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1 General introduction

1.1 The Oppenheim Conjecture

The Oppenheim Conjecture. Let

Q(le'l, P ,Zlfn) = Z aija?ia?j

1<i<j<n

be a quadratic form in n variables. We always assume that @) is indefinite so that (so
that there exists p with 1 < p < n so that after a linear change of variables, () can

be expresses as:
P n
N TS e T
i=1

i=p+1
We should think of the coefficients a;; of () as real numbers (not necessarily rational
or integer). One can still ask what will happen if one substitutes integers for the z;.
It is easy to see that if @) is a multiple of a form with rational coefficients, then the
set of values Q(Z") is a discrete subset of R. Much deeper is the following conjecture:

Conjecture 1.1 (Oppenheim, 1929). Suppose @ is not proportional to a rational
form and n > 5. Then Q(Z") is dense in the real line.

This conjecture was extended by Davenport to n > 3.
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Theorem 1.2 (Margulis, 1986). The Oppenheim Conjecture is true as long asn > 3.
Thus, if n > 3 and Q is not proportional to a rational form, then Q(Z") is dense in
R.

This theorem is a triumph of ergodic theory. Before Margulis, the Oppenheim
Conjecture was attacked by analytic number theory methods. (In particular it was
known for n > 21, and for diagonal forms with n > 5).

Failure of the Oppenheim Conjecture in dimension 2. Let a > 0 be a quadratic
irrational such that o ¢ Q (e.g. a = (1 ++/5)/2), and let

Q(z1,72) = 27 — o3,
Proposition 1.3. There ezists € > 0 such that for all z1,x9 € Z, |Q(x1,x2)| > €.

Proof. Suppose not. Then for any 1 > € > 0 there exist x1, x5 € Z such that
|Q(z1, 22)| = |21 — axs||z) + | < e (1)

We may assume x5 # 0. If € < a?, one of the factors must be smaller then . Without
loss of generality, we may assume |7 — axs| < a, S0 |T1 — ara| < alxs|. Then,

|r1 + o] = 200 + (21 — axs)| > 2alxs| — |21 — axs| > afxs).
Substituting into (1) we get

1

€ €
04|$2|2'

T

(2)

—al < <

- |LU2HSL’1 -+ Oél'g‘

T2

But since « is a quadratic irrational, there exists ¢y > 0 such that for all p,q € Z,
£ —a| > %. This is a contradiction to (2) if € < coa. O

A relation to flows on homogeneous spaces. This was noticed by Raghu-
nathan, and previously in implicit form by Cassels and Swinnerton-Dyer. However
the Cassels-Swinnerton-Dyer paper was mostly forgotten. Raghunathan made clear
the connection to unipotent flows, and explained from the point of view of dynamics
what is different in dimension 2. See §7.1.



1.2 Some basic Ergodic Theory

Transformations, flows and Ergodic Measures. Let X be a topological space,
and T : X — X a map. We assume that there is a finite measure p on X which is
preserved by T'. One usually normalizes p so that (X)) = 1, in which case pu is called
a probability measure.

Sometimes, instead of a transformation 7" one considers a flow ¢;, t € R. For a
fixed t, ¢y is a map from X to X. In this section we state definitions and theorems
for transformations only, even though we will use them for flows later.

Definition 1.4 (Ergodic Measure). An T-invariant probability measure p is called
ergodic for T if for every measurable T-invariant subset F of X one has p(F) =0 or

w(E) = 1.

Every measure can be written as a linear combination (possibly uncountable) of
ergodic measures. This is called the “ergodic decomposition”.

Ergodic measures always exist. In fact the probability measures form a convex
set, and the ergodic probability measures are the extreme points of this set (cf. the
Krein-Milman theorem).

Birkhoff’s Ergodic Theorem

Theorem 1.5 (Birkhoff Ergodic Theorem). Suppose p is ergodic for T, and suppose
feLYX,p). Then for u-almost all x € X, we have

n—1
lim > f(Tra) = / fdp. (3)
e X

The sum on the left-hand side is called the “time average”, and the integral on the
right is the “space average”. Thus the theorem says that for almost all base points
x, the time average along the orbit of x converges to the space average.

This theorem is amazing in its generality: the only assumption is ergodicity of the
measure p. (This is a some sort of irreducibility assumption).

The set of x € X for which (3) holds is called the generic set for p.

Mutually singular measures. Recall that two probability measures pqy and po
are called mutually singular (written as u; L po if there exists a set E such that
m(E) =1, pa(E) =0 (so pz(E) = 1).

In our proofs we will use repeatedly the following:



Lemma 1.6. Suppose py and po are distinct ergodic measures for the map T : X —
X. Then py L po.

Proof. This is an immediate consequence of the Birkhoff ergodic theorem. Since
11 # o we can find a continuous f such that fX fdu # fX f dps. Now let E denote
the set where (3) holds with g = p;. O

Remark. It is not difficult to give another proof of Lemma 1.6 using the Radon-
Nikodym theorem.

We will need a stronger variant of Lemma 1.6 ([cf. [Ra4, Thm. 2.2], [Mor, Lem. 5.8.6]]):

Lemma 1.7. Suppose T : X — X 1s preserving an ergodic measure (. Suppose H is
a group with acts continuously on X and commutes with T'. Also suppose that there
exists hg € H such that hop # . Then there exists a neighborhood B of hg € H and
a conull T-invariant subset Q) of X such that

RYNQ =0 forallh € B.

Proof. Since hy commutes with 7', the measure hgu is T-invariant and ergodic. Thus
by Lemma 1.6, hou L p. This implies there is a compact subset Ky of X, such that
w(Ky) > 0.99 and Ky N hoKy = (. By continuity and compactness, there are open
neighborhoods U and U™ of K, and a symmetric neighborhood B, of e in H, such
that Ut N hod™ = 0 and B.U C Ut. ;jFrom applying (3) with f the characteristic
function of U, we know there is a conull 7T-invariant subset €2, of X, such that the
T-orbit of every point in €, spends 99% of its life in ¢«. Now suppose there exists
h € Bchg, such that Qp,, N hQy, # 0. Then there exists = € Q,, n € N, and ¢ € B,
such that Tz and chyT"z both belong to Y. This implies that T"x and hoT"z both
belong to UT. This contradicts the fact that U™ N hod ™ = (). !

Uniquely ergodic systems. In some applications (in particular to number theory)
we need some analogue of (3) for all points x (and not almost all). For example, we
want to know if Q(Z") is dense for a specific quadratic form @ (and not for almost
all forms). Then the Birkhoff ergodic theorem is not helpful. However, there is one
situation where we can show that (3) holds for all .

Definition 1.8. A map T : X — X is called uniquely ergodic if there exists a unique
invariant probability measure .



Proposition 1.9. Suppose X is compact, T : X — X is uniquely ergodic, and let
be the invariant probability measure. Suppose f : X — R is continuous. Then for all
x € X, (3) holds.

Proof. This is quite easy (as opposed to the Birkhoff ergodic theorem which is hard).
Let 9,, be the probability measure on X defined by

f(1Tx)

(we are now thinking of measures as elements of the dual space to the space C(X) of
continuous functions on X). Note that

3

Su(FoT) = 23 (FoT)(Ts) = 23 f(1va),
k=0 k=1
Sl o T) = 6u() =~ ((2) — F(T")), (1

(since the sum telescopes). Suppose some subsequence 6, converges to some limit
Joo (in the weak-* topology). Then, by (4), deo(f0T) = doo(f), i-€. doo is T-invariant.

Since X is compact, d,, is a probability measure, and thus by the assumption of
unique ergodicity, we have do, = p. Thus all possible limit points of the sequence
0, are u. Also the space of probability measures on X is compact (in the weak-*
topology), so there exists a convergent subsequence. Hence §,, — p, which is the
same as (3). O

Remarks.

e The main point of the above proof is the construction of an invariant measure
(namely d.,) supported on the closure of the orbit of . The same construction
works with flows, or more generally with actions of amenable groups.

e We have used the compactness of X to argue that ., is a probability measure:
this might fail if X is not compact. This phenomenon is called “loss of mass”.

e Of course the problem with Proposition 1.9 is that most of the dynamical sys-
tems we are interested in are not uniquely ergodic. For example any system
which has a closed orbit which is not the entire space is not uniquely ergodic.



e However, the proof of Proposition 1.9 suggests that (at least in the amenable
case) the classification of the invariant measures is the most powerful statement
one can make about a dynamical system, in the sense that it allows one to
understand every orbit (and not just almost every orbit).

Exercise 1. (To be used in §3.)

(a) Show that if « is irrational then the map T, : [0,1] — [0, 1] given by T,(z) =
x+«a (modl) is uniquely ergodic. Hint: Use Fourier analysis.

(b) Use part (a) to show that the flow on R?/Z? given by ¢(z,y) = (z + ta,y + 1)
is uniquely ergodic.

1.3 Unipotent Flows.

Let G be a semisimple Lie group (I will usually assume the center of G is finite),
and let I be a lattice in G (this means that I' C G is a discrete subgroup, and the
quotient G/T" has finite Haar measure). A lattice I' is uniform if G/T" is compact.
Let U = {us}1er be a unipotent one-parameter subgroup of G. Then U acts on
G/T" by left multiplication. (Recall that in SL(n,R) a matrix is unipotent if all its
eigenvalues are 1. In a general Lie group an element is unipotent if its Adjoint (acting
on the Lie algebra) is a unipotent matrix. ) Examples of unipotent one parameter

subgroups:
1 ¢
to ). renp
and
1t t?)2
o1 t |, teR,,
00 1

Ratner’s measure classification theorem.

Definition 1.10. A probability measure p on G/T" is called algebraic if there exists
z € G/T and a subgroup F' of G such that FZ is closed, and pu is the F-invariant
probability measure supported on F'z.

Theorem 1.11 (Ratner’s measure classification theorem). Let G be a Lie group,
I' C G alattice. Let U be a one-parameter unipotent subgroup of G. Then, any ergodic
U-invariant measure is algebraic. (Also the group F in the definition of algebraic is
generated by unipotent elements, and contains U ).
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Loosely speaking, this theorem says that all U-invariant ergodic measures are very
nice. The assumption that U is unipotent is crucial: if we consider instead arbitrary
one-parameter subgroups, then there are ergodic invariant measures supported on
Cantor sets (and worse).

Theorem 1.11 has many applications, some of which we will explore in this course.
I will give some indication of the ideas which go into the proof of this theorem in the
next two lectures.

Remark on algebraic measures. Let 7 : G — G/I" be the projection map.
Suppose = € G/T', and F C G is a subgroup. Let Stabp(Z) denote the stabilizer in F’
of 7, i.e. the set of elements g € F such that g7 = Z. Then Stabp(z) = F N alz™!,
where x € G is any element such that 7(z) = z. Thus there is a bijection between
Fz and F/(F Nzlz™'), but this is in general not continuous.

However, in the case of algebraic measures, we are making the additional assump-
tion that F'Z is closed. In this case, the above bijection is continuous, and thus p is the
image under this bijection of the Haar measure on F//(F N zlz™!). The assumption
that u is a probability measure thus implies that N zlx~! is a lattice in F. (The
last condition is usually taken to be part of the definition of an algebraic measure).

Uniform Distribution and the classification of orbit closures.

Theorem 1.12 (Ratner’s uniform distribution theorem). Let G be a Lie group, I'
a lattice in G, and U = {u;}er a one-parameter unipotent subgroup. Then for any
T € G/T there exists a subgroup F D U (generated by unipotents) with Fx closed, and
an F-invariant algebraic measure j supported on Fz, such that for any f € C(G/T),

T

lim — [ f(uz)dt = /F fdu (5)

Remarks.

e It follows from (5) that the closure of the orbit Uz is Fz. Thus Theorem 1.12
can be rephrased as “any orbit is uniformly distributed in its closure”.

e Theorem 1.12 is derived from Theorem 1.11 by an argument morally similar
to the proof of Proposition 1.9. There is one more ingredient: one has to
show that the set of subgroups F' which appear in Theorem 1.11 is countable
up to conjugation (Proposition 6.1 below). For proofs of this fact see [Ra6,
Theorem 1.1] and [Ra7, Cor. A(2)]), or alternatively [DM4, Proposition 2.1].

An immediate consequence of Theorem 1.12 is the following:
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Theorem 1.13 (Raghunathan’s topological conjecture). Let G be a Lie group, I' C G
a lattice, and U C G a one-parameter unipotent subgroup. Suppose T € G/I'. Then
there exists a subgroup F' of G (generated by unipotents) such that the closure UZ of
the orbit Uz is F'T.

This theorem is due to Ratner in the general case, but several cases were known
previously. See §7.1 for a discussion and the relation to the Oppenheim Conjecture.

Uniformity of convergence. In many applications it is important to somehow
ensure that the time averages converge to the space average uniformly in the base
point z (for example we may have an additional integral over z). In the context of
Birkhoft’s ergodic theorem, we have the following:

Lemma 1.14. Suppose ¢; : X — X s a flow preserving an ergodic probability
measure p. Suppose f € LY(X,u). Then for any e > 0 and § > 0, there exists Ty > 0
and a set E C X with p(E) < €, such that for any x € E¢ and any T > Ty we have

'%/OTf(aﬁt(x))dt—/deu' <

(In other words, one has uniform convergence outside of a set of small measure.)

Proof. Let E, denote the set of x € X such that for some T" > n,

'%/OTf(aﬁt(x))dt—/deu' =0

Then by the Birkhoff ergodic theorem, p((\)_, E,) = 0. Hence there exists n € N
such that u(FE,) <e. Now let Ty =n, and £ = E,,. O

The uniform distribution theorem of Dani-Margulis. One problem with
Lemma 1.14 is that it does not provide us with any information about the exceptional
set £ (other then the fact that it has small measure). In the setting of unipotent
flows, Dani and Margulis proved a theorem (see §6.2 below for the precise statement)
which is the analogue of Lemma 1.14, but with an explicit geometric description of the
set F/. This theorem is crucial for many applications. Its proof is based on the Ratner
measure classification theorem (Theorem 1.11) and the “linearization” technique of
Dani and Margulis (see §6).

2 The case of SL(2,R)/SL(2,7Z)

In this lecture I will be loosely following Ratner’s paper [Ra§].
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2.1 Basic Preliminaries.

The space of lattices. Let G = SL(n,R), and let £,, denote the space of unimodular
lattices in R™. (By definition, a lattice A is unimodular if an only if the volume of
R™"/A =1. G acts on L,, as follows: if g € G and A € L,, is the Z-span of the vectors
V1, ...0,, then gv is the Z-span of gvq, ..., gv,. This action is clearly transitive. The
stabilizer of the standard lattice Z" is I' = SL(n,Z). This gives an identification of
L, with G/T". We choose a right-invariant metric on G; then this metric descends to

Gr.

The set L, (¢). For e > 0let £,(e) C L, denote the set of lattices whose shortest
non-zero vector has length at least e.

Theorem 2.1 (Mahler Compactness). For any € > 0 the set L,(€) is compact.

The upper half plane. In the rest of this section, we set n = 2. Let K = SO(2) C
G. Given a pair of vectors vy, v we can find a unique rotation matrix k € K so that
kvy is pointing along the positive x-axis and kvs is in the upper half plane. The map
g = (vl ’Ug) — kuvy gives an identification of K\G with the upper half plane H?Z.
Now G (and in particular I' C G) acts on K'\G by multiplication on the right. Using
the identification of K\G with H? this becomes (a variant of) the usual action by
fractional linear transformations.

The horocycle and geodesic flows. We use the following notation:

(1t (et 0 (10
“=1o 1 “=\0 et e\ 1)

Let U={w, : teR}, A={a, : teR}), V={v, : teR} The action of
U is called the horocycle flow and the action of A is called the geodesic flow. A some
basic commutation relations are the following:

atusat_l = U2ty atvsat_l = VUp-2t4 (6)

Thus conjugation by a; for ¢ > 0 contracts V' and expands U.

Orbits of the geodesic and horocycle flow in the upper half plane. Let
p : G — K\G denote the natural projection. Then for x € G, p(Ux) is either a
horizontal line or a circle tangent to the z-axis. Also p(Ax) is either a vertical line or
a semicircular arc orthogonal to the z-axis.



Flowboxes. Let W, Cc U, W_ C V, Wy C A be intervals containing the identity
(we have identified all three subgroups with R). By a flowbox we mean a subset of G
of the form W_W,W,, or one of its right translates by g € G. Clearly, W_W W, g is
an open set containing ¢g. (Recall that in our conventions, right multiplication by ¢
is an isometry).

2.2 An elementary non-divergence result.

(Much more will be proved in Dima’s lectures).

Lemma 2.2. There exists an absolute constant g > 0 such that the following holds:
Suppose A € Ly is a unimodular lattice. Then A cannot contain two linearly inde-
pendent vectors each of length less than eq.

Proof. Let v; be the shortest vector in A, and let vy be the shortest vector in A
linearly independent from v;. Then v; and vy span a sublattice A" of A. (In fact
A’ = A but this is not important for us right now). Since A is unimodular, this
implies that Vol(R?/A’) > 1. But Vol(R%/A’) = [ju; x va|| < ||lv1]|||ve]|. Hence
|lvr|||lv2]] > 1, so the lemma holds with ¢y = 1. O

Lemma 2.3. Suppose A € Ly is a unimodular lattice. Then at least one of the
following holds:

(a) A contains a horizontal vector.

(b) There exists t > 0 such that a;* A € Ly(ep).
Proof. Suppose A does not contain a horizontal vector, and A & L5(ey). Then A
contains a vector v with ||v|| < €. Since v is not horizontal, there exists a smallest
to > 0 such that |la; 'v|| = €. Then by Lemma 2.2 for t € [0,%], a; 'A contains no

vectors shorter then €, (other then a; 'y and possibly its multiples). In particular
a;," A, contains no vectors shorter then €y. This means a;;' A € L(€). O

Remark. We note that Lemma 2.2 and thus Lemma 2.3 are specific to dimension 2.
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2.3 The classification of U-invariant measures.

Note that for A € Ly, the U-orbit of A is closed if and only if A contains a horizontal
vector. (The horizontal vector is fixed by the action of U). Any closed U-orbit
supports a U-invariant probability measure. All such measures are ergodic.

Let v denote the Haar measure on £, = G/I". The measure v is normalized so
that v(Ls) = 1. Recall that v is ergodic for both the horocycle and the geodesic flows
(this follows from the Moore ergodicity theorem).

Our main goal in this lecture is the following:

Theorem 2.4. Suppose p is an ergodic U-invariant probability measure on Ly. Then
either p is supported on a closed orbit, or u is the Haar measure v.

Proof. Let £, C Ly denote the set of lattices which contain a horizontal vector.
Note that the set £, is U-invariant.
Suppose p is an ergodic U-invariant probability measure on L,. By ergodicity of
w, (L) =0 or p(Ly) = 1. If the latter holds, it is easy to show that p is supported
on a closed orbit. Thus we assume p(L)) = 0 and we must show that u = v.
Suppose not. Then there exists a compactly supported continuous function f :
Lo — R and € > 0 such that

fdp— | fdv

Lo Lo

> €. (7)

Since f is uniformly continuous, there exists a neighborhoods of the identity W) C A
and W’ C V such that such that for a € W, v € W’ and A" € L,,

|f(vaA") = f(A")] < €/3. (8)

Recall that 7 : G — G/I' = L, denotes the natural projection. Since Lo(€p) is
compact the injectivity radius on Ly(€p) is bounded from below, hence there exist
W, CcU, Wy C A, W_ CV so that for any g € G with 7(g) € Lo, the restriction of
7 to the lowbox W_W,W,g is injective. We may also assume that W_ C W’ and
Wy € Wi. Let § = v(W_W,W,) denote the Lebesque measure of the flowbox.

By Lemma 1.14 applied to the Lebesque measure v, there exists a set £ C Lo
with v(E) < § and T7 > 0 such that for any interval [ with |I| > T} and any A’ € E,

€

<
3

(9)

1
— AN dt — d
'm/ﬁ(“ Jdt= | Jdv
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Now let A be a generic point for U (in the sense of the Birkhoff ergodic theorem).
This implies that there exists 75 > 0 such that for any interval I containing the origin
of length greater then T,

‘m/f“t /fd“

Since p(L5) = 0, we may assume that A does not contain any horizontal vectors.
Then by repeatedly applying Lemma 2.3 we can construct arbitrarily large ¢ > 0 such
that

< § (10)

a;'A € Ly(e). (11)

Now suppose ¢ such that (11) holds, and consider the set Q = a,W_WyW a; 'A.
Then () can be rewritten as

Q= (atW_agl)Wo(atWJrat_l)A

(so when t is large, @ is long in the U direction and short in A and V' directions.)
The set @ is an embedded copy of a flowbox in Lo, and v(Q) = 9.

