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Introduction

These notes will eventually become a volume on the interaction between
number theory and dynamics via homogeneous spaces.

A big portion of this text (specifically, most of Part [ and Part should
be digestible for a reader who is familiar with measure theory and the ba-
sics of functional analysis. We will make efforts to avoid going beyond these
prerequisites (except for in Part [II| — see below). There are additional pre-
requisites at various places of the text, and some of these can be avoided.
For example, because the development of the theory is not strictly linear the
reader could skip some sections of the text that need more powerful back-
ground without losing track of the main ideas. We have marked those sections
by footnotes.

The basics of Lie theory, including for instance basic facts about the Lie
algebra, the exponential map, and the adjoint representation, will be assumed
after a brief review in Chapter [2 Unless the reader strives for maximal gen-
erality in her understanding, the more concrete case of linear groups (that is,
subgroups of SL4(R)) is quite sufficient both in breadth of applications and
in terms of issues arising. On the other hand, at certain places in Chapter
we will use the full force of Lie theory (including the Cartan decomposition,
the Levi decomposition, and the Jacobson—Morozov theorem). However, that
portion of Chapter [2| could also be skipped, and is not used later.

This text is part of a larger project that started with the book ‘Ergodic
theory with a view towards Number theory’ [?] and is (at modest but posi-
tive speed) being developed in parallel with ‘Entropy in ergodic theory and
homogeneous dynamics’ [?]. We will not repeat material from the other two
volumes, and will refer to them as needed. Initially we need very few facts
from [?], namely the Poincaré recurrence theorem and the pointwise ergodic
theorem.

The text ‘Entropy in ergodic theory and homogeneous dynamics’ only be-
comes relevant in Part [II] of the current notes (to be honest, some of the
theorems in Chapter [6] will use the results of Part [[T] to give the reader mo-
tivation for the latter).



2 Contents

In order to focus on the theory we plan to be quite brief about historical
remarks throughout the text, and apologize in advance for any missing refer-
ences that we should have included. We also try to develop the theory partly
from a logical and partly from an instructional point of view. Historically
many theorems in these notes were much harder to prove initially, and as
we have no desire to suffer ourselves, nor to cause suffering, where it is not
strictly necessary we take the logically simpler route (even at the price of
ignoring some interesting connections to other topics). On the other hand,
from a purely logical point of view we should start immediately with homoge-
neous spaces defined using algebraic groups over local fields of zero or positive
characteristic and also develop the entropy theory much more generally so
that the case of smooth maps on manifolds is included. However, as such a
text would be quite hard to read for anyone who does not already know the
field that we hope to introduce, we instead start with homogeneous spaces
defined using linear groups and introduce the language of algebraic groups
relatively slowly (mostly over local fields of zero characteristic), starting in
Chapter [3] Moreover, we only develop the entropy theory for homogeneous
dynamics (which in many ways is easier than the entropy theory for smooth
maps).

We hope you will enjoy these notes and the theory that they introduce.

NOTATION

The symbols N = {1,2,...}, Ny = NU {0}, and Z denote the natural
numbers, non-negative integers and integers; Q, R, C denote the rational
numbers, real numbers and complex numbers; the multiplicative and additive
circle are denoted St = {z € C | |z| = 1} and T = R/Z respectively. The real
and imaginary parts of a complex number are denoted x = R(x+iy) and y =
S(a+iy). The order of growth of real- or complex-valued functions f, g defined
on N or R with g(z) # 0 for large = is compared using Landau’s notation:

fwgif‘ch((g‘%lasm—)oo;
f=0(9)if‘£gg

— 0 as * — oo.

For functions f, g defined on N or R, and taking values in a normed space, we
write f = O(g) if there is a constant A > 0 with || f(z)|| < A|g(z)]| for all .
In particular, f = O(1) means that f is bounded. Where the dependence
of the implied constant A on some set of parameters &/ is important, we
write f = Og/(g). The relation f = O(g) will also be written f < g, par-
ticularly when it is being used to express the fact that two functions are
commensurate, f < g < f. A sequence aj,as,... will be denoted (a,).
Unadorned norms ||z|| will only be used when z lives in a Hilbert space
(usually L?) and always refer to the Hilbert space norm. For a topological
space X, C(X), Cc(X), C.(X) denote the space of real-valued, complex-
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valued, compactly supported continuous functions on X respectively, with
the supremum norm. For sets A, B, denote the set difference by

ANB={z|x € A,z ¢ B}.
Additional specific notation is collected in an index of notation on page
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Chapter 1
Lattices and the Space of Lattices

We recall that an action of a group G on a space X is a map G x X — X,
written (g,x) — g-x, with the property that g-(h-z) = (gh)-xz and I.z = x
forall g,h € G and x € X, where [ is the identity element of G. Furthermore,
for any x € X the set G-x = {g-x : g € G} is called the G-orbit of z.

One of our interests in this volume is to study the relationship between
orbits, orbit closures and arithmetic properties of groups.

In this chapter we discuss discrete subgroups I" of a locally compact o-
compact metric group G, the quotient space X = I'\G, which we will refer
to as a locally homogeneous space, and the question of whether or not there
is a G-invariant Borel probability measure on X. We finish by studying the
central example d = SLg(Z)\ SL4(R). In other words, we define the spaces
(and the canonical measures) on which (or with respect to which) we will
later discuss dynamical and arithmetic properties.

1.1 Discrete Subgroups and Lattices

1.1.1 Metric, Topological, and Measurable Structure

In this section, let G be a locally compact o-compact metric group endowed
with a left-invariant metric dg giving rise to the topology of G. For exam-
ple, dg could be the metric derived from a Riemannian metric on a connected
Lie group G, but in fact any topological group with a countable basis for the
topology has such a metric (see Lemma. We note that the left-invariance
of the metric implies that

da(g,1) =da(g 9,97 ") =da(g~ ", 1)

for any g € G. Write BY = BY(I) for the metric open ball of radius r
around the identity I € G. If I' is a discrete subgroup (which means that I



8 1 Lattices and the Space of Lattices

is an isolated point of I'), then there is an induced metric on the quotient
spaceﬂ X = I'\G defined by

dx(I'g1,I'g2) = inf dg(7191,7292) = inf da(vg1,92) (1.1)
Y1,v72€l” ~yel

for any I'g1, I'ga € X, where both infima are minima if the metric is propelﬂ
We note that dx (-, -) indeed defines a metric on X and that we will always
use the topology induced by this metric. In particular, a sequence I'g, € X
converges to I'g as n — oo if and only if there exists a sequence ~, € I’
such that v,g, — g as n — oo. Another consequence of the definition of this
metric is that X and G are locally isometric in the following sense.

Lemma 1.1 (Injectivity radius). Let I" be a discrete subgroup in a group
equipped with a left-invariant metric. For any compact subset K C X = I'\G
there exists some r = r(K) > 0, called the injectivity radius on K, with the
property that for any xg € K the map

Bf S g xog € Bﬁ((fo)

is an isometry between BTG and Bf((xo). If K = {x0} where xo = I'h for
some h € G, then
r=tinfiep 1y da(h™1yh, T) (1.2)

has this property.

PRrROOF. We first show this locally, for K = {z¢} where g = 'h. Let r be
as in ([1.2)), which is positive since h~1I'h is also a discrete subgroup. Then,
for g1, g2 € BTG,

dx (I'hg1, Thge) = inf dg(hgr,vhg2) = inf dg(g1, h~ "vhgs).
~Ner ~Ner

We wish to show that the infimum is achieved for v = e. Suppose that v € I’
has

da(g1, h™'vhg) < da(gr, g2) < 2r

then
di(h™'yhge, I) < dg(h™'vhga, g1) + da (g1, 1) < 3r

since g; € BY, and similarly
dg(h™'yh,I) = dg(e,h "'y h)

<da(e, g2) +da(ge, k™' Mh)
<r+dg(htyhgy, I) < 4r.

T As usual in geometry and number theory, we consider I'\G instead of G/I; the latter
is also often considered in dynamics. The two set-ups are equivalent via the bijection
sending I'g € I'\G to g~ 'I" € G/TI.

¥ A metric is proper if any ball of finite radius has a compact closure.
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1.1 Discrete Subgroups and Lattices 9

This implies that v = I.

The lemma now follows by compactness of K. For g and r as above it is
easily checked that any y € BT)§2(x0) satisfies the first claim of the proposition
with r replaced by r/2. Hence K can be covered by balls so that on each ball
there is a uniform injectivity radius. Now take a finite subcover and the
minimum of the associated injectivity radii. O

Notice that given an injectivity radius, any smaller number will also be an
injectivity radius. We define the maximal injectivity radius r,, at xg € X as
the supremum of the possible injectivity radii for the set K = {x¢} as in the
lemma (see also Exercise . If 9 = I'h then

]. . —1 . —1
— < < .

by Lemma [L.1
We also define the natural quotient map

mx G - X=I\G
g— Iy,

and note that wx is locally an isometry by left invariance of the metric and
Lemma Clearly X = I'\G is a homogeneous space in the sense of algebra,
but due to this local isometric property we will call X a locally homogeneous
space.

One (rather abstract) way to understand the quotient space X = I'\G may
be to consider a subset F' C G for which the projection mx, when restricted
to F, is a bijection. This motivates the following definition.

Definition 1.2 (Fundamental domain). Let I < G be a discrete sub-
group. A fundamental domain F C G is a measurablem set with the property
that

G=|]F

yerl'

(where | | denotes a disjoint union). Equivalently, 7x|r : FF — I'\G is a
bijection. A measurable set B C G will be called injective (for I') if nx|p is
an injective map, and surjective (for I') if mx(B) = I'\G.

Ezample 1.3. The set [0,1)¢ C R? is a fundamental domain for the discrete
subgroup I' = Z¢ < R4 = G.

We will see more examples later, but the existence of a fundamental do-
main is a general property.

Lemma 1.4 (Existence of fundamental domains). Let G be a locally
compact o-compact group equipped with a left-invariant metric dg(-,-). If T’

T Unless indicated otherwise, measurable always means Borel-measurable.
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10 1 Lattices and the Space of Lattices

is a discrete subgroup of G and Binj C Bsyrj C G are injective (resp. surjec-
tive) sets, then there exists a fundamental domain F with B;,; C F C Bgyy.
Moreover, tx|p : F - X =I'\G is a bi—measumblfﬂ bijection for any fun-
damental domain F' C G.

PROOF. Notice first that dx (7x(g1), 7x(92)) < da(g1, g2) for all g1, 92 € G.
Therefore, mx is continuous (and hence measurable). Using the assumption
that G is o-compact and Lemma we can find a sequence of sets (B;,)
with B,, = gntL for n > 1 such that wx|p, is an isometry, and G =
U2, By It follows that for any Borel set B C G the image mx(B N B,,) is
measurable for all n > 1, and so 7x(B) is measurable. This implies the final
claim of the lemma.

Now let Binj € Bsurj € G be as in the lemma. Define inductively the

following measurable subsets of G:

FO = Binja
F = Bsurj N Bl\ﬂ-)_(l (WX(FO)) )
F2 = Bsurj N BZ\T‘—;(l (WX(FO U Fl)) )

and so on. Then F = | |7 F,, satisfies all the claims of the lemma. Clearly F
is measurable and Binj C F' C Bgyyj. If now g € G is arbitrary we need to show
that (I'g) N F consists of a single element. If I'g intersects Bj,;j nontrivially,
then the intersection is a singleton by assumption and F, will be disjoint
to I'g for all n > 1 by construction. If I'g intersects Biy; trivially, then we
choose n > 1 minimal such that I'g intersects Bgyrj N By. By the properties
of B,, this intersection is again a singleton, by minimality of n the point in the
intersection also belongs to F,, and I'g will intersect F} trivially for k > n.
Hence in all cases we conclude that (I'g) N F is a singleton, or equivalently F'
is a fundamental domain. O

In some special cases, for example Z? < R?, we will be able to give very
concrete fundamental domains with better properties, where in particular the
boundary of the fundamental domain consists of lower-dimensional objects.
In those situations one could and should also ask about how the various
pieces of the boundary are glued together under I'. For instance, in the case
of Z% we know that opposite sides of [0,1)¢ are to be identified. Another
such situation will arise in the discussion in Section As our goal is more
general quotients where this is typically not so easily done, we will not pursue
this further.

T That is, both mx | and its inverse are measurable maps.
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1.1 Discrete Subgroups and Lattices 11

1.1.2 Haar Measure and the Natural Action on the
Quotient

Recall (see [?, Sec. 8.3] for an outline and the monograph of Folland [?,
Sec. 2.2] for a full proof) that any metric, o-compact, locally compact group G
has a (left) Haar measure m¢ which is characterized (up to proportionality)
by the properties

e mg(K) < oo for any compact K C G}

e mg(0) > 0 for any non-empty open set O C G;
e mg(gB) = mg(B) for any g € G and measurable B C G.

Similarly there also exists a right Haar measure mg) with the first two
properties and invariance under right translation instead of left translation
as above. For concrete examples it is often not so difficult to give a concrete
description of the Haar measure, see Exercise |[1.1.5| and Exercise[1.1.6

Lemma 1.5 (Independence of choice of fundamental domain). Let I'
be a discrete subgroup of G. Any two fundamental domains for I' in G have
the same Haar measure. In fact, if By, By C G are injective sets for I’
with Wx(Bl) = 71')((32) therﬂ mg(Bl) = mg(BQ).

Alternatively we may phrase this lemma as follows. For any discrete sub-
group I' < G, the left Haar measure mg induces a natural measure mx
on X = I'\G such that

mx(B) = ma(ny' (B) N F)

where F' C G is any fundamental domain for I" in G.
PROOF OF LEMMA Suppose B; and Bs are injective sets with

ﬁx(Bl) = Wx(Bg).

Then
B1 = |_| B1 n (’)/BQ)
yer

and

|_| v (BiNyBy) = |_| (vB1) N B2 = Bs.
yerl yerl

Note that the discrete subgroup I' < G must be countable as G is o-compact.
Therefore, we see that

mG(Bl) = Z mG(Bl O’YBQ) = Z mgqg (’771B1 n BQ) = mG(BQ)
yel’ yel

T As the proof will show, we only need left-invariance of the measure under I". We will use
this strengthening later.
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12 1 Lattices and the Space of Lattices

as required. O
Note that G acts naturally on X = I'\G via right multiplication

g = Ry(x) =xg™"

for x € X and g € G, and that this action satisfies

mx (9195 ") = 7x(g1)95 " = g2-mx (g1)

for all g1,g2 € G. Also note that go-g1 = glggl for g1 € G is the natural
action of go € G on G on the right so that mx satisfies the equivariance
property mx(ge+g1) = g2-mx(g1). We are interested in whether X supports
a G-invariant probability measure, a property discussed in the next proposi-
tion and definition.

Proposition 1.6 (Finite volume quotients). Let G be a locally com-
pact o-compact group with a left-invariant metric dg, and let I' < G be
a discrete subgroup. Then the following properties are equivalent:

(a) X = I'\G supports a G-invariant probability measure, that is a probability
measure mx which satisfies mx (g-B) = mx(B) for all measurable B C X
and all g in G;

(b) There is a fundamental domain F for I' < G with mg(F) < 0o;

(c) There is a fundamental domain F C G which has finite right Haar mea-

(r) (r)
G

sure mg’ (F) < oo and mg,’ is left I'-invariant.

If any (and hence all) of these conditions hold, then G is unimodular (that
is, the left-invariant Haar measure is also right-invariant).

Definition 1.7 (Lattices). A discrete subgroup I' < G is called a lattice
if X = I'\G supports a G-invariant probability measure. In this case we also
say that X has finite Volumeﬂ

In the proof we will use the modular character and the pigeonhole principle
for ergodic theory.

In any metric, locally compact o-compact group G right multiplication
may not preserve the left Haar measure m¢. However, there is a continuous
homomorphism, the modular character, mod : G — R~ with the property
that mg(Bg™!) = mod(g)mg(B) for all measurable B C G and g € G
(see [?, Sec. 8.3] for the details and references).

The modular character may also be defined using a right Haar mea-
sure mg) via mg)(gB) = mod(g)mg)(B) for all measurable B C G
and g € G, and the left and right Haar measures may be normalized to

have mg)(B) = mg(B™1!) for any Borel set B C G, where

T Given a fixed left Haar measure mg on G, we can define the volume of X as mgq(F) for
any fundamental domain F' C G for I'. Somewhat perversely we will often normalize the
Haar measure mg to have mx(X) = 1.
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1.1 Discrete Subgroups and Lattices 13
B™'={g""|g€B}.

The pigeonhole principle for ergodic theory is the Poincaré recurrence
theorem, which may be formulated as follows in the metric setting. We refer
to [?, Th. 2.21] and Exercise for the proof.

Theorem 1.8 (Poincaré recurrence). Let X be a locally compact metric
space, and let p be a Borel probability measure preserved by a continuous
map T : X — X. Then for p-almost every x € X there is a sequence ny — o0
with T x — x as k — oo.

PROOF OF PROPOSITION [L.6] We will start by proving that (a) = (c).
Suppose therefore that mx is a probability measure on X = I'\G invariant
under the action of G on the right. Then we can define a measure p on G via
the Riesz representation theorem by letting

[tan=[ ¥ s@dmx() (1.4)

m(g)=z

for any f € C.(G). Here the function defined by the sum

F:iz=Tgw Y f(vg),

yerl

on the right hand side belongs to C.(X) — indeed the sum vanishes if z ¢
7(Supp f) and for every given g € G (and also on any compact neighborhood
of g) the sum can be identified with a sum over a finite subset of I" which
implies continuity.

By invariance of p under the action of G, we see that u = mg) is a right
Haar measure on G (the reader may check all the characterizing properties
of Haar measures from page or rather their analogues for right Haar
measures). By the construction above, mg) is left-invariant under I'. Finally,
(1.4)) extends using dominated and monotone convergence to any measurable
non-negative function f on G. Applying this to f = 1p for a fundamental
domain F' C G shows that mg)(F) =1, hence (c).

Now suppose that (c) holds, and let F' be the fundamental domain. We
define a measure mx on X by

__r m 1
mx(B) = oG (Fnry'(B)).
me' (F)

By Lemma (and its footnote), this definition is independent of the par-
ticular fundamental domain used. Thus for ¢ € G and B C X we have
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14 1 Lattices and the Space of Lattices

mx (Bg) = %mg) (Fnmy'(Bg))
me (F)
1 X
= —mme (Fnay'(B)g)
me (F)
= ﬁmg) (Fg~'nnx'(B)) = mx(B),
mg (Fg~1)
since Fg~! C G is also a fundamental domain. This shows (a). It follows
that (a) and (c) are equivalent.

We also note that (b) = (c) rather quickly: If Fis a fundamental domain
with mg(F) < co and g € G, then Fg is another fundamental domain.
Therefore, by Lemma mag(F) = mg(Fg) = mg(F)mod(g~1), so G is
unimodular and (c) follows.

