’s orbit closure theorem, the closure of [z + Ru| is homogeneous: there
is a closed subgroup L containing {tu : ¢ € R} such that [z + Ru] = [z + L]
and LN (x+2Z" —x) = LNZ" is a lattice of L. Indeed, L is a subspace of R"
(exercise).

For example, let n = 2 and u = (ug, ug).

o If uy, uy are rationally dependent, then [z 4+ Ru] is periodic, i.e. L is a line
with rational slope.

e If uy,us are rationally independent, then [z+Ru] is dense in T?, i.e. L = R2.
By Ratner’s equidistribution theorem, every such z is generic wrt pre.
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Horocycle flows of hyperbolic surfaces

Let X = I'\SL(2,R) be a homogeneous space. In the sequel, we will fix the
stable horocycle flow h;". We will denote it simply by h; and the subgroup U+
by N. Firstly, we remind the description of h; in SL(2,R)-coordinates, given
by equation (1.5):

he : X - X

core(11) @

(1) i) is unipotent. By Section 2.2.2, N is a one-parameter
unipotent subgroup, thus h; is an action on a homogeneous space by a one-
parameter unipotent subgroup, which is the setup of Ratner’s theorems. The
goal of this chapter is to discuss some of the historical developments of or-
bit closure, measure rigidity and equidistribution for h; that led to Ratner’s
theorems. They are:

The matrix

e Hedlund: if X is compact, then h; is minimal and px is ergodic [11].

e Furstenberg: if X is compact, then h; is uniquely ergodic [9].

e Dani-Smillie: if X is not compact, then the hs;-invariant probability mea-
sures are either px or are supported on periodic orbits [6].

The idea is to discuss these results without the aid of Ratner’s theorems.
We will give a self-contained proof of Furstenberg’s theorem, and also deduce
it from Hedlund and Ratner’s measure classification theorems.

Furstenberg explores the relation between g; and h; by means of two facts:

(i) g+ renormalizes h,: this is the matrix identity (1.6). The orbits of h; are
expanded/contracted by g¢. This idea goes back to Hedlund [11].

(ii) (g¢, px) is mixing.

We will give a self-contained proof of (ii) in Section 3.4. This is Howe-Moore’s
theorem.
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3.1 More on the group SL(2,R)

Firstly, we complement the discussion of Section 1.2.1 and collect more infor-
mation about SL(2,R).

3.1.1 KAN decomposition

The subgroups K, A, N described in equation (1.2) give a coordinate system
for SL(2,R), called the KAN decomposition.

Lemma 3.1. (k,a,n) € K x A x N — kan € SL(2,R) is a diffeomorphism.

Proof. The above map is differentiable, because multiplication on SL(2,R)
is. Let {e1,e2} be the canonical basis of R%. We consider the linear action of
SL(2,R) on R? (see Section 1.2.2) and identify g € SL(2, R) with the positively
oriented basis {ge1, gea} it defines. The parallelogram with sides geq, ges has
unit area. We prove surjectivity as follows: starting with an arbitrary such
basis, we find elements k € K, a € A, n € N such that n”'a" k™! sends
{ge1,gea} back to {e1,ea}. Thus n~ta kg =e, ie. g = kan.

/
v €1

w’ €2
w Ll a1 -l
P O
€1
Fig. 3.1. The KAN decomposition of SL(2,R).

Let {ge1,gea} = {v,w}. Choose k € K such that k~'v = v’ is horizontal
and has positive x-coordinate. Choose a € A such that a~!v’ = e;. Thus
a~'k~1 sends {v,w} to {e1,w’'}. Because the parallelogram with sides ej, w’
has unit area, w’ = (x, 1) for some x € R. Choose n € N such that n™ 1w’ = es.
Because n~! fixes e;, n=ta" k™! sends {v,w} to {e1,ea}.

Now we prove injectivity: assume that kiain; = ksasns, ie. k;lkl =
agngnl_lal_l. Both A, N preserve the z-axis and its orientation. The only
element of K that does this is e, thus k1 = ko, i.e. al_lag = n1n2_1. Because
AN N = {e}, it follows that a; = ag and ny = na.

3.1.2 Cartan decomposition
a 0

0a™
scribed in the lemma below.

Let At = 1) ra> 1}. The Cartan decomposition of SL(2,R) is de-

Lemma 3.2. (k,a,l) € K x A* x K + kal € SL(2,R) is a diffeomorphism.
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Proof. We consider the hyperbolic action of SL(2,R) on H (see Section 1.2.3).
Below, distances and balls are wrt the hyperbolic metric. We prove surjectivity
as follows: given v € T1H, there is k,l € K and a € A™ such that D(kal)v = i.
Let’s first describe how K and A" act on H. Let B denote the circle with
center i and radius d = d(z,4). B intersects the y-axis in two points, one
below ¢ and one above . Let w be the below intersection. Choose [ € K such
that .z = w, and choose a € AT such that a.w = i. Thus (al).z = w and
u = D(al)v € T!H. Choose k € K such that D(k)u = i. By the chain rule,
D(kal)v = D(k)u =1i.

Fig. 3.2. The Cartan decomposition of SL(2,R).

To get injectivity, note that [ is uniquely defined by the distance between
z and w, and a € A" is uniquely defined by the distance between w and i.

3.1.3 SL(2,R) is generated by unipotent elements

Remember U, U~ defined in equation (1.2).
Lemma 3.3. SL(2,R) is generated by U™ and U~ .