We now consider the foliation of () by the orbits of U. For any A’ € @, let I(A’)
denote the connected component containing the origin of the set

{teR : wA' €@}

Note that the length of I(A’) is independent of A’ (it is just the length of W,
multiplied by €?*). By choosing ¢ sufficiently large, we may assume that |I(A")] >
max (T}, Ty). By (6), a;W_a;* € W'. Also, by construction, Wy C W}. Thus, by (8),
we have for any A’ € Q,

1 , B 1 . e

(this says that @ is foliated by U-orbits, and the integral of f over each U-orbit is
nearly the same).

Since v(E) < 6 and v(Q) = 0, there exists A" € Q N E°. Now (9) holds with
I = I(A'), and (10) holds with I = I(A). These estimates together with (12)
contradict (7). O

Remarks.

e The above proof works with minor modifications if I' is an arbitrary lattice in
SL(2,R) (not just SL(2,7Z)).
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e If I is a uniform lattice in SL(2,R) then the horocycle flow on G/T" is uniquely
ergodic. This is a theorem of Furstenberg [F].

e The proof of Theorem 2.4 does not generalize to classification of measures invari-
ant under a one-parameter unipotent subgroup on e.g. £,, n > 3. Completely
different ideas are needed. (I will introduce some of them in the next lecture).

Horospherical subgroups and a theorem of Dani. The key property of U in
dimension 2 which is used in the proof is that U is horospherical, i.e. that it is equal to
the set contracted by a one-parameter diagonal subgroup. (One-parameter unipotent
subgroups are horospherical only in SL(2,R)). An argument similar in spirit to the
proof of Theorem 2.4 can be used to classify the measures invariant under the action of
a horospherical subgroup. This is a theorem of Dani [Dan2| (which was proved before
Ratner’s measure classification theorem). However, the details, and in particular the
non-divergence results needed are much more complicated.
The horospherical case also allows for an analytic approach, see e.g. [Bu].

3 The case of SL(2,R) x R

In this section we will outline a proof of Ratner’s measure classification theorem
Theorem 1.11 in the special case G = SL(2,R) x R?, ' = SL(2,Z) x Z*. We will
be following the argument of Ratner [Ral, Ra2, Ra3, Ra4, Ra5, Ra6] and Margulis-
Tomanov [MT]. An introduction to these ideas can be found in [Mor]. Another
exposition of a closely related case is in [EMaMo].

Let X = G/T. Then X can be viewed as a space of pairs (A, v), where A is a
unimodular lattice in R? and v is a marked point on the torus R?/A. (We remove
the translation invariance on the torus R?/A since we consider the origin as a special
point). X is thus naturally a fiber bundle where the base is £5 and the fiber above
the point A € L, is the torus R?/A. (X is also sometimes called the universal elliptic
curve).

The action of SL(2,R) C G on X is by left multiplication. It amounts to g -
(A,v) = (gA, gv). The action of the R? part of G on X is by translating the marked
point, i.e for w € R% w - (A,v) = (A,w +v). Let U be the subgroup of SL(2,R)
defined in §2.1. In this lecture our goal is the following special case of Theorem 1.11:

Theorem 3.1. Let pu be an ergodic U-invariant measure on X. Then p is algebraic.
Let p be an ergodic U-invariant measure on X. Let m : X — L, denote the

natural projection (i.e. m(A,v) = A). Then 7} (u) is an ergodic U-invariant measure
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on Ly. Thus by Theorem 2.4, either 7} (u) is supported on a closed orbit of U, or
71 (u) is the Haar measure v on L£y. The first case is easy to handle, so in the rest of
this section we assume that 7} (u) = v. Then we can disintegrate

du(A,v) = dv(A)dAa(v)

where \a(v) is some probability measure on the torus R?/A.

3.1 Finiteness of the fiber measures.

Many of the ideas behind the proof of Ratner’s measure classification theorem The-
orem 1.11 can be illustrated in the proof of the following:

Proposition 3.2. Either p is Haar measure on X, or for almost all A € Lo, the
measure \a 1S supported on a finite set of points.

We will give an almost complete proof of Proposition 3.2 in this subsection, and
then indicate how to complete the proof of Theorem 3.1 in the next subsection.

The subgroups U,V,A,H, and W. Let U, V, A be the subgroups of SL(2,R)
defined in §2.1. We also give names to certain subgroups of the R? part of G. In
particular, let H = {hy, s € R} be the subgroup of G whose action on X is given by

hs(Av) = (A,v+s (1)), and W = {w,,r € R} be the subgroup of G whose action

0

on X is given by w,(A,v) = (A,v+7r ((1)) ). The action of H is called the horizontal
flow and the action of W the vertical flow.

Action of the centralizer. A key observation is that H commutes with U (and so
the action of H commutes with the action of U). This implies that if x is an ergodic
U-invariant measure, so is hgu for any h, € H.

Thus, either p is invariant under H or there exists s € R such that hsu is distinct
from p. Suppose p is invariant under H. Then so are the fiber measures A for all
A € Ly. Then by Exercise 1 (b), for v-almost all A € Lo, Aa is the Lebesque measure
on R?/A. Thus p coincides with Haar measure on X for almost all fibers. Then by
the ergodicity of p we can conclude that p is the Haar measure on X.

Thus, Proposition 3.2 follows from the following:

Proposition 3.3. Suppose p is not H-invariant. Then for almost all A € Lo, the
measure Aa 1S supported on a finite set of points.
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The element h and the compact set K. ;From now on, we assume that p is
not H-invariant. Then there exists hy, € H such that hg u # p. (We may assume
that hg, is fairly close to the identity). Since hg,p and p are both ergodic U-invariant
measures, by Lemma 1.6 we have hy o L p. Thus the supports of p and hg p are
disjoint. It follows from Lemma 1.7 that there exists § > 0 and a subset 2 C X with
w1(2) = 1 such that h;QNQ =0 for all s € (sg— s, So]. It follows that there exists a
compact set K with p(K) > 0.999 such that for all s € [(1 — dg)so, So], hs K N K = 0.
Since K is compact and the action of H is continuous, there exist ¢ > 0 and § > 0
such that

d(hs K, K) > ¢ for all s € [(1 — 9)so, so|. (13)

The set ,. In view of Lemma 1.14 (with f the characteristic function of K), for
any p > 0 we can find a set €2, with 1(Q2,) > 1—p and T > 0 such that for all " > Tj
and all p € Q, we have

ZHe0.7) + wre KY > 1 (0013 (14)

Shearing. Suppose p = (A,v) and p’ = (A,v') are two nearby points in the same
fiber. We want to study how they diverge under the action of U. Note that u;p and
wp’ are always in the same fiber (i.e. w1 (wp) = m(wp') = w,A), but within the fiber
77w A) they will slowly diverge. More precisely, if we let v = (2, %) and v' = (2, y/)
we have
wv' —uw = (' —x+t(y —y),y —y).

Note that if y = ¢’ (i.e. p and p’ are in the same orbit of H) then w;p and u,;p’ will
not diverge at all.

Now suppose y # y'. We are considering the regime where |2’ — z|, |y — y| are
very small, but ¢ is so large that d(p, p) is comparable to 1 (this amounts to [t(y' —y)|
comparable to 1). Under these assumptions, the leading divergence is along H, i.e.

wp’ = heugp + small error (15)
where s = t(y' — y).

Lemma 3.4. Suppose that for some positive measure set of A € Loy, the support of
Aa is infinite. Then for any p > 0 We can find A € Ly and a sequence of points
Pn = (A, (n,Yn)) € Q, which converge to p = (A, (x,y)) € Q, so that y, —y # 0 for
all n.
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We postpone the proof of this lemma (which is intuitively clear anyway).

Proof of Proposition 3.3. Suppose the conclusion of Proposition 3.3 is false, so
that for some positive measure set of A € L, the support of Aa is infinite. Then
Lemma 3.4 applies.

Let T,, = so/(yn — y). Then by (15) we have for t € [(1 — §)T,,, T,.],

d(uspn, hsugp) < €,,  where s =t/(y' — y). (16)

and €, — 0 as n — oo. If n is sufficiently large, then T,, > T, where T} is as
in the definition of ©,. Then (14) applies to both p and p,, and we can thus find
t € [(1—-96)T,,T,] such that u;p, € K and also u;p € K. Then s = t/(y —y) €
[(1 — 60)s0, So), and so (16) contradicts (13). O

Proof of Lemma 3.4. Suppose that for some positive measure set of A € L, the
support of Aa is infinite. Then (by the ergodicity of the action of U on L£5), this the
support of Aa is infinite for almost all fibers A.

Suppose for the moment that the support of Aa is countable for almost all A, so
Aa is supported on a sequence of points p, with weights A,,. But then the collection
of points with the same weight is a U-invariant set, so by ergodicity of x4 all the points
must have the same weight. Thus, since \a is a probability measure if the the support
of A is countable it must be finite.

Hence we may assume that the support of Aa is uncountable. Then so is €2, N Aa
for almost all A. Since any uncountable set contains one of its accumulation points,
we may construct a sequence p, € €1, with p,, — p, where p € Q,. It only remains
to verify that if we write p, = (A, (z,,y,)) and p = (A, (x,y)) then we can ensure
Yn # Y-

If it is not possible to do so, then it is easy to see that the support of A\ is
contained in a finite union of H-orbits. Thus given a < b we can define a function
u((A,v)) = Aa({hsv s € [a,b]}). This function is U-invariant hence constant for
each choice of [a,b]. Tt is easy to conclude from this that the support of Ay must be
finite. !

3.2 Outline of the Proof of Theorem 3.1

The following general lemma is a stronger version of Lemma 1.14:
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Lemma 3.5 (cf. [MT, Lem. 7.3]). Suppose ¢, : X — X is a flow preserving an
ergodic probability measure . For any p > 0, there is a “uniformly generic set” Q,
m X, such that

2. for every € > 0 and every compact subset K of X, with u(K) > 1 — €, there
exists Lo € R, such that, for all x € Q, and all L > Ly, we have

[{te[=L L] | d(¢n(x), K) <€} > (1 —€)(2L).

Outline of proof. This is similar to that of Lemma 1.14, except that one also chooses
a countable basis of functions and approximates K by elements of the basis. O

We now return to the setting of §3. Let u be an ergodic invariant measure for the
action of U on X = G/T' = SL(2,R) x R?/SL(2,7Z) x Z*. For any p > 0 we chose a
“uniformly generic” set €2, for p as in Lemma 3.5.

The argument of §3.1 can be summarized as the following proposition (which we
state somewhat imprecisely):

Proposition 3.6. Suppose Q) is a subgroup of G normalizing U, and suppose that
for any p > 0 we can find a sequences p, and p, in Q, such that d(p,,p,) — 0, and
under the action of U the leading transverse divergence of the trajectories uip, and
wpl, is in the direction of Q) (i.e the analogue of (15) holds with q € @ instead of
heH).

Then the measure p is Q-invariant.

Remark. The analogous statement for unipotent flows is a cornerstone of the proof
of Ratner’s Measure Classification Theorem [Rab, Lem. 3.3, [MT, Lem. 7.5, [Mor,
Prop. 5.2.4'].

Remark. For two points in the same fiber, the leading divergence is always along H
(if the points diverge at all). For an arbitrary pair of nearby points in X this is not
the case.

Remark. It is possible that the leading direction of divergence is along U. In
that case we want to consider the leading “transverse” divergence. In other words
we compare w;p, and uyp,, where t' is chosen to cancel the divergence along U (i.e.
one trajectory waits for the other). In that case we say that the leading transverse
divergence is along @ if for some ¢ € @,

WPpn = quypp,, + small error
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Remark. To prove Proposition 3.6 we must use Lemma 3.5 instead of Lemma 1.14
as in §3.1 because we must choose €2, before we know what subgroup @ (and thus
what compact set K) we will be dealing with.

We now continue the proof of Theorem 3.1. We assume that p projects to Haar
measure on Lo, but that p is not Haar measure.

Proposition 3.7. We may assume p is A-invariant.

Proof. Choose 2, as in Lemma 3.5, with p = 0.01. By Proposition 3.2, the measure
on each fiber is supported on a finite set. Also we are assuming that p projects to
Haar measure on L,. Then it is easy to see that there exist p € Q,, {v,} C V ~{e},
and {w,} C HW, such that p, = v,w,p € Q,, v, — e, and w,, — e.

It is not difficult to compute that (after passing to a subsequence), the leading
direction of divergence of wu;p, and u;p is a one-parameter subgroup () which is con-
tained in AH. Then by Proposition 3.6, p is invariant under Q).

By §3.1, we have Q # H. Any such subgroup @ of AH is conjugate to A (via an
element of H). Thus, by replacing u with a translate under H, we may assume p is
A-invariant. O

Note. At this point we do not know that p is A-ergodic.

Proposition 3.8 (cf. [MT, Cor. 8.4], [Mor, Cor. 5.5.2]). There is a conull subset )
of X, such that
QNVWp=QNVp,

for all p € €.

Proof. Let ) be a generic set for for the action of A on X; thus, Q is conull and, for
each p € €,
a;p € Q, for most t € R*.

(The existence of such a set follows e.g. from the full version of the Birkhoff ergodic
theorem, in which one does not assume ergodicity). Given p,p’ € Q, such that
p' = vwp with v € V and w € W, we wish to show w = e.

Choose a sequence t, — oo, such that a,,p and a;,p" each belong to Q,. Be-
cause t, — oo and VW is the foliation that is contracted by ar+, we know that
a_q, (vw)ay, — e. Furthermore, because A acts on the Lie algebra of V' with twice the
weight that it acts on the Lie algebra of W, we see that ||a_;, vay, ||/|a—s, way,
Thus p!, = a_, p'as, approaches p, = a_;, pa;, from the direction of W.

— 0.
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If two points p/, and p, approach each other along W, then an easy computation
shows that w;p, and w:p!, diverge along H. Thus by Proposition 3.6 p must be
invariant under H. But this impossible by §3.1 (since we are assuming that p is not
Haar measure). O

We require the following entropy estimate.

Lemma 3.9 (cf. [MT, Thm. 9.7], [Mor, Prop. 2.5.11]). Suppose W is a closed con-
nected subgroup of VW that is normalized by a € AT, and let

J(a ', W) = det((Ada ") |riew)
be the Jacobian of a=* on W.
1. If w is W-invariant, then h,(a) > log J(a™', W).

2. If there is a conull, Borel subset 2 of X, such that QN VWp C Wp, for every
p € Q, then h,(a) <logJ(a™ ', W).

3. If the hypotheses of 2 are satisfied, and equality holds in its conclusion, then
w18 W-invariant.

Proposition 3.10 (cf. [MT, Step 1 of 10.5], [Mor, Prop. 5.6.1]). p is V-invariant.
Proof. From Lemma 3.9(1), with a=" in the role of a, we have
log J(a,UX) < hy(a™").
From Proposition 3.8 and Lemma 3.9(2), we have
hu(a) <log J(a ', VY).
Combining these two inequalities with the facts that
e h,(a)=nh,(a™t) and
o J(a,UX)=J(a ', VY),
we have
log J(a,UX) < h,(a™') = hy(a) <log J(a™',VY) =log J(a,UX).

Thus, we must have equality throughout, so the desired conclusion follows from
Lemma 3.9(3). O

19



Proposition 3.11. yu is the Lebesgue measure on a single orbit of SL(2,R) on X.

Proof We know:
e U preserves p (by assumption),
e A preserves p (by Proposition 3.7) and
e V preserves p (by Proposition 3.10).

Since SL(2,R) is generated by U, A and V', pis SL(2,R) invariant. Because SL(2,R)
is transitive on the quotient Lo and the support of pu on each fiber is finite (see
Proposition 3.2), this implies that some orbit of SL(2,R) has positive measure. By
ergodicity of U, then this orbit is conull. O

This completes the proof of Theorem 3.1.
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4 Non-divergence of unipotent flows: the case of
SL(2,R).

Here we return to the set-up of §2, that is, U = {u, : z € R} acting on Ls.

4.1 Lemma 2.2 implies nondivergence

Recall that one of the lemmas from §2, namely Lemma 2.2, was a step towards “an
elementary non-divergence result”, Lemma 2.3. The latter essentially asserted that a
trajectory {a;A}, A € Ly, does not tend to infinity as ¢ — —oo unless A contains a
horizontal (shrunk by a;, t < 0) vector. (I know that Alex was using A instead of A,
but I really prefer it this way. Maybe we will unify our notation later on.)

Here is another corollary from that lemma describing the same phenomenon for
the U-action.

Corollary 4.1. For any A € Lo, u, A does not tend to oo as v — oo.

In other words, for any A € £, there exists a compact subset K of L5 such that
the set {x >0 : w,A € K} is unbounded.

Proof. Assume the contrary; in view of Theorem 2.1, this would amount to assuming
that the length of the shortest nonzero vector of u,A tends to zero as © — oco. Note
that an obvious example of a divergent orbit would be constructed if one could find
a vector v € A\ {0} such that u,v — 0. But this is impossible: either v is horizontal
and thus fixed by U, or its y-component is nonzero and does not change under the
action. Thus the only allowed scenario for a divergent U-trajectory would be the
following: for some v € A\ {0}, u,v gets very small, say shorter than e, then starts
growing but before it grows too big (longer than €), another vector v € A ~ {0}
not proportional to v gets shrunk by wu, to the length less than e. This however is
prohibited by Lemma 2.2. O

Remark. Observe that the analogue of this corollary is false if U is replaced by A,
since a; can contract nonzero vectors. However the same argument as above shows
that for any continuous function h : R, — SL(2,R) and any A € L, such that h(x)A
diverges, it must do so in a degenerate way (Dani’s terminology), that is, shrinking
some nonzero vector v € A. This phenomenon is specific to dimension 2: if n > 2
one can construct divergent trajectories a;A of diagonal one-parameter semigroups
a; € SL(n,R) in £,, which diverge in a non-degenerate way (without shrinking any
subpace of R™).
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4.2 The Nondivergence Theorem of Margulis

Despite the above remark, an analogue of Corollary 4.1 holds in higher rank as well.
It was conjectured by Piatetski-Shapiro in the late 1960s and showed in 1971 by
Margulis [Marl] as part of the program aimed at proving arithmeticity of lattices in
higher rank algebraic groups.

Theorem 4.2. Let {u,} be a one-parameter unipotent subgroup of SL(n,R). Then
for any A € L,,, u,\ does not tend to oo as x — oo.

An attempt to apply the proof of Corollary 4.1 verbatim fails miserably: there
are no obstructions to having many short linear independent vectors. We will prove
Theorem 4.2 in the next section in a much stronger (quantitative) form, which also
happens to have important applications to problems arising in Diophantine approxi-
mation theory. But first, following the philosophy of these notes, we explain how one
can easily establish a stronger form of Corollary 4.1, just for n = 2.

4.3 Quantitative nondivergence in £,

We are going to fix an interval B C R and A € L, and will look at the piece of
trajectory {u,A : x € B}. Applying the philosophy of the proof of Corollary 4.1,
one can see that one of the following two alternatives can take place:

Case 1. There exists a vector v € A\ {0} such that ||u,v| is small, say not greater
than p < 1, for all z € B. (For example this v may be fixed by U.) This case is not
so interesting: again by Lemma 2.2, we know that this vector v is “the only source
of trouble”, namely no other vector can get small at the same time.

Case 2. The contrary, i.e.

Voe AN {0} suplluv| > p. (17)
el

In other words, every nonzero vector grows big enough at least at some point z € B.
This assumption turns out to be enough to conclude that for small € the trajectory
{uz,A : = € B} spends relatively small proportion of time, in terms of Lebesgue
measure A on R, outside of Ls(e).

Before stating the next theorem we would like to point out one minor detail which
was somewhat hidden in all the previous discussions: that the definition of the sets
L, (€), as well as conditions like (17), depend on the choice of the norm on R", which
was so far assumed to be Euclidean. Taking another norm would result in a slight
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change of the sets £, (¢) (up to a bounded distance) and some constants, such as ¢
in Lemma 2.2. In particular, in the next theorem it will be more convenient to work
with the supremum norm, so we are going to use an adjusted version of Lemma 2.2
with g = 1/ V2. We will switch back to the Euclidean norm afterwards.

Theorem 4.3. Suppose an interval B C R, A € Ly and 0 < p < 1/v/2 are such that
(17) holds. Then for any € < p,

A{z€B : uA¢ Lo(e)}) < 2%)\(3) .