In the proof that (a) (or, equivalently, (c)) implies (b), we will again show
first that G is unimodular. Note that this implies that (b) and (c) are the
same statement. Also note that by the equivalence of (a) and (¢) above and
the uniqueness of Haar measures we know that the measure mx on X is
derived (up to a scalar) from the right Haar measure mg ) on @ restricted to
a fundamental domain F' C . Let B = BTG C G be a compact neighborhood
of the identity I in G so that r > 0 is an injectivity radius at I'l € X

as in Lemma Then mx(nx(B)) = mg)(B) by Lemma and 1)
(for p = mg) and the characteristic function of B). By the properties of the
Haar measure we have also mx (mx(B)) = mg)(B) > 0.

Let now g be an element of G; we wish to show that mod(g) = 1, and
only know that g preserves a finite measure my on X (which we may as-
sume without loss of generality to be a probability measure). By Poincaré

recurrence there exists some b € B and sequences (ny), (), (bx) with
ng /oo,y € Ib, € B

such that
bg™"* = by

for all £ > 1. Applying the modular character, and noticing that

mod(I") = {1}
by (c), we see that
mod(b)
d(g)™ = ————=
mod(g) mod(bg)
belongs to a compact neighborhood of 1 € (0,00) for all k& > 1. Tt follows
that mod(g) = 1, as required. O

Proposition 1.9 (Haar measure on X = I'\G). Let G and I' be as in
Proposition [1.6] and suppose in addition that G is unimodular. Then the
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1.1 Discrete Subgroups and Lattices 15

Haar measure mg on G induces a locally finite G-invariant measure mx,
also called the Haar measure on X = I'\G, such thaﬂ

/Gfdmcz/XZf(vg)dmx(Fg) (1.5)

yerl’
for all f € L}, (G).

PROOF. Since we assume that G is unimodular, the argument that (c) im-
plies (a) in the proof of Propositioncan be used to define the measure mx .
Once again Lemma [L.5] shows that my is independent of the choice of fun-
damental domain F' C G used in the definition, and shows that mx is G-
invariant. By definition (1.5 holds for f = 1p if B C F or B C ~F for
some v € I'. By linearit also holds for any measurable B C G and
hence for any simple function. In particular, the sum on the right hand side
of is a measurable function on X (or equivalently on F'). The measura-
bility of the sum and the equality of the integrals now extend by monotone
convergence to show that holds for any measurable non-negative func-
tion. U

Notice that Lemma [1.1] implies that any compact set Kx C X is the
image Kx = mx(Kg) of a compact set K¢ C G. In particular, this implies
that a compact quotient I'\G is of finite volume in the sense of Deﬁnition

Definition 1.10 (Uniform lattice). A discrete subgroup I' < G is called a
(co-compact or) uniform lattice if the quotient space X = I'\G is Compactﬂ

Roughly speaking, I" < G is a uniform lattice if the quotient space I'\G is
small topologically (compact) as well as measurably (of finite volume). At first
sight, motivated by the abelian paradigm from Z¢ < R?, it seems reasonable
to require that I'\G should always be compact in defining a lattice. However,
as we will soon see, this would exclude some of the most natural lattices and
their quotient spaces.

T This formula is sometimes referred to as method of summation, folding (if used from the
left hand side to the right hand side), or unfolding (if used in the other direction).

t A consequence is that there is a choice of injectivity radius that is uniform across all
of I'\G.
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16 1 Lattices and the Space of Lattices

1.1.3 Divergence in the Quotient by a Lattice

|I|In allowing non-compact quotients, it is natural to ask how compact subsets
of X = I'\G can be described or, equivalently, to characterize sequences (z,,)
in X that go to infinity (that is, leave any compact subset of X).

Proposition 1.11 (Abstract divergence criterion). Let G be a locally
compact o-compact group and let I' < G be a lattice. Then the following
properties of a sequence (x,) in X = I'\G are equivalent:

(1) &, = 00 as n — oo, meaning that for any compact set K C X there is
some N = N(K) > 1 such that n > N implies that x,, ¢ K.

(2) The mazximal injectivity radius at x,, = I'gy, goes to zero as n — oo. That
is, there exists a sequence (v,) in I'N{I} such that g, 'v,gn, — I € G
as n — oo.

PROOF. We note that the two statements in (2) are equivalent due to .

Suppose that (1) holds, so that =, — oo as n — oco. We need to show
that the maximal injectivity radius r,, at x, goes to zero. So suppose the
opposite, then we would have r,, > ¢ > 0 for some ¢ > 0 and infinitely
many n, and by choosing this subsequnce we may assume without loss of
generality that r, > e >0foralln > 1.

Decreasing ¢ if necessary, we may assume that BE is compact (since G is
locally compact). Therefore there is some N7 with

Ty & xlBiaG

for n > N;. Now remove the terms g, . .., 2y, —1 from the sequence. Similarly,
there is an Ny > 1 with

ZTn & xlBigLJleBiEG

for n > N>. Repeating this process infinitely often, and renaming the thinned-
out sequence remaining (z,) again, we may assume without loss of generality
that d(zp, ) = € for all m # n. This now gives a contradiction to the
assumption that X has finite volume: if z,, = 7x(g,) then

XD |j wnBSy =T <|j gnBS/2> :
n=1

n=1

and -
L] 9BS:
n=1

 In the remainder of the section we collect more fundamental results about locally homo-
geneous orbits, but the reader in a hurry could also move on to Section [I.2] and return to
the material here later as needed.
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1.1 Discrete Subgroups and Lattices 17

is a disjoint union of infinite measure, and is an injective set.

Suppose now that (1) does not hold, so there exists some compact K C X
with z,, € K for infinitely many n. By Lemma [I.1] there exists an injectivity
radius 7 > 0 on K and we see that 7, > r for infinitely many n, so that (2)
does not hold either. O

1.1.4 Orbits of Subgroups

In the following we will also be interested in orbits of subgroups H < G. Given
an action of G on a space X, which we will write (z,g) — g-z, the H-orbit
of z € X is the set

H.x ={hx | h € H} = H/Staby(x) = Staby (z)\H,

where
Stabg(x) = {h € H | hox = x}

is the stabilizer subgroup of x € X and the isomorphisms are sending h-x
to hStabg(x) resp. to Stabg(x)h~!. Note that if X = I'\G and = = I'g,
then

Stabg(x) = HNg 'Ig

is a discrete subgroup of H. Fixing a Haar measure my on H we define
the volume of the H-orbit, volume(H -x) to be my(Fy) where Fy C H is a
fundamental domain for Staby(z) in H.

Clearly if an H-orbit tH C X = I'\G is compact, it is also closed. In fact
the same conclusion can be reached for finite volume orbits.

Proposition 1.12 (Finite volume orbits are closed). Let G be a locally
compact o-compact group equipped with a left-invariant metric d, let I' < G
be a discrete subgroup, and let H < G be a closed subgroup. Suppose that the
point © € X = I'\G has a finite volume H-orbit. Then xH C X is closed.

We note that Proposition [1.12| can also be deduced from Proposition [1.11

(see Exercise and compare the two approaches), but we will also give
an independent proof.
PROOF OF PROPOSITION . Suppose that y € xH. By Lemma there
exists a neighborhood BY of I € G such that the map g + yg is injective
on BS. Let V.C HN Bf/Q be a compact neighborhood of I in H. By as-
sumption, there is a sequence (z,) with z, = zh, = yg, € (xH) N (yBS)
for some h, € H, g, € Bf/g for each n > 1, and with g, — e as n — oo.
If 2,V NyV # @ for some n, then y € 2,VV~! C 2H as desired. Assume
therefore that z,VNyV = & for all n > 1. Geometrically (and roughly speak-
ing), we may interpret this situation by saying that z,V approaches yV from
a direction transverse to H, as illustrated in Figure|l.1
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18 1 Lattices and the Space of Lattices

\__
\\\___'—ZV
\_—

yz

Fig. 1.1 We assume indirectly that the sets z,V approach yV transverse to the orbit
direction.

Compactness of V' implies that for any fixed n the set z,,V (which ap-
proaches yV') must also be disjoint from z,V (which has positive distance
from yV) for large enough m. Thus we may choose a subsequence and as-
sume that

2V Nz,V=0

for any n < m. However, since z, = zh, = yg,, as above, each set z,V is the
injective image of the map

V3 hv+— z,h =ygnh

since g,V C BE/ZBTG/2 - B?. In other words

DthgH

n=1
is injective for Staby (x). However, this gives
o0
mg <|_| th> = 00,
n=1
which contradicts the assumption that the orbit xH has finite volume. [

Clearly if we are interested in finding finite volume H-orbits (that will
carry finite H-invariant measures), then we need to restrict to unimodular
subgroups H < G (by Proposition . If H is unimodular (and, as before,
we have fixed some Haar measure my) then the volume measure volume, g
on the H-orbit is defined by

volume, gy (B) = my ({h € F | zh € B})
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1.1 Discrete Subgroups and Lattices 19

where F' C H is a fundamental domain for Stabg (x) in H. This measure may
be finite or infinite (and in the latter case it may be locally finite considered
on X or not), but is always invariant under the right action of H due to
Proposition applied to Staby (z)\H = zH.

Proposition 1.13 (Closed orbits are embedded). Let G be a locally
compact o-compact group equipped with a left-invariant metric d, let ' < G
be a discrete subgroup, and let H < G be a closed subgroup. Suppose that
the point x € X = I'\G has a closed H-orbit. Then tH C X is embedded,
meaning that the map h € Staby (x)\H — xh € ©H is a homeomorphism. In
particular, volume, g is a locally finite measure on X.

PROOF. Clearly the map Stabgy(z)\H — zH C X is continuous, and we
wish to show that its inverse is also continuous.

Replacing z = I'g and H simultaneously with I and gHg™ !, we may
assume for simplicity that © = I" so that Staby(z) = I'N H.

By Exercisethe quotient G/ H is a locally compact metric space. We
claim that our assumption that I'H is closed in I'\G also showﬂ that I'H
is closed as a subset of G/H. Indeed, suppose that (vy,H) converges to gH
in G/H. Then we can find a sequence (h,) in H such that v,h, — g € G
as n — 00, showing that I'h,, — I'g. However, this implies by our assumption
that I'g € I'H, so that there is some v € I' and h € H with g = «h. This
shows that gH = yH € I'H as needed.

Next we claim that I'H is a discrete subset of G/H. If not we may choose a
sequence (1y,) so that n, H — gH as n — oo for some g € G, but n,H # gH
for n > 1. Then gH = nH for some n € I' as I'H is closed. Multiplying
the sequence on the left by yn~! for an arbitrary v € I" gives a sequence
in I'H with limit vH such that the limit is not achieved in the sequence.
This shows that any element of I'H is an accumulatiorﬁ point of I'H. As I”
is countable (since G is o-compact) we can write I'H = {y1H,v.H,...}.
Now O,, = 'H~{v,H} is an open dense subset of I"H, which implies by
the Baire category theorem that (1, O, must be dense in I"H, which gives a
contradiction as the intersection is empty.

Now suppose that I'h, — I'h as n — oo in I'\G. Then there exists a
sequence (7,,) in I' with y,h, — h € H as n — oo, which implies that

YnH — H

asn — oo in G/H. By the discreteness of I'H C G/H, it follows that v, € H
for large enough n, so that we also have

(PN H)hy — (N H) R

T The result in the exercise of course also holds for G/H instead of H\G.
¥ The argument will show the equivalence of the two.
§ Thus I'H is a closed perfect set(1).
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20 1 Lattices and the Space of Lattices

asnm—ooin 'NH\H.
For the last claim of the proposition notice that every compact set K C
X intersects xH in a compact set which has finite measure with respect

to volume,rr (as K Nz H also corresponds to a compact set in Stabp (z)\H).
]

Exercises for Section [I.1]

Exercise 1.1.1. Let G be equipped with a left-invariant metric, and let I" be a discrete
subgroup of G. Show that
for all z € X and g € G, where as usual X = I'\G.

Exercise 1.1.2. Let G be a topological group, let d be a left-invariant metric, and let H <
G be a closed subgroup. Imitate the definition in to define a metric on H\G. Show
that H\G is locally compact and o-compact if G is. Assuming only that G is locally
compact, show that both G and H\G are complete as metric spaces.

Exercise 1.1.3. Show that the maximal injectivity radius as defined after Lemma [T1] is
indeed an injectivity radius. Show the upper bound in (1.3)).

Exercise 1.1.4. Show that the topology induced by the metric dx(-,-) on X = I'\G is
the quotient topology of the topology on G for the natural map wx : G — X (i.e. finest
topology on X for which mx is continuous).

Exercise 1.1.5. Show that the bi-invariant Haar measure mgr, ,(r) on the locally compact
group
GL4(R) = {g = (gij)i,j € Matq(R) | det(g) # 0},

which is called the general linear group, can be defined by the formula

d
Hi,j:l dgij

dmar,(r)(9) = (dot g)d

Exercise 1.1.6. Let d > 2. Show that
msL, ) (B) = mpa2 ({tb:t €[0,1],b € BY})

for any measurable B C SL4(R) defines a (bi-invariant) Haar measure on the locally
compact group
SLa(R) = {g € Matq(R) | det(g) = 1},

which is called the special linear group, where Mp g2 is the Lebesgue measure on the matrix
algebra Mat(R) viewed as the vector space R
Exercise 1.1.7. Show that Theorem follows from the conventional formulation of

Poincaré recurrence: if (X, %, u,T) is a measure-preserving system and p(A) > 0 then
there is some n > 1 for which u(ANT~™A) > 0 (see [?, Sec. 2.1]).

Exercise 1.1.8. Rephrase Propositionmas a compactness criterion characterizing com-
pact subsets of X = I'\G in terms of the injectivity radius.
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1.2 A Brief Review of SL2(Z)\ SL2(R) 21

Exercise 1.1.9. Prove Proposition [[.12] using Proposition [[.11} also showing that the
inclusion

Stabg (x)\HX = I'\G
Stabg (x)h — zh

is a proper map.
Exercise 1.1.10. Let G < SL4(R) be a closed linear group, and let
I'=GnNnSL4(Z) < G

be a non-uniform lattice in G. Show that I" must contain a unipotent matrixEl (that is, a
matrix for which 1 is the only eigenvalue).

Exercise 1.1.11. Let I' < G be a uniform lattice in a connected o-compact locally com-
pact group G equipped with a proper left-invariant metric. Show that I" is finitely gener-
ate

Exercise 1.1.12. Let I' < G be a discrete subgroup, let x € X = I'\G, and let Hy, Hy <
G be two closed subgroups for which xH; and zH»> are closed orbits. Prove that z(Hy N
Hy) C (zH1) N (zH2) is a closed orbit.

1.2 A Brief Review of SLy(Z)\ SL2(R)

1.2.1 The Space

We recall (see, for example, [?, Ch. 9]) that the upper half-plane
H={z=z+iyeCly=S(z) >0}

equipped with the Riemannian metric

for (z,u), (z,v) € T,H = {2} x C is the upper half-plane model of the hyper-
bolic plane (where u - v denotes the inner product after identifying u and v
with elements of R?). Moreover, the group SLy(R) acts on H transitively and
isometrically via the Mobius transformation

ab az+b
g= (c d) tZ > gez = (1.6)

cz+d

T This is true in general, as conjectured by Selberg and proved by Kazdan and Margulis [?];
also see Raghunathan [?, Ch. XI|. However, the proof for subgroups of the form I =
G N SLy4(Z) is significantly easier.

 This again holds more generally, but for connected groups and for compact quotients the
proof is straightforward. We refer to Raghunathan [?, Remark 13.21] for the general case.
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22 1 Lattices and the Space of Lattices
The stabilizer of i € H is SO(2) so that
SLy(R)/SO(2) = H

under the map sending g SO(2) to g-i.
The action of SLy(R) is differentiable, and so gives rise to a derived action
on the tangent bundle TH = H x C by

Dg: (2u) —> (g-z, mu)

o= (20):

This action gives rise to the simply transitive action of

where

PSL2(R) = SLy(R) /{£1}
on the unit tangent bundle
T'H = {(z,v) € TH| [|(2,0)|2 = ((,v), (2,v)). = 1},
so that
PSL,(R) = T'H

by sending ¢ to D g(i, 1).

The region F illustrated by shading in Figure is a fundamental region
for the action of the discrete subgroup PSLy(Z) on H (strictly speaking we
should describe carefully which parts of the boundary of the hyperbolic trian-
gle shaded belong to the domain but as the boundary is a nullset one usually
ignores that issue — we will comply with this tradition), see Exercise m

This shows that we can define a fundamental domain for PSLy(Z) in

PSL,(R) = T'H
by taking all vectors (z,u) whose base point z lies in E, giving the set
F ={g € PSL(R) | Dg(i,i) = (2,u) with z € E}.

(Once again, strictly speaking we should describe more carefully which vec-
tors attached to points z € JF are allowed in F'.) Furthermore, we can lift
the set F' C PSLa(R) to a surjective set F' C SLo(R) for SLo(Z). We claim
that this argument shows that

PSL,(2)\PSL2(R) = SL,(2)\SL2(R)

has finite volume. In order to see this, we recall some basic facts from [?,
Ch. 9] (which we will prove in greater generality for SL4(R) in Section [1.3.4)):
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1.2 A Brief Review of SL2(Z)\ SL2(R) 23

Fig. 1.2 A fundamental domain E C H for the action of SL2(Z).

SL»(R) is unimodular (see Exercise [I.1.6)).
SLy(R) = NAK with|

() R (O IR

and K = SO(2), in the sense that every g € SL2(R) can be written
uniquely(® as a product g = nak withn € N, a € A and k € K.

e Let B=NA= AN be the subgroup B = {(a ail) la>0,te R}. The

Haar measure mgy, ) decomposes in the coordinates g = bk, meaning
that
MSL,(R) X MB X Mg

where o< denotes proportionality (with the constant of proportionality de-
pendent only on the choices of Haar measures). Moreover, the left Haar
measure mp decomposes in the coordinate system

n=(D (")

with x € R, y > 0, as
1
dmp = y—2dwdy.

T We sometimes indicate by * any entry of a matrix which is only restricted to be a real
number, and do not write entries that are zero.
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24 1 Lattices and the Space of Lattices

e We also note that b(z,y)i = -(ly) = = + iy, and that the Haar

x
1
measure mp on B is identical to the hyperbolic area measure on H under
the map b(z,y) — b(z,y)-i = = + iy.

Combining these facts we get

1/2 0o 27 1
mgr,®) (F) < / / / — df dydz < co.
-1/2Jv3/2J0 Y

The argument above also helps us to understand the space
2 = SLy(2)\SL2(R)

globally: it is, apart from some difficulties arising from the distinguished
points i,% + ?i € E, the unit tangent bundle of the surfac SLo(Z)\H.
This surface ma'be thought of as being obtained by gluing the two vertical

sides in Figure |1.2| together using the action of (1 jil) € SLy(Z) and the

third side to itself using the action of 1 _1) € SLy(Z). In particular, 2 is

non-compact.