Proof. We again consider the linear action of SL(2,R) on R? (see Section
1.2.2). Let {v,w} = {ge1, gea}. We have two cases:

e v does not belong to the z-axis: choose us € U™ such that uglv belongs
to the line 2 = 1, and choose uy € U~ such that uy 'uz ‘v = e;. Because
w' = u;luglw belongs to the line y = 1, there is u; € U such that
ul_lw’ = es.

e v belongs to the z-axis: choose any u € U~ such that uv does not belong
to the z-axis and apply the previous case to the pair {uv,uw}.

3.1.4 Decomposition of Haar measures

The decompositions of the previous sections allow us to describe ugr2,r) as
a product of Haar measures of subgroups. We follow a more general setup,
borrowed from part VIII of [13].
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Let G be a unimodular Lie group, and let S, T be closed subgroups of G.
Assume that SNT = {e} and that ST contains a neighborhood V of some
g € G. The map ¢ : (s,t) € S x T +— st € G is injective. It gives a coordinate
system for its image Im(y) = ¢(S x T'), thus ¢ has local charts in terms of S
and T. Let v = pg X ppr. The lemma below says that the restriction of pug to
V' is, in the coordinate system ¢, equal to v.

Lemma 3.4. After a normalization of v, o3 (ualv) = vle-1(v).

Haar measures of homogeneous spaces I'\G can also be locally expressed
as a product, because the projection G — I'\G is a local diffeomorphism.

3.1.5 Haar measure of SL(2,R)

Let S = AN, as in equation (2.3). By Lemma 3.1, the map (a,n) € A X N —
an € S is a diffeomorphism. A, N and S are closed subgroups, thus by Lemma
3.4 we have us = pua X un. Because S and K are closed, we can repeat the
argument above to get that pgpor) = K X fa X pn-

Below we give explicit descriptions of pg, pa, pin, pts, gsr(2,r) in terms of
the parameterizations (1.2) and (2.3).

cosf sinf

e The map (—sin@ cos

> € K — 0 € S! is an isomorphism, thus dux = df.

The map (8 a01) € A loga € R is an isomorphism, thus dua = %da.

The map ((1) 11)) € N — b € R is an isomorphism, thus duy = db.

dps = duaduny = édadb.
dpst2,r) = duxdpadpn = Ldadbdf.

3.2 Hedlund’s theorem

Let X = I'\SL(2,R) be a homogeneous space. Exploring the relation between
h: and g¢, Hedlund proved the following.

Theorem 3.5 (Hedlund [11]). Every orbit of the horocycle flow is either
periodic or dense in X, and px is ergodic. In particular, if X is compact,
then the horocycle flow is minimal.

Note that the second conclusion indeed follows from the first one: because
a horocycle orbit is a stable manifold of the geodesic flow, it can not be
simultaneously closed and contained in a compact set.

Theorem 3.5 goes in the opposite direction of the geodesic flow, that has
many periodic orbits (and thus is far from being minimal). In the next section
we will prove part of Hedlund’s theorem, namely that px is ergodic for the
horocycle flow. The proof uses the so called Mautner phenomenon.
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3.3 Mautner phenomenon

We first need to discuss a little about representation theory.

3.3.1 Representations

Let H be a Hilbert space with inner product (-, -), let GL(#) be the set of linear
automorphisms of H, and let U(#H) be the set of unitary linear automorphisms
of H.Le. ¢ € UMH) iff ¢ € GL(H) and {(p(v), p(w)) = (v,w) for all v,w € H.
Both GL(#) and U(H) are groups with the composition operation.

Definition 3.6. Let G be a group. A representation of G is a group homo-
morphism m : G — GL(H). A unitary representation of G is a group homo-
morphism 7 : G — U(H).  is called strongly continuos if the following holds:
if gn — g in G, then 7(gn)v — 7w(g)v in the strong topology of H, for all
veH.

In other words, for each g € G there is a linear automorphism 7(g) : H —
H and these maps satisfy w(gh) = w(g)7(h) . Given v € H, 7(g)v € H denotes
the evaluation of the map 7(g) in the vector v. We already saw an example of
a representation in Section 2.2.2. Let G be a Lie group, and let H = g be its
Lie algebra. Define Ad : G — GL(g) by Ad(g) = Ad,. Ad is called the adjoint
representation.

There is another class of representations, coming from measure-preserving
actions. It is called the Koopman-von Neumann representation. Consider a
measure-preserving G-action on a measure space (X, ). Let

H = I3(X,p) = {f e 220X): [ fau= o}

and let 7 : G — U(L3(X,p)) be defined by w(g9)f = fog™!, ie 7w(g)f €
L3(X, ) is the function defined by [7(g) f](x) = f(xg~!). 7 is unitary, by the
invariance of u. If the G-action is continuous, then 7 is strongly continuous.

Koopman-von Neumann representations are important because they char-
acterize many ergodic properties of the G-action. Remember that G acts on
(X, u) ergodically if every subset A C X such that Ag = A for all g € G is
measure-theoretically trivial, i.e. u(A) = 0 or u(X — A) = 0. In the spectral
perspective, call a function f € LE(X, pu) invariant if ©(g)f = f for all g € G.
Thus G acts ergodically iff 0 is the only invariant function.

Now assume that G = Z. Mixing can also be translated to a spectral
property of the Koopman-von Neumann representation. If 1 is a generator
of Z, then the Z-action is mixing iff lim,, i {(m(n)f,g) = 0 for all f,g €
L3(X, pux). This former expression defines a matrix coefficient of .