Thus, if one studies the curve {u,A} where « ranges from 0 to 7', it suffices to look
at the starting point A of the trajectory, find the length of its shortest vector, call
it p, and apply the theorem to get a quantitative statement concerning the behavior
of {u;,A : 0 <z <T} for any 7. Note that it is meaningful only when € is small
enough (not greater than p/2).

Proof. Denote by P(A) the set of primitive vectors in A (v is said to be primitive
in A if RuN A is generated by v as a Z-module). Clearly in all the argument it will
suffice to work with primitive vectors.

flx)=ax+0b

Figure 1. Proof of Theorem 4.3.

Now for each v € P(A) consider

B {zeB : |uw| <e and Bu(p)E{xeB : |uw| <pl,
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Z) € P(A) be such that B,(e) # @.

where || - || is the supremum norm. Let v = (
a+ bx
b

Therefore, if we denote f(x) = a + bx, we have
By(e)={zeB : |f(x)|<e} and By(p)={reB : |f(z)| <p}.

Clearly the ratio of lengths of intervals B, (¢) and B,(p) is bounded from above by
2¢/p (by looking at the worst case when B,(¢) is close to one of the endpoints of B).
Lemma 2.2 guarantees that the sets B,(p) are disjoint for different v € P(A), and
also that u,A ¢ Ly(e) whenever x € B,(p) \ By,(¢) for some v € P(A). Thus we
conclude that

A{z€B : wh¢Lo(e)}) < Y ABue) < 2% STABL(p) < 2§>\(B) .0

Then, since u,v = ), it follows that |b| < ¢, and (17) implies that b is nonzero.

Before proceeding to the more general case, let us summarize the main features
of the argument. Each primitive vector v came with a function, z — ||u,v||, which

(1) allowed to compare measure of the subsets of B where this function is less than
e and p respectively, and

(2) attained value at least p on B.

Let us say that a point © € B is (¢/p)-protected if © € B,(p) \ B,(¢€) for some
v e P(A). (1) and (2) imply that for each v, the relative measure of protected points
inside B,(p) is big. Then Lemma 2.2 shows that protected points are safe (no other
vector can cause trouble), i.e. brings us to the realm of Case 1 when restricted to
B,(p).

In the analog of the argument for n > 2, (1) and (2) above will play an important
role, but it will be more difficult to protect points from small vectors, and the final
step using Lemma 2.2 will have to be replaced by an inductive procedure, described
in the next section.

5 Quantitative non-divergence in L,.

5.1 The main concepts needed for the proof

The crucial idea that serves as a substitute for the absence of Lemma 2.2 in dimen-
sions 3 and up is an observation that whenever a lattice A in R™ contains two linearly
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independent short vectors, one can consider a subgroup of rank two generated by
them, and this subgroup will be “small”, which should eventually contribute to pre-
venting other small vectors from showing up. (Here and hereafter by the rank rk(A)
of a discrete subgroup A of R™ we mean its rank as a free Z-module, or, equivalently,
the dimension of the real vector space spanned by its elements.) Thus it seems to
make sense to consider all subgroups of A, not just of rank one. In fact, similarly to
the n = 2 case, it suffices to work with primitive subgroups. Namely, a subgroup A
of A is called primitive in A if A = RA N A; equivalently, if A admits a generating
set which can be completed to a generating set of A. The inclusion relation makes
the set P(A) of all nonzero primitive subgroups of A a partially ordered set of length
equal to rk(A) (any two primitive subgroups properly included in one another must
have different ranks). This partial order turns out to be instrumental in creating a
substitute for Lemma 2.2.

We also need a way to measure the size of a discrete subgroup A of R™. The
best solution seems to be to use Euclidean norm || - || and extend it by letting ||A||
to be the volume of the quotient space RA/A. This is clearly consistent with the
one-dimensional picture, since [|Zv|| = ||v||. This is also consistent with the induced
Euclidean structure on the exterior algebra of R™: if A is generated by wvy,..., v,
then [|All = [Jvg A+ A vl

Our goal is to understand the trajectories u,A as in Theorem 4.2. However,
observe that the group structure of U was not used at all in the proof in the previous
section. Thus we are going to consider “trajectories” of a more general type. Namely,
we will work with continuous functions A from an interval B C R into SL(n,R), and
replace the map z +— u,A with x — h(z)Z" (then in the case of Theorem 4.2 we are
going to have h(x) = u,g where A = gZ").

Among the assumptions to be imposed on h, the central role is played by an
analogue of (1) stated at the end of the previous section. This is taken care of by
introducing a certain class of functions and then demanding that all functions of the
form = — ||h(x)Al| where A € P(Z™), belong to this class.

If C' and « are positive numbers and B a subset of R, let us say that a function
f: B+~ Ris (C,«a)-good on B if for any open interval J C B and any € > 0 one has

€

SUPgc g |f

M{zed||f@)]<e) go( (M) AJ). (18)

Informally speaking, graphs of good functions are not allowed to spend a big propor-
tion of “time” near the z-axis and then suddenly jump up. Several elementary facts
about (C, a)-good functions are listed below:
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Lemma 5.1. (a) f is (C,«)-good on B < sois |f| = soiscf Ve €R;
(b) fi,i=1,...,k, are (C,«a)-good on B = so is sup, | fi|;

(c) If f is (C,a)-good on B and ¢; < ‘%‘ < ¢ for all x € B, then g is
(Clea/c1)*, @0)-good on B;

The proofs are left as exercises. Another exercise is to construct a C* function
which is not good on (a) some interval (b) any interval.

The notion of (C, «)-good functions was introduced in [KM] in 1998, but the im-
portance of (18) for measure estimates on the space of lattices was observed earlier.
For instance, the next proposition, which describes what can be called a model exam-
ple of good functions, can be traced to [DM4, Lemma 4.1]. We will prove a slightly
stronger version paying more atention to the constant C' (which will not really matter
for the main results).

Proposition 5.2. For any k € N, any polynomial of degree not greater than k is
(k(k +1)"* 1/k)-good on R.

Proof. Fix an open interval J C R, a polynomial f of degree not exceeding k, and a
positive €. We need to show that

€

1/k
A{z e J:|f(x)| <e}) <k(k+1)"* (m) AJ). (19)

Suppose that the left hand side of (19) is strictly bigger than some number m.
Then it is possible to choose 1, ..., 2411 € {x € J : |f(z)| < €} with |z; —x;| > m/k
for each 1 <i # 7 < k+ 1. (Exercise.) Using Lagrange’s interpolation formula one
can write down the exact expression for f:

k+1 Ilk+l

) = Y ST

k+1 :
Hjil,j;éi(xi — ;)

Note that |f(z;)| < € for each i, |x — x;] < A(J) for each j and x € J, and also
|z; — x| > m/k. Therefore

A
iléglf(af)l < (k+ 1)€(m/k;)k :
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which can be rewritten as

€

1/k
m <kl + D <sup eJ|f<a:>|> M),

proving (19). O

Observe that in the course of the proof of Theorem 4.3 it was basically shown that
linear functions are (2, 1)-good on R. The relevance of the above proposition for the
nondivergence of unipotent flows on £, is highlighted by

Corollary 5.3. For any n € N there exist (explicitly computable) C' = C(n), a =
a(n) such that for any one-parameter unipotent subgroup {u,} of SL,(R), any A € L,
and any subgroup A of A, the function x — ||u.All is (C, «)-good.

Proof. Represent A by a vector w € /\k(R”) where k is the rank of A; the action of
Uy ON /\k(R”) is also unipotent, therefore every component of w,w (with respect to
some basis) is a polynomial in z of degree uniformly bounded in terms of n. Thus
the claim follows from Proposition 5.2, Lemma 5.1(b) for the supremum norm, and
then Lemma 5.1(c) for the Euclidean norm. O

5.2 The main nondivergence result and its history

Let us now state a generalization of Theorem 4.3 to the case of arbitrary n.

Theorem 5.4. Suppose an interval B C R, C;a > 0, 0 < p < 1 and a continuous
map h : B — SL(n,R) are given. Assume that for any A € P(Z"),

(i) the function x — ||h(x)Al is (C,«)-good on B, and
(ii) supyep [|A(z)A] = p™4).

Then for any € < p,

AM{z €B : h(z)Z" ¢ La(e)}) < n2"C G)a AB). (20)

This is a simplified version of a theorem from [K2], which sharpens the one proved
in [KM]. The latter had a slightly stronger assumptions, with p in place of p™(&)
in the inequalities (ii) above. In most of the applications this improvement is not
needed — but there are some situations in metric Diophantine approximation (which

27



may or may not be covered in this lectures) where it becomes important. Anyway,
the scheme of the proof is exactly the same for both original and new versions, and
also there are some reasons why the new one appears to be more natural, as we will
hopefully see below.

It is straightforward to verify that Theorem 4.2 follows from Theorem 5.4: take
B =[0,T] and h(x) = u,g where A = gZ™. Condition (i) has already been established
in Corollary 5.3, and (ii) clearly holds with some p dependent of A: just put z = 0
and

_ _ 1/1k(A)
p=p(A) = inf[IA]/7H), (21)

positive since A is discrete. Furthermore, Theorem 5.4 implies the following

Corollary 5.5. For any A € L,, and any positive § there exists a compact subset K
of L, such that for any unipotent one-parameter {u,} C SL(n,R) and any positive T
one has

%A({ongT DougA g K}) <0 (22)

This was proved by Dani in 1979 [Danl]. For the proof using Theorem 5.4, just
take K = L, (€) where € is such that

n2"C(n) (e/p)*™ < 6, (23)

C(n),a(n) are as in Corollary 5.3 and p(A) as defined in (21). Thus, on top of Dani’s
result, one can recover an expression for the “size” of K in terms of 4.

But this is not the end of the story — one can conclude much more. It immediately
follows from Minkowski’s Lemma that if rk(A) is, say, k, then the intersection of A
with any compact convex subset of RA of volume 2¥||Al| contains a nonzero vector.
Thus such a A must contain a nonzero vector of length < 2||Al|/ l/,i/ * where vy, is the
volume of the unit ball in R¥. Consequently, if we know that A € £, (p) for some
positive p/; then p(A) as defined in (21) is at least ¢p’ where ¢ = ¢/(n) depends only
on n. Thus we have proved (modulo elementary computations left as an exercise)

Corollary 5.6. For any § > 0 there exists (explicitly computable) ¢ = c(n,d) such
that whenever {u,A : 0 < ax < T} C L, is a unipotent trajectory nontrivially
intersecting L, (p) for some p >0, (22) holds with K = L,(cp).

We remark that that the distance between £, (p) and the complement of £, (cp)
is uniformly bounded from above by a constant depending only on ¢, not on p. Thus
the above corollary guarantees that, regardless of the size of the compact set where a
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unipotent trajectory begins, we only need to increase the set by a bounded distance
to make sure that the trajectory spends, say, at least half the time in the bigger set.
Note that for the last conclusion one really needs to have p™(®) and not p in the right
hand side of (ii) above; previously available technology forced a much more significant
expansion of L, (p).

Let us now turn our attention to another non-divergence theorem, proved by Dani
in 1984 [Dan4|, and later generalized by Eskin, Mozes and Shah [EMS1]:

Corollary 5.7. For any 6 > 0 there exists a compact subset K C L,, such that for
any unipotent one-parameter subgroup {u,} C SL(n,R) and any A = gZ™ € L,,
either (22) holds for all large T, or there exists a (g~ u,g)-invariant proper subspace
of R™ defined over Q.

Proof. Apply Theorem 5.4 with an arbitrary p < 1 and € as in (23), as before choosing
K to be equal to L,,(¢). Assume that the first alternative in the statement of the
corollary is not satisfied for some {u,}, A and this K. This means that there exists
an unbounded sequence T}, such that for each k, the conclusion of Theorem 5.4 with
p = 1, € chosen as above and h(z) = u,g, does not hold for B = [0,7}]. Since
assumption (i) of the theorem is always true, (ii) must go wrong, i.e. for each k there
must exist Ay € P(Z"™) such that ||u,gAg|]| < 1 for all 0 < x < T,. However there
are only finitely many choices for such subgroups, hence one of them, A, works for
infinitely many k. But [Ju,gA|* is a polynomial, hence it must be constant, hence u,
fixes g(RA) < g 'u,g fixes the proper rational subspace RA. O

5.3 The proof

In order to prove Theorem 5.4, we are going to create a substitute for the procedure
of marking points by vectors (and thereby declaring them safe from any other small
vectors) used in the proof of Theorem 4.3. However now vectors will not be suffi-
cient for our purposes, we will need to replace it with flags, that is, linearly ordered
subsets of the partially ordered set (poset) P(A), A € L,,. Furthermore, to set up
the induction we will need to prove a version of the theorem with P(Z™) repalced by
its subsets (more precisely, sub-posets) P. The induction will be on the length of P,
i.e. the number of elements in its maximal flag. In this more general theorem we will
also get rid of the expressions p™(®) in the right hand side of (ii), replacing them with
n(A), where 7 is an arbitrary function P — (0, 1] (to be called the weight function).

Now given an interval B C R, a sub-poset P C P(Z"), a weight function 7, a
map h : B — SL(n,R) and € > 0, say that x € B is e-protected relative to P if there
exists a flag F' C P with the following properties:
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(M1) en(A) < [[a(x)All <n(A) VA€ F;
(M2) ||h(z)Al| > n(A) VA € P~ F comparable with every element of F.

We are going to show that with the choice n(A) = p*?) and P = P(Z"),
(e/p)-protected points are indeed protected from vectors in h(z)Z"™ of length less
than e. But first let us check that the above definition reduces to the one used for
the proof of Theorem 4.3 when P = P(Z?). Indeed, for h(z) = u,g, A = Zv of rank
1, n(A) = p and e substituted with ¢/p, (M1) reduces to € < |Ju,gv|| < p, which was
exactly the condition satisfied by some vector v € Z? for x € B,,(p) \ B, (€). Further,
(M2) in that case holds trivially, since the only element of P(Z?) ~ {A} comparable
with A is Z? itself, and ||gZ?|| = 1 > p*. And the conclusion was that the existence
of such v forces u,gZ* to belong to Ly(e).

Here is a generalization:

Proposition 5.8. Let n be given by n(A) = p*A) for some 0 < p < 1. Then
for any € < p and any x € B which is (¢/p)-protected relative to P(Z™), one has
h(x)Z™ € Ly (€).

Proof. For = as above, let {0} = Ag € Ay € --- C Ay, = Z" be all the elements of
F U {{0},Z"}. Properties (M1) and (M2) translate into:

M1) €. pa) < ||h(2) || < pXB) Vi=0,...,0—1;
p

(M2) ||h(z)A]| > pB) VA € P(Z") \ F comparable with every A,.
(Even though Ay = {0} is not in P(Z"), it would also satisfy (M1) with the convention

{0} =1.)

Take any v € Z™ ~ {0}. Then there exists j, 1 < j </, such that v € A; N A,_;.
Denote R(A;_; + Zv) N A by A. Clearly it is a primitive subgroup of A satisfying
A1 C A C A, therefore A is comparable with A; for every i (and may or may not
coincide with one of the A;s). Now one can use properties (M1) and (M2) to deduce
that

|A(@)A] > min (5 ), prkW) B e (24)
p

On the other hand, from the submultiplicativity of the covolume it follows that
|h(x)All is not greater than [|[h(z)A;_1]| - ||v| (recall a similar step in the proof of
Lemma 2.2). Thus

[h(@)A] e

h(x)vl| > ————— > ———— =¢€.
I 2 )BT e e o 978

30



Hence A € L,,(¢) and the proof is finished. O

This is perhaps the crucial point in the proof: we showed that a flag with certain
properties does exactly what a single vector was doing in the case of SL(2, R); namely,
it guarantees that in the lattices corresponding to protected points, no vector can be
shorter than e.

Now that the above proposition is established, we will forget about the specific
form of the weight function and work with an arbitrary n. Here is a more general
theorem:

Theorem 5.9. Fiz 0 < k < n, and suppose an interval B C R, C,a > 0, a contin-
uwous map h : B — SL(n,R), a poset P C P(Z") of length k and a weight function
n: P — (0,1] are given. Assume that for any A € P

(i) the function x — ||h(x)Al is (C,«)-good on B, and

(i) sup,ep [[P(z)All = n(A).

Then for any 0 < e <1,
M{z € B : x is not e-protected relative to P}) < k2¥Ce*\(B) .

We remark that the use of an arbitrary P in place of P(Z") is justified not only
by a possibility to prove the theorem by induction, but also by some applications to
Diophantine approximation where proper sub-posets of P(Z™) arise naturally. Maybe
they will be mentioned, or at least referred to, at the end of the lectures.

Proof. We will break the argument into several steps.

Step 0. First let us see what happens when k = 0, the base case of the induction.
In this case P is empty, and the flag F' = @ will satisfy both (M1) and (M2). Thus
all points of B are e-protected relative to P for any ¢, which means that in the case
k = 0 the claim is trivial. So we can take £ > 1 and suppose that the theorem is
proved for all the smaller lengths of P.

Step 1. For any y € B let us define

def

Sly)={AeP = [[h(y)Al <n(A)}.

Roughly speaking, S(y) is the set of As which gets small enough at y, i.e. potentially
could bring trouble. By the discreteness of h(y)Z" in R™, this is a finite subset of P.
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Note that if this set happens to be empty, then ||h(y)A| > n(A) for all A € P, which
means that F' = & can be used to e-protect y for any €. So let us define

def .
E={yeB : S(y) #2}={yeB|3IAec P with [r(y)Al <n(A)};
then to prove the theorem it suffices to estimate the measure of the set of points
x € F which are not e-protected relative to P.

A flashback to the proof for n = 2: there S (y) consisted of primitive vectors U for which
||uyv|| was less than p, not more than one such vector was allowed, and nonexistence of such vectors

automatically placed the lattice in En(e)

Step 2. Take y € F and A € S(y), and define Ba, to be the maximal interval of
the form BN (y —r,y+ ) on which the absolute value of ||(-)Al| is not greater than
n(A). From the definition of S(y) and the continuity of functions ||h(-)Al it follows
that Ba , contains some neighborhood of y. Further, the maximality property of Ba ,
implies that

sup [|h(z)All = n(A). (25)

zEBA y

Indeed, either B,, = B, in which case the claim follows from (ii), or at one of the
endpoints of Ba ,, the function ||A(-)A|| must attain the value n(A) — otherwise one
can enlarge the interval and still have ||h(-)A|| not greater than n(A) for all its points.

Another flashback: intervals BA7y are analogues of B, (,0) from the proof of Theorem 4.3 — but

this time there is no disjointness, since many /\s can get small simultaneously.

Step 3. For any y € E let us choose an element A, of S(y) such that Ba,, =
Uaes(y) Ba,y (this can be done since S(y) is finite). In other words, Ba,, is maximal
among all Ba . For brevity we will denote Ba,, by B,. We now claim that

sup ||h(z)Al > n(A) for any y € E and A € P. (26)

zEBy

Indeed, if not, then ||h(z)A|| < n(A) for all = € B, in particular one necessarily has
|h(y)All < n(A), hence A € S(y) and Ba, is defined. But Ba , is contained in B,,
so (26) follows from (25).

Yet another flashback: the collection of intervals By looks more similar to the family {Bv (p)}
than that of all BA,y, A€ S(y) this was achieved by selecting A = Ay which works best for every

given Y, that is, Ay 's motion is the slowest among all the relevant As.

Step 4. Now we are ready to perform the induction step. For any y € E define

Pyd:Cf {AeP~{A,} : Aiscomparable with A,}.

32



We claim that P, (a poset of length k& — 1) in place of P and B, in place of B satisfy
all the conditions of the theorem. Indeed, (i) is clear since B, is a subset of B, and
(ii) follows from (26). Therefore, by induction,

M{z € B, : zis not e-protected relative to P,}) < (k — 1)2"'Ce*\(B,). (27)

Step 5. Does the previous step help us, and how? let us take x outside of this set of
relatively small measure, that is, assume that x is e-protected relative to P, and try
to use this protection. By definition, there exists a flag F” inside P, such that

en(A) < [h(z)A <n(A) VAe F (28)
and
|h(z)Al > n(A) VA € P, F' comparable with every element of F'.  (29)

However this F’ will NOT protect x relative to the bigger poset P, because A,
comparable with every element of F’, would not satisfy (M2) — on the contrary, recall
that it was chosen so that the reverse inequality, ||h(z)A,| < n(4,), holds for all

x € By, see (26)! Thus our only choice seems to be to add A, to F', for extra

protection, and put F © Yy {A,}. Then A € P ~ F is comparable with every

element of F' if and only if A is in P, \ F’, and is comparable with every element of
F'. Because of that, (M2) immediately follows from (29). As for (M1), we already
know it for for A # A, by (28), so it remains to put A = A,. The upper estimate
in (M1) is immediate from (26). The lower estimate, on the other hand, can fail —
but only on a set of relatively small measure, because of assumption (i) which, by the
way, has not been used so far at all:

' i . en(Ay)
Mz eB, : [|h@)a,)| < n<Ay>}>§C<supxeBy Hh(:v)AyH> R

< CO"AB,).