1.2.2 The Geodesic Flow — the Subgroup A

ot/2 o—t/2
gt x— T ( et/2> = ( et/2> r

defines the geodesic flow on 2, whose orbits may also be described in the
fundamental region as in Figure [1.3
The diagonal subgroup

e—t/2
() e

is also called the torus or Cartan subgroup. We recall that A acts ergodically
on 2 with respect to the Haar measure mo (see [?, Sec. 9.5]; we will also
discuss this from a more general point of view in Chapter . There are many
different types of A-orbits, which include the following;:

We recall that

T Because of the distinguished points this surface is a good example of an orbifold, but not
an example of a manifold.
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1.2 A Brief Review of SL2(Z)\ SL2(R) 25

Fig. 1.8 The geodesic flow follows the circle determined by the arrow which intersects RU
{oco} = OH normally, and is moved back to F' via a Mdbius transformation in SL2(Z) once
the orbit leaves F'.

e Divergent trajectories, for example the orbit SLy(Z)A which corresponds
to the vertical geodesic through (i,1) in SLo(Z)\TH.

e Compact trajectories, for example SLg(Z)ggoidenA is compact, where the
matrix geolden € K has the propertyﬂ that

. 11 3+V6
ggolden (1 2> ggolden - 2 3-v5 € A.

2

Now notice that

B

345 11
SL2 (Z)ggolden 2 3 = SL?(Z> (1 2) Jgolden = SL2 (Z)ggolden
2

This identity shows that the orbit SLg(Z)ggoldend is compact (see also
Figure in which A = 1+T\/5)

e The set of dense trajectories, which includes (but is much larger than) the
set of equidistributed trajectories of typical points in SLa(Z)\ SL2(R).

e Orbits that are neither dense nor closed.

Finally we would like to point out — in a sense to be made precise in
Sections and — that there is a correspondence between rational (or
arithmetic) objects and closed A-orbits as in the first two types of A-orbit

considered above (see Exercise and [1.2.4)).

. 11 . .
T The eigenvalues of (1 2) are 3:&2‘/‘?’, and there is such a matrix ggolden € K be-

11Y). .
cause (1 2) 1s symmetric.
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26 1 Lattices and the Space of Lattices

A B C D

Fig. 1.4 The union of the two geodesics considered in 2 with both directions allowed is a
periodic A-orbit, and comprises the orbit SL2(Z)ggoldenA-

1.2.3 The Horocycle Flow — the Subgroup U~ = N

We recall that the (stable) horocycle flow on 2 is defined by the action

he:@—s x (1 ‘f) — u(s)w

(-

are unipotent (that is, only have 1 as an eigenvalue) and the corresponding

subgroup
= eer

is precisely the stable horospherical subgroup of the geodesic flow, in the
sense that

o—t/2 ot/2
U‘:{gESLz(RH ( et/z)g< et/z) — I ast—>oo}.

This implies that

for s € R. Here the matrices

d (9:(2), gi(u(s)-x)) = 0

as t — oo for any x € 2 and s € R, see Exercise [L.1.1

Geometrically, the horocycle orbits U~ -x = zU~ can be described as
circles touching the real axis with the arrows (that is, the tangent space
component) normal to the circle pointing inwards or as horizontal lines with
the arrows pointing upwards, as in Figure [L.5

We recall that U~ also acts ergodically on 2 with respect to the Haar
measure my (see [?, Sec. 11.3] and Chapter [2). However, unlike the case
of A-orbits, the classification of U~ -orbits on 2 is shorter (we will discuss
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1.2 A Brief Review of SL2(Z)\ SL2(R) 27

AL

Fig. 1.5 The picture shows the two types of horocycle orbits; the orbits in 2 can again
be understood by using the appropriate M6bius transformation whenever the orbit leaves
the fundamental domain.

this phenomenon again, and in particular we will prove the facts below in
Chapter [5[ and more general results in Chapter @ The possibilities are as
follows:

e Compact trajectories, for example SLo(Z)U ™~ is compact and corresponds
to the horizontal orbit through (i,i) € T H.

e Dense trajectories, which are automatically also equidistributed with re-
spect to ma.

This gives the complete list of types of U~ -orbits, and once more gives sub-
stance to the claim that there is a correspondence between rational objects
and closed orbits (see Exercise [1.2.5]).

1.2.4 The Subgroups K and B

For SLo(R) there are two more connected subgroups of importance (and up
to conjugation this completes the list of connected subgroups), namely

e K =S0(2) C SLy(R), and

. B:UA:{(a :

a_1> |a>0,s€R}

However, we note that for these two there is no correspondence between closed
orbits and rational objects: for example, every K-orbit is compact since K
itself is compact. On the other hand, every B-orbit is dense, independently
of any rationality questions. In fact the latter follows from the properties of
the horocycle flow. If xU ™ is not periodic, then it is dense by the mentioned
classification of U~ -orbits in Section If zU~ is periodic, then one can
choose a € A so that xaU™ is a much longer periodic orbit. However, long
periodic U ~-orbits equidistribute in 2 (see Sarnak [?] and Section [5.3.1)).

Page: 27 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



28 1 Lattices and the Space of Lattices

This shows that the phenomenon of a correspondence between closed orbits
and rational objects is more subtle. It can only hold in certain situations,
which we will discuss in Chapter [3] Chapter 4] and Chapter

Exercises for Section [1.2]

Exercise 1.2.1. Let F be as in Figure@
11 0-1 e , .
(1) Use 01 and to show that SL2(Z)+E is ‘uniformly open’, meaning that there

10
exists some § > 0 such that z € SLa(Z)+E implies that

Bs(z) C SLa2(Z)-E.

Conclude that SLo(Z)-E = H.

(2) Suppose that both z and ~+z lie in E for some v € SL2(Z). Show that either v = £1
or z € OFE.

(3) Conclude that E can be modified (by defining which parts of the boundary of E should
be included) to become a fundamental domain.

Exercise 1.2.2. Show that SL2(R) is generated by the unipotent subgroups

(1) (1)

Exercise 1.2.3. Show that SL2(Z)gA is a divergent trajectory (that is, the map A > a —
SL2(Z)ga is a proper map) if and only if ga € SL2(Q) for some a € A.

Exercise 1.2.4. Show that to any compact A-orbit in SL2(Z)\ SL2(R) one can attach a
real quadratic number field K such that the length of the orbit is log ||, where £ in O} is
a unit in the order Ok of K. Prove that there are only countably many such orbits.

Exercise 1.2.5. Show that SL2(Z)gU~ is compact if and only if g(co) lies in Q U
{oc}. Show that if SL2(Z)gU~ is compact, then any other compact orbit is of the
form SLo(Z)gaU~ for some a € A.

Exercise 1.2.6. Show that SLo(Z)\ SL2(R) = {Z2g | g € SL2(R)} can be identified with
lattices Z2g C R? of co-volume det g = 1. Use the isomorphism with SL2(Z)\T'H discussed
in this section to characterize compact subsets K of SLa(Z)\ SL2(R) in terms of elements
of the lattices Z?g for SL2(Z)g € K. More precisely, calculate the relationship between the
shortest vector ng € Z2g and the imaginary part of gi € H under the assumption that the
representative g € SLa(R) has been chosen with gi € E.

1.3 The Space d of Lattices in R9

In this section we will introduce the most important locally homogeneous
space for ergodic theory and its connections to number theory, namely

d = SLq(Z)\SLa(R),
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1.3 The Space d of Lattices in R? 29

which gives rise to other arithmetical quotients by looking at orbits of sub-
groups of SL4(R) on d. Such orbits will be discussed starting in Chapter

1.3.1 Basic Definitions

A lattice in R? in the sense of Definition has the form A = Z%g for
some g € GL4(R) (see Exercise [[.3.1). A fundamental domain for A is given
by the parallelepiped [0,1)?g which is spanned by the row vectors of g, and
has Lebesgue measure |det g|. This measure is also called the covolume (A)
of A. A lattice A C R? is called unimodular if the co-volume is 1. The space
of all unimodular lattices in R? — the moduli space of lattices — is therefore

d={Z%| g € SL4(R)},

which is the orbit of Z¢ under the right action of SL4(R) on the subsets of R%:
for B C R% and g € SL4(R) the right action sends (g, B) to Bg = {vg: v €
B}. Notice that

Stabsr,,(r) (27) = SLa(Z),

so thatfl]
d = SL¢(Z)\SLa(R)

where SLy4(Z)g corresponds to the lattice Z?g. To understand d better, we
need to develop a better understanding of lattices in R<.

1.3.2 Geometry of Numbers

The next result will be almost immediate from the abstract results in Sec-
tion [[L3.1] It is a weak form of a classical result due to Minkowski in 1896
(see [?] for a modern reprinting).

Theorem 1.14 (Minkowski’s first theorem). If A C R? is a lattice of
co-volume V, then there exists a non-zero vector in A of length < V/V, with
the implicit constant depending only on d.

Recall that f < g if there is a constant C' > 0 with f < Cg, and f < g
if f <« g and g < f; where the constant depends on other parameters these
will appear as subscripts as, for example in the obvious bound

AN B (0)] <4 1.

T We will think of this isomorphism in the following indeed always as an equality. In
particular, the topology, the action of G = SL4(R), and the Haar measure on d are as
discussed in Section
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30 1 Lattices and the Space of Lattices

Since we will not be varying d throughout any of our discussions, we will
not indicate dependencies on d in this way. We use this notation here as the
particular value of the constants appearing in Theorems and will
not be important for our purposes.

PROOF OF THEOREM Choose 4 > 0 so that Bﬁlid (0) has Lebesgue mea-

sure 2 (any measure exceeding 1 will do). Then v/V' Bﬁl?dd (0) has measure 2V,
and so cannot be an injective domain in the sense of Definition It follows
that there must exist z1; # x5 in WB}?;(O) with 1 — 29 = A € AN{0} of
length [|A|| < 2y V. O

Theorem 1.15 (Minkowski’s successive minima). Let A C R? be a lat-
tice. We define the successive minima A (A),..., Aa(A) of A by

Ae(A) = min{r | A contains k linearly independent vectors of norm < r}.

Then
Aa(A) - Aa(A) = (A).

Moreover, zﬂ
ar(A) =min{(ANV) |V CR? is a subspace of rank k},

then
ap(A) < A (A) - A (A)

for1 <k <d.

For a subspace V C R? there are two possibilities: either V' N A spans V
or it does not. In the first case ANV is a lattice in V', we say that V is A-
rational, and the co—volumeﬂ (ANV)of ANV in V is finite. In the second
case, we write (ANV) = oo.

The proof of Theorem [1.15] is geometric, and relies on starting with a
shortest vector (of size A\;(A)) and then extending it with other vectors,
chosen to be almost orthogonal to obtain a basis of R%.

ProoOF oF THEOREM [L.15l We use induction on the dimension d. For d =1
(and so also k = 1), it is clear that

Assume therefore that the theorem holds for d — 1, and let 4 C R% be a
lattice. It is clear by construction that

T See Exercise m

¥ Strictly speaking we have to mention how we are normalizing the Haar measures of the
different subspaces V' C R?. However, we do this as one would expect: The Euclidean
norm on R% induces a Euclidean norm on V by restriction which in turn induces the Haar
measure on V such that a unit cube in V has volume one.
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1.3 The Space d of Lattices in R? 31
A(4) < Az(4) < -+ < Ag(4).

Pick a vector v; € A of length A\;(A), and define W = (Rv;)+ C R%. Also
let 7 : R — W be the orthogonal projection along Rv; onto W. We claim
that Ay = w(A) C W is a discrete subgroup in W such that all of its nonzero
vectors have length > \;(A).

To see the claim, assume for the purpose of a contradiction that

w = 7(v) € Aw~{0}

has length less than ?Hvlﬂ Here v = w + tv; € A for some ¢t € R, and we

may assume (by replacing v € A with v + nv; € A for a suitable n € Z)

that ¢ € [~3,1). However, since v; and w are orthogonal by construction,

this implies that
[0 = wll® + ¢2[lvr |2 < Flloal* + Zllvi]l? = [loa]l?,

which contradicts the choice of vy as a non-zero vector in A of smallest length.
Next we claim that Ay is a lattice and that

for k=1,...,d — 1. To see this, consider a fundamental domain Fy, for Ay
inside W. Then F = [0,1)v1 + Fy is a fundamental domain for A, and we
get

(4) = M (A)(Aw). (18)

This shows that Ay is a lattice in W. Now assume that vy, va,...,v541 € A
are linearly independent and of length no more than Ay41(4), so that

w(v2),...,m(vgy1) € Aw
are linearly independent and also have length no more than Agy1(A). Hence
Ak(Aw) < Aey1(4)
for any k =1,...,d — 1. On the other hand, assume that
wy = 7(va),...,wx = T(Vkt1) € Aw

are linearly independent of length no more than Ag(Aw ). As above, we may
assume v;j4+1 = w; + t;v; € A with t; € [—%, %), and so

[vj41]l < Me(Aw) + A1 (A) < A(Aw),

since )\1(/1) < M (Aw) < )\k(AW)
By the inductive assumption and the statement above, we get that
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32 1 Lattices and the Space of Lattices

Together with (1.8)) this gives (A) < A\ (A)---Ag(A) as claimed in the theo-
rem.

To see the last statement in the theorem, we proceed similarly. If v; € A
has norm A;(A) for j =1,...,k, vi,..., vy are linearly independent (over R),
and V = Rov; + - - - + Ry the

(ANV) < (Zoy + -+ 4 Zog) < oal -+ okl = Ar(4) - - A (),

and so ag(A4) < A (A4)--- Ag(A). On the other hand, if V' C R™ has dimen-
sion k and is A-rational, then we may apply the above to the lattice ANV
in V to get

(ANV) = A(ANV) - M(ANV) = A (A) - A(A),

which shows that ag(A) > A\ (A) - - - A\ (A) and proves the theorem. O

Using the same inductive argument (by projection to the orthogonal com-
plement of the shortest vector) we also get the following.

Corollary 1.16 (Basis of a lattice). Let A C R be a lattice. Then there
18 a Z-basis vy, ...,vq € A of A such that

HUlH = )\1(/1)’ ||UZ|| = )‘2(/1)’ ) HvdH = )‘d(A)
Moreover, the projection mi(vi) of vi onto the orthogonal complement of
Rovy + -+ Roug_y

has
[ (o) | = A (4) =< [|okl
fork=2...,d
Corollary may seem obvious, but our intuition about lattices does
not extend to higher dimensions without some additional complexities. In

particular, it is not true that there always exists a Z-basis vq,...,vq for a
lattice with

[o1]] = AL(A); [[o2]] = Aa(A), . [[vall = Aa(A),

see Exercise for a simple counterexample.

T The first inequality holds as ANV may have more lattice elements than
Zvy + -+ Zv CANYV,

and the second follows as the volume of a parallelepiped is less than the product of the
lengths of its sides (or, more formally, from Proposition [1.19)).
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1.3 The Space d of Lattices in R? 33

PROOF OF COROLLARY [1.16] Assume the corollary for dimension (d—1), and
define W = (Ruvy )™, m = 7y, and Ay = 7(A) as in the proof of Theorem
Recall that these assumptions lead to . By assumption, Ay has a Z-
basis w1 = 7(va),..., w41 = w(vg) satisfying all the claims. Once more we
may assume that vy = wg_1 + tgv; € A with ¢ € [—%, %) so that |lvg] <
Ai(A) as in the proof of Theorem It follows that vy,...,vq € Ais a Z-
basis of A with ||v1]] = A1(A4), and |Jvg|| < Ax(A) for k=2,...,d.
For the last claim in the corollary, recall that we already showed that

[oa] = [lwi]] = A2 (4),

which is the claim for k¥ = 2. For k > 2, notice that mpm = 7, is (when re-
stricted to W) also the orthogonal projection 7y x—1 in W onto the orthog-
onal complement of Rw; + - - - + Rwy_o. Therefore, the inductive assumption
applies to give

7k (ve) | = (7w k—1 (Wre—1) || X Ap—1(Aw) < Ak (A) < [Jog],

which proves the corollary. O

1.3.3 Mahler’s Compactness Criterion

The space d = SL4(Z)\ SLq(R) cannot be compact for d > 2, since d is the
space of unimodular lattices, and it is possible to degenerate a sequence of
lattices. For example, the sequence of unimodular lattices (A,) defined by

Ay = (£Z) x (nZ) x 2072

has no subsequence converging to a unimodular lattice. Indeed, if we were to
assign a limit to this sequence, then we could only have

A, = R x {0} x 2472

as n — 00, so the putative ‘limit’ is not discrete and does not span R¢.

More generally, any sequence (A,,) of unimodular lattices containing vec-
tors with length converging to 0 (that is, with A (4,) — 0 as n — oo0) cannot
converge in d. To see this concretely, suppose that A,, = Z%g,, — Z%g. Then
(after replacing g, with ~,g, for a suitable choice of v, € SL4(Z) if nec-
essary) we can assume that g, — ¢g as n — oo in the topology of SL4(R)
(cf. on page . Thus we can write g, = gh,, with h,, — I as n — oo,
which implies that A\;(Z%g,) — A\1(Z%g) > 0 (see Exercise .

A reasonable guess is that the argument above is the only way in which
the non-compactness of d comes about (that is, a sequence (4,,) of lattices
with no convergent subsequence has A;(4,) — 0 as n — o0o; equivalently any
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34 1 Lattices and the Space of Lattices

closed subset of d on which A\; has a positive lower bound — a ‘uniformly
discrete’ set of lattices — is pre-compact).

Theorem 1.17 (Mahler’s compactness criterion). A subset B C d has
compact closure if and only if there exists some § > 0 for which

AeB = M\(4) =4 (1.9)
That is, B is compact if and only if it is closed and uniformly discrete.

Because of this result, it will be convenient to define the subset
d(8) = {A € d| \(4) > 6}

for any § > 0. The condition in will also be described by saying that
elements of B do not contain any non-trivial d-short vectors. An equivalent
formulation of Theorem is to say that a set B C d of unimodular lattices
is compact if and only if it is closed and the height function defined by

1
D=5

is bounded on B. Even though it is difficult to depict d on paper (for exam-
ple, 3 is topologically an 8-dimensional space), it is conventionally depicted
as in Figure[1.6] in part to express the meaning of Theorem [1.17]

Fig. 1.6 A compact subset of d is contained in d(6) = {A € d | A\1(A) > &} for some § > 0.
The non-compact part d ~\ d(8), loosely referred to as a cusp, is depicted as a thin set
to indicate the finite total volume. For d > 2 the geometry of the cusp is much more
complicated than the cusp in the d = 2 case.
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1.3 The Space d of Lattices in R? 35

PROOF OF THEOREM [I.17] We have already mentioned that A; is a contin-
uous function on d. Since A; only achieves positive values, it follows that a
compact subset of d must lie in d(d) for some ¢ > 0. It remains to prove
that d(¢) is itself compact. Let (ngn) in d(0) be any sequence. Then, by

Corollary the lattice Z%g, has a basis vgn)7 . 71);”) with
5 < M(Zg) = il < o) < - < o]

and (n) (n)
o+ el < 1,

which implies that
o™ < 674D

for i = 1,...,d. This means that for some v, € SL4(Z), the entries of the
matrix v, g, are all < 6~(@=1 Thus there is a convergent subsequence

as ¢ — 00, so that SLq(Z)gn, — SL4(Z)g as required. O

1.3.4 d has Finite Volume

Write 7 for the canonical quotient map 7 : SLg(R) — d.
Theorem 1.18 (d has finite volume). SL4(Z) is a lattice in SLq(R).