Definition 3.7. Let 7 : G — GL(H) be a representation. Given v,w € H, the
function g € G — fu.,(9) = (m(g)v,w) is called a matric coefficient of .
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Using the analogy of actions and their Koopman-von Neumann represen-
tations, we define notions of ergodicity and mixing for a representation. Given
a representation 7 : G — GL(H), we say that v € H is invariant if 7(g)v = v
for all g € G.

Definition 3.8. 7 is called ergodic if 0 is the only invariant vector. 7 is called
mixing if its matriz coefficients vanish at infinity: for every v,w € H we have
lirng—)oo fvﬂu(g) = 0.

By limg o0 fu,w(9) = 0 we mean the following: for every € > 0 there is a
compact K C G such that |f, ,(g)| <e forall g ¢ K.

3.3.2 Mautner’s lemma

Mautner’s lemma is a functional analytical tool that provides extra invariance
for unitary representations. It is a translation of the property that the geodesic
flow renormalizes the horocycle flow.

Lemma 3.9 (Mautner’s lemma). Let 7 : G — U(H) be a strongly contin-
uous representation. Let gn,h € G such that g, *hg, — e, and let v € H. If
7(gn)v = v for all n, then w(h)v = v.

There is also a version of Mautner’s lemma for the weak topology, which
is more general and serves to our purposes. We denote convergence of v, to v
in the weak topology by v, — v or by w—limv,, = v.

Lemma 3.10 (Mautner’s lemma - weak topology version). Let 7 :
G — U(H) be a strongly continuous representation. Let g,,h € G such that
gt hgn — e, and let v,w € H. If w(gn)v = w, then w(h)w = w.

Proof. We will prove that m(hg,) converges in the weak topology to both
m(h)w and w. By the uniqueness of w-limits, the lemma will be proved. Be-
cause 7 is unitary, we have m(hg,)v — m(h)w. For the other convergence,
note that ||7(hg,)v — 7(gn)v|| = ||7(g;, *hgn)v — v|| converges to 0 in the
strong topology, thus w—lim 7(hg,)v = w—lim7(g,)v = w.

3.3.3 Mautner phenomenon for SL(2,R)

Mautner phenomenon is a mechanism that gives full invariance of unitary
representations of simple Lie groups. We focus on the case of SL(2, R). Firstly,
we prove a lemma in the spirit of Mautner’s lemma.

Lemma 3.11. Let 7 : G — U(H) be a strongly continuous representation.
Let gn,kn,ln,h € G such that k, — e and g, 'knl, — h, and let v € H. If
7(gn)v = w(lp)v = v for all n, then w(h)v = v.
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Proof. |w(h)v—v|| = limp o0 [7(g5 " knln)v—v]| = limy s 4o |7 (kn)v—0]| =
0.

Theorem 3.12 (Mautner phenomenon for SL(2,R)). Let 7 : SL(2,R) —
U(H) be a strongly continuous representation. Let g # e and v € H such that
w(g)v =wv. If either g € A or g € N, then w(h)v =v for all h € G.

Proof. If g € AT, then g"ug™™ — e for u € U~ and g "ug™ — eforuec U™
(see equation (1.6)). By Mautner’s lemma (Lemma 3.9), m(h)v = v for all
h € UTUU™. Because Ut and U~ generate SL(2,R), it follows that w(h)v = v
for all h € SL(2,R).

Now assume that g = (é i), s # 1. For every positive integer n it holds

_o 1 0 2 0
9 2"(_11>9n:(_1 1)' (3:2)
2ns 2sn 2

Because <_11 (1)> — e and < % 9) — h € A, Lemma 3.11 implies that
2ns 2sn 2
7w(h)v = v. Thus we are reduced to the first case.

Here is a dynamical consequence of Mautner phenomenon.

Theorem 3.13. Let X = I'\SL(2,R) be a homogeneous space, and let g € A
or g € N. Then px is ergodic for the Z-action defined by g. In particular, the
geodesic and horocycle flows are ergodic.

In the next section we will show that this approach via unitary represen-
tations can be sharpened to give mixing.

3.4 Howe-Moore’s theorem

As explained in the beginning of this chapter, to prove that the horocycle
flow is uniquely ergodic, Furstenberg used that px is mixing for the geodesic
flow, i.e. that the Koopman-von Neumann representation of the geodesic flow
is mixing in the sense of Definition 3.8.

Howe-Moore’s theorem states if G is a simple Lie group!, then every er-
godic, strongly continuous, unitary representation of G is mixing. We will
concentrate in the case G = SL(2,R).

Theorem 3.14 (Howe-Moore for SL(2,R)). Fvery ergodic, strongly con-

tinuous, unitary representation of SL(2,R) is mizing.

! Simple Lie groups have Cartan decomposition, e.g. SL(2,R) = KATK (Lemma
3.2).
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Proof. The proof is by contradiction. Fix v, w € H, and assume that there is
a sequence g, — oo in G such that |fy . (gn)| > 2¢ for some € > 0. We will
construct a non-zero vector z € H such that w(g)z = z for all g € SL(2,R).
By ergodicity, this is a contradiction.