(

The union of the two sets above, in the left hand sides of (27) and (30), has measure
at most k2871Ce*\(B,). We have just shown that this union exhausts all the unpro-
tected points as long as we are restricted to B,. Thus we have achieved an analogue
of what was extremely easy for n = 2: bounded the measure of the set of points where
things can go wrong on each of the intervals B,(p).

33



Step 6. It remains to produce a substitute for the disjointness of the intervals, that
is, put together all the Bys. For that, consider the covering {B, | y € E} of E
and choose a subcovering {B;} of multiplicity at most 2. (Exercise: this is always
possible.) Then the measure of {x € E' : x is not e-protected relative to P} is not
greater than

Z M{x € B; : x is not e-protected relative to P}) < k2F"'Ce” Z MNB;) < k2FCe“\(B) ,

(2

and the theorem is proven. O

6 Linearization and ergodicity

6.1 Non-ergodic measures measures invariant under a unipo-
tent.

The collection H. (Up to conjugation, this should be the collection of groups which
appear in the definition of algebraic measure).

Let G be a Lie group, I' a discrete subgroup of G, and 7 : G — G/I" the natural
quotient map. Let H be the collection of all closed subgroups F' of GG such that F'NI" is
a lattice in F' and the subgroup generated by unipotent one-parameter subgroups of GG
contained in F' acts ergodically on 7w(F') = F'/(F'NI') with respect to the F-invariant
probability measure.

Proposition 6.1. The collection 'H is countable.

Proof. See [Ra6, Theorem 1.1] or [DM4, Proposition 2.1] for different proofs of this
result. O

Let U be a unipotent one-parameter subgroup of G and F' € H. Define
N(F,U) = {g€G:UCgFg'}
S(F,U) = |J{N@F U): F'€H, F' C F, dim F’' < dim F}.
Lemma 6.2. ([MS, Lemma 2.4]) Let g € G and F € H. Theng € N(F,U)\S(F,U)
if and only if the group gFg~! is the smallest closed subgroup of G which contains U

and whose orbit through w(g) is closed in G/T". Moreover in this case the action of U
on gn(F) is ergodic with respect to a finite gF g~ -invariant measure.
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As a consequence of this lemma,
T(N(F,U)\ S(F,U)) =xn(N(F,U)) \ n(S(F,U)), VF € 'H. (31)

Ratner’s theorem [Ra6] states that given any U-ergodic invariant probability mea-
sure on G/T'; there exists F' € H and g € G such that pu is g~'Fg-invariant and
w(m(F)g) = 1. Now decomposing any finite invariant measure into its ergodic com-
ponent, and using Lemma 6.2, we obtain the following description for any U-invariant
probability measure on G/I' (see [MS, Theorem 2.2]).

Theorem 6.3 (Ratner). Let U be a unipotent one-parameter subgroup of G and
W be a finite U-invariant measure on G/T. For every F € H, let ur denote the
restriction of p on T1(N(F,U)\ S(F,U)). Then pug is U-invariant and any U-ergodic
component of up is a gF g~ -invariant measure on the closed orbit gm(F) for some
ge N(F,U)\ S(F,U).

In particular, for all Borel measurable subsets A of G /T,

(A=Y us(A),

Fen*

where H* C 'H s a countable set consisting of one representative from each I'-
conjugacy class of elements in H.

Remark. We will often use Theorem 6.3 in the following form: suppose p is any U-
invariant measure on G/I" which is not Lebesque measure. Then there exists F' € H
such that p gives positive measure to some compact subset of N(F,U) \ S(F,U).

6.2 The theorem of Dani-Margulis on uniform convergence

The “linearization” technique of Dani and Margulis was devised to understand which
measures give positive weight to compact subsets subsets of N(F,U)\ S(F,U). Using
this technique Dani and Margulis proved the following theorem (which is important
for many applications, in particular §7):

Theorem 6.4 ([DM4], Theorem 3). Let G be a connected Lie group and let " be a
lattice in G. Let p be the G-invariant probability measure on G/I'. Let U = {u.} be an
Ad-unipotent one-parameter subgroup of G and let f be a bounded continuous function
on G/T". Let D be a compact subset of G/T" and let € > 0 be given. Then there exist
finitely many proper closed subgroups Fy = Fi(f,D,¢€),--- , Fr = F(f, D, €) such that
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F; N T is a lattice in F; for all i, and compact subsets C; = C1(f,D,€),--- ,Cy =
Cx(f,D,e) of N(F1,U),- -, N(EFy, U) respectively, for which the following holds: For
any compact subset K of D — J ;< m(Ci) there exists a Ty > 0 such that for all

re K andT > 1T .
1
‘—/ f(utx)dt—/ fdu‘ <e (32)
T Jy a/r

Remarks.

e This theorem can be informally stated as follows: Fix f and ¢ > 0. Then (32)
holds (i.e. the space average of f is within e of the time average of f) uniformly
in the base point z, as long as x is restricted to compact sets away from a finite
union of “tubes” N(F,U). (The N(F,U) are associated with orbits which do
not become equidistributed in G//T", because their closure is strictly smaller.)

e [t is a key point that only finitely many Fj, are needed in Theorem 6.4. This
has the remarkable implication that if F' € H but not one of the Fj, then (32)
holds for # € N(F,U) even though Uz is not dense in G/I" (the closure of Uz is
Fx). Informally, this means the non-dense orbits of U are themselves becoming
equidistributed as they get longer.

A full proof of Theorem 6.4 is beyond the scope of this course. However, we will
describe the “linearization” technique used in its proof in §6.3.

6.3 Ergodicity of limits of ergodic measures

In this subsection we are following [MS], which refers many times to [DM4].
Let P(G/T") be the space of all probability measures on G/T".

Theorem 6.5 (Mozes-Shah). Let U; be a sequence of unipotent one-parameter sub-
groups of G, and for each 1, let p; be an ergodic U;-invariant probability measure on
G/I. Suppose p; — p in P(G/T'). Then there exists a unipotent one-parameter sub-
group U such that p is an ergodic U-invariant measure on G/I'. In particular, u is
algebraic.

Remarks.

e Let Q(G/T") € P(G/I') denote the set of measures ergodic for the action of
a unipotent one-parameter subgroup of G, and let Qu(G/I') denote Q(G/T")

union the zero measure. If combined with the results of §5, Theorem 6.5 shows
that Qy(G/T") is compact.
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e The theorem actually proved by Mozes and Shah in [MS] gives more information
about what kind of limits of ergodic U-invariant measures are possible. Here is
an easily stated consequence:

Suppose z; € G/T" converge to 7o, € G/T', and also z; € Ury,. For i € NU{oo}
let p; be the algebraic measures supported on Uz;, so that the trajectories Uz;
are equidistributed with respect to the measures p;. Then p; — fioo.

We now give some indication of the proof of Theorem 6.5. Let U;, p;, v be as in
Theorem 6.5. Write U; = {u;(t) }ier.

Invariance of ;1 under a unipotent.

Lemma 6.6. Suppose U; # {e} for all large i € N. Then p is invariant under a
one-parameter unipotent subgroup of G.

Proof. For each i € N there exists w; in the Lie algebra g of GG, such that ||w;|| =1
and U; = {exp(tw;),t € R}. (Here || - || is some Euclidean norm on g). By passing
to a subsequence we may assume that w; — w for some w € g, ||w|| = 1. For any
t € R we have Ad(exp(tw;)) — Ad(exp(tw)) as i — oco. Note that Ad(exp(tw)) is
unipotent, since the set of unipotent matrices is closed (consider e.g. the characteristic

polynomial). Therefore U = {exp(tw) : t € R} is a nontrivial unipotent subgroup
of G. Since exp tw; — exp tw for all t and p; — p, it follows that p is invariant under
the action of U on G/I. O

Application of Ratner’s measure classification theorem. We want to analyze
the case when the limit measure g is not the G-invariant measure. By Ratner’s
description of p as in Theorem 6.3, there exists a proper subgroup F' € H, ¢, > 0,
and a compact set C; C N(F,U) \ S(F,U) such that pu(7(Cy)) > €. Thus for any
neighborhood ® of 7(C}), we have u;(®) > € for all large i € N. Thus the unipotent
trajectories which are equidistributed with respect to the measures p; spend a fixed
proportion of time in ®.

Linearization of neighborhoods of singular subsets. Let F' € 'H. Let g denote
the Lie algebra of GG and let f denote its Lie subalgebra associated to F'. For d = dim f,
put Vi = A%, the d-th exterior power, and consider the linear G-action on V; via the
representation A% Ad, the d-th exterior power of the Adjoint representation of G' on
g. Fix pr € A%\ {0}, and let np : G — Vi be the map defined by nr(g) = g - pr =
(ATAd g) - pr for all g € G. Note that

nr ' (pr) = {g € Na(F) : det(Ad g;) = 1}.
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Remark. The idea of Dani and Margulis is to work in the representation space Vg
(or its double quotient V) instead of G/T. The advantage is that F is collapsed to
a point in V. The difficulty is that the map ng : G — Vi is not I'-equivariant, and
so becomes multivalued if considered as a map from G/I" to V.

Proposition 6.7 ([DM4, Theorem 3.4]). The orbit I' - pg is discrete in V.
Remark. In the arithmetic case the above proposition is immediate.

Proposition 6.8. ([DM}, Prop. 3.2]) Let Ar be the linear span of np(N(F,U)) in
Ve. Then
ne~ (Ar) = N(F,U).

Let Ng(F) denote the normalizer in G of F. Put I'r = Ng(F)NTI'. Then for any
v € I'r, we have y7(F') = w(F'), and hence « preserves the volume of 7w(F'). Therefore
| det(Ad~|s)| = 1. Hence 7 - pp = £pp. Now define

U — Vp/{ld,-1d} if U - pp = {pr, —pr}
Vi it I'r - pr = pr

The action of G factors through the quotient map of Vi onto Vi. Let pr denote the
image of pr in Vi, and define 7z : G — Vi as fr(g) = g - pr for all ¢ € G. Then
'y =7 Y(pr) NT. Let Ap denote the image of A in V. Note that the inverse
image of Ap in Vp is Ap.

For every x € G/TI, define the set of representatives of z in Vp to be

Rep(z) = (7" (z)) = ijr(2l) C Vp.

Remark. If one attempts to consider the map 77r : G — Vr as a map from G/T" to
Vr, one obtains the multivalued map which takes x € G/I" to the set Rep(z) C V.
The following lemma allows us to understand the map Rep in a special case:

Lemma 6.9. If x = 7(g) and g € N(F,U) \ S(F,U)
Rep(z) N Ar = {g-pr}.

Thus x has a single representative in Ap C Vp.
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Proof. Indeed, using Proposition 6.8,
Rep((g)) N Ar = (gL N N(F,U)) - pr

Now suppose v € I is such that gy € N(F,U). Then g belongs to N(vF~~1 U) as

well as N(F,U). Since g € S(F,U), we must have yFy™! = F, so v € I'p. Then

YoF = Pr, 0 (g N N(F,U)) - pr = {g - pr} as required. O
We extend this observation in the following result (cf. [Shal, Prop. 6.5]).

Proposition 6.10 ([DM4, Corollary 3.5]). Let D be a compact subset of Ap. Then
for any compact set K C G/T'\n(S(F,U)), there exists a neighborhood ® of D in Vi
such that any x € K has at most one representative in ®.

Remark. This proposition constructs a “fundamental domain” ¢ around any com-
pact subset D of Ap, so that for any x in a compact subset of G/I' away from
m(S(F,U)), Rep(x) has at most one element in ®. Using this proposition, one can
uniquely represent in ® the parts of the unipotent trajectories in G/I" lying in K.

Proposition 6.11 ([DM4, Proposition 4.2]). Let n € N, A > 0, a compact set
C C Ap and an € > 0 be given. Then there exists a (larger) compact set D C Ap with
the following property: For any neighborhood ® of D in Vi there exists a neighborhood
U of C in Vi with ¥ C ® such that the following holds: For any unipotent one
parameter subgroup {u(t)} of G, an element w € Vg and and interval I C R, if
u(to)w & ® for some ty € I then,

Htel : u(wev} <e-|{tel : ult)we d}. (33)

Proof. This is an “polynomial divergence” estimate similar to these in §4 and §5.
O

Proposition 6.12. Letn € N, A >0, € > 0, a compact set K C G/T" \ n(S(F,U)),

and a compact set C C Ap be given. Then there exists a neighborhood VU of C' in Vi
such that for any unipotent one-parameter subgroup {u(t)} of G and any v € G/T,
at least one of the following conditions is satisfied:

1. There exists w € Rep(x) NV such that {u(t)} C G, where G, = {g € G
guw = w}.

2. For all large T > 0,
Ht € [0,T): u(t)r € KNa(fp'(¥))} < €T
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Figure 2. Proposition 6.11.

Proof. Let a compact set D C Ap be as in Proposition 6.11. Let ® be a given
neighborhood of D in Vp. Replacing ® by a smaller neighborhood of D, by Propo-
sition 6.10 the set Rep(z) N ® contains at most one element for all x € K. By the
choice of D there exists a neighborhood W of C' contained in ® such that equation (33)
holds.

Now put Q = 7(7,"(¥)) N K, and define

E={t>0 : u(t)r € Q}. (34)
Let t € E. By the choice of @, there exists a unique w € Vp such that Rep(u(t)z)N® =

{u(t)w}.

Since s — u(s)w is a polynomial function, either it is constant or it is unbounded
as s — £o00. In the first case condition 1) is satisfied and we are done. Now suppose
that condition 1 does not hold. Then for every t € E| there exists a largest open
interval I(t) C (0,7") containing ¢ such that

u(s)w € @ for all s € I(t). (35)

Put T = {I(t) : t € E}, Then for any [; € Z and s € [} N E, we have I(s) = I;.
Therefore for any ty,ty € E, if t; < ty then either I(t;) = I(ts) or I(ty) N I(t2) C
(t1,t2). Hence any t € 0,77 is contained in at most two distinct elements of Z. Thus

> || <ot (36)

IeT
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Now by equations (33) and (35), for any ¢t € F,
{s e I(t):u(s)w e ¥} <e-|I(t)]. (37)
Therefore by equations (36) and (37), we get

|E|<e- ) || < (20T,

Iel

which is condition 2 for 2¢ in place of . O

Outline of Proof of Theorem 6.5. Suppose p is not Haar measure on G/I". By
Lemma 6.6 p is invariant under some one-parameter unipotent subgroup p. Then by
Theorem 6.3 there exists F' € H such that u(N(F,U)) > 0 and u(S(F,U)) = 0. Thus
there exists a compact subset Cy of N(F,U) \ S(F,U) and a > 0 such that

p(m(Ch)) > a. (38)

Take any y € w(C1). It is easy to see that for each ¢ € N there exists y; € supp(j;)
such that {w;(t)y;} is uniformly distributed with respect to u;, and also y; — y as
1 — 00. Let h; — e be a sequence in G such that h;y; =y for all 4 € N.

We now replace p; by pi = h;u;. We still have g, — p, but now we also have
y € supp(u}) for all i. Let ui(t) = hyu;(t)h;*. Then the trajectory {u}(t)y} is
uniformly distributed with respect to p}.

We now apply Proposition 6.12 for C' = 77x(C}) and € = a/2. We can choose a
compact neighborhood K of 7(C}) such that KNS(F,U) = 0. Put Q = 7(7" (¥))NK.
Since i — p, due to (38) there exists kg € N such that pi(Q) > e for all i > k.
This means that Condition 2) of Proposition 6.12 is violated for all i > kq. Therefore
according to condition 1) of Proposition 6.12, for each i > ko,

{ui(D)y}ier C Guy,

where G, is as in Proposition 6.12. By Proposition 6.7, G,y is closed in G/T".

The rest of the proof is by induction on dim G. If dim G,, < dim G then everything
is taking place in the homogeneous space Gy, and therefore p is ergodic by the
induction hypothesis. If dimG,, = dim G then G,, = G and hence F' is a normal
subgroup of G. In this case one can project the measures to the homogeneous space
G/(FT) and apply induction. O
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7 Oppenheim and Quantitative Oppenheim

7.1 The Oppenheim Conjecture.

Let @ be an indefinite nondegenerate quadratic form in n variables. Let Q(Z")
denote the set of values of () at integral points. The Oppenheim conjecture, proved
by Margulis (cf. [Mar3]) states that if n > 3, and @ is not proportional to a form
with rational coefficients, then Q(Z") is dense. The Oppenheim conjecture enjoyed
attention and many studies since it was conjectured in 1929 mostly using analytic
number theory methods.

In the mid seventies Raghunathan observed a remarkable connection between the
Oppenheim Conjecture and unipotent flows on the space of lattices £,, = SL(n,R)/SL(n,Z).
It can be summarized as the following:

Observation 7.1 (Raghunathan). Let ) be an indefinite quadratic form @ and let
H = SO(Q) denote its orthogonal group. Consider the orbit of the standard lattice
7" € L, under H. Then the following are equivalent:

(a) The orbit HZ" is not relatively compact in L,,.
(b) For all € > 0 there exists u € Z* such that |Q(u)| < e.

(¢) The set Q(Z™) is dense in R.

Proof. Suppose (a) holds, so some sequence h,Z" leaves all compact sets. Then in
view of the Mahler compactness criterion there exist vy € hpZ" such that ||vy|| — 0.
Then also by continuity, Q(vz) — 0. But then hy 'vy € Z7, and Q(h, 'vy) = Q(v) —
0. Thus (b) holds.

It is easy to see that (b) implies (a). It is also possible to show that (b) implies
(c). O

The Oppenheim Conjecture, the Raghunathan Conjecture and Unipotent
Flows. Raghunathan also explained why the case n = 2 is different: in that case H =
SO(Q) is not generated by unipotent elements. Margulis’s proof of the Oppenheim
conjecture, given in [Mar 2-4] uses Raghunathan’s observation. In fact Margulis
showed that that any relatively compact orbit of SO(2,1) in SL(3,R)/SL(3,Z) is
compact; this implies the Oppenheim Conjecture.

Raghunathan also conjectured Theorem 1.13. In the literature it was first stated
in the paper [Dan2] and in a more general form in [Mar3] (when the subgroup U
is not necessarily unipotent but generated by unipotent elements). Raghunathan’s
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conjecture was eventually proved in full generality by M. Ratner (see [Ra7]). Earlier
it was known in the following cases: (a) G is reductive and U is horospherical (see
[Dan2]); (b) G = SL(3,R) and U = {u(t)} is a one-parameter unipotent subgroup
of G such that u(t) — I has rank 2 for all ¢ # 0, where I is the identity matrix (see
[DM2]); (¢) G is solvable (see [Stal] and [Sta2]). We remark that the proof given in
[Dan2] is restricted to horospherical U and the proof given in [Stal] and [Sta2] cannot
be applied for nonsolvable G.

However the proof in [DM2] together with the methods developed in [Mar 2-4]
and [DM1] suggest an approach for proving the Raghunathan conjecture in general
by studying the minimal invariant sets, and the limits of orbits of sequences of points
tending to a minimal invariant set. This strategy can be outlined as follows: Let z
be a point in G/I", and U a connected unipotent subgroup of G. Denote by X the
closure of Uz and consider a minimal closed U-invariant subset Y of X. Suppose that
Uz is not closed (equivalently X is not equal to Uz). Then X should contain ”many”
translations of Y by elements from the normalizer N(U) of U not belonging to U.
After that one can try to prove that X contains orbits of bigger and bigger unipotent
subgroups until one reaches horospherical subgroups. The basic tool in this strategy
is the following fact. Let y be a point in X, and let g,, be a sequence of elements in G
such that g, converges to 1, g, does not belong to N(U), and y,, = g,y belongs to X.
Then X contains AY where A is a nontrivial connected subset in N(U) containing 1
and "transversal” to U. To prove this one has to observe that the orbits Uy, and Uy
are "almost parallel” in the direction of N(U) most of the time in ”the intermediate
range”. (cf. Proposition 3.6).

In fact the set AU as a subset of N(U)/U is the image of a nontrivial rational map
from U into N(U)/U. Moreover this rational map sends 1 to 1 and also comes from
a polynomial map from U into the closure of G/U in the affine space V' containing
G/U. This affine space V is the space of the rational representation of G such that
V' contains a vector the stabilizer of which is U (Chevalley theorem).

This program was being actively pursued at the time Ratner’s results were an-

nounced (cf. [Sha3)]).