We will prove the theorem by showing that Corollary gives a surjective
set of finite Haar measure — that is, a measurable set F' C SL4(R) (called a
Siegel domain) with w(F) = d and

MSL4(R) (F) < 00.

The fact that mgy,,g)(F) is finite is essentially a calculation, but is consid-
erably helped by the Iwasawa decompositiorﬂ

Proposition 1.19 (Iwasawa decomposition). Let K = SO(d) ancﬁ

B=UA= . a1y...,aq9>0,a1---ag=15,

X % - Qg

T This is also referred to as the NAK decomposition.

¥ We sometimes indicate by * any entry of a matrix which is only restricted to be a real
number, and do not write entries that are zero.
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36 1 Lattices and the Space of Lattices

where
1
U1 1
U:N:
Ugy Ug2 - 1
and
ai
A= |ay,...,aq>0,a1- -ag=1
Qq

Then SL4(R) = BK = UAK in the sense that for every g € SL4(R) there
are unique matrices u € U, a € A, k € K with g = uak.

PRrROOF. This is the Gram-Schmidt procedure®) in disguise. Let

wy
9= )
wq
where wy, ..., wq € R? are the row vectors of g. We apply the Gram-Schmidt
procedure to define
1
/
w; = —w
1 a1 1
with a1 = |lwy]] > 0,
wél) = U21W1 + W2

with us; € R such that wgl) 1wy, and

1 @
wh = —wé )
a2
with ag = ||w§1)H > 0 (by linear independence of wy and wy). We continue
this until
wr(il) = Uq1W1 + Ugowz + - -+ + Wy
with ug1, uge, - - -, Uq(g—1) € R such that
’LU((il) 1 Wiy oy Wd—1
(or, equivalently, wy) Lwl,...,w)_ ;) and
L o
/
why = —w
4= o Wa
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with ag = ||w((il) || > 0 (again by linear independence). This has the following
effect. If

1
u21 1
u =
Ug1 Ug2 - 1
and
a1
a =
aq
then
w1 ,
(1) w
Wy . .1
ug = i ,aug=| 1 | =k
. /
w
wél) d

By construction & has orthogonal rows, so that det(k) = +1. However,
det(g) =1 = det(u)

and det(a) > 0 which gives det(a) =1 = det(k). This shows the existence of
the claimed v € U,a € A, and k € K with g = v 'ak.

To see that this decomposition is unique, notice that B is a subgroup
with BN K = {I,} so that bik; = boky implies by 'b; = koky ' = I,. Simi-
larly, ANU = {I;}, and the proposition follows. O

Our geometric arguments in Corollary are closely related to the
Gram-Schmidt procedure used in Proposition Combining these gives
the next result.

Definition 1.20 (Siegel domain for d). A set of the form

Es,t:UsAtK
where s > 0, t > 0,
1
u21 1
Us = o Tl <s g
Ug1 Uqz -+ 1
and
ai
A = |a;—f:1>tfori:1,...,d—1 ,

ad
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38 1 Lattices and the Space of Lattices
is called a Siegel domain.

We note that U, is a compact subset of the lower unipotent subgroup
but A, is a non-compact subset of the diagonal subgroup.

Corollary 1.21 (Surjectivity of Siegel domains). There exists some t0|f|
such that for t < ty and s > % the Siegel domain X, is surjective (that
is, 1(Xs 1) = d).

PROOF. Let A € d be a unimodular lattice, and let wy,...,wy be the Z-
basis as in Corollary Replacing wg by —wy if necessary, we may assume
that det(g) = 1, where

wy

g:
wq

Now apply the Gram—Schmidt procedure as in the proof of Proposition [1.19
to g. By Corollary we get

a1 = |lwy]| = A1 (A)
az = [Jws"]| = A (4)

ag = [[wiM] = Aa(4)

which satisfy

aiv1 _ Ait1(A)

fori=1,...,d — 1. Choosing ty and t < ty accordingly gives

>1

a
a = EAt.

Gaq

Therefore A = Z%g and g = uak with u € U and k € K. Notice that by
replacing g by uzg with uz € U(Z) = U N Maty(Z) we can easily ensure
that wu(;41); € [~3,3). Having achieved this we may use another uz € U(Z)
with (uz)@41y; = 0 for i = 1,...,d — 1, which makes it easy to calculate the
next off-diagonal of uzu as follows:

(uz) (i+2)i = (Uz)(i+2)i + (U2) (i+2)(i+1) U+1)i + U(it2)i
= (uz)(i+2)i + 0+ ugit2)i

V3

T A more careful analysis of the proof shows that tg = 5> suffices in any dimension; see
also Exercise which can also be used to prove this claim.
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1.3 The Space d of Lattices in R? 39

for any ¢ = 1,...,d — 2. Therefore, we can modify u by some uz as above to
ensure that u;g); lies in [f%, %) fori=1,...,d—2. Proceeding by induction
gives

A=7% = Z%ak
for some u € Uy 2, a € Ay, and k € K. O

It remains to show that the Haar measure of the Siegel domains is finite.
For this the Iwasawa decomposition also helps us to understand the Haar
measure mgy,,(r) as a result of the following general fact about locally com-
pact groups.

Lemma 1.22 (Decomposition of Haar measure). Let G be a unimod-
ular, metric, o-compact, locally compact group. Let S, T C G be closed sub-
groups with SNT = {I} and with the property that mg(ST) > 0 (for ezample,
because ST contains an open neighborhood of I). Then

mea|sT o< ¢ (ms X m(Tr)) ;

where ¢ : S x T — G is the product map ¢ : (s,t) — st.

We refer to [?, Lemma 11.31] and Knapp [?] for the proof. The above
lemma is useful for us because of the following.

Lemma 1.23. SLy(R) is unimodular.

As an alternative to Exercise m (which is quite special but gives the
above lemma) we start with a general lemma about the structure of SL4(K)
over any field K, generalizing Exercise [1.2.2)

Lemma 1.24 (Unipotent Generation). Over any field K, the group SL4(K)
is generated by the elementary unipotent subgroups

UZ(K) = {uij(t) = I+tE¢j ‘ te K}

with ¢ # j and E;; being the elementary matriz with (i,j)th entry 1 and all
other entries 0.

For K = R (and for K = C), this implies that SL4(R) (and SL4(C)) are
connected as topological spaces, because each subgroup U;;(R) and U;;(C)
is connected. In particular, this shows that SL4(R) carries a left-invariant
Riemannian metric, and by restriction of this metric to any closed subgroup
of SL4(R) (which may be connected or not) one has a left-invariant metric
on the subgroup (which induces the locally compact, o-compact, induced
topology).

OUTLINE PROOF OF LEMMA [1.24] Notice that the row (and column) opera-
tion of adding ¢ times the jth row to the ith row (or ¢ times the ith column to
the jth column) corresponds to multiplication by the elements u;;(t) € U;;(K)

Page: 39 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



40 1 Lattices and the Space of Lattices

on the left (resp. right) of a given matrix g € SLg(K). This restricted Gaus-
sian elimination can be used to reduce the matrix g to the identity. To do
this we may first ensure that g1o # 0 with a suitable row operation, then use
another row operation to ensure that g3 = 1. Then suitable row and column
operations can be used to obtain gi; = 0 = g;; for ¢ > 1, and we may then
continue by induction. At the last step the fact that det(g) = 1 is needed to
ensure that the diagonal matrix produced is in fact the identity. This can be
used to express g as a finite product of elementary unipotent matrices. [

PrOOF OF LEMMA [I.23] Recall the unipotent subgroups
Uij = {u;j(t) =T +tE;; |t € R}
for i # j from Lemma Let a € A be any diagonal matrix, and notice
that au;;(t)a™t = u”(g—;t) for t € R. Therefore, the commutator satisfies
[a, i (8)] = @™ tugg(—t)aui; () = i ((1 = 2)1).
Choosing a € A correctly, it follows that the commutator group
[SLa(R), SLa(R)]
contains Uj; for all 7 # j. By Lemma it follows that
[SLa(R), SLa(R)] = SLa(R).

Since the modular character mod : SLy(R) — R+ is a homomorphism to an
abelian group it follows that mod(SL4(R)) = {1}, proving the lemma. O

To complete the proof of Theorem [1.18] it remains to show the following
lemma.

Lemma 1.25. For any s > 0 and t > 0, we have mgy,,w) (¥s,¢) < 00.

PROOF. Using Lemmal[l.22]for G = SLq(R), S = B, and T = K we see that K
can be ignored and we have to calculate mp(UsA;) (where as usual mp de-
notes the left Haar measure on B). Note that B = UA is not unimodular
so that we cannot apply Lemma again (indeed, applying it erroneously
would not give the desired result). On the other hand, U and A are unimod-
ular (see Exercise . Furthermore, the left Haar measure on B is given
by a density function p(a) with respect to my X ma (using the coordinate
system arising from B = UA). In fact

dmp x p(a)dmy x dma, (1.10)

where
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ay

() me

ay i>j Nt

Using the fact that the Haar measure on U is simply the Lebesgue measure
(in the coordinate system implied by the way we write down these matrices)
and that A normalizes U, the relation in ((1.10) can be checked directly (see

Exercise [1.3.7]).

Using this, we get

ma(U.A) < mu(U.) [ pla) dmafa)
~——J A,
<oo
and so the problem is reduced to the integral over A;.
Using the relations

i—1
aj _ aj ai—1 H Qg
i

a; a; a a
7 J+1 k=j k+1

for ¢ > j, we also obtain the formula
ax d—1

d—1 -7
() - (%2)
k=1 Ak+1 k=1 ak

for some integers 7, > 0 (here ry = (d — k)k equals the number of tuples of
indices (4, j) with j < k < 4, but the exact form of r;, does not matter).
Next notice that

ai
Asa=| | lnomen) = (g2, log o) € R

ad

is an isomorphism of topological groups which maps A; to [logt, co)4—1
b polog g p % t g,

thaﬂﬂ

SO

7

d—1 .00
H/ e "RYR dyp < 00

/ p(a) dma(a) ox
Ay r—1 “logt

as claimed. O

The proof presented above is usually referred to as the reduction theory
of SLg, and this generalizes to other algebraic groups by a theorem of Borel

T The symbol « denotes proportionality, and here the constant of proportionality depends
on the choices of the Haar measures on A and on R4~1.
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42 1 Lattices and the Space of Lattices

and Harish-Chandra [?] (see Siegel [?]). In Chapter [4] we will give a second
proof which will also lead to the general result for other groups in Chapter [7]

Exercises for Section [1.3

Exercise 1.3.1. Check that any lattice in R? (in the sense of Definition [1.7) is indeed of
the form Z%g for some g € GL4(R).

Exercise 1.3.2. Show that the minimum in the definition of aj(A) in Theorem is
indeed achieved.

Exercise 1.3.3. Let d 5. Let A = Z%~1 x{0}4Zv where v = (%, e %) Show that Ay =
=X =1, (A) = 5, and that there does not exist a basis of A consisting of vectors of
length 1.

Exercise 1.3.4. (1) Show that A1(Z%gh) < A1(Z%g)||h|| for g,h € GL4(R), where || - ||
denotes the operator norm.

(2) Conclude that A1 : d — (0, 00) is continuous.

(3) Generalize (2) to \; for 1 < k < d.

Exercise 1.3.5. Can Mahler’s compactness criterion also be phrased in terms of Ay, or in
terms of \; for 2 < j < d?

Exercise 1.3.6. Prove that U and A are unimodular (and describe their Haar measures).

Exercise 1.3.7. Let B = UA, mp, my, m4, and p be as in the proof of Lemma [I:25]
Let f > 0 be any measurable function on B, and fix some b € B. Using Fubini’s theorem
and substitution prove that

/fbua a)dmy (u) dma(a /fua a) dmy (u) dmy(a),

b1
first for b = ug € U and then for b = € A. Deduce that (1.10) holds.
bd

Exercise 1.3.8. In this exercise a different proof of Corollary u will be given (which
will not use Minkowski’s theorem on successive mlmmas)(4> For this let v1,...,vq be an
ordered basis of a unimodular lattice A < R¢. For every i = 1,...,d define vy to be the
projection of v; onto the orthogonal complement of the linear span of v1,...,v;—1. Recall
that ||v} ]| is the ith diagonal entry of the A-component of the N AK-decomposition of the
matrix g whose rows consist of vy, ...,v4. We may assume that det g = 1.

The basis is called semi-reduced if all linear coefficients of v; — v}, when expressed as
a linear combination of v1,...,v;_1, are in [— 2, 2) (that is, the N-part of g in the NAK-
decomposition belongs to U% )

flvig. | ‘
o =

fori=1,...,d —1 (that is, the A-part of g in the NAK-decomposition belongs to A).

Prove that the following algorithm terminates for every fixed ¢t < ? with a t-reduced
ordered basis of A.

The basis is called t-reduced (for some fixed t > 0) if it is semi-reduced and if
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(1) Check if the ordered basis is semi-reduced. If not perform a simple change of basis
(using only a change of basis in N NSL4(Z)) and produce a new ordered basis which is
semi-reduced.

(2) Check if the basis is t-reduced. If so, the algorithm terminates.

(3) So assume that the ordered basis is not t-reduced but is semi-reduced. Then there exists
logqll
(R
order of v; and v;4+1 is reversed (but all other basis elements retain their place), and

start the algorithm from the beginning.

a smallest ¢ for which

> t. Now replace the basis with the new basis where the

For the proof you may find useful the function 6 of the ordered basis defined by

d
9(1}1,...,vd) = H(Z’Ul +Z’U1)

=1

Exercise 1.3.9. For any f € C:(R%) we define the Siegel transform at x € d by

Sp@)y = > f(v),

veAL N0}

where A, = Z%g denotes the lattice corresponding to z = SL4(R)g. In this exercise we
wish to show that there exists some ¢ > 0 (depending on the choice of Haar measures)
such that fd Sydmg = chd f(t)dt for all f € C.(R%).

(1) Show that [, Sy dmg < oc.

(2) Show that the positive measure  on R% defined by Riesz representation and the func-
tional f — [, Sy dmy satisfies u({0}) = 0.

(3) Show that u is SL4(R)-invariant and conclude the claim.

Notes to Chapter 1

(1)(Page In fact any perfect Polish space allows an embedding of the middle-third
Cantor set into it, so in particular such a space has the cardinality of the continuum. We
refer to Kechris [?, Sec. 6.A].

(2) (Page This is a simple instance of the more general Iwasawa decomposition of a
connected real semi-simple Lie group [?] (see also [?]).

(3)(Page This method was presented by E. Schmidt [?, Sec. 3, p. 442], and he pointed
out that essentially the same method was used earlier by Gram [?]; the modern view is
that the methods differ, and that the Gram form was used earlier by Laplace [?, p. 497fL]
in a different setting.

) (Page This is based on the so-called LLL algorithm of A. K. Lenstra, H. W. Lenstra,
Jr., and Lovész [?].
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Chapter 2

Ergodicity and Mixing on Locally
Homogeneous Spaces

Throughout, we will assume that an acting group G is o-compact, locally
compact, and metrizable. Moreover, we will assume that X, the space G acts
on, is a o-compact locally compact metric space, and that the action is jointly
continuous (see [?, Def. 8.1]). Such an action is said to be

e measure-preserving with respect to a probability measure p on X if

p(g~-B) = u(B)

for any g € G and measurable set B C X, in which case we say that pu is
invariant;
e ergodic with respect to a probability measure p if any measurable B C X
with the property u(g~'+BAB) =0 for all g € G has u(B) € {0,1}; and
e mizing with respect to a probability measure p if

p(g~HAN B) — u(A)u(B)

as g — oo in G for any measurable sets A, B C X.

Here the notation g — oo is shorthand for elements g of G running through
a sequence (g )n>1 with the property that for any compact set K C G there
is an N = N(K) such that n > N(K) implies g, ¢ K. Notice that the
property of mixing (of non-compact groups) is much stronger than ergodicity
in the following sense. Mixing for the action implies that each element g € G
with ¢"™ — oo as n — oo is itself a mixing (and ergodic) transformation in the
usual sense (where the acting group is a copy of Z), while ergodicity a priori
does not tell us anything at all about properties of the action of individual
elements of G (see Exercise [2.2.1)).

We will now recall also that ergodicity and mixing are spectral properties
in the sense that they can be phrased in terms of the associated unitary repre-
sentation or unitary action 7 of G defined by 7(g)f = fog~! for f € L3(X, u)
and g € G. We note that this unitary representation has the following natural
continuity property (which we will assume for all unitary representations dis-
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46 2 Ergodicity and Mixing on Locally Homogeneous Spaces

cussed): given a function f € L2(X, u) the map g € G +— 7(g)f € L*(X, u) is
continuous (with respect to the given topology on G and the norm topology
on L3(X,p)), see [?, Def. 11.16 and Lemma 11.17].

Assuming the action is measure-preserving, then:

e the G-action is ergodic if and only if the constant function 1 is the only
eigenfunction for the representation (up to multiplication by scalars);
e the G-action is mizing if and only if

(7(9) frs fo) — /f1 du /ﬁdu = (f1. 1) (1, fo)

as g — oo for any fi, foa € L?(X, ).

As a motivation for the study of ergodicity in this chapter we recall the
pointwise ergodic theorem. The pointwise ergodic theorem holds quite gen-
erally for actions of amenable groups(®), but here we wish to only discuss the
case of Re-flows (measure-preserving actions of R%).

Theorem 2.1. Let (t,x) + t-x be a jointly continuous action of R on a o-
compact locally compact metric space X preserving a Borel probability mea-
sure ju. Then, for any f € L, (X),

@),
_ f(tex)dt — E(f|&)(x 2.1
o, e — B (2.)
for p-almost every x € X, where & = {B C X | p(BAg-B) =0 for all g €
G} denotes the o-algebra of invariant sets under the action, and

B, ={t=(t1,...,tq) ER|0<t; <r fori=1,...,d}.

Remark 2.2. (1) This is a special case of [?, Th. 8.19], and the use of d-
dimensional cubes as the averaging sequence is not necessary. As may be
seen from conditions (P), (D), and (F) in [?, Sec. 8.6.2] any reasonable choice
of metric balls containing the origin of R? will suffice to achieve the almost
everywhere convergence in .