Firstly, we claim that we can reduce the contradiction assumption to diag-
onal elements. For that we use the Cartan decomposition of SL(2,R) (Lemma
3.2). Write g, = knanl,, with k,, 1, € K and a,, € AT. Because K is compact,
we can assume that k, — k and [,, — [, with k,l € K. Let v" = w({)v and
w' = 7(k~Y)w. We claim that |f, . (a,)| > € for large n. Indeed,

v, m(k~Hw) = (m(anls)v, 7k w)]

| for wr (an) = fo.w(gn)| = m(anl)v, ™
< [{m(anlyv, m(k™"w — 7 (ky w)| +
{7 (an) (m()v = 7 (ln)v), 7 (kg Jw)]
< Jolllle (k= w — w (kg w] + [[wlllm (v — 7 (L)l

converges to zero. Renaming the vectors, we assume that |f, ,(an)| > €.
Because g, — oo in G and K is compact, a, — oo in G.

Look at the sequence of vectors {7 (a,)v}: it is contained in a ball of H.
By the Banach-Alaoglu theorem, we can assume that m(a,)v ~ z, for some
z € M. Observe that z # 0, because |(z, w)| = limp— o0 | fo,w(an)| > €.

For any h € N, it holds a,, 'ha,, — e. By Mautner’s Lemma (Lemma 3.10),
7w(h)z = z for all h € N. By Mautner phenomenon (Theorem 3.12), 7(h)z = z
for all h € SL(2,R).

Here is a dynamical consequence of Howe-Moore’s theorem.

Theorem 3.15. Let X = I'\SL(2,R) be a homogeneous space, and let g € A
or g € N. Then px is mizing for the Z-action defined by g. In particular, the
geodesic and horocycle flows are mizing.

Even more is known: Marcus proved that the horocycle flow is mixing of
all orders [15].

3.5 Furstenberg’s theorem

We proceed to give a self-contained proof of Furstenberg’s theorem. It says
that horocycle flows on compact homogeneous spaces are measure-theoretically
rigid.

Theorem 3.16 (Furstenberg [9]). If X = I'\SL(2,R) is a compact homo-
geneous space, then the horocycle flow is uniquely ergodic.

Proof. Let G = SL(2,R), and let  be a probability measure on X invariant
under h;. We want to show that y = px. The proof follows two steps:

Step 1. N has a Felner sequence {B,,},>1.
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Step 2. For every x € X and every f € Cy(X) it holds
lim — fawydu(w) = [ fdy
— N(u) = X-
n—+too N (Bn) Jp, X

By Step 2, every x € X is generic for ux, thus the horocycle flow is uniquely
ergodic.

1
Fix a = (6 g) € A. By direct calculation, we have
N={geG:a"ga™™ — €} (3.3)

and
_ A0 o
AU _{<b/\_1>:>\>O,beR}_{geG:{a ga"},>0 bdd.}. (3.4)

Let P = AU~ . Here are some properties of N and P.

e N and P are closed: clear.

(A0 1s
. NDP—{e}.1f(b>\1)—9—(01>,theng—e.

e NP contains a neighborhood of e: if <9ZC 3}) € SL(2,R) with = # 0, then

zy\ (x O 1271y '

zw) \zaza! 0 1
By Lemma 3.4, ug = un X pp on a neighborhood of e.

Let’s prove Step 1. Let B,, = a~"Ba", where B = B.(e) C N. By (3.3),
N =U,,>, Bn and the convolution g € N — a"'ga € N is well-defined. Such
convolution preserves ratios of uy-measures: if A C N, then by equation (1.6)
we have px(a~tAa) = 4u(A). Thus for every compact C C N,
pn(BnAB,C)  pn(a~"™Ba™Aa " Ba™C)

un (Bn) pN(a~"Ba")
_ pn(a™"(BABa"Ca™")a")
pn(a="Ba™)
un(BABa™Ca™"™)
pn (B)
converges to zero, because a"Ca~" — e uniformly and ux(9B) = 0.

Now we prove Step 2. Fix f € Cy(X). Let V = B.(e) C P. Given ¢ > 0,
choose ¢ small enough such that the conditions below are satisfied:

(i) |f(zg) — flx)|<dforallz € X,n>0and g € a "Va™
(ii) The diameter of BV is smaller than the injectivity radius of X.
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The ratio-preserving property of py, Lemma 3.4 and (i) above give that (in-
tegration on w is wrt ux and on v is wrt pp):

1 Mg
i Bo)ir (V) /V /B fleua"va") +0()

71 “uva™
= ) Jy [ S + 00

1 o
1G(BV) /BV flaa™"ga")dpc(g) + O(6).

1
T /B S ()

By (ii), the map g € BV + xg € X is injective, thus also is the map g €
BV — xza "ga™ € X. This, together with Lemma 3.4 (more specifically, the
comment after its proof) and the a-invariance of px, give that

f(wa"ga") dp(s) / F()dux ()
BV rxa—"*BVam™

_ / Flya™™)dpx (y)
rxa—"BV
= [ e e i ()

Because X is compact, we can assume that za™™ — z, thus ||[Xze-2Bv —
X=Bv|lL2(x,ux) — 0. The Cauchy-Schwartz inequality and Theorem 3.15 im-
ply that

Jim [ 700w i) = T [ e ()i o)
—ux:BY) [ fdux
= na(BY) [ fdux

and so

n~>+oo MN

/ flaudny () = [ fdux +0(9).
X
Because § > 0 is arbitrary, the proof of Step 2 is complete.