7.2 A quantitative version of the Oppenheim Conjecture.

References for this subsection are [EMM1] and [EMM2].
In this section we study some finer questions related to the distribution the values
of @) at integral points.

Let v be a continuous positive function on the sphere {v € R" | ||v|| = 1}, and let
Q={veR"||v|| <v(v/|v])} We denote by T2 the dilate of Q by T". Define the

43



following set:

Viey®) = {z €R" | a < Q(x) <1}

We shall use V(g3 = V(fb) when there is no confusion about the form . Also let

View(Z) = V(fib)(Z) ={zxeZ" | a< Q) <b}. The set TQYNZ" consists of O(T™)
points, Q(TXNZ") is contained in an interval of the form [—uT?, uT?], where > 0
is a constant depending on () and 2. Thus one might expect that for any interval
la,b], as T' — oo,

Vi (Z) N T ~ cgalb — a)T" (30)

where cg  is a constant depending on ) and 2. This may be interpreted as “uniform
distribution” of the sets Q(Z" NTQ) in the real line. The main result of this section
is that (39) holds if @ is not proportional to a rational form, and has signature (p, q)
with p > 3, ¢ > 1. We also determine the constant cq q.

If @ is an indefinite quadratic form in n variables, € is as above and (a,b) is an
interval, we show that there exists a constant A = A\g o so that as T" — oo,

Vol(Viap (R) NTQ) ~ Agalb—a)T"? (40)
The main result is the following:

Theorem 7.2. Let () be an indefinite quadratic form of signature (p,q), with p > 3
and q > 1. Suppose Q) is not proportional to a rational form. Then for any interval
(a,b), as T — oo,
Vi) (Z) NTQ| ~ A a(b - a)T" > (41)
where n = p+ q, and \gq is as in (40).
The asymptotically exact lower bound was proved in [DM4]. Also a lower bound
with a smaller constant was obtained independently by M. Ratner, and by S. G. Dani
jointly with S. Mozes (both unpublished). The upper bound was proved in [EMM1].

If the signature of @ is (2,1) or (2,2) then no universal formula like (39) holds.
In fact, we have the following theorem:

Theorem 7.3. Let Qg be the unit ball, and let ¢ =1 or 2. Then for every e > 0 and
every interval (a, b) there exists a quadratic form Q of signature (2, q) not proportional
to a rational form, and a constant ¢ > 0 such that for an infinite sequence T; — oo,

Vi) (Z) N TS| > ch(log ).
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The case ¢ = 1, b < 0 of Theorem 7.3 was noticed by P. Sarnak and worked out
in detail in [Bre]. The quadratic forms constructed are of the form x? 4+ x2 — ax?, or
23 + 23 — a(z? + 23), where a is extremely well approximated by squares of rational
numbers.

However in the (2,1) and (2,2) cases, one can still establish an upper bound of
the form ¢T%logT. This upper bound is effective, and is uniform over compact sets
in the set of quadratic forms. We also give an effective uniform upper bound for the
case p > 3.

Theorem 7.4 ([EMM1]). Let O(p, q) denote the space of quadratic forms of signature
(p,q) and discriminant 1, let n = p+q, (a,b) be an interval, and let D be a compact
subset of O(p,q). Let v be a continuous positive function on the unit sphere and let
Q={veR"||v|| <v(v/|v])}. Then, if p > 3 there exists a constant ¢ depending
only on D, (a,b) and Q such that for any Q € D and all T > 1,

Vi (Z) NTQ| < T2

If p=2and q =1 or q =2, then there exists a constant ¢ > 0 depending only on D,
(a,b) and Q such that for any Q € D and all T > 2,

Viapy NTQNZ"| < T *log T

Also, for the (2,1) and (2,2) cases, we have the following “almost everywhere”
result:

Theorem 7.5. For almost all quadratic forms Q of signature (p,q) = (2,1) or (2,2)
Vi) (Z) NTQ| ~ Aga(b—a)T"?
where n = p + q, and \g.q is as in (40).

Theorem 7.5 may be proved using a recent general result of Nevo and Stein [NS;
see also [EMM1].

It is also possible to give a “uniform” version of Theorem 7.2, following [DM4]:

Theorem 7.6. Let D be a compact subset of O(p,q), with p > 3. Let n = p + q,
and let 2 be as in Theorem 7.4. Then for every interval [a,b] and every 6 > 0, there
exists a finite subset P of D such that each QQ € P s a scalar multiple of a rational
form and for any compact subset F of D — P there exists Ty such that for all Q in F
and T > T(],

(1= 0)Agab—a)T"? < Vi (Z) NTQ| < (1+0) (b —a)T"?

where \g.q is as in (40).
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As in Theorem 7.2 the upper bound is from [EMM1]; the asymptotically exact
lower bound, which holds even for SO(2,1) and SO(2,2), was proved in [DM4].

Remark 7.7. If we consider |Viq ) (R)NTQNP(Z")| instead of |V(ap) (Z)NTY (where
P(Z™) denotes the set of primitive lattice points, then Theorem 7.2 and Theorem 7.6
hold provided one replaces A\g.a by \pq = Ag.a/¢(n), where ¢ is the Riemann zeta
function.

More on signature (2,2). Recall that a subspace is called isotropic if the restriction
of the quadratic form to the subspace is identically zero. Observe also that whenever
a form of signature (2,2) has a rational isotropic subspace L then L NT$ contains
on the order of T? integral points x for which Q(z) = 0, hence Ngo(—¢,¢,T) > ¢T?,
independently of the choice of e. Thus to obtain an asymptotic formula similar to
(41) in the signature (2,2) case, we must exclude the contribution of the rational
isotropic subspaces. We remark that an irrational quadratic form of signature (2,2)
may have at most 4 rational isotropic subspaces (see [EMM2, Lemma 10.3]).

The space of quadratic forms in 4 variables is a linear space of dimension 10. Fix
a norm || - || on this space.

Definition 7.8. (EWAS) A quadratic form @ is called extremely well approzimable
by split forms (EWAS) if for any N > 0 there exists a split integral form @' and
2 < k € R such that

1

<

1 /
o- ;e

The main result of [EMM?2] is:

Theorem 7.9. Suppose ) is as above. Let Q) be an indefinite quadratic form of
signature (2,2) which is not EWAS. Then for any interval (a,b), as T — oo,

NQ,Q(CL, b, T) ~ )\Q@(b - a)TQ, (42)

where the constant \q.q is as in (40), and Ngq counts the points not contained in
1sotropic subspaces.

Open Problem. State and prove a result similar to Theorem 7.9 for the signature
(2,1) case.
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Eigenvalue spacings on flat 2-tori

It has been suggested by Berry and Tabor that the eigenvalues of the quantization of
a completely integrable Hamiltonian follow the statistics of a Poisson point-process,
which means their consecutive spacings should be i.i.d. exponentially distributed.
For the Hamiltonian which is the geodesic flow on the flat 2-torus, it was noted by
P. Sarnak [Sar] that this problem translates to one of the spacing between the values
at integers of a binary quadratic form, and is related to the quantitative Oppenheim
problem in the signature (2,2) case. We briefly recall the connection following [Sar].

Let A C R? be a lattice and let M = R?/A denote the associated flat torus. The
eigenfunctions of the Laplacian on M are of the form f,(-) = €™ where v belongs
to the dual lattice A*. The corresponding eigenvalues are 472||v[|?, v € A*. These
are the values at integral points of the binary quadratic B(m,n) = 472|/muv; + nvy||?,
where {v1,v5} is a Z-basis for A*. We will identify A* with Z? using this basis.

We label the eigenvalues (with multiplicity) by

It is easy to see that Weyl’s law holds, i.e.
{7 = A(M) <T} ~enT,

where ¢); = (area M) /(4m). We are interested in the distribution of the local spacings
A;j(M) — A\ (M). In particular, for 0 € (a,b), set

Rur(ab,T) = LK) 2 QD < T Ak(M)TS T,a < \(M) = A(M) < b}

The statistic R, is called the pair correlation. The Poisson-random model predicts,

in particular, that
71i1rn Ra(a,b,T) = c3,(b— a). (43)

Note that the differences \;(M) — A\y(M) are precisely the integral values of the
quadratic form @y (21, T2, 23, 4) = B(x1,22) — B(x3, 24).

P. Sarnak showed in [Sar] a that (43) holds on a set of full measure in the space
of tori. Some remarkable related results for forms of higher degree and higher di-
mensional tori were proved in [V1], [V2] and [V3]. These methods, however, cannot
be used to explicitly construct a specific torus for which (43) holds. A corollary of
Theorem 7.9 is the following:
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Theorem 7.10. Let M be a 2 dimensional flat torus rescaled so that one of the
coefficients in the associated binary quadratic form B is 1. Let Ay, Ay denote the two
other coefficients of B. Suppose that there exists N > 0 such that for all triples of
integers (p1, p2, q) with ¢ > 2,

1

max .
N
q

i=1,2

A,-—& >
q

Then, for any interval (a,b) not containing 0, (43) holds, i.e.

lim Ry(a,b,T) = ci,(b — a).

T—o00

In particular, the set of (Ay, Ay) C R? for which (43) does not hold has zero Hausdorff

dimension.
Thus, if one of the A; is Diophantine’s (e.g. algebraic), then M has a spectrum
whose pair correlation satisfies the Berry-Tabor conjecture.

This establishes the pair correlation for the flat torus or “boxed oscillator” con-
sidered numerically by Berry and Tabor. We note that without some diophantine
condition, (43) may fail.

7.3 Passage to the space of lattices.

We now relate the counting problem of Theorem 7.2 to a certain integral expres-
sion involving the orthogonal group of the quadratic form and the space of lattices
SL(n,R)/SL(n,Z). Roughly this is done as follows. Let f be a bounded function on
R™ — {0} vanishing outside a compact subset. For a lattice A € £, let

f(a)y= Y f&) (44)

veA\{0}

(the function f is called the “Siegel Transform” of f). The proof is based on the
identity of the form

/K flakA)ydk = > f(agkv) dk (45)

veA\{o} 7

obtained by integrating (44). In (45) {a;} is a certain diagonal subgroup of the
orthogonal group of ), and K is a maximal compact subgroup of the orthogonal
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group of ). Then for an appropriate function f, the right hand side is then related
to the number of lattice points v € [e!/2, €|0Q with a < Q(v) < b. The asymptotics
of the left-hand side is then established using the ergodic theory of unipotent flows
and some other techniques.

Quadratic Forms, and the lattice Ag. Let n > 3, and let p > 2. We denote
n—p by ¢, and assume g > 0. Let {ey, ey, ...e,} be the standard basis of R™. Let Qg
be the quadratic form defined by

n P n—1
Qo (Z viei> = 2010, + va — Z v?  forall vy,...,v, €R. (46)
i=2

i=1 i=p+1

It is straightforward to verify that Qo has signature (p,q). Let G = SL(n,R), the
group of n X n matrices of determinant 1. For each quadratic form ) and g € G, let
Q¢ denote the quadratic form defined by Q9(v) = Q(gv) for all v € R". By the well
known classification of quadratic forms over R, for each @ € O(p, ¢) there exists g € G
such that @ = Qf. Then let Ag denote the lattice gZ", so that Qo(Ag) = Q(Z™).

For any quadratic form @ let SO(Q) denote the special orthogonal group cor-
responding to @; namely {g € G | Q7 = Q}. Let H = SO(Qp). Then the map
H\G — O(p, q) given by Hg — @ is a homeomorphism.

The map a; and the group K. For t € R, let a; be the linear map so that
aer = e ler, ave, = ele,, and aqe; = €;, 2 < ¢ < n — 1. Then the one-parameter
group {a;} is contained in H. Let K be the subgroup of G consisting of orthogonal
matrices, and let K = H N K. Tt is easy to check that K is a maximal compact
subgroup of H, and consists of all h € H leaving invariant the subspace spanned by
{e1 4+ en,€2,...,€,}. We denote by m the normalized Haar measure on K.

A Lemma about vectors in R". In this section we will be somewhat informal.
For a completely rigorous argument see [EMM1, §§3.4-3.5]. Also for simplicity we let
v =1 in this section.

Let W C R"™ be the characteristic function of the region defined by the inequalities
onzx = (x1,...,2,):

a < Qo(r) <b, (1/2) <|lzf| <2,
r1 >0, (1/2)xy <|z;| < (1/2)y for 2 <i<n—1.

Let f be the characteristic function of W.
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Lemma 7.11. There exists Ty > 0 such that for every t with ¢! > T, and every
v € R™ with ||v]| > Ty,

1ifa< <band & < |v|| <e,
e [ Jlauko) dmiry = § L0 = QD bandE ==y
K 0 otherwise
where ¢, 4 15 a constant depending only on p and q.
Proof. This is a direct calculation. O

Remark. The ~ in (47) is essentially equality up to “edge effects”. These edge
effects can be overcome if one approximated f from above and below by continuous
functions f, and f_ in such a way that the L' norm of f, — f_ is small. We choose
not to do this here in order to not clutter the notation.

In (47), we let T = e’ and sum over v € Ag. We obtain:

Proposition 7.12. AsT — oo,
cp,an—2/ FlakAg) ~ [{v € Ag : a < Qofv) < b and 1T < |[v]| < T},
K

where t =logT'. Note that the right-hand side is by definition |V(§7b)(Z) N[T/2,T)Q],
where g is the unit ball.

We also note without proof the following lemma:

Lemma 7.13. Let p be a continuous positive function on the sphere, and let ) =
{veR" |||v]| < p(v/||v|])}. Then there exists a constant A = \g.q so that as T — oo,

Vol(VZ, (R)NTQ) ~ Agalb—a)T" >,

Also (using Siegel’s formula), cpq [, f = cpq fpn f= (1 =220

\ _/ dA
o8 IvQ|

LN

Remark. One can verify that:

where L is the lightcone () = 0 and dA is the area element on L.

The main theorems. In view of Proposition 7.12 and Lemma 7.13, to prove The-
orem 7.2 one may use the following theorem:
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Theorem 7.14. Supposep >3, q > 1. Let A € L,, be a unimodular lattice such that
HA is not closed. Let v be any continuous function on K. Then

t——+o0

lim /K FlagkA)w(k) dm (k) = /K vam [ F(8)dp(s). (48)

To prove Theorem 7.6 we use the following generalization:

Theorem 7.15. Supposep > 3, q > 1. Let v be as in Theorem 7.1, and let C be any
compact set in L,,. Then for any e > 0 there exist finitely many points Av, ..., Ay € L,
such that

(i) The orbits HAy, ..., HAy are closed and have finite H-invariant measure.

(ii) For any compact subset F' of C\ |, ;<, HA;, there exists to > 0, so that for all
NeF andt > t,

/K FlagkM)w(k) dm (k) — / Fy /K z/dm‘ <e (49)

Theorem 7.14 and Theorem 7.15 if f is replaced by a bounded function ¢.
If we replace f by a bounded continuous function ¢ then (48) and (49) follow easily
from Theorem 6.4. (This was the original motivation for Theorem 6.4). The fact that
Theorem 6.4 deals with unipotents and Theorem 7.15 deals with large spheres is not
a serious obstacle, since large spheres can be approximated by unipotents. In fact,
the integral in (48) can be rewritten as

/B (T(lz):) /OM) ¢ (urz) dm(k:)> dz,

where B is a suitable subset of G and U is a suitable unipotent. Now by Theorem 6.4,
the inner integral tends to |, G/r ¢ uniformly as long as x is in a compact set away from

an explicitly described set E, where F is a finite union of neighborhoods of sets of the
form 7(C) where C' is a compact subset of some N(F,U). By direct calculation one
can show that only a small part of B is near E, hence Theorem 7.14 and Theorem 7.15
both hold.

Remark. Both Theorem 6.4 and Ratner’s uniform distribution theorem Theo-
rem 1.12 hold for bounded continuous functions, but not for arbitrary continuous
functions from L'(G/T). However, for a non-negative bounded continuous function
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f on R”, the function f defined in (44) is non-negative, continuous, and L' but
unbounded (it is in L°(G/T") for 1 < s < n, where G = SL(n,R), and I' = SL(n, Z)).

The lower bounds. As it was done in [DM4] it is possible to obtain asymptotically
exact lower bounds by considering bounded continuous functions ¢ < f . However, to
prove the upper bounds in the theorems stated above we need to examine carefully
the situation at the “cusp” of G/I, i.e outside of compact sets. This will be done in
the next section.

8 Quantitative Oppenheim (upper bounds)

The references for this section are [EMM1] and [EMM?2].

Lattices. Let A be a lattice in R™. We say that a subspace L of R" is A-rational

if LN A is a lattice in L. For any A-rational subspace L, we denote by da(L) or

simply by d(L) the volume of L/(L N A). Let us note that d(L) is equal to the norm

of ey A --- A ey in the exterior power A‘(R™) where ¢ = dim L and (e, --- ,e;) is a

basis over Z of LN A. If L = {0} we write d(L) = 1. A lattice is A unimodular if

da(R™) = 1. The space of unimodular lattices is isomorphic to SL(n,R)/SL(n,Z).
Let us introduce the following notation:

1
a;(A) = sup {m‘ L is a A-rational subspace of dimension 7 }, 0<i<n,
a(A) = max a;(A). (50)

0<i<n
The following lemma is known as the “Lipshitz Principle”:

Lemma 8.1 ([Sch, Lemma 2]). Let f be a bounded function on R™ vanishing outside
a compact subset. Then there exists a positive constant ¢ = ¢(f) such that

f(A) < ca(A)
for any lattice A in R™. Here f is the function on the space of lattices defined in (44).

Replacing f by «. By Lemma 8.1, the function f(g) on the space of unimodular
lattices L,, is majorized by the function a(g). The function « is more convenient
since it is invariant under the left action of the maximal compact subgroup K of G,
and its growth rate at infinity is known explicitly. Theorems 7.2 and 7.6 are proved
by combining Theorem 6.4 with the following integrability estimate:
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Theorem 8.2 ([EMM1]). Ifp >3, ¢>1and0< s <2, orifp=2,q¢>1and
0 < s <1, then for any lattice A in R™

sup/ a(akA)* dm(k) < oo.
K

t>0

The upper bound is uniform as A varies over compact sets in the space of lattices.

This result can be interpreted as follows. For a lattice A in £,, and for h € H, let
f(h) = a(hA). Since a is left-K invariant, f is a function on the symmetric space
X = K\H. Theorem 8.2 is the statement that if if p > 3, then the averages of f*,
0 < s < 2 over the sets Ka;K in X remain bounded as ¢ — oo, and the bound is
uniform as one varies the base point A over compact sets. We remark that in the
case ¢ = 1, the rank of X is 1, and the sets Ka;K are metric spheres of radius t,
centered at the origin.

If (p,q) = (2,1) or (2,2), Theorem 8.2 does not hold even for s = 1. The following
result is, in general, best possible:

Theorem 8.3 ([EMMI1]). If p =2 and ¢ = 2, or if p =2 and q = 1, then for any
lattice A in R"™,
1
sup — / alakA) dm(k) < oo, (51)
K

t>1

The upper bound is uniform as A varies over compact sets in the space of lattices.

In this section we prove Theorem 8.2 and Theorem 8.3. We recall the notation
from §7: G is SL(n,R), I = SL(n,Z), K = SO(n) is a maximal compact subgroup
of G, H = SO(p,q) C G, K = HnN K is a maximal compact subgroup of H, and
X is the symmetric space K\H. From its definition (50), the function a(A) is the
maximum over 1 < i <n of K invariant functions a;(A). The main idea of the proof
is to show that the of satisfy a certain system of integral inequalities which imply
the desired bounds.

If p>3and 0 < s <2, orif (p,q) =(2,1) or (2,2) and 0 < s < 1, we show that
for any ¢ > 0 there exist ¢ > 0, and w > 1 so that the the functions o} satisfy the
following system of integral inequalities in the space of lattices:

S <l + WP s Qb .
Aol <ol 4w 0<j§InI11i?;€;—i,i) iy, (52)
where A, is the averaging operator (A,f)(A) = [ f(aikA), and ¢; < ¢ (Lemma 8.7).
If (p,q) = (2,1) or (2,2) and s = 1, then (52) also holds (for suitably modified

functions «;), but some of the constants ¢; cannot be made smaller than 1.