(2) Notice that ergodicity for the action is equivalent to the invariant o-
algebra & being equivalent modulo p-null sets to the trivial algebra {@, X'},
so in this case the ergodic averages in 1) converge to [  fdp.

(3) A consequence of Theorem|[2.1]is that p-almost every point in X has an or-
bit under the action that is not only dense but is equidistributed with respect
to u (see [?, Ch. 4.4.2] for the details in the case of a single transformation,

and Section [6.3.1]).

(4) The natural G-action on the quotient X = I'\G by a lattice I' < G
is ergodic with respect to the measure myx inherited from Haar measure
on G. However, as the group G is uncountable, it is not immediately obvious
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2.1 Real Lie Algebras and Lie Groups 47

that the absence of nontrivial invariant sets (which is obvious for the G-
action on X) implies the triviality of the measure of sets that are invariant
modulo mx (as is required for ergodicity). For the fact that this is indeed
the case we refer to [?, Sec. 8.1].

(5) As mentioned above, mixing is of course a stronger property than er-
godicity in many different ways. More significantly for our purposes, we will
see in Chapter [5| situations in which mixing allows us to prove even stronger
results on the behavior of all orbits rather than just almost all orbits.

2.1 Real Lie Algebras and Lie Groups

ﬂ[n this section we will set up the language concerning real Lie algebras
and Lie groups that we need. For brevity we assume the basic definitions and
properties of Lie groups are known. For proofs, background, and more details
we refer to Knapp [?]. Not all of the theorems that we mention here will be
used in an essential way, but for the most general theorem in this chapter
we will use both the Levi decomposition and the Jacobson—Morozov theorem
(Theorem [2.14)).

2.1.1 Bastc Notions

Recall that for any real Lie group G there is an associated real Lie algebra g
that describes G near the identity. There is a smooth map exp : g — G with
a local inverse log : B§ (I) — g defined on some neighborhood BS (I) of the
identity I € G with § > 0.

There is a linear representation of G on g, the adjoint representation

Adg:g—g
for g € G, satisfying
1

exp(Ad,(v)) = gexp(v)g™

for g € G and v € g. Furthermore, there is a bilinear anti-symmetric Lie
bracket

T This section can be skipped if the reader is familiar with the theory. Also, most of the
section can be skipped if the reader is only interested in some main examples of the theory,
for example, the important cases of the simple Lie group G = SL4(R) or the semi-simple
Lie groups

G= SLd(R) X o X SLd(R)

In the latter case, the reader will need to familiarize herself with the notions used in Sec-
tion the notion of simple Lie ideals and Lie groups, and should also do Exercisem
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[]:gxg—g
and a related map ad, : g — g defined by

ad,, (v) = [u, V]
for u,v € g, which satisfies
Ady([u,v]) = [Adg(u), Adg(v)] (22)

and
exp(adu) = Adexp(u) (23)

for all u,v € g and all g € G. Here ad, : g — g is an element of the algebra
of linear maps (g),
exp : (g) — GL(g)

is the exponential map from (g) to the group GL(g) of linear automorphisms
of the vector space g, and Adeyp(y) is the adjoint representation defined by
the element exp(u) € G.

Finally, the Lie bracket satisfies the Jacobi identity

[, [v, w]] + [v, [w, u]] + [w, [u, v]] = 0

for all uw,v,w € g. In the special case where G is a closed linear subgroup
of SL4(R) for some d > 2 (which is sufficient for all of our applications) the
claims above are easy to verify, and

g C sly(R) = {u € Matq(R) | tr(u) = 0},

Adg(”) = gug_la

and
[u, v] = wv — vu.

2.1.2 An Aside on Complex Lie Algebras

The local relationship between a Lie group and its Lie algebra mentioned in
Section in fact goes much further. If G is connected and simply con-
nected then its Lie algebra uniquely determines G. That is, any two connected
and simply connected Lie groups with isomorphic Lie algebras are themselves
isomorphic. Even without the assumption that the Lie groups G, G5 are sim-
ply connected, one obtains a diffeomorphism ¢ between neighborhoods U;
and Uy of the identities in G; and Gs if they have the same Lie algebra,
such that products are mapped to products ¢(gh) = ¢(g)¢(h) as long as all
the terms g, h,gh € U; stay in the domain of the map ¢. In this case we
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2.1 Real Lie Algebras and Lie Groups 49

say that G1 and G5 are locally isomorphic. For this reason, one usually starts
with a classification of Lie algebras, and this classification is easier in the case
of complex Lie algebras, making this the conventional first case to consider.

2.1.3 The Structure of Lie Algebras

A Lie ideal § <1 g is a subspace of g with [f, g] C f. Lie ideals of Lie algebras
of real Lie groups correspond to normal subgroups in the following sense.
If F < G is a closed normal subgroup, then its Lie algebra §f C g is a Lie
ideal (see Exercise 2.1.3). On the other hand, if f < g is a Lie ideal, then
there is an immersed normal subgroup F' <1 G with Lie algebra f. Here the
term immersed allows for the possibility that the subgroup F' = {(exp(f))
generated by f is not closed in G (this arises, for example, for the abelian Lie
algebras f = Rv and g = R? for the group G = R?/Z? for most choices of v).
In the situation where F' <1 G is not closed, we note that F' <1 G would then
correspond to another Lie ideal § < g (which is determined by f and G, but
in general not by § and g alone).
In group theory the notion of the commutator subgroup

(GGl =(lg,h | g,h e G)aG

(where [g, h] = g~th~1gh) is an important measure of the extent to which G
fails to be abelian. Recall that a group G is said to be nilpotent if the lower
central series (G;) defined by
Go =G,
Gi+1 = [G,GZ] = <[g,h] | g < G,h € Gl> <G

for i > 1 reaches the trivial group G, = {I} for some r > 1 (which is
called the nilpotency degree). Similarly G is called solvable if the commutator
series (G') defined by

G’ =aG,

G'=[G,G] < G,

G =[G", G« @

for i > 1 reaches the trivial group G5 = {I} for some s > 1. Every nilpotent
group is solvable, while the group

G:B:{(‘”l’) a>0,beR}

is solvable but not nilpotent.
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These fundamental notions in group theory have been translated into the
theory of Lie algebras in a natural way. A Lie algebra g is nilpotent if the
lower central series

go=0>g1=[g,00)> > giy1 = [g,0] > -

ends with the trivial subalgebra g, = {0} for some r > 1, and g is solvable if
the commutator series

g =grg =" I>->g =g g]>

ends with the trivial subalgebra g° = {0} for some s > 1.

By Ado’s theorem [?, Th. B.8|, every real (or complex) Lie algebra g
can be realized as a linear Lie algebra, meaning that g can be embedded
into gl;(R) = Mat4(R) (or into gl;(C) = Mat,(C)) for some d > 1. By Lie’s
theorem [?, Th. 1.25], a complex Lie algebra g is solvable if and only if it can
be embedded into

a/ll a12 PR ... ald
Q22 a3 - Q24
b(C) = 816a;; € C for i < j
ad—1,d—1 Ad—1,d
Qdd

Since every real Lie algebra g has a complexification gc = g + ig (see below)
it also follows that every real Lie algebra can be embedded into b(C) (but
maybe not into the analogous real Lie algebra b(R).)

By Engel’s theorem [?, Th. 1.35], a real Lie algebra g is nilpotent if and
only if it can be embedded into

O a12 ...... ald
0 ags - azd
n= 816a1-j€IRfori<j
0 ag-1,4
0
It is interesting to note that the commutator g' = [g,g] of a solvable Lie

algebra is nilpotent (since [b(C), b(C)] C n(C))- there is no analog of this
fact for abstract groups.

For a general Lie algebra g, the radical g of g is defined to be the subspace
generated by all solvable Lie ideals f <1 g, and this is a solvable Lie ideal of g.

A (real or complex) Lie algebra g is said to be semi-simple if g = {0}.
A (real or complex) Lie algebra is called simple if g is non-abelian (that is,
if [g,g] # {0}) and g has no Lie ideals other than g and {0}. We note that a
real simple Lie algebra always has a semi-simple complexification
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gc =g+ig,
with the complexified Lie bracket defined by
[u+ iv,w +iz] = [u,w] — [v, 2] + i ([v, w] + [u, 2]),

(but not a simple complexification automatically; see Exercise [2.1.2)).
Every (real or complex) semi-simple Lie algebra g is a direct sum of (real
or complex) simple Lie subalgebras, each of which is a Lie ideal in g.
Finally, we note that solvable Lie algebras and semi-simple Lie algebras
complement each other, and any Lie algebra can be described using Lie al-
gebras of these two types in the following sense. The Levi decomposition

g=09st9

of a (real or complex) Lie algebra consists of a semi-simple Lie subalgebra g
of g and the radical g < g. In this decomposition g is unique, but in general g
is not.

2.1.4 Almost Direct Simple Factors

A connected real (or complex) Lie group G is called simple or semi-simple if
its Lie algebra g is simple or semi-simple respectively.

If g is a real (or complex) semi-simple Lie algebra then, as mentioned
above, we have a decomposition

g=019 - Sgr

with simple Lie ideals g; < g for ¢ = 1,...,7. If G is a real (or complex)
connected simply connected semi-simple Lie group then the stronger property

G=Gyx- %G, (2.4)

holds, where each GG; <1 G is a connected simply connected Lie group with
Lie algebra g;.

The product decomposition in does not hold for general semi-simple
Lie groups without the assumption that the group is simply connected. How-
ever, the reason why the product decomposition fails is easy to understand.

Ezample 2.5. Let
G = SLa(R) x SLa(R)/{(1, 1), (=1, = 1)}
be the quotient by the normal subgroup N generated by (—I,—1I) in
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Notice that the Lie algebra of G is isomorphic to sly(R) x sl3(R) and that G
is not simply connected. Furthermore,

Gl = SLQ(R) X {I}N/N
and
Gy = {1} xSLx(R)N/N

are both normal subgroups of G, are both isomorphic to SLs(R), but
G % G1 X G2

unlike the simply connected case discussed above. Also note that G; N Gs is
generated by (—I,I)N = (I,—I)N which is contained in the center of G.

Allowing for such phenomena along the center, one does get an almost
direct product decomposition into almost direct factors of a real semi-simple
Lie group as follows. Let G be a real semi-simple Lie group, and suppose that

g=019 - Dogr

is the decomposition of its Lie algebra into real simple Lie subalgebras. Then
for each i = 1,...,r there is a normal closed connected simple Lie sub-
group G;, which we will refer to as an almost direct factor, with Lie algebra g;.
These almost direct factors have the following properties.

e (; commutes with G; for i # j;
e G=G1---G,; and
e the kernel of the homomorphism

Gix--xG —G--G. =G
(91,3 9r) —> g1 Gr

is contained in the center of G1 X -+ x G,.

We define Gt C G to be the almost direct product of (i.e. the normal sub-
group of G generated by) those almost direct factors G; of G that are non-
compact.

From now on, unless explicitly identified to be complex, we will always
consider real Lie groups and Lie algebras.

Exercises for Section [2.1]

Exercise 2.1.1. Show that sl;(R) (or s14(C)) is a real (resp. complex) simple Lie algebra
for d > 2. Show that SL4(R) and SL4(C) are connected simple Lie groups.

Exercise 2.1.2. Show that sl3(C) for d > 2, when viewed as a real Lie algebra, is simple
but its complexification is not.
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2.2 Howe—Moore Theorem 53

Exercise 2.1.3. Show that if F' <1 G is a closed normal subgroup of a Lie group G, then
its Lie algebra § C g is a Lie ideal.

Exercise 2.1.4. Let G be a real simple connected Lie group. Show that any proper normal
subgroup of G for d > 2 is contained in the center of G.

Exercise 2.1.5. Show that the connected component of
SO(2,2)(R) = {g € SL4(R) | g preserves the quadratic form ad — bc}

is isomorphic to the almost direct product discussed in Example @

2.2 Howe—Moore Theorem

Our first goal in relating the algebraic properties of G to properties of its
measure-preserving actions is to show that for certain Lie groups ergodicity
forces mixing (in contrast to the abelian case, where an ergodic action of Z?
could have no ergodic elements).

Theorem 2.4 (Howe—Moore, automatic mixing). A measure-preserving
and ergodic action on a probability space by a simple connected Lie group G
with finite center is mizing.

The assumption that the center be finite is necessary. If G = SLy(R) is the
universal cover of SLy(R), then there are ergodic actions of G on non-trivial
probability spaces in which the infinite center (which is isomorphic to Z) acts

e~

trivially (as for example the action of SLy(R) induced by the natural action
of SLy(R) on 2).

A more general formulation expresses this result in terms of vanishing of
matriz coefficients at infinity in the associated unitary representations. Here
a unitary representation is an action 7 : G X S — S by unitary maps m(g)
for ¢ € G such that for any given v € S the map G > g — w(g)v is
continuous (with respect to the given topology on G and the norm topology
on ). Given a continuous action of a metric locally compact group G on a
locally compact metric space X and a locally finite measure p on X that is
preserved by the action, the associated unitary representation

m(@)(f)=Ffog™"

for f € # = L?(X, ) indeed satisfies this continuity property (this may be
seen, for example, in [?, Lemma 8.7]).

Theorem 2.5 (Howe—Moore, vanishing of matrix coefficients). If a
simple connected Lie group G with finite center acts unitarily on a Hilbert
space F, and the action has no non-trivial fized vectors, then the associated
matriz coefficients vanish at infinity in the sense that
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54 2 Ergodicity and Mixing on Locally Homogeneous Spaces
(m(g)v,w) — 0
as g — oo in G for any v,w € J.

One of the most important ingredients in the proof of the Howe—Moore
theorem is the following weaker statement, which says that ergodicity of a G-
action is inherited by unbounded subgroups of simple groups®. As men-
tioned earlier, this is far from true in the setting of abelian groups (see Ex-
ercise [2.2.1)).

Theorem 2.6 (Mautner phenomenon for simple groups). Let G be
a simple connected Lie group with finite center acting unitarily on a Hilbert
space F. If g € G does not belonﬂ to a compact subgroup of G, and v €
1s fized under the action of g, then v is fixed under the action of G.

2.2.1 Proof of the Howe—Moore Theorem

Assuming the Mautner phenomenon in Theorem for simple groups with
finite center, we will deduce the following generalization of the Howe—Moore
theorem on vanishing of matrix coefficients. In order to state the theorem,
we will usﬂ the terminology and results from Section m

Theorem 2.7 (Howe—Moore for semi-simple groups). Let G be a semi-
simple Lie group with finite center, and let w : G X & — H be a unitary
representation on a Hilbert space 5€. For vi,ve in € we have

(m(gn)v1,v2) — 0 (2.5)

as n — oo in either of the following two situations:

(1) For any of the simple non-compact factors G; of G, there are no non-
trivial G;-fized vectors in € and g, — 00 as n — oQ.

(2) A has no non-trivial G -fived vectors, g, = g%l) o -g,(f) with g}f) e G,
and ggf) — 00 as n — oo for each simple non-compact facto G; CGT
of G.

In the proof of Theorem we will make use of the general Cartan de-
composition for semi-simple Lie groups with finite center, also known as

T Equivalently, if g" — co in G as n — oo.

 This is only needed because we state the theorem in greater generality. At its core the
argument only needs basic functional analysis, see Exercise

§ Even though the decomposition of g, into g;l) . -~g£f) with gg) € G, is not unique,

the requirement that gﬁf) — o0 as n — oo does make sense as the ambiguity in the
decomposition is only up to the finite center of G.

Page: 54 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



2.2 Howe—Moore Theorem 55

the K AK decomposition (the existence of this decomposition with K com-
pact is where the essential hypothesis that G have finite center enters the
argument). Here K < G is a maximal compact subgroup and A < G is a
Cartan subgrou;ﬂ For the case G = SL4(R) this decomposition is easy to
exhibit, as in this case K = SO(d), A is the subgroup of diagonal matrices
with positive entries down the diagonal, and every matrix g € SL4(R) can
be written in the form g = kaf with k,¢ € K and a € A (see Exercise [2.2.2)).
We refer to Knapp [?, Sec. VIL.3] or [?] for the proof in the general case.

PROOF OF THEOREM (THEOREMS ASSUMING THEOREM [2.6]
Assume that g, — oo in G as n — co. We will show by showing that
there always exists a subsequence for which holds.

This suffices by a simple indirect argument. Assume does not hold,
then there exists some € > 0 and some subsequence ng, with | (7(gn,, )v1, v2) | =
e. However, applying the above claim to this subsequence we find a subse-
quence of ny for which holds — a contradiction to the choice of ny.

Using the Cartan decomposition of G, write

gn = knangn

with a, — o0 as n — oo in A < G. We claim that in order to prove the
theorem, it is enough to consider the case g, = a,, — 00. Since K is compact
and the representation is continuous the study of

<7r (knanen) U1, U2>

can be reduced — by choosing a subsequence with k,, — k and ¢,,;, — ¢
as j — oo, applying continuity of the representation and the Cauchy-Schwartz
inequality — to the study of (m(ay,)m(¢)v1, w(k) " ve) for some fixed k, £ € K
and j — oco. We define v = w(€)v;.

By passing to a further subsequence if necessary (and dropping the result-
ing double subscript for convenience), we may also assume that

v* = lim 7w(an)v € H

n— oo
exists in the weak*-topology by the Tychonoff-Alaoglu theorem and since
[ (an)vll = [lv]l

by unitarity. '
Recall that a, € A < G is the product a, = a%l) . --agf) with an) e G;
for i = 1,...,r. We claim that v* is fixed under a non-trivial unipotentﬂ

T Recall that a Cartan subgroup A is a maximal abelian connected subgroup of G for
which Ad, is R-diagonalizable for all a € A.

P If G < SLg(R) is a linear group, then u € G is unipotent if 1 is the only eigenvalue of u.
In general we say that u € G is unipotent if Ad, € SL(g) is unipotent — this is often
referred to as being Ad-unipotent.
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56 2 Ergodicity and Mixing on Locally Homogeneous Spaces

element of every factor G; of G (with respect to the action of 7 on 7,
where agf ) 5 50 as n — oo. This claim implies the theorem via the Mautner
phenomenon (Theorem : the vector v* is fixed under all almost direct
factors G; of G for which a$f’ — co. In both case (1) and case (2), this
implies that v* = 0, and hence the theorem.