3.5.1 Hedlund and Ratner imply Furstenberg

To give an example of the power of Ratner’s theorems, we describe a proof of
Furstenberg’s theorem using Theorem 2.13: is p is N-invariant, then there is
xz € X and a closed subgroup L D U such that N = 2L and p = p,r. By
Hedlund’s theorem (Theorem 3.5), zN = X and so j = px.
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3.6 Dani-Smillie’s theorem

If X = I'\SL(2,R) is not compact, then the situation changes. The horo-
cycle flow is not even minimal, because it has periodic orbits. For example,
if I' = SL(2,7Z), then any vertical vector pointing up, whose base point has
y-coordinate bigger than one, defines a periodic orbit (see Figure 3.3). Never-
theless, by Hedlund’s theorem (Theorem 3.5), this is the only case when the
orbit is not dense.

Pretd

-1 -0.5 0 0.5 1
Fig. 3.3. A periodic orbit for the horocycle flow on SL(2,Z)\SL(2,R).

In the measure-theoretical level, the existence of periodic orbits forbids
unique ergodicity. When I' = SL(2,Z), Dani proved that the periodic orbits
are the only obstruction for unique ergodicity.

Theorem 3.17 (Dani [5]). Let u be an horocycle-invariant ergodic probabil-
ity measure on SL(2,Z)\SL(2,R). Then either y is the Haar measure or p is
supported on a periodic orbit.

Later on, Dani and Smillie generalized this result to general nonuniform
lattices.

Theorem 3.18 (Dani-Smillie [6]). Let X = I'\SL(2,R) be a noncompact
homogeneous space, and let p be a horocycle-invariant ergodic probability mea-
sure on X . Then either u = px or i is supported on a periodic orbit. If v € X
1s mot periodic, then its orbit equidistributes wrt pux .

3.6.1 Hedlund and Ratner imply Dani-Smillie

Let o be an ergodic N-invariant probability measure. By Theorem 2.13, there
is z € X and a closed subgroup L D U such that N = zL and p = 1. By
Hedlund’s theorem (Theorem 3.5), either zL is a periodic orbit or L = X,
thus either p is supported on a periodic orbit or = px.
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Oppenheim’s conjecture

A quadratic form is a homogeneous polynomial @ € R|zq,...,x,] of degree
two:

n
Q(Zl, Ce ,l‘n) = Z aijxim]—.

4,j=1

Oppenheim conjectured in 1929 that, under some natural conditions, Q(Z™)
is dense in R.

Conjecture (Oppenheim). Let @ be a non-degenerate, indefinite quadratic
form in n > 3 variables that is not the multiple of a quadratic form with ra-
tional coefficients. Then Q(Z") is dense in R.

Around 1987, Margulis proved Oppenheim’s conjecture using unipotent
actions on homoegeneous spaces [16,17]. In this chapter we will give a proof
of Oppenheim’s conjecture, modulo some (deep) results on algebraic groups.
We mostly follow [19], and also borrow some discussions from [1,8,18].

Oppenheim’s conjecture is a conjecture on diophantine approximations:
small values of ) give diophantine properties of the coefficients a;;. For ex-
ample, let Q(x,y) =  — ay, where a ¢ Q. By Dirichlet’s theorem, there
exists infinitely many % € Q such that | —af < %, thus 0 < |Q(z,y)| < %

x

Reciprocally, if 0 < |Q(z,y)| < i then yisa good rational approximation of
a. Another example we'll see below is Q(z,y) = 22 — a?y? (see Section 4.1.1).

4.1 From Oppenheim to Raghunathan

Firstly, we make some definitions. Let @ be a quadratic form.

Definition 4.1. Q is called rational if it is a multiple of a quadratic form
with rational coefficients.
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For example, Q(x,y, z) = V2224+/8y>—+/2zz is rational, while Q(z,y, 2) =
2 +v/2y? — /322 is not.

Definition 4.2. Q is called definite if either Q(x) > 0 for all x € R™ or
Q(z) <0 for all xz € R™.

For example, Q(z,y) = x? — 2zy + y? is definite, while Q(z,y) =
2% — 32y + y? is indefinite. Other examples of indefinite quadratic forms are
Qa1,...,xp) =af+--+a? —x? — — 22, where 0 < i <n.

A theorem of Meyer in number theory states that if () is an indefinite, ra-
tional quadratic form in n > 5 variables, then there is € Z™ — {0} such that
Q(z) = 0. In 1929, Oppenheim conjectured an analogue of Meyer’s theorem
for non-rational quadratic forms.

Conjecture (Oppenheim - weak form). Let @ be an non-degenerate, in-
definite, non-rational quadratic form in n > 5 variables. Then for every ¢ > 0,
there exists a vector z € Z"™ — {0} such that |Q(z)| < e.

In 1946, Davenport extended this conjecture to n > 3 variables. Finally,
in 1953 Oppenheim stated the conjecture in its final form, as stated in the
beginning of this chapter. Because @ is homogeneous, we have that Q(tv) =
t2Q(v) for t € R. Thus Oppenheim’s conjecture is equivalent to the following
statement: for every e > 0, there is x € Z™ — {0} such that 0 < |Q(z)| < €.

Before Margulis, all approaches used to prove the conjecture were number
theorical. For example, Birch, Davenport and Ridout proved the conjecture for
n > 21, and Davenport and Heilbronn proved it for diagonal quadratic forms
in five variables. But the number theoretical arguments were not enough for
the case n = 3 (which is the hardest case, according to Lemma 4.6).