53



Let fi(h) = a;(hA), so that each f; is a function on the symmetric space X. When
one restricts to an orbit of H, (52) becomes:

Afy < eiff +w? Y irgtige (53)

If rank X = 1, then (A, f)(h) can be interpreted as the average of f over the sphere
of radius 2t in X, centered at h. In §8.4 we show that if the f; satisfy (53) then for
any € > 0, the function f = f. s = Zogign (") f5 satisfies the scalar inequality:

Atf S Cf + b> (54)

where ¢, ¢ and b are constants. This inequality is studied in §8.3. We show that if
¢ is sufficiently small, then (54) for a fixed ¢ together with the uniform continuity
of log f imply that (A, f)(1) is bounded as a function of r, which is the conclusion
of Theorem 8.2. If ¢ = 1, which will occur in the SO(2,1) and SO(2,2) cases, then
(54) implies that (A, f)(1) is growing at most linearly with the radius. In §8.4, we
complete the proof of Theorem 8.2, and also prove Theorems 8.3 and 7.15.

Throughout the proof we consider the functions a(g)® for 0 < s < 2 even though
for the application to quadratic forms we only need s = 1 + §. This yields a better
integrability result, and is also necessary for the proof of Theorem 7.14 and Theo-
rem 7.15.

8.1 Averages of the functions 1/d} over spheres.

Recall that the function d; is the norm of a certain vector in the exterior power
A’ (R™). We have the following:

Proposition 8.4. Let {a; | t € R} be a self-adjoint one-parameter subgroup of
SO(2,1). Let p and q be positive integers and let 0 < i < p+ q. Let

F@i)={xi Axa A+ Nx; | 21,09, ,2; € RPTI} CAi(RZ’*q).
Then, ifp >3, orifp=2,q=2 and i # 2, then for any s, 0 < s < 2,

) dm(k)
11m sup S =
=00 yeF (), |vl|=1JK HatkUH

(55)

where K = SO(p) x SO(q) and SO(2,1) is embedded into SO(p,q). If p = 2 and
g=1,0orifp=2,q=2 and i =2, then (55) holds for any s, 0 < s < 1.
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Proof. This is a direct calculation. O

The next lemma we obtain an analogous result for the case (p,q) = (2,1), s = 1.

Lemma 8.5. Let H =2 SO(2,1) be the orthogonal group of the quadratic form z* +

y? — 2% Let {a; | t € R} be a self-adjoint one-parameter subgroup of H, and let

K = HNO(3) denote the mazimal compact of H. We define another norm || - ||* on
R3 by
(2, y, 2)[" = max(v/2? + y2 |z]). (56)
Then, for any v € R3, v # 0, and any t > 0,
dm(k) - 1

< . 57
i Tackel" = ol i
8.2 A system of inequalities
Lemma 8.6. For any two A-rational subspaces L and M

d(L)d(M) > d(LNM)d(L+ M). (58)
Proof. Let 7 : R® — R"/(L N M) denote the natural projection. Then d(L) =
d(m(L))d(LNM), d(M) = d(m(M ) (LNM) and d(L+ M) = d(w(L+ M))d(LNM).

)d
On the other hand the inequality (58) is equivalent to the inequality

d(L) (M) d(L+M)
ALNM)d(LOM) = dLNM)

Therefore replacing L, M and L + M by n(L), m(M) and (L + M) we can assume
that LN M = {0}. Let (e1, -+ ,er), £ =dim L, and (epy1, -+ ,€p4m), m = dim M,
be bases in L and M respectively. Then

d(L)d(M) = [lex A=+~ Neg| [leers A+ A€ol
> ler A Aeg ANeprr A Aeprn|| > d(L+ M) (59)

that proves (58) (the second inequality in (59) is true because (LN A) + (M NA) C
(L+ M)NA. O
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Lemma 8.7. Let {a; | t € R} be a self-adjoint one-parameter subgroup of SO(2,1).
Let p and q be positive integers, and denote p+q by n. Denote SO(p) x SO(q) by K.
Supposep >3, g>1and0<i<n, orp=2,q=2andi=1 or3. Then for any
s, 0 < s <2, and any ¢ > 0 there exist t > 0 and w > 1 such that for any lattice A
in R

0<j<min{n—i,i}

/K ai(atk/\)sdm(k:)<§ai(A)S+w2 max (\/aHj(A)ai_j(A))S. (60)

Ifp=2,qg=1andi=1,2, orifp=2, q=2 and i = 2, then for any s, 0 < s < 1,
and any ¢ > 0 there exist t > 0 and w > 1 such that (60) holds.

Proof. Fix ¢ > 0. In view of Proposition 8.4 one can find ¢ > 0 such that

dm(k) ¢
<3
K llackvll* 2

whenever v € F(i), ||v|| = 1. It follows that

/K dm(k) <§ 1 (61)

lackolls = 2 JJol]*”

for any v € F(i),v # 0. Let A be a lattice in R". There exists a A-rational subspace
L; of dimension 7 such that

= a;(A). (62)
The inequality (61) implies

dm(k) c 1
/K da,ien(arkL;)® < 2da(L;)* (63)

Let w = maxoe;cn | A'(ar)]|. (In fact w = €'). We have that

1 ]

<l <w,0<j<n, veF(j). (64)

Let us denote the set of A-rational subspaces L of dimension i with dy(L) < w?da(L;)
by U;. We get from (64) that for a A-rational i-dimensional subspace L ¢ W,

dain(aik L) > dg,n(aikL;), ke K. (65)
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It follows from (63), (65) and the definition of «; that
/ a;(akA)® dm(k) < gai(A)S if U, = {L;). (66)
K

Assume now that U; # {L;}. Let M € ¥;, M # L;. Then dim(M+1L;) =i+j, j > 0.
Now using (62), (64) and Lemma 8.6 we get that for any k € K

w w2

dn(Ls) ~ \Jan(Lo)dn(0D)
- w? (67)
V(L " M)dy(L; + M)

< Wi (N ().

a;(atkN) < way(A) =

Hence if ¥; # {L;}

/K k) dm(k) < o? max (o, War,(d)) (68)

0<j<min{n—i,i}

Combining (66) and (68) we get that for any lattice A C R™, (60) holds. O

In the rest of this subsection we obtain similar systems of inequalities for the
SO(2,1) and SO(2,2) cases, with s = 1. For H = SO(2,1), A a lattice in R®, and L
a A-rational subspace of R?, let di (L) = |ley A ... e||* where (ey,...¢) is a basis for
AN L. (The norm || - ||* defined in (56) on R? = A'(R?) can be extended to A\*(R?)
by duality.) For 1 <i < 2, let

S AN 1 : : . L
al(A) = sup { 70) ‘L is a A-rational subspace of dimension ¢ } (69)
Clearly for any A,
(1/2)a;(A) < af (A) < 204(A). (70)

Lemma 8.8. Let {a; | t € R} be a self-adjoint one-parameter subgroup of H =
SO(2,1), and denote SO(2) by K. Then there exist to > 0 and w > 1, such that for
any t < to, for any unimodular lattice A in R3, and 1 < i < 2,

/Kaf(atkA) dm(k) < af(A) + w?v/az_;(A). (71)
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Proof. The argument is identical to the proof of Lemma 8.7 except that one uses
Lemma 8.5 instead of Proposition 8.4. O

Now let H = SO(2,2). The space V = A*(R?) splits as a direct sum V; @& V,
of two invariant subspaces, where on each V;, H preserves a quadratic form (); of
signature (2,1). We define on each V; a Euclidean norm || - || by (56) (adapted to
Q;). Let m; denote the orthogonal projections from V' to V;. Now let A be a lattice
in R*, and let L be a two-dimensional A-rational subspace of R*. For 1 <i < 2, let

A (L) = [Imi(er A ea)7, (72)
where {e1, e} is a basis over Z for AN L. Then let

# = sup < min ! !
of (A) = Lp{ (dg#(L)’di#(L))}' (73)

The supremum is taken over A-rational two dimensional subspaces L. By construc-
tion, for any A,

Clad (A) < as(A) < Cadf (A), (74)
where C' is an absolute constant.
Lemma 8.9. Let {a; | t € R} be a self-adjoint one-parameter subgroup of SO(2,1),
where SO(2,1) is diagonally embedded in H = SO(2,2), under its local identification
with SL(2,R) x SL(2,R). Denote SO(2) x SO(2) by K, and the mazimal compact

of SO(2,1) by K. Then there exist to > 0 and w > 1, such that for any t < ty and
for any unimodular lattice A in R*,

/ ol (kM) dm(E) < aff (A) + /o (A)as(A). (75)

Proof. The group K is diagonally embedded in K. Recall that each SO(2,2)
invariant subspace V; of A*(R*) is fixed pointwise by one of the SL(2,R) factors,
while the other fixes a quadratic form of signature (2,1). Thus, for 1 < i < 2, the
inequalities: .
dm(k) 1
= <
K ||7Tz'(0l1tkv)||;k N H7T2(U)H:

follow immediately from Lemma 8.5. Hence,

/ min < 1~ , 1~ ) ) < min ( dm(f;‘) )
I Iy (ackv)|[T (|2 (acko)|3 H?ﬁ atkv i S Ima(akv)|3
< i (77)

(76)

I ()15 fIea )||2>



The rest of the proof is identical to that of Lemma 8.7 except that (77) is used in
place of Proposition 8.4. O

8.3 Coarsely Superharmonic Functions.

Let n € N* and let D" denote the set of diagonal matrices d(Ay, -+, \,) € GL,(R)
with Ay > XAy > --- > )\, > 0. For any g € GL,(R), consider the Cartan decom-
position g = ki(g)d(g)k2(g),k1(9), k2(9) € K = O,(R), d(g) € D;; and denote by
A1(g) > Aa(g) > -+ > A\u(g) the eigenvalues of d(g).

Lemma 8.10. For every e > 0 there ezists a neighborhood U of e in O, (R) such that

Ai(dykds)

for any dy,dy € Df, k€U and 1 <i <n.

— 1] <e (78)

Proof. Let (e, - ,e,) be the standard orthonormal basis in R". If k£ € O,(R) and
(kei,e1) > 1 — € then

||d1k‘d261|| > (1 — E)Al(dl))\l(dg). (79)
On the other hand, for any g € GL,(R).
Aig) = llgll = [lgeal]- (80)
Since ||dikdy|| < ||di|| ||d2]] it follows from (79) and (80) that
A1 (dikds)
1> ARGt g 81
~ Au(di)Ai(dn) (81)

if (kei,e1) > 1 —e. Analogously considering the representation of G'L,(R) in the i-th
exterior product A'(R") of R we get that

Atha - \)(dykeds)
L O ) ()

>1—¢, (82)

if k€ Ou(R) and (N'(k)(e1 A---Ae),er A---Aeg) > 1—e. It is clear that there exists
a neighborhood U of identity in O,(R) such that (\'(k)(e1 A---Ae;), es A+ Ae) >
V1 —eforevery k € U and 1 <i <n. But
(A2~ Xi)(g)
>\i - .
) (A2 Ai)(g)

Therefore (78) follows from (82). O
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Lemma 8.11. (¢f. the “wavefront lemma” [EMe, Theorem 3.1]) Let H be a self-
adjoint connected reductive subgroup of GL,(R), let K = O,(R) N H be a maximal
compact subgroup of H and let {a, | t € R} be a self-adjoint one-parameter subgroup
of H. Then for every neighborhood V' of e in H there exists a neighborhood U of e in
K such that

aUas C KVaa, K (83)

foranyt >0 and s > 0.

Proof. Conjugating a; by an element of K we can assume that {a; | t > 0} C D;.
It is easy to see that there exists € > 0 such that hy € Vhy whenever hy, hy € D

and ;lEZ;; — 1‘ < € for every 1 < i < n. Take a neighborhood U such that (78) is
satisfied. Then (83) is true for this U. O

Proposition 8.12. Let H be a self-adjoint reductive subgroup of GL,(R), let K =
O.(R) N H, let m denote the normalized measure on K, and let A = {a; | t € R}
be a self-adjoint one-parameter subgroup of H. Let F be a family of strictly positive
functions on H having the following properties:

(a) The logarithms log f for f € F are equicontinuous with respect to a left-
invariant uniform structure on H or, equivalently, for any e > 0 there exists a
neighborhood V (€) of 1 in H such that for any f € F,

(1 —e)f(h) < fuh) < (1 +€)f(h)
for any h € H and u € V(e);
(b) The functions f € F are left K-invariant, that is f(Kh) = f(h), h € H,

(¢) supfer f(1) < oo.

Then there ezists 0 < ¢ = ¢(F) < 1 such that for any t > 0 and b > 0 there exists
B = B(t,b) < oo with the following property: If f € F and

/ Flagkh) dm(k) < cf(h) + b (84)
K
for any h € KAK C H, then
/ flask)dm(k) < B
K
for any T > 0.
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Proof. Fix f € F, and let
f~ h) = f(hk)dm(k).

Properties (a), (b), (c) of the function f imply that f has the same properties. Hence
it suffices to show that the conclusion of the proposition holds for f. Therefore we
can assume that

f(KhK) = f(h), h € H, (85)
and we have to prove that
sup f(a,) < B < 0. (86)
>0

It follows from property (a) that
1 1
§f(h)<f(uh)<2f(h), heH, uEV:V(§). (87)

According to Lemma 8.11 there exists a neighborhood U of 1 in H such that a,Ua, €
KVaia, K for any t > 0 and 7 > 0. Then we get from (85) and (87) that

/ flatkar) dm(k) > f(aika,) dm(k) > 1m(U N K)f(aa,). (88)
K UNK 2
Suppose for some ¢ > 0 and b > 0
/ Flagkh) dm(k) < im(U AK)f(h)+b, heH. (89)
K
It follows from (88) and (89) that for some 0’ > 0,

1
flaa,) < §f(a7) + ¥, for all 7 > 0. (90)

Using induction on ¢ we get from (90) that

flaw) < 2max{f(1),0'}, ;¢ € N". (91)
Since {a, | 0 < r <t} belongs to V* for some 7 where V! =V, Vi =V Vil it follows
that suppcy o<, % < 00. Therefore (91) and property (c) imply (86). O
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8.4 Averages over large spheres.

In this subsection we complete the proofs of Theorem 8.2, Theorem 8.3 and Theo-
rem 7.15.

Proof of Theorem 8.2. Define functions fo, fi,---, f, on H = SO(p,q) by the
following equalities

Since a(akA)* = maxo<i<n fiak)® < i, filak)® it is enough to show that

sup /Kff(atk) dm(k) < oo. (92)

>0, 0<i<n

Let A; denote the averaging operator defined by

(Af)(h) = /K flackh)ydm(k),  heH.

As in Proposition 8.4, let

Since ||Kv|| = |jv| and ””}Zf'” < || A"(h)]|, for any v € F(i) and h € H, each f; has
properties (a) and (b) of Proposition 8.12. Applying Lemma 8.7 to A = hA we see

that for any i,0 <7 <n,and h € H

c
A fP < — 51 W2 m [fs . fs 93
ofi 2f’ v 0<j§m13§z—i,i} EEAd (93)

Let us denote ¢(i) = i(n—1i). Then by direct computations 2¢(i) —q(i+j)—q(i—j) =
2j2. Therefore we get from (93) that for any 4,0 < i < n, and any positive € < 1

; C N a(i+i)+a(i—j) i iy
Ay f5) < §6q(l)ff + w? O<j<1£gf;_i N gali)— LD \/E‘I(Zﬂ)fiijeq“—ﬂ) o

(94)

c o — —
< —et) 5 4 g2 max \/eq(erJ) s eq(i—j) fs
—- 2 /i 0<j<min{n—i,i} Tiv; "

Consider the linear combination

fs,s - Z Eq(i) fis'

0<i<n
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The function f, then also has properties (a) and (b) of Proposition 8.12. Since
eOfs < foo fo=1and f, = 1/d(A), the inequalities (94) imply the following
inequality:

Aufos <1+ d(A)™ + g Fos + new? . (95)

Taking € = 57 we see that (84) from Proposition 8.12 also holds. Furthermore
property (a) and (84) of Proposition 8.12 hold with the same constants for any uni-
modular lattice A € R™. Since f. (1) < na(A)?®, fes(1) is uniformly bounded as A
varies over a compact set C of unimodular lattices. Hence the family F of functions
fe.s obtained as A varies over C satisfies all the conditions of Proposition 8.12. Since
a;i(hA)* = fi(h)* < €90 f, ((h), Proposition 8.12 implies that there exists a constant
B > 0 so that for each ¢, all t > 0, and all A € C,

/ a;(akA)* dm(k) < B.

From this the theorem follows. O

Proof of Theorem 7.15. We can assume that ¢ is nonnegative. Let A(r) =
{r € G/T" : «(x) > r}. Choose a continuous nonnegative function g, on G/T’
such that gr( y=1ifx e Alr+1), g(r) =0if z ¢ A(r) and 0 < g.(z) < 1 if
x € A(r) — A(r +1). Then

/ o(aikx)v(k) dm(k) =

(96)
=]£<@%xwk@u@»mn%>+/;«¢—¢%xmk@u@»mn@»

B

But (letting § = 2 = 5). (¢9.)(s) < Bra®)?*5.(y) = Braly) 5. (v)aly) # <
Bir~2a(y)* 2 (the last inequality is true because g,.(y) = 0 if a(y) < r). Therefore

@

/K(gbgr)(ath)l/(k:) dm(k) SBlr_g/ a(akx)* 2v(k) dm(k). (97)

K
According to Theorem 8.2 there exists B such that

/ a(ath)2—§ dm(k) < B

for any ¢ > 0 and uniformly over x € C. Then (97) implies that

@

/I<(¢gr)(atk:£)u(k) dm(k) < BBi(supv)r™z. (98)
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Since the function ¢ — ¢g, is continuous and has a compact support, the “bounded
function” case of Theorem 7.6 implies that for every € > 0 there exists a finite set
of points x1,...,x, with Hx; closed for each i so that for every compact subset F' of
C\ Ule Hz; there exists tg > 0 such that for every ¢t > ¢y and every x € F,

[ 0= oa)akatyan — [ (o= o0 duty) [ vibydm(i)| < 5. o9
It is easy to see that (96), (98) and (99) imply (49) if 7 is sufficiently large. O

9 Connections to dynamics of rational billiards

For references to this section see [E2].

In this lecture, we describe some counting problems on translation surfaces and
outline their connection to the dynamics of the SL(2,R) action on the moduli space
of translation surfaces. Much of this is presented in analogy with the quantitative
Oppenheim conjecture (see §7 and §8).

Recall that £, = SL(n,R)/SL(n,Z) is the space of covolume 1 lattices in R™.
This space is non-compact, since we can have arbitrarily short vectors in a lattice.

The strata and the measure p. Let g = f3,..., 3, be a partition of 2¢g — 2.
Let H(/3) denote the moduli space of translation surfaces with conical singularities of
total angles 2w (5 + 1),...,27(6n + 1). (I am using the notation from [Zor|: Jean-
Christophe is using M(+).) We will sometimes call H(3) a stratum. Let Hy(3) C H(S5)
denote the subset consisting of surfaces of area 1. Let p be the normalized Lebesque
measure on Hg (as defined by Jean-Christophe). We will use the same letter to
denote the restriction of p to Hi(5). A theorem of Masur and Veech (proved in
Jean-Christophe’s lectures) states that p(H;(5)) < co. In §9.5 we will describe how
to evaluate the numbers 1u(H;(53)).

Note that the case of n = 2 in the space of lattices £, and the case of stratum
H1(0) boil down to the same thing, since we are considering the space of unit volume

tori (or more precisely, the space of 1-forms on unit volume tori), which is given by
SL(2,R)/SL(2,7Z).

Note. I will use the term saddle connection to denote what Jean-Christophe is calling
a connection.

Holonomy and the sets V,.(S) and V(S). Recall that a point S € H(/) can be
viewed as a pair (M, w) where M is a Riemann surface and w is a holomorphic 1-form
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on M. Recall that the holonomy of a curve v on S is given by

hol(vy) = wa.

Vie(S) = {hol(y) : - is a saddle connection on S},

so that V;.(S) € C ~ R% Note that V,.(S) is a discrete subset of R?, but it is not, in
general, a subgroup. We also define the analogous set:

Let

V(S) = {hol(v) : v is a closed geodesic on S not passing through singularities}.

Note that any such closed geodesic is part of a cylinder and all the closed geodesics
in the cylinder have the same holonomy. (If S = R?*/Z? is the standard torus with
the standard flat structure, then V(S) = Z?).

9.1 Counting cylinders and saddle connections

Let B(R) denote a ball of radius R. Then, |V (S) N B(R)| is the number of cylinders
on S of length at most R. Masur proved the following:

Theorem 9.1. For all flat surfaces S in a compact set, there are constants ¢y and co
so that for R > 1

e R < [V(S) N B(R)| < |[Vee(S) N B(R)| < caR2.

The upper bound is proved in [Mas2| and the lower bound is proved in [Mas3].
The proof of the lower bound depends on the proof of the upper bound. Another proof
of both the upper and lower bounds with explicit constants was given by Vorobets in
[Vol] and [Vo2]. We will sketch below yet another proof of the upper bound, using
the ideas of §8. (See [EM] for the details).