To prove the claim, let w € JZ be any element. Then since agf) — 00
as n — 0o by assumption on G;, we may choose a subsequence so that there
exists a non-trivial unipotent element v € G; with

(ai) " u(al)) — e

as n — oo. This is easy to see for the case G; = SLy(R) (where u is an
element of one of the elementary unipotent subgroups as in Lemma, [1.24]),
and in general u is an element of one of the restricted root subgroups. Then

(r(uw)v*,w) = <v*, ﬁ(u)_1w>

= lim (m(an)v, m(u"")w)

n— oo
= lim (m(a; uan)v, w(a;w).
However,
lim ||7(a;, 'ua,)v —v|| =0,
n— o0
SO

(r(u)v*,w) = nh_{lgo (m(ay  uan)v, m(a, Hw)

_ ~1
fnlin;o (v,7(a, Yw)

= lim (7(an)v,w) = (v*,w).
n—oo
However, this implies that 7(u)v* = v*, giving the claim and hence the
theorem. O

Problems for Section [2.2]

Exercise 2.2.1. (a) Let G = Z? with d > 2. Find an ergodic action of G with the property
that no subgroup of G with lower rank acts ergodically.

(b) Let G = R? with d > 1. Prove that in any ergodic action of G almost every element
of R¢ acts ergodically. (This relies on the standing assumptions regarding X, which imply
in particular that L?(X) is separable.)

Exercise 2.2.2. Prove that every element of SL4(R) can be written in the form kal as
claimed on page

Exercise 2.2.3. Extract from the general proof of Theorem above the special case
of SLa(R) (or SL4(R) for d > 2), still assuming Theorem [2.6] for this (or these) groups.
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2.3 The Mautner Phenomenon 57

2.3 The Mautner Phenomenon

The following key lemma(”) will be the main tool used for proving the in-
heritance property in Theorem [2.6] and its much more general version in

Theorem 2.171

Lemma 2.8 (The key lemma). Let 7 be a Hilbert space carrying a uni-
tary representation of a topological group G. Suppose that vy € 7 is fized
by some subgroup L < G. Then vy is also fixzed under every other ele-
ment h € G with the property that there exists sequences g, € G, €, 0, € L
with imy, 00 gn = I and h = limy, o0 £ngnll, .

PROOF. By assumption, there exist three sequences (g,) in G, (¢,) in L,
and (¢),) in L with g, — e and £, g,¢,, — h as n — oo. This implies that

17 (€ngntr)vo — voll = [l (€n) (7 (gnly)vo — (€5 )vo) | = [I7(gn)vo — voll

by invariance of vy under all elements of L and unitarity of 7(¢,). However,
the left hand side converges to ||w(h)vy — vg|| by continuity of the represen-
tation and the right hand side converges to 0. O

2.3.1 The Case of SL2(R)

We now turn to the special (but important) case of G = SLy(R). Any ele-
ment g € SLy(R) is conjugate to one of the following three type of elements:

e an R-diagonal matrix, that is one of the form a = ()\ )\1> with A € R;

11 .
1)°
e a matrix in the compact subgroup SO(2,R), that is one of the form

b — cos ¢ —sin ¢
" \sin¢ cos¢

For the last case we can make no claim concerning ergodicity of the action
of g. However, for the first two types we find the following phenomenon,
where we write

e a unipotent matrix u =

for some ¢ € R.

Ca={9€G|gh=hgforall h e G}

for the center of G.
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58 2 Ergodicity and Mixing on Locally Homogeneous Spaces

Proposition 2.9 (Mautner for SLy(R)). Let G = SLy(R) act unitarily on
a Hilbert space 72, and suppose that g # +1 is unipotent or R-diagonalizable
and fizes a vector vy € F. Then all of G fixes vg also. The same holds for a
connected Lie group G locally isomorphi(ﬂ to SLa(R) and g € GNCq is such
that Ady is unipotent or R-diagonalizable with an eigenvalue \ with || # 1.

Suppose g € G satisfies the hypotheses of Proposition 2.9 and h € G
has the property that hgh~! fixes vg € . Then g fixes 7—1(h)vy and
so vg = 7w~ 1(h)vy is fixed by G as needed. Thus it is sufficient to consider one
representative of each conjugacy class for the proof of Proposition [2.9] and
for the proof of similar statements that come later.

PROOF OF PROPOSITION FOR SLs(R). For a = A /\_1> with A # £1 a

direct calculation shows that we can apply Lemma with L = a” and any

. 1 1 .
element of the unipotent subgroups T or{, q)in SLo(R). For example,

nflsY —n 1 A\2"s . 1
“\ 1) = 1 1
if A" — 0 as n — oco. It follows that if a fixes some vy € S, then so do
these two unipotent subgroups, and as they together generate SLo(R) (see
Exercise and Lemma [1.24)), we obtain Proposition for this case.
11

Ifu= 1) then

n<1+6 )n (1n><1+5 )<1n>
u 1 u - 1
43 1 43 1
146 (- —-1-6)n
( (1+51 ))
1+6

can be made (since n can be chosen arbitrary) to converge to (1 i) for § — 0.

It follows that if vy is fixed by 1

any s € R by Lemma [2.§] applied with

L:{C?) IneZ}.

Applying Lemma [2.8| once more with

then it is also fixed by (1 i) for

T This second case is not needed if one is only interested in closed linear subgroups G
in SLg(R). If G is a closed linear group linearly isomorphic to SL2(R), then the theory of
finite-dimensional representations of slo(R) implies that G = SLo(R) or G 2 PSLa(R) =
SLa(R)/{£I}, and both of these cases are handled by the first part of the proposition.
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2.3 The Mautner Phenomenon 59

to the matrix

1s 1 159 . 14651 82(14-(581)4-81 .
( 1)(51)( 1)‘( 5 1+ dss -9 (26)
with s; chosen to have

1+ 6dsy =e”

for some fixed a € R, and with sy chosen to have
82(1 + 581) +51=0

shows that v is also fixed by

e .
( e_°‘> - élgtl)gé'

Applying the previous (diagonal) case, we see once again that vy is fixed
by all of SLy(R). This finishes the proof of the proposition for SLs(R), and
also the proof of the Howe-Moore theorem (Theorem [2.7) for SLy(R) and for
products of several copies of SLy(R). O

For the second case of Proposition [2.9] where G is only assumed to be
locally isomorphic to SLy(R) we are going to use the following more general
lemma and also the calculations of the proof above. Here and in the following
we will work more and more with elements v € g of the Lie algebra of G.
If G acts unitarily on a Hilbert space 5, w € 52, and 7 (t exp(v))w = w for
all t € R and some v € g then we say that v fizes w.

Lemma 2.10 (Key lemma for unipotent elements). Let G be a con-
nected Lie group with Lie algebra g. Let w be a unitary representation on a
Hilbert space 5. Suppose that g € G fixes vg. Then vg is also fized by all
elements of the subspace

Im (Ady —I) Nker (Ady —1I) C g,
and all of these elements are nilpotent.

In particular, this applies to g = exp(u) if u € g is nilpotent and the
subspace Im ad,, Nker ad,,.

PROOF. Let v € Im (Ady —I) Nker (Ady —1) . We wish to show that
7 (exp(v)) vo = vg.
By assumption, there exists some w € g with

(Ady ~1) (w) = v
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60 2 Ergodicity and Mixing on Locally Homogeneous Spaces

and

(Ady—1I) (v) =0,
so that

Ady(w) =w+v
and

Ady(v) = .

For n > 1 this gives
Ady (2w) = Lw+o,
and so
g"exp (2w) g™ =exp (2w +v). (2.7)
The exponential in the left-hand side of (2.7) converges to I, but the right-
hand side converges to exp(v) as n — co. It follows by Lemma[2.8|that exp(v)

fixes vg.
For the last claim of the first part of the lemma we calculate

1
= lim adAdg(%w) = lim Adj O(ﬁ ady) o Ad,",

n—oo n— oo

ad, = lim ad

1
—w-Tv
n— oo n +

where we used (2.2). Since conjugation does not change the eigenvalues, it
follows that ad, is nilpotent.
Let now u € g be nilpotent as in the last part of the lemma, and let

g = exp(u).

Then Ady, = exp(ady) = I + ad, +... + ;ad] for some n (see (2.3)). If
now v = ad, (w) € ker ad,,, then Ad,(v) = v and Ad,(w) = w + v and so the
first part of the lemma applies. O

PROOF OF PROPOSITION 2.9 Suppose now that G is only locally isomorphic
to SLa(R). If Ad, is R-diagonalizable with an eigenvalue A with |A| # 1,
then we may argue as above. Indeed suppose that = € g has Ady(z) = Az
with |A] < 1. Then

g"exp(te)g™" = exp (tAdj(x)) — e

as n — oo, and Lemma [2.§| for L = g% shows that exp(Rz) C G fixes vg. The
same holds for exp(Ry) for any y € g with

Ady(y) = py

for some |p| > 1 by applying the same argument with n — —oo. Notice that
the latter eigenvector must also exist, since otherwise g — |det Ady | would
be a non-trivial character from the simple group G to R*. It follows that [z, 3]
is an eigenvector for another eigenvalue since
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2.3 The Mautner Phenomenon 61

Ady([z, y]) = [Ady (), Ady(y)] = Aulz, y]-

Hence exp(Rz) and exp(Ry) generate the 3-dimensional group G, which
therefore fixes vg.

So suppose now that we are in the second case where Ad, # I is unipotent.
Applying Lemma [2.10, we see that vy is fixed by all elements of

Im (Ady —I) Nker (Ad, —1I).

By assumption (g ¢ Cg and Ad, is unipotent) we know that this subspace is
nontrivial. Therefore, there exists some v € gn{0} such that ad, is nilpotent
and vy is fixed by exp(Rv).

Now choose the isomorphism ¢ between g and sla(R) in such a way that v

is mapped to
01) ¢ g, (R)
00 2

This is possible by the following simple observations. Since
w = ¢(v) € slx(R)

has the property that ad,, is nilpotent, it follows that w also has to be nilpo-
tent. Now recall that the Jordan normal form for matrices in R? shows that
there is only one conjugacy class [u] of elements of sl3(R) for which u (and
also ad,) is nilpotent. Hence composing ¢ with an appropriate conjugation
. . 1
gives a new ¢ with ¢(v) = (8 0).
For o and 6 > 0 we define

e* —1
s1(a) = 5
and (@)
—S1\«
s2(0) = 1+ 0s1(a)
so that

()G () = (5 ) = () ()

in SL2(R) by (2.6). Clearly, if 6 > 0 and « > 0 are chosen small enough and
in that order, then the local isomorphism is defined on the matrices above.
So let gs € G be the element corresponding to

(6):

and let h € G be the element corresponding to
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62 2 Ergodicity and Mixing on Locally Homogeneous Spaces
eOé
e %)

exp(s1(a)v)gs exp(s2(a)v) = hgens (2.8)

‘We then have

as an identity in G. We wish to conjugate both sides of this expression by h™.
Note that

2na

h™ exp(sv)h™" = exp(e“"*sv)

is already known to fix vy and that
hng5h7n = fe—2neg

converges to the identity as n — oo. Therefore, conjugating (2.8) by A" gives

g (@)V)go-2nas exp(€" sy ()v) = Agea—2nag

exp(e
It follows that h satisfies the assumptions of Lemma[2.8] and so fixes vg € 7.
We are therefore reduced to the first case of the proof. O

Exercises for Section [2.3.1]

Exercise 2.3.1. Prove Proposition (and hence Theorem [2.6) for the case of SL4(R)
for d = 3 or more generally for d > 3, either directly by a similar argument or using the
case SL2(R) considered above.

Exercise 2.3.2. Prove the analogue of Propositionfor the case SL2(Qp) (or for SL4(Qp)
for d > 2), where Q, is the field of p-adic rational numbers. More precisely show
that SL2(Qyp) fixes vg € 2 if SLa(Q)p) acts unitarily on 7 and either

(a) vo is fixed by some diagonal element with eigenvalues of absolute value not equal to
one, or

(a) vo is fixed by a one-parameterm unipotent subgroup {I + sw | s € Qp} defined by some
nilpotent w € Mato(Qp).

Exercise 2.3.3. Prove Theorem for SL2(Qp) (or for SL4(Qp) for d > 2), where Q,
is the field of p-adic rational numbers, using Exercise m in place of Theorem @ For
the analogous K AK-decomposition of SL4(Qp) set K = SL4(Zp) and let A consist of all
diagonal matrices whose diagonal entries are integer powers of p.

Exercise 2.3.4. Prove (direclty or using Exercise [2.3.3) that an unbounded open sub-
group H < SL4(Qp) necessarily equals SL4(Qp).

T We note that in this p-adic case a single element of this subgroup generates a compact
subgroup and so could not satisfy the Mautner phenomenon.
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2.3.2 The General Mautner Phenomenon

We will now consider the general Mautner phenomena, which was proven by
Moore [?] in 1980.

Theorem 2.11 (Mautner phenomenon). Let G be a connected Lie group
with Lie algebra g. Let L < G be a closed subgroup, and suppose that G
acts unitarily on a Hilbert space 7€ with a non-zero vector vy fized by every
element of L. Then there exists a Lie ideal § < g (the Mautner ideal) such
that

e g is fized by exp(f) < G and
the map A, @ g/f — g/f induced by Ad, for g € L is diagonalizable with
all eigenvalues of absolute value one.

The proof of Theorem will combine the key lemma (Lemma, the
special case of SLa(R) from Section and techniques from the theories
of Lie groups and Lie algebras. It subsumes the ergodicity of many natural
actions. In particular, it contains Theorem (which is needed for the proof
of Theorem . However, we note that the case of G semi-simple will be
easier than the general case. We will obtain this case (in a slightly weaker
form sufficient for Theorem in Section and the general case only
in Section

2.3.3 Big and Small Eigenvalues

Let G and g be as in the statement of Theorem In this section we will
show a weaker claim, which uses the notion of horospherical algebras. The
unstable and stable horospherical Lie subalgebras (g* and g~ respectively)
for g € G are defined as follows:

e g is the sum of all generalize[ﬂ subspaces corresponding to eigenvalues
of Ad, with absolute value bigger than one, so

" ={veg|Adj(v) = 0asn— —oo},

and
e g~ is the sum of all generalized subspaces with eigenvalues of Ad, with
absolute value smaller than one, so

g ={veg|Adj(v) > 0asn— oo}

T Here we allow for Jordan blocks corresponding to eigenvalues of absolute value bigger than
one as well as for (generalized) eigenspaces corresponding to pairs of complex eigenvalues
of absolute value bigger than one.
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64 2 Ergodicity and Mixing on Locally Homogeneous Spaces

To see that g™ and g~ are subalgebras, the characterization in terms of the
adjoint action is most useful. If v1,v5 € g7, then

AdZ(Ul + 'UQ) = Adg(’l)l) + AdZ(Ug) — 0
and
Ad’; ([v1,v9]) = [Adg(vl),AdZ(vg)] -0
as n — 0o, showing that vy 4 vg, [v1,v2] € g~ also; the same argument (but

using n — —oc) shows that g* is also a subalgebra.

Lemma 2.12 (Auslander ideal). Let G and g be as in Theorem[2.11}, and
let g be an element of G. Then the Lie algebra §f = {(g¥,g7) generated by
the unstable and stable horospherical Lie subalgebras of g is a Lie ideal of g,
called the Auslander ideal of g.

PROOF. The proof relies on the Jacobi identity. Let g° be the sum of the
generalized eigenspaces for all eigenvalues of absolute value one, so that

g=g"+¢"+g,

and we need to show that [g,f] C f. Since § is a subalgebra by definition,
it is sufficient to show that [g",f] C f. Notice first that [g°,g~] C g~ (and
similarly [g% g7] C g*). Indeed, if u € g° and v € g, then || Ad](u)] is
either bounded or goes to infinity at most at a polynomial rate as n — oo,
while || Ady (v)|| decays to 0 at exponential speed. It follows that

Ad? ([u, v]) = [Ad? (), Ad” (v)] = 0

as n — 00, as required.
If now u € g*,v € g7, so that [u,v] € §, then for any wy € g° we have

[w07 [U,U]] + [uv [v,wo]] + [Uv [w07u]] =0

——
€f cf
—_——— —\—
€f €f

by the Jacobi identity, the case above, and the fact that f is a subalgebra.
It follows that [g°, [gF, g7 ]] C §. Repeating the argument under the assump-
tions w € ¢°, w,v € § with [wo,u], [wo,v] € § we obtain [wo, [u,v]] € f.
Hence {u € §: [wo,u] € f} is a subalgebra and so equals §. As wy € g° was
arbitrary, it follows that f is a Lie ideal as claimed. O

Proposition 2.13 (Mautner phenomenon for the Auslander ideal).
Let G and g be as in Theorem and suppose that G acts unitarily on a
Hilbert space € and that g € G fizes vg € F. Then vy is fixed by expf,
where § is the Auslander ideal from Lemma[2.12]
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2.3 The Mautner Phenomenon 65

PROOF. Lemma [2.8| applied to h = exp(v) with v € g* shows that vy € 7 is
fixed by exp(v) for v € g*. It follows that vy is fixed by the closed subgroup F
generated by the sets exp(g™) and exp(g™). In particular, there exists a Lie
subalgebra (the Lie algebra of F') containing g% and g~ that fixes vg. Since §
is the Lie subalgebra generated by g and g—, we deduce that every element
of f fixes vy. O

Exercises for Section [2.3.3

Exercise 2.3.5. Let a € G = SLg4(R) be a diagonal matrix such that
Gf={ueG|a"ua™™ =1 as n — Foo}

are nontrivial subgroups. Show directly that (G&,Gg) = G.

Exercise 2.3.6. Show that g° from the proof of Lemma is a Lie subalgebra.

Exercise 2.3.7. Let G be a simple Lie group and let I' < G be a lattice. Let a € G
and recall that the Lie algebra of G splits as a direct sum g+ + g° + g~ as in the proof of
Lemma Assume that Ad, is diagonalizable when restricted to g and that 1 is the only
eigenvalue of this restriction (so that g° is the Lie algebra of Cg(a) = {g € G | ag = ga}).
Using the pointwise ergodic theorem (Theorem show that for any z € X = I'\G
and Mg+-a.e. u € G7 the forward orbit {a™(usz) : n > 0} of uex equidistribute in X
with respect to the Haar measure mx .

2.3.4 The case of Semi-simple Lie Algebras

In this subsection we will assume that G is a connected semi-simple Lie
group. To study actions of such a group, we will combine the arguments
from Section [2.3.3] the Jacobson-Morozov theorem®) | and the case of SLy(R)
from Section [2.3.1] The Jacobson—Morozov theorem (we refer to Knapp [?,
Sec. X.2] for the proof) is the reason that the special case G = SLa(R) is so
useful.

Theorem 2.14 (Jacobson—Morozov). Suppose that g is a real semi-simple
Lie algebra, and let x € g be a nilpotent element. Then there exist ele-
ments y,h € g so that (x,y,h) form an sla-triple, meaning that they span
a subalgebra of g isomorphic to sla(R):

T We note that the results of this section and Remark (3) immediately show that the
forward orbit is equidistributed for mx-a.e. z € X, but the desired statement is stronger
as it involves a Haar measure on a subgroup.
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[h, x] = 2,
[h,y] = =2y, and
[, 4] = h.

It may be useful to be more explicit about Theorem 2:14] in two low-
dimensional examples. In sly(R) we have

(01 _(00) , _ (L0
€Tl = 00 ?yl_ 10 s 101 — 0_1 .