The first one to spread (although not the first one to observe) the re-
lation of Oppenheim’s conjecture to dynamics on homogeneous spaces was
Raghunathan. He noted that Oppenheim’s conjecture is related to the rela-
tive compactness of orbits of a subgroup generated by unipotent elements on
the moduli space of three dimensional lattices. This is Lemma 4.5.

4.1.1 The assumptions on @ are necessary

Let us explain why we need to assume that n > 3 and that @ is non-
degenerate, indefinite and non-rational.

o Indefinite: if ) is definite, then there exists C' > 0 such that Q(z) > C|z|
for all x € R™. In particular, Q(Z"™) is discrete.

e Non-rational: if a;; € Q, then Q(Z") is discrete. The same happens if @ is
a multiple of a quadratic form in Q[xq,...,xy,].

e n > 3: there are quadratic forms @ € R[z,y] that do not satisfy Oppen-
heim’s conjecture. For example, let > 0 be a quadratic irrational such
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that a? is irrational'. These numbers are badly approximable by ratio-
nals: there exists C > 0 such that %— a‘ > £ for all % € Q. Thus
Q(x,y) = 2% — a®y? does not satisfy Oppenheim
then |Q(z,y)| = |z — ayllz + ay| = Co.

e Non-degeneracy: @ € Rzy,...,z,] is degenerate if there is a change of
variables that makes @ o g a quadratic form with less than n variables. For
example, Q(a,b,c,d) = (a + b)? — a?(c + d)? is degenerate, because the
change of variables * = a + b and y = ¢ + d takes Q to (x,y) — 22 — a?y?.
In particular, @) does not satisfy Oppenheim’s conjecture.

<

s conjecture: if z,y > 0,

4.2 The moduli space SL(n,R)/SL(n,Z)

The case I' = SL(n,Z) is important not only for the proof of Oppenheim’s
conjecture, but also for other areas of mathematics, such as algebra and ge-
ometry. The reason is that the homogeneous space X,, = SL(n,R)/SL(n,Z)
is the moduli space of unimodular (covolume one) lattices of R™. Let’s prove
this. For each g € SL(n,R) we can define a unimodular lattice of R™ by
I'=ge1Z + -+ + ge,Z. Two elements g, h € SL(n,R) define the same lattice
iff gy = h for some v € SL(n,Z): ge1Z + -+ - + ge,Z = herZ + - - - + he, Z iff
there are «y;; € Z such that

her = y11ge1 + -+ + Yn19€n Y11 Vin
: < h=g :
hen = Y1nge1 + -+ Ynngen Ynl ' Tnn

The action of SL(n,R) and its subgroups on X,, can be translated to number
theoretical information. This is the starting point of Raghunathan’s observa-
tion (Lemma 4.5).

Another description of X5 as a moduli space comes from geometry. If M
is a two dimensional flat torus with unit area, then R? is its universal cover.
If 7 : R? — M is the covering map, then 7—1(7(0)) is a unimodular lattice
of R2. If M’ is another two dimensional flat torus with unit area, then the
lattices are equal iff M and M’ are isometric. Thus X5 is the moduli space of
two dimensional flat tori with area one.

4.2.1 Mahler compactness criterium

We follow Section 1.3.3 of [7]. Because SL(n,R) is a discrete subgroup, X, is
a topological space (with the quotient topology). Let us give an alternative
description of this topology, in terms of lattices. A sequence of lattices v, € X,,

1 An irrational number « is called quadratic irrational if it solves a quadratic equa-
tion x® + bz + ¢ = 0, where b, ¢ € R. In this case, o? is irrational iff 4% — 4¢ # 0.
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converges to a lattice v € X, iff each 7 has a basis {vf,...,v%} and v has a
basis {v1,...,v,} such that v¥ — v; as k — +o0, for all i = 1,...,n.
We define the shortest length function A : X,, — R by

A(y) = min|jv]| : v € v —{0}}.

A is everywhere positive. It is also continuous, by the alternative description
of the topology of X,,.

Let us show that X,, is not compact. Consider a sequence ~; € X,, that
degenerates A:

1
Vi = E61Z+keQZ+egZ+~-~+enZ.

Thus A(vx) = 4. If 7 — 7, then A(y) = lim A(v;) = 0, which contradicts the
positiveness of .

Actually, the degeneracy of A characterizes the non-compactness of X,,: the
only way for a sequence 75 to diverge is if liminf A(yx) = 0. This is Mahler
compactness criterium.

Theorem 4.3 (Mahler compactness criterium). A C X, is relatively
compact iff inf e 4 A(y) > 0.

In other words, % can be viewed as a height function on X,,. That is why
we depict X,, as Figure 4.1.

Xn(9)

1
X

A=94
Fig. 4.1. The moduli space of unimodular lattices X,,. By Mahler compactness

criterium, X, (d) is compact, i.e. a sequence converges to infinity iff A converges to
Z€ro.

Proof. If A is relatively compact, then inf,c4 A(y) > 0. Otherwise, the same
argument used to show the non-compactness of X,, would imply that A has
a sequence without a converging subsequence.