We also note that there is a dense set of directions with a closed trajectory and
thus a cylinder.

The following theorem, gives asymptotic formulas for the number of saddle con-
nections and cylinders of closed geodesics on a generic surface. It was first proved
in this form in [EM], but many of the ideas came from [Ve], where a slightly weaker
version was proved.
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Theorem 9.2. For a.e. S € Hy((), we have
|Vie(S) N B(R)| ~ 7b(B3)R?,

where V. (S) is the collection of vectors in R* given by holonomy of saddle connections
on S, and b(B) is the Siegel-Veech constant defined in §9.2 (see also (103)).
Similarly, for closed geodesics, we have that there is a constant by(f) so that

V(S) N B(R)| ~ by (B)R*

where V(S) is the collection of vectors given by holonomy along (imprimitive) closed
geodesics not passing through singularities, and by(3) is the associated Siegel-Veech
constant.

It will turn out that the problem of counting saddle connections or cylinders closed
geodesics on a flat surface is analogous to the quantitative Oppenheim problem (§7
and §8).

9.2 The Siegel-Veech formula

The following construction and its analogues play a key role. For any function of
compact support f € C.(R"), let f(A) = ZveA\O f(v). Note that if f = xpq), we
get f(A) = |AN B(1)|. We have the Siegel formula: For any f € C,(R"),

1
(L)

where p is Haar measure on £,, = SL(n,R)/SL(n,Z), and X is Lebesgue measure on
R™.

The generalization of this formula to moduli space was developed, so the legend
goes, by Veech while he listened to Margulis lecture on the Oppenheim conjecture.
For f € C.(R?) we define the Siegel-Veech transform f(S) = > vevius) f(v). Just as

above, if f = xpn), f counts the number of saddle connections of length < 1.

Just as we had the Siegel formula for lattices, here we have the Siegel-Veech
formula: There is a constant b(3), called the Siegel-Veech constant, such that for any
[ € C.(R?), we have

/L F(A)du(a)y = [ pax, (100)

R

A~

1
e /H @@= [ s (101)
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where g is the natural SL(2,R) invariant measue on H;(5).

Let us sketch the proof of this result (essentially from [Ve], also reproduced in
[EM]). The first step (which is by far the most technical) is to show that f e
LY(H1(B)), so that the left hand side is finite. This can be deduced e.g. from (108)
below. Having done this, we denote the quantity on the left hand side of (101) by
o(f)-

Thus we have a linear functional ¢ : C.(R?) — R, i.e. a measure. But it also
has to be SL(2,R) invariant. Only Lebesgue measue and dy, the delta measure at
0 are SL(2,R) invariant. Thus we have o(f) = af(0) 4+ b [o. f. It remains to show
a = 0. Consider the limit of indicator functions f = xpr) as R — 0. Both sides of
the equation tend to 0, so we have that a = 0, and thus our result.

Returning to lattices, we can apply literally the same arguments to prove the
Siegel formula (100). Note that nothing was special about dimension 2 in the above
proof sketch. Thus, we have almost proved (100) as well. To be precise, we currently

have:
1

(L) Ln
for some constant b. We need to show b = 1. Here, we once again use f = xp(r), but
this time consider R — oo. Recall that f(A) = |ANB(R)| ~ Vol(B(R)), for R — oo
and A fixed. Thus, we get b = 1, and the Siegel formula.

We should remark that for the space of lattices the proof of the Siegel formula
indicated above is not the easiest available. In fact, it is possible to avoid proving
apriori that f € L'(L,). See [Sie] or [Cas] or [Ter] for the details. A well known
consequence of the Siegel formula is the following:

F(A)du(A) = b / oy

n

PLn) = —C(2)6(3) - -C(n). (102)

For the stata H((3), this method of evaluating b(3) (i.e. considering f = xp(r)
and taking R — o0) is not avaliable. Essentially the problem is that we do not have
an alternative expression for the constant in Theorem 7.5.

Another approach is to let f = xp(), send € — 0 and keep track of the leading
term in the asymptotics of both sides. This was done in [EMZ] where we obtained the
following result: For any stratum H;(f) in the moduli space of translation surfaces
the coefficient b(/3) involved in (101) can be expressed in the following form:

(103)
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where the sum is over lower dimensional strata « (which lie at the “boundary” of
H(B)), and c(a, §) are explicitly known rational numbers.

We note that (103) fails as a method for calculating the volumes, since (unlike the
lattice case) we do not have an independent formula for b(/5). In §9.5 we will show that
the volumes can be computed in a different way; then (103) can be used to evaluate
the Siegel-Veech constants b(3). These numbers appear in some other contexts as
well, in particular in connection with the Lyapunov exponents of the geodesic flow.

9.3 Counting using the SL(2,R) action

This subsection is closely parallel to §7.3. The following exposition will be along
the lines of [EM]|, which was heavily influenced by [Ve]. To simplify the notation,
¢

we only deal with the case of saddle connections. Define g, = ( ¢ 0 ) and

0 et
vy = ( cosf sinf
—sinf cosf
the points

). Let f be the indicator function of the trapezoid defined by

(1,1), (=1,1), (—1/2,1/2), (1/2,1/2).

2e72 gfel/2 < ||v]| < e

Lemma 9.3. We have f027r f(girov) db = .
0 otherwise.

Proof. Let U denote the trapezoid. Note that
f(girov) #0 < grgv € U < rgu € g, 'U. (104)

The set g; 'U is the shaded region in Figure 3. From (104) it is clear that the integral
in Lemma 9.3 is equal to (27 times) the fraction of the circle which lies inside the
shaded region g; 'U. If v is too long or too short (not drawn), then the circle would
completely miss the shaded region, and the integral would be zero. If it does not
miss, then (27 times) the fraction of the circle in the shaded region is approximately
2¢72! independent of [|v]|. O

We now prove Theorem 9.2. Summing our formula from Lemma 9.3 over all v €
Vie(S) and recalling the definition of the Siegel-Veech transform f(S) = 3 cv. s f(v),
we get

1 [ FaraS) 0 = Ve $) 1 B = Vel S) 0 BLe! ).
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P

Figure 3. Lemma 9.3.

Writing R = €', we can rewrite this as
2m
L i f(gireS)dl = [Vie(S) N B(R)| = [Vee(S) N B(R/2)]. (105)

This equation is key to the counting problem, since the right hand side counts saddle
connections in an annulus, and the left hand side is an integral over (part of) an
SL(2,R) orbit. (The fact that we only have approximate equality does not affect
the leading order asymptotics.) Now we are supposed to use some sort of ergodic
theory to analyze the behavoir of integral on the left-hand-side of (105) as t — oo (or
equivalently as R — 00).

There is an ergodic theorem of Nevo [Ne| which implies that! for almost all S €
H1(f3), and provided that f € L'*<(H,(5)), the integral converges to 2 le(ﬁ) f(S)dsS =

27b(f3) [p» f. The assertion that f € L'*¢ can be verified using (108). This immedi-
ately implies Theorem 9.2. U

!The theorem of Nevo used here is about a general SL(2,R) action, and uses nothing about the
geometry of the moduli space.
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However, this approach is a failure if one wants to prove things about billiards:
our theorems hold for almost every point S, and the set of translation surfaces arising
from rational billiards has measure zero.

One eventual goal is to prove analogues of Ratner’s theorems on unipotent flows for
the SL(2,R) action on H; (). That is, we would like to classify invariant measures,
orbit closures, and prove uniform distribution, for both the full SL(2,R) action, and
for the horocycle flow. One partial result in this direction is due to McMullen [Mc]:
he has classified the SL(2,R) orbit closures and invariant measures for the moduli
space of genus 2 surfaces (i.e., the strata H(1,1) and H(2)). Note that the integral in
(105) is over large circles in SL(2,R), which can be approximated well by horocycles.

Thus the action of the horocycle flow (i.e. the action of ) is directly relevant.

1 ¢
01
For other very partial results in this direction see [EMaMo]|, [EMS] and [CW].

9.4 The upper bounds.

In this subsection, we will outline a proof of the upper bound in Theorem 9.1, following
the scheme of §8.

Let B(R) be the ball of radius R centered at 0 in R™. For a given lattice A € L,,.
we would like to find out how many lattice points, that is, how many points of A are

contained in B(R).
It is immediately clear that for a fixed lattice A, as R — oo,

|A N B(R)| ~ Vol(B(R)) = Vol(B(1))R". (106)

(i.e. the number of lattice points is asymptotic to the volume). However, this is not
uniform in A. A uniform upper bound has been given in Lemma 8.1, in particular:

IANB(1)| < Ca(A). (107)

The analagous problem in moduli space is as follows: We are interested in |V.(S)N
B(1)|, i.e. the number of saddle connections of length at most 1 on S.

The result is as follows: Fix € > 0. Then there is a constant ¢ = ¢(f3, €) such that
for all S € H(f) of area 1,

Cc

[Vee(S) N B(1)] < oEa

(108)

where £(5) is the length of the shortest saddle connection on S.

70



Assuming (108), the proof of the upper bound in Theorem 9.1 can be following
the scheme of §8 (with a suitable definition for the functions «;).

However, it turns out that the proof of (108) is more difficult that that of (107);
it itself uses the system of inequalities along the line of §8, as well as induction on
the genus.

9.5 FEvaluation of the volumes

In this lecture we describe briefly another strategy for calculating volumes of strata,
which also has a parallel for the space of lattices. Recall that we are considering the
spaces H((3) of flat structures with singularity structure § = (51, B2, ...[3,), where
B € N, Y™ 3 = 29 —2. Let the set of singularities be denoted by X. We have |X| = n,
and we have

H,(S,%;,7) = 7%+,

We can pick a basis by selecting g a-cycles, g b-cycles (from absolute homology), and
n — 1 relative cycles.

Fix a Z-basis 71,72, ... of Hi(S,%X;Z), where k = 2g +n — 1. We recall the
following fact (see [K]):

Theorem 9.4. The map (X,w) — (hol(y1),...,hol(v)) from H(B) — (RHF is a
local coordinate system.

By pulling back Lebesgue measure on (R?)*, we obtain a normalized measure v
on H(J3). (For more details on the above constuction, see [Masl, §3].) Now, we would
like to define a measure on the hypersurface H;(53).

This is similar to the lattice setting, where if we pick a basis vy, vs, ... v, for our
lattice A C R", we get a matrix in M, (R) by letting v; be the ith column. Note
that since our lattice is unit volume, our matrix has determinant 1. We have a
natural (Lebesque) measure v on M, (R). Consider the det = 1 hypersurface ; (i.e.,
SL(n,R)). We define a measure p on this space as follows: let £ C 4, and let C(F)
be the cone over E (i.e. the union of all line segments which start at the origin and
end at a point of E). We define p(E) = v(Cy(F)). This yields a finite measure since
we are considering a fundamental domain under the SL(n,Z)-action. This is in fact
the measure used in the previous section.

Returning to the setting of surfaces, recall that the area of our surface S = (X, w)

is given by
rea(S)=— [ wAw=— wlw—| ol w
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where a; and b; are the a- and b-cycles on X respectively.
This gives that the area is a quadratic form in the coordinate sytem, i.e.,

Area(X,w) = Q(hol(y1), ..., hol(Vk)).

However, it is a degenerate form, since it only depends on the absolute cycles a; and
b;. We can mimic the lattice picture now: we define u(E) = v(C1(F)) for any subset
E C Hy(6). Thus,

p(H1(8)) = u(F) = v(Ci(F)),
where F is a fundamental domain.

We now make a cosmetic step. Let Cr(F) denote the cone of F extended to the
hypersurface of area R-surfaces. Clearly

p(H () = vCy(F)) = ERED.

We have the following fact:
Cr(F) N (Z*)"| ~ v(Cr(F))

as R — oo, i.e. the number of lattice points in a cone is asymptotic to the volume.
Ususally this is used to estimate the number of lattice points, but here we use this in
reverse and estimate the volume by the number of lattice points. Thus, we get that

U(Cr(F))  |Ch(F) N (Z2)]

w(H(B)) = RF RE )

or, equivalently,
|Cr(F) N (Z°)*| ~ p(HA(B) R". (109)

The equation (109) is not useful unless we can find an interpretation of the points
of Cr(F) N (Z*)*. This is given by the following:

Lemma 9.5. S = (X,w) € Cr(F)N(Z*)* if and only if X is a holomorphic branched
cover of the standard torus of degree < R, w is the pullback of dz under the covering
map, and all singularities branch over the same point.

Proof: Since S € Cr(F), area(S) < R. By definition, S € (Z?)* is equivalent to
hol(y1), ..., hol(vk) € Z*. Fix a non-singular point zq on S, and define 7 : S — T,
where 7' is the standard torus, by 7(z) = f; w. Since f,yw € Z + iZ for any closed
curve or saddle connection ~, this is a well defined covering map with all singularities
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branching over the same point. Since the torus is unit volume, the area of S is equal
to the degree of the covering. O

Let Ns(d) denote the number? of branched covers of T' of degree d with branching
type 3. (Note that Ng(d) is defined in purely combinatorial terms).
Combining Lemma 9.5 with (109), we obtain the following: as R — oo,

R

> Ny(d) ~ p(Ha(8) R (110)

d=1

(This relation was discovered by Kontsevich and Zorich, and independently by Masur
and the author.) Thus, we can compute pu(H;(/5)) if we can compute the asymptotics
of the left-hand-side of (110). This is a purely combinatorial problem.

Suppose we are considering a degree d cover of the torus. Consider the standard
basis @ and b of curves on the torus (when the torus is viewed as the unit square,
the curves correspond to the sides of the square). They give rise to permutations
of the sheets, that is, elements of the symmetric group S;. We will abuse notation
by denoting these permutations also by a and b. Singularity types of covers corre-
spond to different conjugacy classes of the commutator aba='b~!. A simple zero is
a transposition, a double zero a three cycle, a two simple zeroes is a product of two
transpositions, etc. (So for example, if we are considering the stratum H(1, 1), the
commutator will be in the same conjugacy class as a product of two transpositions.)
The number of pairs (a,b) € S; X S, satisfying such a commutation relation can be
expressed as a sum over the characters of the symmetric group Sy.

However, simply looking at the conjugacy class of the commutator permutation
does not guarantee that the resulting surface is connected. We wish to count only
the connected covers. However, the disconnected ones dominate the count. If one
knows the number of disconnected covers exactly, one can compute the number of
connected covers (by using inclusion/exclusion to subtract off all the possible ways
a cover can disconnect). Unfortunately, as one does that, the first n terms in the
asymptotic formula cancel. Still, it is possible, using the exact formula for the number
of disconnected covers in [BO], to carry out the computation (see [EO]). The result,
is a fairly messy but computable formula for pu(H;(53)).

There are two consequences of the above computations worth mentioning:

In order for Theorem 9.6 below to hold, we should, when defining Ng(d), weigh each cover by
the inverse of its automorphism group. However this does not affect the asymptotics and can be
ignored for most purposes.
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Theorem 9.6. The generating function Fg(q) = >_0"y Na(d)q® is a quasi-modular
form, that is, it is a polynomial in the Eisenstein series G(q), k = 2,4, 6.

Theorem 9.7. 7% u(H.(8)) € Q, where g is the genus of any surface in H(S3).

Both of the above theorems were conjectured by Kontsevich. Further work showed
that they hold also for the connected components of strata, and that similar results
hold for spaces of quadratic differentials. We remark that Theorem 9.7 implies that
the Siegel-Veech constants are rational.

For the space of lattices, one can carry out the same construction. The main
difference is that one ends up counting unbranched covers of the standard torus 7",
or what is equivalent, sublattices of the standard lattice Z". By computing the number
of sublattices of Z" of index at most R, and sending R — oo, it is not difficult to
reproduce (102).

10 Equidistribution of translates and applications
to Diophantine equations

We will follow parts of [EMc| and [EMS1].

In this section, using ergodic properties of subgroup actions on homogeneous
spaces of Lie groups, we study asymptotic behavior of number of lattice points on
certain affine varieties. Consider for instance the following.

Example 1 Let p()\) be a monic polynomial of degree n > 2 with integer coefficients
and irreducible over Q. Let M,,(Z) denote the set of n x n integer matrices, and put

V,(Z) = {A € My(Z) : det(A — A) = p()\)}.

Hence V,(Z) is the set of integral matrices with characteristic polynomial p()A). Con-
sider the norm on n x n real matrices given by [|(z;;)|| = |/>_,; 7, and let N(T,V})

denote the number of elements of V,(Z) with norm less than 7.

Theorem 10.1. Suppose further that p(\) splits over R, and for a root a of p(\) the
ring of algebraic integers in Q(«) is Z[a]. Then, asymptotically as T — oo,
n—1

VD - Tl A(k/2)

where h is the class number of Z|a, R is the requlator of Q(«), D is the discriminant
of p(N\), wy is the volume of the unit ball in R"™Y/2 and A(s) = 77T'(s)((2s).

N(T, Vp) ~
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Example 1 is a special case of the following counting problem which was first
studied in [DRS] and [EMc].

The counting problem: Let W be a real finite dimensional vector space with a Q
structure and V' a Zariski closed real subvariety of W defined over Q. Let G be a
reductive real algebraic group defined over Q, which acts on W via a Q-representation
p: G — GL(W). Suppose that G acts transitively on V. Let || - || denote a Euclidean
norm on W. Let Bp denote the ball of radius 7" > 0 in W around the origin, and
define
N(T,V)=|VNnBrnNZ",

the number of integral points on V' with norm less than 7. We are interested in the
asymptotics of N(T,V) as T' — oo.

Let I" be a subgroup of finite index in G(Z) such that W(Z)I' ¢ W(Z). By a
theorem of Borel and Harish-Chandra [BH-C], V(Z) is a union of finitely many I'-
orbits. Therefore to compute the asymptotics of N(7,V) it is enough to consider
each I'-orbit, say O, separately and compute the asymptotics of

N(T,V,0) = |0 N By

Suppose that O = T" - vy for some vy € V(Z). Then the stabilizer H = {g € G
gug = vg} is a reductive real algebraic Q-subgroup, and V = GG/H. Define

RT = {gH c G/H 1 gvg € BT},

the pullback of the ball By to G/H.

Assume that G° and H® do not admit nontrivial Q-characters. Then by the
theorem of Borel and Harish-Chandra, G/I" admits a G-invariant (Borel) probability
measure, say g, and H/(I' N H) admits an H-invariant probability measure, say
pp. Now the natural inclusion H/(I' N H) — G/T" is an H-equivariant proper map.
Let 7 : G — G/I' be the natural quotient map. Then the orbit m(H) is closed,
H/(I'NH) 2 w(H), and py can be treated as a measure on G/I" supported on
m(H). Such finite invariant measures supported on closed orbits of subgroups are
called algebraic measures. Let A\g/y denote the (unique) G-invariant measure on
G/ H induced by the normalization of the Haar measures on G and H.

The following result was proved in [DRS]; subsequently a simpler proof appeared
in [EMc].

Theorem 10.2. Suppose that V is affine symmetric and T' is irreducible (equiva-
lently, H is the set of fized points of an involution of G, and G is Q-simple). Then
asymptotically as T — oo,

N(T,V,0) ~ Aa/u(Rr).
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Translates of algebraic measures. For any g € G, let guy denote the translated
measure defined as

g (E) = pu(g 'E), V Borel sets £ C G/T.

Note that guy is supported on gr(H). A key ingredient in the proofs of Theorem 10.2
in [DRS] and [EMc]| is showing that if H is the set of fixed points of an involution of
G then for any sequence {g;} C G, such that {g;H} has no convergent subsequence
in G/H, the translated measures g;uy get ‘equidistributed’ on G/I' as i — oo; that
is, the sequence {g;uup} weakly converges to pe. The method of [DRS] uses spectral
analysis on G/I', while the argument of [EMc| uses the mixing property of the geodesic
flow. However, both methods seem limited essentially to the affine symmetric case.
It should be remarked that for the proof of Theorem 10.2 one needs only certain
averages of translates of the form guy to become equidistributed.

One can show that under certain conditions if for some sequence {g;} we have
lim g;;1y = v then the measure v is again algebraic. We give exact algebraic conditions
on the sequence {g;} relating it to the limit measure v. Using this analysis, we show
that the counting estimates as in Theorem 10.2 hold for a large class of homogeneous
varieties. The following particular cases of homogeneous varieties, which are not affine
symmetric, are of interest. We first place Example 1 in this context.