In SL3(R) there are two (fundamentally different) choices, the first via the
most obvious embedding sls(R) < sl3(R) giving

010 000 100
2o=[000],po=[100],ho=[0-10
000 000 000

The second choice for SL3(R) (which is not conjugate to the first) comes from
the embedding sla(R) < sl3(R) defined by

01 0 2
xr3 = 01 ,Ys = 20 ah3: 0 :[.’133,?]3]-
0 20 —2

One can easily check the fundamental relations from Theorem
[hs, z3] = 2x3, [hs,ys] = —2ys, and [z3,ys] = hs.

Proposition 2.15 (Mautner phenomenon for semi-simple groups).
Let G be a connected semi-simple Lie group with Lie algebra g which acts
unitarily on a Hilbert space 7. If g € G is Ad-diagonalizable with positive
eigenvalues or g = exp(x) for some nilpotent x € g, and g fizes some vec-
tor vy € J, then there is a normal subgroup of G containing g which also
fizes vg.

PRrROOF. If ¢ = a € G has the property that Ad, is diagonalizable with
positive eigenvalues, then we can split g as before into three spaces

g=g " +¢"+g",

where g° is the eigenspace of Ad, with eigenvalue one. Since the Lie algebra
generated by gt and g~ is a Lie ideal f by Lemma f is a direct sum
of some of the direct simple factors of g. Hence it has to contain any simple
factor of g that intersects either of the spaces g™ or g~ nontrivially. Let F; =
(exp(f)) be the normal subgroup containing these simple factors. Since the
eigenvalues of Ad, are by assumption positive, it follows that (the linear
map induced by) Ad, acts trivially on the Lie algebra of G/F; (which may
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2.3 The Mautner Phenomenon 67

be identified with a sub-algebra of g%). Therefore, aF; belongs to the center
of G/Fy, and so generates a normal subgroup of G/Fy. Let F = (a, F}) be
the pre-image in G of this normal subgroup. Then a € F, F is a normal
subgroup in G, and F fixes vg € ¢ as required.

Suppose now that g = u = exp(z) is unipotent. Then by the Jacobson—
Morozov theorem there exists a connected subgroup H < G locally isomor-
phic to SLy(R) containing u such that = corresponds under the isomorphism
to an upper nilpotent element of slo(R). By the case of sla(R) considered in
Section we see that H fixes vg. Since H also contains the image of

(2

for small a > 0 (under the local isomorphism), we have produced the situation

of the first case, which was considered above. Let F' be again the normal

subgroup corresponding to a. Now recall that
u = exp(a) € exp(g”)

if g7 is defined using the element in H corresponding to a € SLz(R). There-

fore, it follows from the above that g € F' once again. O

This completes the proof of the Mautner phenomenon for semi-simple Lie
groups, and in particular proves the case of Theorem (9 = exp(x) for
some x in one of the root spaces of the simple Lie algebra g) that is needed

for Theorems and

2.3.5 The Structure of the Inductive Steps

EIFor the solvable and then the general case below, we would like to use an
induction process to be outlined in this section. For this, notice first that in
proving Theorem we may assume that vy is a cyclic vector in the sense
that

H = (Cvo)

is the smallest closed subspace containing the orbit of vy under the action
of G, since if this is not the case we may simply restrict the unitary repre-
sentation to this subspace.

This remark allow us to use induction on the dimension of G. In the
inductive steps we will show that there is a non-trivial Lie ideal f <1 g that
fixes vg. Taking exponentials gives a normal subgroup F' <1 G generated
by exp(f). Let F' be the closure of F' (a priori there is no reason for F to be

T As the following proof will show, semi-simple groups are easier to work with and are,
fortunately, sufficient for many purposes. For this reason the reader may initially skip the
remainder of Chapter @ and return to it when she needs it.
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68 2 Ergodicity and Mixing on Locally Homogeneous Spaces

closed), so that F < G is a closed normal subgroup that fixes vo. We claim
that F' acts trivially on J# since J is the closure of the orbit of vy. Indeed,
if g€ G and h € F then hg = gh’ for some h' € F, and

m(h)m(g)vo = m(g)m(h)vo = 7(g)vo

and since ## = (m(G)vp) we see that both F' and F act trivially. Therefore
we may consider the unitary representation of G/F on J# induced by the
unitary representation of G' that we started with. If § < g was a non-trivial
Lie ideal, then the dimension of G = G/F is smaller.

By induction we may assume that Theorem already holds for G (with
the subgroup L = LF/F < G = G/F) acting on #. This in turn then
implies the theorem also for G.

2.3.6 The Inductive Step for Elements in the Radical

Recall from Sectionmmat areal Lie algebra g has a Levi decomposition(*)
g=I+r¢

where [ is a semi-simple real Lie algebra, and v <1 g is the radical (the maximal
solvable Lie ideal of g). Also recall from Knapp [?, Prop. 1.40] that

n=[r,g]<g

is a nilpotent Lie ideal. Using this we can prove the following part of the
inductive step.

Proposition 2.16 (Mautner phenomenon for nilpotent elements of
the radical). Let G, 7, 5 ,v9 be as in Theorem and suppose these
also satisfy the assumptions of Section [2.3.5| Suppose there is a nilpotent
element u € ©{0} (with Adexp(y) unipotent) in the radical of the Lie algebra
that fizes vg. Then there is a non-trivial Lie ideal f < g that fizes vg.

This proposition shows that in the situation above we can always apply
the inductive step outlined in Section 2:3.5] so that in particular we can
also conclude from the inductive argument that there exists an f as in the
proposition containing v which fixes vg.

PROOF OF PROPOSITION [2.16] Suppose as in the statement of the proposition
that the nilpotent element u € v~{0} fixes vg. If u lies in the center of g (that
is, if [u, g] = 0), then we can take f = Ru. Otherwise we claim that we may
use Lemma [2.10] finitely many times to find vectors vy, ..., v, that all fix vy
and such that vg,..., v, € n = [, g] and such that the last vector vy # 0 lies
in the center of n. Initially set v; = u. Whenever [v;,n] # 0 for j > 1 then
we may take some w; € n with
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2.3 The Mautner Phenomenon 69
vjt1 = [vj, w] # 0

and

[vj, vj1] = 0.
This is possible because v; (that is, ad,,) is nilpotent, by assumption for j = 1
and also for j > 2 since in that case v; € n. Hence by Lemma and
induction, v;; fixes vg. Clearly by construction

v =u €t € [t,n] Cnug € nynl,....
Since n is a nilpotent Lie algebra, this sequence stops with v, € n and
[vb 11] =0

for some /.
Let
c={wen]|w,n =0}

be the center of n. This is an abelian Lie ideal of g. We will define f as
a subspace of ¢ containing vy; indeed we define f to be the Lie ideal of g
generated by vy. It remains to show that f fixes vy, and this follows as be-
fore: If w € g and we have some v € f that fixes vy, then [v,w] € § also
fixes wp, because [v,w] € ¢, [v,[v,w]] = 0 and we may apply Lemma
as before. As the Lie ideal f generated by vy is obtained by taking the sum
of Ruy, [ve, 9], [[ve, 9], 8], ., the proposition follows. O

2.3.7 The General Case of Theorem |2.11

Let G, 7,5, L,vg be as in Theorem and suppose that the allowed as-
sumptions of Section [2.3.5] are satisfied.

Let g € L. If Ad, has an eigenvalue of absolute value greater than or
smaller than 1, then we may apply Section to find the non-trivial Aus-
lander ideal that fixes vg, and use induction. Suppose therefore that all the
eigenvalues of Ad, have absolute value equal to 1, but that Ad, is not diago-
nalizable over C (since in that case the theorem already holds trivially for g).
Then there exist two vectors v, w € g with

Adg(v) = A
Adg(w) = )‘(w + U)v

v,

and so for n € N,
Ady (w) = A" (w +nv). (2.9)
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70 2 Ergodicity and Mixing on Locally Homogeneous Spaces

These expressions have the obvious meaning if A € R, but if A € C\R then
we are using the symbol X as a convenient shorthand for a rotation of the real
linear space corresponding to a complex eigenvalue. There is a sequence (ny)
with ny — oo as k — oo along which A\”* converges to the identity. Using
this sequence we can divide by ng and find

lim Adg* (1w> = . (2.10)
k— o0 ngk
We apply the arguments from Lemma [2.10] again to conclude that v € g
fixes vy and that ad, is unipotent.

Now let g = [ 4 ¢ be the Levi decomposition. If v € ¢, then we can apply
the argument from Proposition [2.16] thus allowing us to assume that

V=T + Uy

with 2 € N0} and v, € v. We note that = € IN{0} is a nilpotent element of
the semi-simple Lie algebra [ (because, for example, the adjoint of x on [ 2 g/t
coincides with the adjoint of v on g/t). Furthermore, we claim that v, lies
in n and so is also nilpotent. This follows from the construction of v. Indeed,
since [g,t] = n < v it follows that g/n 2 [+t/n is a direct sum of Lie algebras
and that v/n is in the center of g/n. Therefore, the action of Ad, is trivial
on t/n for any g € G. Splitting w + n into its components in [ and in t/n, the
definition of v in shows that v, € n.

Knowing that = € [ is nilpotent and nontrivial, we may apply the
Jacobson-Morozov theorem (Theorem and choose an sly-triple (z,y, h)
in 3.

Note that if we would have v = x then we could apply the already estab-
lished semi-simple case (see below). Our aim is therefore to always reduce
the proof via induction to this case.

If [v,t] # 0 then we can apply Lemma [2.10]once again to find a non-trivial
element of n fixing vy after which we may apply Proposition [2.16

So assume that [v,t] = 0. Then we have

[v, h] = [z, h] + [V, A] (since v = x + vy)
= —2x + [y, ] (since [h, 2] = 2x)
and so
[v, [v, h]] = [v, =22 + [ve, A]]
= [v,—2z] + 0 (since [ve, h] € )
= [ + vy, —22]
= —2[v,,x] € t.
Furthermore,
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[Uv [Uv ['Uv hm = [Uv —2 [UU x” =0.
=

Hence we may apply Lemma if [v,[v,h]] # 0, and then use Proposi-
tion and induction. So assume that [v, [v, h]] = 0. By Lemma [v, h)
fixes vg. If [v, h] # —2v, then (recall that v = x + v,)

[v,h] + 2v = =22 + [ve, h] + 22 + 20 # 0

belongs to n and ﬁxesﬂ Vg, S0 we may apply Proposition and induction.

So assume now that [v, h] = —2v. We claim that this implies (only using
structure theory of Lie groups) that v, = 0, so that v = z is a member of
an sls-triple inside [.

So assume (for the purposes of obtaining a contradiction) that v, # 0. Also
recall that v, € n. There exists a Lie ideal f = n; <0 g from the lower central
series as in Section with v, € § but v, € n;_; so that [v,,n] C § = n,.
Thus g acts on n/f, both v (since [v, t] = 0 by one of our allowed assumptions
from above) and v, (by construction of f) act trivially on n/f, and so x also
acts trivially on n/f. However, if z acts trivially on the whole space there
must be a Lie ideal in g (the kernel of the representation) which acts trivially.
Therefore, we see that h acts trivially on n/f and so

[h,v] = 2v =22 4 20, = [h,z] + [h, 0] € 22 + f

gives the contradiction v, € §. Therefore, v, = 0 as claimed.

To finish the proof we wish to apply Proposition[2.15] Since v = z fixes vy,
there exists a Lie ideal h < [ containing v that fixes vg. As the proof of
Proposition shows, f is the Auslander ideal of a = exp(h) € G inside [
and contains h. By Proposition [2.13] the non-trivial Auslander ideal f < g
defined by a within g also fixes vy, contains h, and so also v. This concludes
the induction and hence also the proof of Theorem [2.11

Notes to Chapter 2

(5)(Page The main result here is due to Lindenstrauss, who showed that any locally
compact amenable group has a Fglner sequence along which the pointwise ergodic theorem
holds. We refer to a survey of Nevo [?] for an overview of both the amenable case and the
case of certain non-amenable groups, and to [?, Ch. 8] for an accessible discussion of the
case of groups with polynomial growth.

 Since addition in the Lie algebra and taking products in the Lie group are not quite the
same we should add some explanations for this step. Actually in this proof we even know
that all elements of Rv and R[v, h| fix vg. Hence both [v, h] and v belong to the Lie algebra
of the subgroup that fixes vg, which implies that also [v, h] + 2v fixes vg.
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(6)(Page The Mautner phenomenon was developed for the study of geodesic flows on
symmetric spaces by Mautner [?] and has been significantly extended since then, notably
by Moore [?].

) (Page This argument comes from Margulis [?], and the argument is also presented
in [?, Prop. 11.18].

(®) (Page Theorem Was stated by Morozov [?] and a complete proof was provided

by Jacobson [?].

(9)(Page This decomposition, conjectured by Killing and Cartan, was shown by
Levi [?], and Malcev [?] later showed that any two Levi factors (the semi-simple Lie algebra
viewed as a factor-algebra of g) are conjugate by a specific form of inner automorphism;
we refer to Knapp [?, Th. B.2] for the proof.
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Chapter 3
Rationality

In this chapter we generalize some of the phenomena hinted at in Sec-
tion [I.2] We will define the notion of algebraic groups defined over Q, and
show how these often give rise to closed (and sometimes even compact) or-
bits on SL4(Z)\ SLg(R). We motivate this discussion by studying orthogonal
groups, unipotent groups, and orbits arising from number fields. Finally, we
will turn this discussion around by proving the Borel density theorem, which
implies that finite volume orbits typically arise from algebraic groups defined
over Q. For this we also introduce some more basic concepts and results con-
cerning algebraic groups without developing this important theory very far
(which cannot be done in a couple of pages).

3.1 Quadratic Forms, Stabilizer Subgroups, and Orbits

3.1.1 Orthogonal Groups

Let
Quy, ... uq) = (ug,... ,ud)AQ(ul,...,ud)t

be a rational quadratic form defined by a symmetric matrix Ag € Matq(Q).
We show now how any such quadratic form gives rise to a closed orbit of its
associated special orthogonal subgroup

SO(Q) = {g € SLd | Q ((ula v ,’Lbd)g) = Q(ulv s ,Ud) for all Upy .- ,Ud}.
(3.1)

Proposition 3.1 (Closed orbits). If Q is a rational quadratic form, then
the orbit
(SLa(Z)12) SO(Q)(R) C d

of the identity coset under the real points of SO(Q) is closed.
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74 3 Rationality

Notice that the notation SO(Q) and SLg used in deliberately does
not specify any field or ring, and therefore leaves somewhat undetermined
the group being discussed; in particular does not specify whether the group
is countable or uncountable, for example. For now we should think of this as
a convenient shorthand, or a macro, which defines many different groups at
once. For example, if we specify the real points, then the notation denotes
the closed linear subgroup of SL4(R) defined by

SO(Q)(R) = {g € SLa(R) | @ ((ua,.. ., ua)g) = Q(ua,.. ., ud)

for all uy,...,uq}.

Similarly, we may specify the integer points to obtain a discrete subgroup

SO(Q)(Z) = {g € SLa(Z) | Q ((ur, .- -, ua)g) = Q(ua, .- -, ua)

for all uy,...,uq}t.

of SO(Q)(R). More generally, for any ring R we obtain the group SO(Q)(R)
of R-points of SO(Q) (or any similar expression) by taking the R-points of
the ambient group, here SLg, in its definition.

PROOF OF PROPOSITION . Notice that @ ((u1,...,uq)g) is the quadratic
form defined by gAgg® and that the symmetric matrix Ag is in a one-to-one
correspondence to Q). Therefore, we may also write

SO(Q) = {g € SLq4 | gAgg" = Ao}

Multiplying Ag by its common denominator if necessary, we may assume
that Ag € Matq(Z) (without changing SO(Q)). Now suppose that

SLd(Z)hn — SLd(Z)g = (3.2)

as n — oo with h, € SO(Q)(R) and g € SL4(R). In order to show that the
orbit is closed, we need to show that

o € SL4(Z)I;SO(Q)(R). (3.3)

Notice that (3.2) simply means that there exist sequences (7,) in SL4(Z)
and (e,) in SLy(R) with &, — I; as n — oo, such that v,h, = ge, for
all n > 1. Applying these matrices to Ag gives

’YnAQ’Y:L = ’YnhnAQ(’Ynhn)t
= genAo(gen)' — gAgg'

as n — 0o.
However, 7,407 € Matq(Z), so the convergent sequence (7, Ag~}) has
to stabilize: there exists some ng such that
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3.1 Quadratic Forms, Stabilizer Subgroups, and Orbits 75

o AQ Ty = MmAQY, = 9Aqg*
for all n > ng. This implies that v, 'g € SO(Q)(R), giving (3.3). O

In some cases it is also relatively straightforward to combine the previous
statement with Mahler’s compactness criterion (Theorem|1.17)) and so deduce
compactness of orbits.

Proposition 3.2 (Compact orbits). If Q is a rational quadratic form such
thafl]

0 ¢ Q@"0}),
then the orbit (SL4(Z)I1;) SO(Q)(R) is compact. Equivalently,

SO(Q)(Z) = {g € SL4(Z) | gAqg" = A}

is a uniform lattice in SO(Q)(R).

PROOF. Just as in the proof of Proposition we may assume that Ag lies
in Mat4(Z). We need to show that there exists some ¢ > 0 such that

SL4(Z)I,SO(Q)(R) C d(5). (3.4)

Then Theorem [I.17] and Proposition [3.1] together show that the orbit is com-
pact.

As Q : R? — R is continuous, there exists some § > 0 such that ||z|| < &
implies that |Q(x)| < 1. Now suppose that (3.4) does not hold for . Then
there exists some h € SO(Q)(R) such that Z%h contains a non-zero d-short
vector mh with m € Z%. However, this shows that

[Q(m)| = [Q(mh)| <1 (3.5)

which implies that Q(m) = 0 since Ag € Maty(Z), contradicting our assump-
tion and completing the proof. O

Ezample 3.3. These examples describe some of the possibilities that may arise
in low dimensions.

(1) If @Q1(u1,u2) = uyuz, then Proposition shows that SL2(Z)A is closed
since

SO(Q1)(R) = A

is simply the diagonal subgroup of SLy(R) (see Section . However,
the orbit is not compact, it is the divergent orbit mentioned on page

(2) If Q2(u1,uz) = u? — uyuz — u3, then Proposition applies (see Exer-
cise 3.1.1), and gives a compact orbit SLa(Z) SO(Q2)(R). As we will see
later (in Theorem [3.5)), there exists some g € SLa(R) for which

t @ is then called anisotropic over Q.
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76 3 Rationality

Q2(u1,u2) = Q1 ((u1,u2)g),

which in turn implies that

SO(Q2)(R) = gSO(Q1)(R)g ™.

To see this notice that h € SO(Q1)(R) and u = (u1, uz) gives

Q2(ughg™) = Q1((ughg™")g) = Q1(ug) = Q2(u).