Now assume that dp = inf,ca A(y) > 0. For each § > 0, let X, () =
{y € Xy, : AM(y) > d}. It is enough to prove that X, (J) is compact: because
A C X,,(do), it follows that A is relatively compact.
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To prove that X,,(d) is compact, we apply Minkowski’s successive minima
theorem (see Theorem 1.14 of [7]). This theorem says that, for each n, there
is a constant C' > 0 with the following property: if v € X,,, then there exists
a basis {v1,...,v,} of v such that ||v1]| = A(y) and C=F < |Jvq ]|+ - ||lon| < C.
In particular, if v € X,(0) then & < [Jvi],...,[|vn| < C~"F1. Thus every
sequence on X, (d) has a converging subsequence.

4.2.2 X,, has finite volume

In Section 2.1.6 we proved that X5 is a homogeneous space. The same happens
for any X,,, and the procedure to prove is the same: we explicit a subset
R C SL(n,R) that projects onto X, and pgy,(n,r)(R) < +oo. This is a simple
but tedious calculation. We refer to Section 1.3.4 of [7].

4.3 Proof of Oppenheim’s conjecture

Margulis did not use Ratner’s theorems (Ratner proved them a few years after
Margulis’ proof). He was able to prove a special case of Ratner’s orbit closure
theorem that was enough to establish the conjecture. Nowadays we can prove
Oppenheim’s conjecture with the combination of Ratner’s theorems and some
theory of real algebraic groups. This is what we’ll do in this section.

4.3.1 Raghunathan’s observation

Raghunathan observed that Oppenheim’s conjecture can be rephrased to
a statement about the orbits of the action of a subgroup of SL(n,R) on
SL(n,R)/SL(n,Z). Given g € GL(n,R), let Qg denote the composition
(Qg)(z) = Q(gx).

Definition 4.4. Let Q be a quadratic form in n variables. The set SO(Q) =
{g € SL(n,R) : Qg = Q} is called the special orthogonal group of Q.

SO(Q) is a subgroup of SL(n,R). Here is an example: if Q(z,y,2) = 2% +
y? + 22, then SO(Q) = SO(3) is the classical special orthogonal group of
R3. More generally, if Q(z1,...,2,) = a1+ - +a} —x,, —--- — a2, then
SO(Q) = SO(i,n —1) is the special orthogonal group with signature (i,n — 7).
Let Z™ € X,, denote the canonical lattice of R™.

Lemma 4.5 (Raghunathan’s observation). If SO(Q)Z"™ is not relatively
compact on X, then Oppenheim’s conjecture holds for Q.

Proof. By Mahler compactness criterium (Theorem 4.3), there exists a se-
quence uy € SO(Q) such that A(uxZ™) — 0, i.e. there are vectors x, € Z"—{0}
such that ||ugzy| — 0. In particular, Q(ugzr) — 0. Because uy € SO(Q), we
have Q(urzr) = Q(zk), thus Q(x) — 0 as well.

It seems that this implication already appeared implicitly in a paper of
Cassels and Swinnerton-Dyer [4], as Margulis remarked in [18].
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4.3.2 Proof of Oppenheim’s conjecture
Firstly, we start with a reduction to the case n = 3.

Lemma 4.6. Let Q be a non-degenerate, indefinite, non-rational quadratic
form in n > 3 variables. Then there is a rational hyperplane Il such that the
restriction Q| is a non-degenerate, indefinite, non-rational quadratic form.

The proof is in Chapter VI of [1]. A consequence of the above lemma is
that if Oppenheim’s conjecture holds for Q|rr, then it also holds for Q. Thus
we can assume that Q € Rz, y, z].

The subgroup SO(Q) is neither connected nor generated by unipotent ele-
ments. In order to apply Ratner’s theorems, we restrict the action to the con-
nected component of SO(Q) containing e. Denote this subgroup by SO(Q)°.
Of course, if SO(Q)°Z™ is not relatively compact, neither is SO(Q)Z"™.

By definition, SO(Q)° is connected. Let us show that it is also generated
by unipotent elements. This follows from two observations:

e SO(Q)° is isomorphic to SO(2,1)°.
e SO(2,1)° is locally isomorphic to SL(2,R).

By Lemma 3.3, these will give that SO(Q)° is generated by unipotent ele-
ments.

The second observation is proved in the appendix (Section 5.1). Here is
the proof of the first observation: @ is indefinite, thus its signature is either
(2,1) or (1,2). Assuming without loss of generality that it is (2, 1), there are
h € SL(3,R) and X # 0 such that AQh = Qq, where Qq(z,y, z) = 2% +y? — 22
Thus SO(Q) = hSO(Qp)h~! = hSO(2,1)h~!. Because the conjugation by h
fixes the identity, we have that

SO(Q)° = hSO(2,1)°h~ 1. (4.1)

Thus SO(Q)° and SO(2,1)° are isomorphic.
By Ratner’s orbit closure theorem (Theorem 2.11), there is a closed sub-

group L satisfying the following:

(i) SO(Q)°zZ™ = LZ".

(ii) SO(Q)° C L C SL(3,R).

(i) LNSL(3,Z) is a lattice of L.
We claim that (ii) implies that either L = SO(Q)° or L = SL(3,R). To prove
this, let L = h~!Lh. Using equation (4.1), (ii) becomes:

(i)’ SO(2,1)° ¢ L c SL(3,R).

Because 50(2,1) is a maximal subalgebra of sl(3,R) (see Exercise 1.2#17 of
[19]), either L = SO(2,1)° or L = SL(3,R). We analyze the two cases sepa-
rately:
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Case 1. L = SL(3,R): Thus also L = SL(3,R), i.e. SO(Q)°Z" = X,,. This
implies that SO(Q)°Z" is not relatively compact. By Raghunathans’s obser-
vation (Lemma 4.5), we are done.