Example 1 continued. Note that V,(Z) is the set of integral points on the real
subvariety V,, = {4 € M,,(R) : det(A —A) = p(\)} contained in the vector space W =
M, (R). Let G = {g € GL,(R) : det g = £1}. Then G acts on W via conjugations,
and V, is a closed orbit of G (see [New, Theorem IIL.7]). Put I' = G(Z) = GL,(Z).
The companion matrix of p(\) is

0 0 -—ay,
1 0 —Qp—1
w=10 - i i |evyw@. (111)
: 0
0 1 —Qa

The centralizer H of vy is a maximal Q-torus and H" has no nontrivial Q-characters.
Note that H is not the set of fixed points of an involution, and the variety V,, = H\G
is not affine symmetric. Nevertheless, we show that N (7', V,,I'vg) ~ Ag/u(Rr). By
computing the volumes, we obtain the following estimate.
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Theorem 10.3. Let N(T,V},) be the number of points on V,(Z) of norm less than T .
Then asymptotically as T — oo,

N(T, V;n) ~ Can(n_l)/2,
where ¢, > 0 is an explicitly computable constant.

We obtain a ‘formula’ for calculating c,; for the sake of simplicity we calculate it
explicitly only under the additional assumptions on p(A) of Theorem 10.1.
See [BR] for some deeper consequences of the above result.

Example 2. Let A be a nondegenerate indefinite integral quadratic form in n > 3
variables and of signature (p, ¢), where p > ¢, and B a definite integral quadratic form
in m < p variables. Let W = M,,x,(R) be the space of m x n matrices. Consider the

norm on W given by [|(z;)[| = />, ; 7. Define
Vap = {X € Myun(R) : XA'X = B},

Thus a point on V4 5(Z) corresponds to a way of representing B by A over Z. We
assume that V4 p(Z) is not empty.

The group G = SO(A) acts on W via right multiplication, and the action is
transitive on V4 p. The stabilizer of a point £ € V4 p is an orthogonal group H; in
n — m variables. Let I' = G(Z). Then the number of I'-orbits on V4 p(Z) is finite.
Let &, ...,&, be the representatives for the orbits.

Theorem 10.4. Let N(T,V4 ) denote the number of points on Vi p(Z) with norm
less than T'. Then asymptotically as T — oo,

vol(I' N He \ He,)
vol(I'\G)

CA7BTT(n_T_1)

N(T,Vap) ~>

i=1
where r = min(m, q), and ca g > 0 is an explicitly computable constant.

Remark 10.5. In some ranges of p, g, m, n this formula may be proved by the Hardy-
Littlewood circle method, or by ©-function techniques. Using our method one also
obtains asymptotic formulas for the number of points in the individual orbits I'¢;.

Remark 10.6. In the case m > ¢, the asymptotics of the number of integer points
does not agree with the heuristic of the Hardy-Littlewood circle method, even if the
number of variables mn is very large compared to the number of quadratic equations
m(m+1)/2. The discrepancy occurs because the null locus {X : X A*X = 0} does not
contain a non-singular real point (cf. [Bir, Theorem 1]) and so the ‘singular integral’
vanishes.
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10.1 Connection between counting and translates of mea-
sures
We recall some observations from [DRS, Sect. 2[; see also [EMc|. Let the notation be

as in the counting problem stated in the introduction. For 7" > 0, define a function
Fr on G by

Fr(g)= > xrlgy- ),

~€L/(HAD)

where y7 is the characteristic function of Br. By construction Fr is left I'-invariant,
and hence it will be treated as a function on G/I'. Note that

Fr(e) = Z xr(y - v) = N(T,V,0).

~eT/(HMT)

Since we expect, as in Theorem 10.2, that
N(T,V,0) ~ Apa(Rr),
we define

A 1
FT(Q) = )\G/H(RT)

Thus the asymptotics in Theorem 10.2 is the assertion

Fr(g).

Fr(e) =1  asT — oo. (112)

Proposition 10.7 ([DRS, Sect. 2|). For any compactly supported function ¢ on G /T,

1

<FT7¢> = )\G/H(RT) i

¢—Hd)\G/H7

where

W (gH) = Y d(gp)
G/r

is a function on G/H.
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Proof. Let F be a fundamental domain for G/I". By definition,

Fry= 3 / vr(g7)¥(9) diic(g)
~€L/(HAT)
/ xr(9)Y(g) duc(g)
~er/(Hnr) Y
- / xr(9)(g) dua(g)
G/(HNT)

/G p /H P VU (gh) dp (h) dAya(9)

/ ( @Ddg;m) Ac/u(9)
RrRr \Ja/r

O

10.2 Limiting distributions of translates of algebraic mea-
sures.

The following is the main result of this section which allows us to investigate the
counting problems.

Theorem 10.8. Let G be a connected real algebraic group defined over Q, I' C G(Q)
an arithmetic lattice in G with respect to the Q-structure on G, and 7w : G — G/I" the
natural quotient map. Let H C G be a connected real algebraic Q-subgroup admitting
no nontriwvial Q-characters. Let py denote the H-invariant probability measure on
the closed orbit m(H). For a sequence {g;} C G, suppose that the translated measures
gipey converge to a probability measure  on G/U. Then there exists a connected real
algebraic Q-subgroup L of G containing H such that the following holds:

(i) There exists co € G such that p is a coLco™'-invariant measure supported on
com(L).

In particular, i 1s a algebraic measure.

(ii) There exist sequences {v;} C T and ¢; — ¢y in G such that yv;H~,~' C L and
giH = c;v;H for all but finitely many ¢+ € N.

The proof of this theorem is based on the following observation.

79



Proposition 10.9. Let the notation be as in Theorem 10.8. Then either there exists
a sequence ¢; — ¢ in G such that c;u; = pyg for all © € N (in which case p = cpuy),
or p is invariant under the action of a nontrivial unipotent one-parameter subgroup

of G.

In order to be able to apply Theorem 10.8 to the problem of counting, we need to
know some conditions under which the sequence {g;u g} of probability measures does
not escape to infinity. Suppose further that G and H are reductive. Let Z(H) be
the centralizer of H in G. By rationality 7(Z(H)) is closed in G/T". Now if n(Z(H))
is noncompact, there exits a sequence {z;} C Z(H) such that {m(z;)} is divergent;
that is, it has no convergent subsequence. Then z;upy escapes to the infinity; that
is (zijpg)(K) — 0 for any compact set K C G/I'. The condition that w(Z(H)) is
noncompact is equivalent to the condition that H is contained in a proper parabolic
@-subgroup of G. In the converse direction we have the following (see [EMS2]).

Theorem 10.10. Let G be a connected real reductive algebraic group defined over
Q, and H a connected real reductive Q-subgroup of G, both admitting no nontrivial
Q-characters. Suppose that H is not contained in any proper parabolic Q-subgroup of
G defined over Q. Let I' C G(Q) be an arithmetic lattice in G and 7w : G — G /T’ the
natural quotient map. Let py denote the H-invariant probability measure on w(H).
Then given an € > 0 there exists a compact set K C G/T" such that (gup)(K) > 1—¢,
Vg € G.

The proof of this result uses generalizations of some results of Dani and Mar-
gulis [DM3]. Combining this theorem with Theorem 10.8, we deduce the following
consequence.

Corollary 10.11. Suppose that H is reductive and a proper mazximal connected real
algebraic Q-subgroup of G. Then for any sequence {g;} C G, if the sequence {g;H}
is divergent (that is, it has no convergent subsequence) in G/H, then the sequence
{ginu} gets equidistributed with respect to pg as i — oo (that is, gipuy — pg weakly).

In the general case, one obtains the following analogue of Corollary 10.11. We
note that the condition that H is not contained in any proper Q-parabolic subgroup
of G, is also equivalent to saying that any real algebraic Q-subgroup L of G containing
H is reductive.

Corollary 10.12. Let G be a connected real reductive algebraic group defined over
Q, and H a connected real reductive Q-subgroup of G not contained in any proper
parabolic Q-subgroup of G. Let I' C G(Q) be an arithmetic lattice in G. Suppose
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that a sequence {g;} C G is such that the sequence {g;ug} does not converge to the
G-imvariant probability measure. Then after passing to a subsequence, there exist a
proper connected real reductive Q-subgroup L of G containing H and a compact set
C C G such that

{9:} c CL(Z(H)NT)

10.3 Applications to the counting problem.

The case where H is maximal. The following is a consequence of Corollary 10.11:

Theorem 10.13. Let G and H be as in the counting problem. Suppose that H is
reductive and a proper mazimal connected real algebraic Q-subgroup of G, where H°
denotes the connected component of identity in H. Then asymptotically as T — oo

N(T,V,0) ~ Agu(Rr).

Remark 10.14. Suppose that H is the set of fixed point of an involution of G. Let
L be a connected real reductive Q-subgroup of G containing H°. Then there exists
a normal Q-subgroup N of G such that L = H'N. Now if G is Q-simple, then
H? is a maximal proper connected Q-subgroup of G (see [Bor, Lemma 8.0]). Hence
Theorem 10.2 follows from Theorem 10.13.

The general case. We now use Corollary 10.12. For applying this result to the
counting problem, we need to know that averages of translates of the measure py
along the sets Ry become equidistributed as T tends to infinity. Il.e., we want the
set of ‘singular sequences’, for which the limit measure is not G-invariant, to have
negligible ‘measure’ in the sets Ry as T' — oco. This does not hold when the sets Ry
are ‘focused’ along L/H(C G/H):

Definition 10.15. Let G and H be as in the counting problem. For a sequence
T,, — oo, the sequence { Ry, } of open sets in G/H is said to be focused, if there exist
a proper connected reductive real algebraic Q-subgroup L of G containing H® and a
compact set C' C G such that

e A0 (CL(Z(H') 0 D) 0 Rr,)

> 0,
n—oo )\G/H(RTn)

where gy : G — G/H is the natural quotient map.
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Note that since L is reductive and defined over Q, we have that 7(L) is closed in
G/T. In particular, L(Z(H®)NT) is closed in G. Also LzH" = Lz for any z € Z(H").
Now since C' is compact, the set qg(CL(Z(H®) NT)) is closed in G/H.

Now if the focusing of { R, } does not occur, then using Corollary 10.12 we can
obtain the following analogue of Corollary 10.11.

Corollary 10.16. Let G and H be as in the counting problem. Suppose that H°
is not contained in any proper Q-parabolic subgroup of G°, and for some sequence
T, — oo, the sequence {Rr,} is not focused. Then given € > 0 there ezists an open
set A C G/H with the following properties:

.. Ag/a(ANRy,)
lim inf
n—oo  Ag/u(Rr,)

>1—¢ (113)

and given any sequence {g;} C qu*(A), if the sequence {qu(g;)} is divergent in G/H
then the sequence {g;up} converges to yg.

This corollary allows us to obtain the counting estimates like in Theorem 10.2 and
Theorem 10.13 for a large class of homogeneous varieties.

Theorem 10.17. Let G and H be as in the counting problem. Suppose that H° is not
contained in any proper Q-parabolic subgroup of G® (equivalently, Z(H)/(Z(H)NT)
is compact), and for some sequence T,, — oo with bounded gaps, the sequence {Rr, }
1s not focused. Then asymptotically

N(T,V,0) ~ Aa/u(Rr).

Remark. The non-focusing assumption in Theorem 10.17 is not vacuous. In the
above setup one is required to verify the condition of nonfocusing in Theorem 10.17
separately for each application of the result.

Outline of the proof of Theorem 10.17, assuming Corollary 10.16.

Proposition 10.18. Let the notation and conditions be as in Theorem 10.17. Then
Fr, — 1 in the weak-star topology on L>®(G /T, ug); that is, (Fr,, ) — (1,1) for
any compactly supported continuous function v on G/T".

Proof. As in Proposition 10.7,

1

=——— | YHd\gm,
AG/H(RT) B ¢ G/H

(Fr, )
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where

Vi (gH) = V(ghD) dpg(hT) = | 2 d(gpm)
HT/T G/r
is a function on G/H.
Let € > 0 be given. Since the sequence {Rr,} is not focused, we obtain a set
A C G/H as in Corollary 10.16. Break up the integral over Ry, into the integrals
over Ry, N A and Ry, \ A. By equation (113) and the boundedness of ¢, the second
integral is O(e). By Corollary 10.16, for any sequence {g;} C qu'(A), if {qu(g:)}
has no convergent subsequence in G/H, then g; - py — pg. Hence

V(g H) — Ydug = (1, 1).

G/T

We use dominated convergence theorem to justify the interchange of limits. Now

lim (Fr ) = lim

VH A\ + O(e
RT>/WA¢ o1+ O(6)

n

1
(
1 _
= lim / ;1) dA +0
n—o0 g/ (Rr,) Aa/u(BRr,) Jry, a4 . 1) ddcm (€

s Aau(Br, 0 A)
n—00 AG/H(RTn)
= (Ly) +0(e)

(1,4) + O(e)

Since € is arbitrary, the proof is complete. O

Proposition 10.19 ([EMS1]). There are constants a(d) and b(6) tending to 1 as
0 — 0 such that

.. Agu(Ra—sr) . e/ (Raver)

b(9) < liminf —/————= < limsu < a(d).
0) < T—oo  Agp(Rr) — T—mp Aoa(Rr) Q

Proof of Theorem 10.17. Let ¢ in Proposition 10.18 tend to a d-function at the
origin. Then, combining Proposition 10.18 and Proposition 10.19, we obtain that
Fr. — 1 pointwise on G/T" as i — 00. (See [DRS, Lemma 2.3] for the details). Thus
(112) holds. This completes the proof. O
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10.4 Invariance under unipotents

Proposition 10.20. Let G be a semisimple Lie group, I' be a discrete subgroup of
G, and m : G — G/T be the natural quotient map. Let H be a nontrivial reductive
subgroup of G and Q be a relatively compact neighborhood of identity in H. Let jiq be
the probability measure on w(S2) which is the pushforward under m of the restriction
to Q of a Haar measure on H.

Suppose that for a sequence {g;}ien C G, the sequence {g; - patien C P(G/T)
converges weakly to a nonzero measure pn on G/T'. Then one of the following holds:

1. There exists a compact set C C G such that {g; }ien C CZc(H).
2. p is twvariant under a nontrivial unipotent one-parameter subgroup of G.

Proof. (Cf. [Moz, Lemma 77]) Let g be the Lie algebra of G and h C g be the Lie
subalgebra corresponding to H. Equip g with a Euclidean norm, say || - ||.

Claim 1. If the Condition 1 above does not hold then there exists a sequence X; — 0
in b as i — oo, such that a subsequence of {Adg; - X;}ien converges to a nonzero
element Y € g.

To prove the claim there is no loss of generality if we pass to a subsequence of
{gi}ien, or replace {g; }ien by {gi¢i }ien, where {¢; }ien is contained in a compact subset
of G.

Since H is reductive, there is a Cartan involution 6 of G such that (H) = H. Let
K be the set of fixed points of #. Then K is a maximal compact subset of G. There
exists a maximal R-split torus A in G such that

0(a) =a™', Vac A (114)

Choose an order on the system of R-roots of A for G and let A be the set of simple
roots. Let A, be the exponential of the closure of the positive Weyl chamber. Then
by Cartan decomposition we have

Hence without loss of generality we can assume that g; = a;k; for all i € N, where
ki — kin K as i — oo and {a; }ieny C AL
Let

® ={a e A:supala) < oo}
ieN
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Then by modifying the sequence {a;};en from the left by multiplications by elements
from a compact set in A, N (Ngea\o ker §), we may assume that

ala;)) =1, Yo e d. (115)
By passing to a subsequence, we may also assume that
lim a(a;) =00, VaeA\ . (116)

Let P be the standard parabolic subgroup of GG associated to ®. Let p be the Lie
algebra of P, and n be the Lie algebra of the unipotent radical N of P. Due to (114),
we have

g=0(p)©n.

Let 7, denote the projection onto n with ker(m,) = o(p).
Suppose that the claim fails to hold. Then

sup ||[Adg; - X|| < 00, VX €b. (117)
ieN

Hence by (116),
lim m,(Adk; - X) =0, VX €b.

1— 00

Therefore kHE™' C (P). Since §(H) = H and 0(k) = k, we have that kHk™! C
P NéO(P). Hence due to (115),

{a:}ien C Za(PNO(P)) C kZa(H)k™.

Since g = O(p) + n and k;k~' — e as i — oo, by passing to subsequences, there
exist sequences b; — e in (P) and n; — e in N such that

k’ik‘_l = bini, Vi € N.
Let {X1,...,X,,} be a basis of h and put q = (Xy,...,X;) € ®,g. Consider
the action of G on ®",g via the Adjoint action on each of the summands. Then
gia=(gik™")(k - a) = (a:kik™")(k - @) = (asbia; ") (ainia; ") (k - q)

By (117), {g; - q}ien is a bounded sequence. By (114) and (116), a;b;a;~" — e as
i — oo. Therefore (a;n;a;~')(k-q) : i € N} is a bounded sequence. Since N is a
unipotent group, the orbit N(k - q) is closed. Therefore there exists a compact set
(1 C N such that
ai_lniai € Cl(k‘ZG(H)k’_l N N)
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Therefore, since {a;} C kZg(H)k™' and a;b;ja;™' — e as i — oo, there exists a
compact set C' C G, such that

gik‘_l = a,-k,-k:_l = (aibiai_l)(amiai_l) € CZG(H)k_l, Vi € N.

This contradicts the hypothesis of the claim, and hence the proof of Claim 1 is
complete.
Now we can assume that there exists a sequence X; — 0 in  and a nonzero
elements Y € g such that
lim Ad g; X; =Y.

1— 00

Consider the one-parameter subgroup u : R — G defined as u(t) = exp(tY’) for all
t € R. Since X; — 0, all the eigenvalues of AdtX; converge to 1 as ¢ — oo. Since
u(t) = lim,; . g~ *(exp tX;)g; and the eigenvalues are invariant under conjugation, we
have that 1 is the only eigenvalue of Adu(t) for all ¢ € R. Therefore u is a unipotent
one-parameter subgroup of G.

Claim 2. The measure p is invariant under the action of {u(t) : t € R}.

To prove the claim let ¢ € R and put 6 = exp(tX;) for all i € N. Then by the
definition of ugq, for any ¢ € C.(G/T),

() dpa(z) — [ ¢(6:) dpa(r)| < € - sup |4, (118)

G/r G/T

where ¢; depends only on §;, and ¢, — 0 as §; — 0. Let ¢ € N. Applying Eq. 118 for
i(x) = (g;x) for all z € X, we get

Y(gix) dua(r) — U((9:0:9: ") gix) dpa(x)
G/T G/T

< ¢ -sup [¢)].

We have g; - g — p weakly as i — 00, g; 10;9; — u(t) as i — oo, and 1 is uniformly
continuous. Therefore

U(x) dp(r) = (zu(g)) du(x)-

G/T G/T

This shows that p is invariant under {u(t) : t € R}. This completes the proof of the
theorem. 0
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10.5 Proving Ergodicity

In view of Proposition 10.20 and the measure classification theorem, Theorem 10.8
would follow immediately if we knew that p was ergodic. In general the ergodicity
of pu does not follow from Theorem 6.5 since we are not assuming that H contains
unipotents.

The next part of the proof of Theorem 10.8 parallels §6.3. One applies the mea-
sure classification theorem followed by linearization. The analysis is somewhat more
complicated then that of §6.3 because of the multi-dimensional situation, and the fact
that we have a map only from a compact subset of H. The end result is:

Proposition 10.21. Let B C H be a ball of diameter at most 69 in H around e. Let
g; be a sequence of elements in G, and let \; be the probability measure on w(g;(B))
which is the pushforward under g; of the normalized Lebesque measure on B. Suppose
that \; — X\ weakly in the space of probability measures on G/T'. Suppose there exist
a unipotent one-parameter subgroup U of G and F' € H such that A(n(N(F,U))) >0
and N(m(S(F,U))) = 0. Then there exists a compact set D C Ap such that the
following holds: For any sequence of neighborhoods {®;} of D in Vi, there exists a
sequence {~;} C T such that for all large i € N,

gi(B)vi - pr C ®;. (119)

In general the condition (119) is difficult to analyze using linear algebra methods.
The idea of the proof of Theorem 10.8 is the following: Since we are assuming that
g; B return to a compact set in G/T", we may write g; = ¢;v.h;, where ¢; is in a compact
set, v/ € I'and h; € B C H. Without loss of generality, we may then replace g; by
vih;. Consider rational points h; in BB. The orbit of each rational point under I is
discrete, so there are only finitely many possibilities for v/h;v; - pr. By passing to a
subsequence one can assume that v/h;y; - pr is constant, which eventually yields the
proof of Theorem 10.8.

11 Applications of non-divergence to metric Dio-
phantine approximation
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12 The work of Goetze-Margulis on quadratic forms.
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