Case 2. L = SO(2,1)°: Some theory of real algebraic groups? gives that Q is
rational, which contradicts our assumption.

This concludes the proof of Oppenheim’s conjecture. Note that we proved
more: because Case 2 does not happen, the orbit SO(Q)°Z" is dense in X,,,
i.e. we can use elements of SO(Q)° to take Z™ arbitrarily close to any given
unimodular lattice of R"™.

2 The properties we use are in Sections 4.7 and 4.8 of [19]. The first one is the
Borel density theorem: lattices of semisimple real algebraic groups are Zariski
dense. The second gives sufficient conditions for a closed subgroup of SL(n,R)
to be defined over Q (i.e. the polynomials that define the subgroup can be taken
to have rational coefficients). After some calculations, this last statement implies
that @ is rational.






5

Appendix

5.1 SO(2,1)° and SL(2,R) are locally isomorphic

Here we prove that SO(2,1)° and SL(2,R) are locally isomorphic. By the
fundamental theorem of Sophus Lie (Theorem 2.8), we need to show that
$0(2,1) and sl[(2,R) are isomorphic as Lie algebras.

We already claimed in Section 2.2.1 that

sI(2,R) = {(j _yx) L3,y 2 € ]R}.

This can be proved by standard calculations. s[(2,R) has a basis such that
the bracket product has a simple description. This basis is {E, F, H} defined

by:
01 00 10
=) 7= (o) 7= (4)

We have [H,E] = 2E, [H,F] = —2F and [E,F] = H. Thus it is enough to
find a basis {X,Y, Z} of s0(2,1) such that [Z, X] = 2X, [Z,Y] = —2Y and
[X,Y] = Z. By standard calculations, we have

0 zy
50(2,1) = —z0z )] :2,y,2z€R
y 20
After some tentatives, we take
1 1
0 1 G 0 1 e 0 0 V2
X = —1 Ol—ﬁ,yz zl?ﬁ,zzooﬂﬁ
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5.2 The universal elliptic curve

In this section we describe the quotient X = G/I", where G = SL(2,R) x R?
and I' = SL(2,Z) x Z2. X is called the universal elliptic curve. During his
lectures, Eskin will sketch the proof of Ratner’s theorems for the action of the

unipotent subgroup Ut = {(é ll)> tbe ]R} on X. For further details, see
Section 3 of [8].

5.2.1 Semidirect products

Let NV be an additive group, and let H be a multiplicative group that acts on
N.

Definition 5.1. The semidirect product of H and N 1is the group H x N of
pairs (h,n) with the operation
(h1,m1)(h2,n2) = (hiha,n1 + hing).
The operation is associative: if (h;,n;) € H x N, i = 1,2, 3, then
[(h1,n1)(h2,n2)](h3,n3) = (h1h2,n1 + hing)(hs, n3)
= (hlhghg, ny + h1n2 + h1h2n3)
and
(h1,n1)[(h2,n2)(h3,n3)] = (h1,n1)(h2hs, n2 + hans)
= (hlhghg, ny + hl (’ng + hzng))
= (hlhzhg, ny + hlng + hlhgng).
Also, (h,n) = (b=, —h~1n).

Topologically, H x N equals the direct product H x N, but they differ as
groups. H x N has copies of H and N:

e H x {0} is a subgroup of H x N isomorphic to H. It acts on H X N as
(h, 0)(h1, 711) = (hhl, hn1), (51)

i.e. it acts coordinate by coordinate.
e {e} x N is a subgroup of H x N isomorphic to N. It acts on H x N as

(e,n)(h1,n1) = (h1,n + ny), (5.2)
i.e. it acts by translation in the second coordinate. It is a normal subgroup:
(hl,nl)(e, ng)(hl,nl)_l = (hl,nl)(e ng)(hl_l, h_lnl)
(hl,nl)(hl ,Ng — hl nl)
= (hahit, 1+ ha(ne — hytn))
(6 hlng)

We also denote these copies by H and N.
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5.2.2 Description of X

SL(2,R) acts linearly on R? (see Section 1.2.2). By the previous section, G =
SL(2,R) x R? is a group. Analogously, I' = SL(2,Z) x Z? is a group. Indeed,
it is a lattice of G, thus X = G/I" is a homogeneous space.

Let us describe what are the points of X. Let (g,v), (h,w) € G such that
(g,v)I" = (h,w)I". Because

(g:0) " (hyw) = (g7 h, =g~ v+ g7 w) = (97 h.g ™ (w —v)),

we get that gSL(2,Z) = hSL(2,Z) and w — v € gZ*. As we saw in Section
4.2, gSL(2,Z) is the flat torus with fundamental domain defined by the lattice
g € Z2. Thus an element of X is a pair (A,v), where A € X, is a flat torus
and v is a point of A. Geometrically, X is a fiber bundle with basis X5 and
fibers equal to flat tori (see Figure 5.1).

Fig. 5.1. The universal elliptic curve X: it is a fiber bundle with basis X5 and fibers
equal to flat tori.

Let us now describe the actions of SL(2,R) and R? on X.
e Let h € SL(2,R). By equation (5.1), h acts on each coordinate:
h(A,v) = (hA, ho).

e Let w € R2. By equation (5.2), w acts by translation on the second coordi-
nate:

w(A,v) = (4,0 + w).
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