Hence

SL2(Z) SO(Q2)(R)g = SL2(Z)gA

is also compact. In fact g = ggoiden from Section can be used, recov-
ering the claim made on page
(3) If Q3(u1,u2,u3) = 2uyuz—u3 then Proposition applies, and shows that

SL3(Z) SO(Q3)(R) € 3

is closed. However, it is not compact (see Exercise [3.1.2)).

(4) If Q4(u1,uz,u3) = u? +u3 — 3u3 then Proposition plies. To see this,
assume for the purposes of a contradiction (and without loss of general-
ity by clearing denominators as usual) that Q4(m1, ma, m3z) = 0 for some
primitivdﬂ integer vector (my,ma, m3) € Z3. Then using congruences mod-
ulo 4 shows that

m3 +m3 —3m3 =mi +mi+m3 (mod 4),

is a sum of three squares modulo 4. However, the only squares modulo 4
are 0 and 1, which forces mq, mo, mg to all be even, contradicting the
assumption. Hence the orbit

SL3(Z) SO(Q4)(R)
is compact.

We now recall some of the basic theory of quadratic forms over the reals(*?).
Any symmetric matrix A € Maty(R) can be diagonalized in the sense that
there is an orthogonal matrix k for which kAk® is diagonal. In the associated
coordinate system (vq,...,vq) we then have

d
Q' (v1,...,va) =Q ((v1,...,vq)k) = Zciv?.
i=1

T An integer vector is primitive if the entries are co-prime.
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The form @ is non-degenerate if ¢; # 0 for i« = 1,...,d (equivalently,
if det Ag # 0), is indefinite if there exist 4, j with ¢; > 0 and ¢; < 0, and is
positive-definite if ¢; > 0 for alli =1,...,d.

Taking the square roots of the absolute values of the entries in the diagonal
matrix kAgk®, we may define a diagonal matrix a for which

ailkAthafl

is diagonal with entries in {0,4+1}. Assuming that @ is non-degenerate (so
that the entries lie in {£1}), write p for the number of +1s and ¢ for the
number of —1s; the signature?) of Q is (p, ¢). We usually assume that p > ¢
(this can always be achieved by replacing the form @ with the form —@).

The discussion above shows that if Q and @’ are non-degenerate and of
the same signature, then there exists some g € GL4(R) such that

Q' (u1,y .. uq) = Q ((u1,...,uq)g) -

Moreover, we also have

Q/(ula s aud) = AQ ((U'17 o ,Ud)g/)

for ¢’ € SL4(R) and A # 0, which implies that SO(Q) and SO(Q’) are conju-
gate in SLy(R).

Ezample 3.4. The quadratic forms (from Example @1 and Q2 have sig-
nature (1, 1); the quadratic forms Q3 and Q4 have signature (2,1). It follows
that the orthogonal groups SO(Q1)(R) and SO(Q2)(R) are conjugate (as
claimed earlier), and the orthogonal groups SO(Q3)(R) and SO(Q4)(R) are
conjugate.

We summarize and strengthen our discussion as follows.

Theorem 3.5 (Signature of quadratic forms). Any non-degenerate quad-
ratic form @ on R? can be assigned a signature (p,q) with p +q = d. Given
a form Q of signature (p,q), the set of quadratic forms of the form Q' with

Q' (u, ... uq) = Q ((u1,-..,uq)9)

obtained from Q by some g € GL4(R), is precisely the set of quadratic forms
of signature (p,q). The group of R-points of two orthogonal groups for non-
degenerate quadratic forms of the same signature are conjugate in SLg(R).

In the following we will always (and sometimes implicitly) assume that
the quadratic forms are non-degenerate. Fixing, for a given signature (p, q),
some real quadratic form @ of this signature, we define SO(p, q) = SO(Q).
If p=d, then

SO(p, q) = SO(d)
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is compact, and if 0 < p < d it is notﬂ Our discussion above (and Exam-
ple [3.3(3),(4)), shows that there are various matrices g € SLq(R) for which

SL4(Z)g SO(p, q)(R)

is closed or even compact — these orbits corresponcﬂ to rational quadratic
forms with signature (p, q).

3.1.2 Rational Stabilizer Subgroups

It is straightforward to generalize Proposition [3.1} However, setting up the
language of linear groups, in which the generalization is naturally phrased,
requires more work than does the generalization itself. We start this intro-
duction to linear algebraic groups here, discuss other classes of examples in
Sections and and return to the theory of linear algebraic groups in
Section and Chapter [7} For a detailed account of algebraic geometry, we
refer to the monographs of Hartshorne [?] or Shafarevich [?], and for linear al-
gebraic groups we refer to those of Humphreys [?], Borel [?], and Springer [?].
An affine variety is a subset Z of C™ or, more generally, of K" for another
field K with K an algebraic closure, defined by the vanishing of polynomial
equation We will write both Z and Z(K) for this variety, so that

Z = Z(K)

will always consist of all solutions to the polynomial equations over the alge-
braic closure. An important example for us is

SLq = {g € Maty | detg — 1 = 0},

where Maty is the d?-dimensional vector space of d x d matrices.

A regular function is simply the restriction of a polynomial to the Varietym
In order to be able to work with this definition, and in particular to have a way
to uniquely describe a regular function, we need to know when a polynomial
vanishes on the variety. The description of the set of polynomials that vanish

T Since, for example, it contains at least one copy of SO(1,1) = A as a closed subgroup.

t At this stage we only know one direction of this correspondence. The second direction
will be obtained from the Borel density theorem, see Exercise and Exercise

§ We apologize to the expert for this barbaric and old-fashioned definition, but as our focus
will usually be on rather concrete groups comprising R-points, this approach is appropriate
here. We will on occasion (indeed, are just about to) avoid mentioning the field we are
working over, but we still wish to avoid talking about schemes, spectrum, and using the
language of modern algebraic geometry.

9 Once again we must apologize for avoiding a more general definition, our excuse being
that this is adequate for affine varieties.
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3.1 Quadratic Forms, Stabilizer Subgroups, and Orbits 79

on an affine variety is given by the Hilbert Nullstellensatz(!?) which we now
recall. We refer to Hungerford [?, Prop. VIII 7.4] or Eisenbud [?, Th. 1.6] for
the proof.

Theorem 3.6 (Hilbert Nullstellensatz). Let K be an algebraically closed
field, and let J C K[z, ...,z,] be an ideal defining the affine variety

Z(J)={z K" | f(x) =0 for all f € J}.

Then f € Klzy,...,x,] vanishes on Z(J) if and only if there exists a
power f™, m =1, of f that belongs to J.

The ideal
(J)=Af € klz1,...,zn] | f™ € J for some m > 1}

is called the radical of the ideal J. If we now write K[Z] for the ring of
regular functions on the variety Z = Z(J) defined by the ideal J, then we
can reformulate the Nullstellensatz by the formula

K[Z(J)] = Klz1, ..., za]/(]).
Returning to our example
SLd = Z(det() - 1) - Matd,

we need to establish what the radical of the ideal generated by the polyno-
mial det(-) — 1 in d? variables is in order to talk about regular functions. This
is explained by the following result.

Lemma 3.7 (SL,; is Zariski connected). For any d > 1 the polyno-
mial det(g) —1 is irreducible as a polynomial in the variables g;;, 1 < 1,7 < d,
with coefficients in C (or in any other field).

Before proving this, we note that additional background in algebraic
groups would make it almost immediate by the following argument. Notice
first that the group SL4(C) of complex solutions to det(g) = 1 is connected
(this may be seen, for example, as a consequence of Lemma7 and that ev-
ery point of this variety is smoot If now det(g)—1 = pfl (g)p2 (9)-- ~p§"‘ (9)
is the decomposition into irreducible polynomials with multiplicities ¢;, then
the group SL;(C) would be the union of the varieties defined by pi,...,pk.
By connectedness of SLy4(C) these varieties would have to intersect, but this
contradicts smoothness of the variety SL; at the intersection points. The
only possibility that remains is that det(g) — 1 = p®(g) for some irreducible

T This is a general property of algebraic groups: Every variety has a smooth point, and as
usual for a group any two points in the group have similar properties as the group acts
transitively, see Section
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polynomial p and ¢ > 1. This is clearly impossible by degree considerations
(see the first part of the more elementary proof below).

PRrROOF OF LEMMA . Suppose that det(g) — 1 = p(g)q(g), where p,q are
polynomials in the independent variables g;;, 1 < 7,j < d. Now notice that
the determinant is linear in each of its rows, so for every pair 7, j the polyno-
mial det(g) — 1 is of degree one in the variable g;;. It follows that for any ¢, j
either p or ¢ is independent of g;; (that is, of degree zero in the variable g;;).
As this holds for every pair i, j, we obtain a partition

PUQ={(,j)1<i,j<d}
of the indices so that
p(g) € Clgi; | (i, ) € P
and
q(9) € Clgi; | (4,5) € Ql.

If P (or Q) is empty, then p € C (respectively ¢ € C) is a scalar — which is
the desired conclusion.
With deg denoting the total degree,

d = deg(det(g) — 1) = deg(p(g)q(g)) = deg(p(g)) + deg(a(g))- (3.6)

Assuming that P and ) are both non-empty, we derive a contradiction by
defining

1 if (4,5) € P;

-1 if (Z,j) € Qa

which extends to monomials m in the usual way, and to polynomials by
defining

degP(gij> = {

degp (Z ckmk> = max{degp(ms) | cx # 0}.
Just as in (3.6]), we find that

degp(pg) = degp(p) + degp(q)-

Now ¢ must have a constant term (since det(g) — 1 has a constant term),
so degp(q) = 0. Tt follows that p(g)g(g) contains monomials in the vari-
ables g;; with (i,j) € P of total degree degp(p) = deg(p) only. However,
this is a contradiction as det(g) — 1 contains a constant term, and all other
monomials have total degree d. O

Let K be any field. We will often be interested not in the whole variety
consisting of all points in K" defined by an ideal over the algebraic closure
of a field, but in fact only in the K-points of the variety, meaning those
vectors in K™ on which the polynomials all vanish. In general this set may
be empty because K is not assumed to be algebraically closed, and even if
it is non-empty it may not resemble the whole variety. In particular, there
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is no reason for the set of K-points to remember the ideal at all (in other
words, Theorem [3.6] does not hold without the requirement that the field
be algebraically closed). Nonetheless, we may define for any affine variety Z
its K-points as the set

Z(K) =ZNK",

where as before Z = Z(K) by definition. Moreover, we are often interested
in regular functions with ‘coefficients’ in K, which we formally define as the
ring of K-reqular functions

K[Z] = Klz1,. .. znl /T N K[z, ..., 2],

under the assumption that Z is defined over K, meaning that J = (J) de-
fines Z and J NK[zy,...,z,] generates J C K[xy,...,r,]. We will return to
these notions in Section 3.4l

Let us return to our main example SL; which is defined over any field K,
since the coeflicients of the polynomial det(-) — 1 are integers. Hence it makes
sense to consider the ring of K-regular functions

K[SLd] = K[glh -y 91d,9215 - -y 92dy - - -5 9dls - - agdd}/<det(g) — 1>, (37)

where K is the field of coeflicients allowed in the polynomials. For us the
field K will often be R, Q,, or Q.

A D-dimensional algebraic representation of SLgq over K is a D?-tuple of
polynomials

¢ij(g) € K[SL4]
for 1 < 4,57 < D, which we think of as a matrix

¢ € Matp (K[SLd])

with the properties that ¢(I;) = Ip and

P(9)0(h) = d(gh) (3-8)

for all g, h € SL4. Equivalently, (3.8) could be required to hold as an abstract
identity in the variables gg¢, hre satisfying the polynomial condition

det(g) = det(h) = 1.

This equivalence follows from Hilbert’s Nullstellensatz (Theorem and
Lemma 3.7

An example of such a representation has been mentioned: If A € Mat, is
symmetric and g € SLg4, then the map

Ar— gAgt (3.9)
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is linear in A and polynomial in g. In fact, by identifying the space of sym-
metric matrices in Maty(Q) with the vector space QP, where D = d(dT'H),
we obtain a matrix representation ¢(g) € Matp of for which the ma-
trix entries ¢;;(g) are polynomials of total degree 2 with coefficients in Q.
Moreover, ¢(g)¢(h) is the matrix corresponding to the composition

Avr— hAR* — g (hAR') g* = (gh)A(gh)"*,

which is also represented by ¢(gh). Therefore, holds by uniqueness of
matrix representations.

Let us give another representation of SLg, which will be important in
Section [3.3] The conjugation representation is defined by

Maty 3 v — gug ™~

for g € SLy. Since det(g) = 1, the matrix g—! has entries which are regular
functions (since the inverse is calculated by taking the matrix consisting
of the determinants of the minor matrices multiplied by the inverse of the
determinant). Therefore, we can again chose a basis and get a D = d?-
dimensional representatiorﬂ (defined over any field K).

Proposition 3.8 (Rational stabilizer groups of points have closed
orbits). Let ¢ : SLy — GLp be an algebraic representation over Q, and
let v € QP. Then the (rational) stabilizer subgroup

Stabsr, (v) = {g € SLa | ¢(g)v = v}
gives rise to a closed orbit
SL4(Z)14 Stabgy,, (v)(R) Cd
through the identity coset.

Notice that Stabgy,, (v) is itself a subgroup defined by polynomial equations
(and hence will be seen to be an algebraic subgroup defined over Q, once we
define this notion in Section. The proof of Propositionis much quicker
than the discussion above, which was included to familiarize the notion of
algebraic representations of SLy.

PROOF OF PROPOSITION [3.8] Notice that there are finitely many coefficients
in (a representation of) the polynomials in ¢(g). Let N be their common
denominator, so that ¢(y) € + Matp(Z) for all v € SLq(Z). Let M be the
common denominator of the entries in v. Suppose that

SLd(Z>hn — SLd(Z)g =, (3.10)

T As will become more and more clear, part of the art in discussing algebraic groups and
their representations will be to not really write down any concrete polynomials or regular
functions (as these quickly become quite complicated).
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with h,, € Stabgr,, (v)(R) and g € SLg4(R). We wish to show that
x € SLy4(Z) Stabgy,, (v)(R). (3.11)

As in the proof of Proposition we may rewrite as Yphy, = gep
with v, € SL4(Z), €, € SLa(R), and &,, — I;. Applying these matrices to v
via the representation ¢ shows that the sequence (¢(v,)v) lies in 7 Z” and
converges,

A(Yn)v = ¢(Ynhn)v = ¢(g)d(en)v — d(g)v.

Therefore this sequence must stabilize, and so ¢(y,)v = ¢(g)v for some n,
which shows that 7, 1g € Stabsr,, (v)(R), giving (3.11]). O

Although the following is not needed for the proof above, let us try to
understand a little more about SLy(K) and algebraic representations of SLg
over any field K.

(1) Asshown in Lemma SL4(K) is generated by the elementary unipotent
subgroups
Ul(K) = {uij(t) = I—I—tEij ‘ t e K}

with ¢ # j and E;; being the elementary matrix with (¢, j)th entry 1 and
all other entries 0.
(2) SLg(K) coincides with its commutator subgroup

[SLa(K), SLa(K)] = ([g, h] | g, h € SLa(K)),

where [g,h] = g~ *h~lgh. To see this, notice that if we choose an appro-
priate diagonal matrix a then

[uij (1), a] = wij(at)

for some o # 0. Hence [SL4(K), SLq(K)] 2 U;;(K) for all ¢ # j, and the
result follows by the remark above.

(3) Tt follows that SL4(K) (resp. SL4(K)) cannot have any abelian factors, and
so det ¢(g) = 1 for every algebraic representation over K. By Theorem
and Lemma [3.7] this must therefore also hold as an identity in

K[SLy4] =K]gi; : 4,5 =1,...,d]/{det g — 1).

Exercises for Section [3.1]

Exercise 3.1.1. Prove that u? — ujus — u3 # 0 for (u1,u2) € Q2~{0} (a fact used in

Example 2) ).

Exercise 3.1.2. Prove the claim made in Example 3), by showing that the closed
orbit SL3(Z) SO(Q3)(R) C 3 has unbounded height.
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Exercise 3.1.3. Let A = SO(1,1)(R) C SL2(R). Show that every closed A-orbit corre-
sponds (as indicated after Theorem [3.5) to a binary quadratic form with rational coeffi-
cients. Notice that this cannot hold for K = SO(2)(R).

Exercise 3.1.4. For any subspace V C R? we define
Ly ={g€ G|V =Vg and g|y preserves the volume}.

(1) Show that SL4(Z)Ly C d is closed if V is a rational subspace.

(2) More generally, let ©9 = SLg(Z)go and let V be a Z%gp-rational subspace. Show
that oLy is closed.

(3) Let wo and V be as in (2). Let G < SL4(R) be a closed subgroup such that zoG is
closed. Show that xo(G N Ly ) is closed.

3.2 Rational Unipotent Subgroups

E|In this section we will construct lattices in certairﬁ connected, simply con-
nected nilpotent Lie groups. By Ado’s theorem (see Ado [?] or Knapp [?,
Th. B.8]) and Engel’s theorem (see Knapp [?, Th. 1.35],) such a group can
be embedded into the upper triangular subgrou

1xx... %
... %

N= ) csLyw) (3.12)
1

for some d > 1. A subgroup G < SL4(R) is called unipotent if it is conjugated
to a subgroup of N.

Theorem 3.9 (Lattices and Mal'cev basis for unipotent Q-groups).
Let G < SLg(R) be a connected unipotent subgroup whose Lie algebra g is a
rational subspace of s14(R). Then

G(Z) = GNSLy(Z)
is a uniform lattice in G. Moreover, writing £ = dim G, there exist elements

V1y--., V¢ € gmﬁld(@)

T This section gives more examples of compact quotients of nilpotent groups, but otherwise
is not essential for most of what follows. It will, however, become part of our proof of the
Borel Harish-Chandra theorem in Section

¥ Once we have discussed these notions it will be easy to see that the groups we will discuss
here are of the form G = G(R) for a connected unipotent algebraic group G defined over Q.
As the theorem and its proof does not require this language we leave this fact to the reader.

§ Ado’s and Engel’s theorems are usually stated for a nilpotent Lie algebra instead of for the
corresponding simply connected group, but the former implies the latter, see Exercise@
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for which
G(Z) = {exp(k1v1) exp(kava) - - - exp(keve) | k1, ..., ke € Z},

G = G(R) = {exp(s1v1) exp(sav2) - - - exp(seve) | s1,..., 50 € R},

and
F = {exp(siv1) exp(sava) - - - exp(seve) | S1,...,8¢ € [0,1)}

is a fundamental domain for G(Z) in G. Moreover, the map
51,...,50 — exp(s1v1) exp(savz) - - - exp(Sevy)

is a (polynomial) diffeomorphism between R® and G. The vectors vi, ... ,v; €
g are called a Mal’cev basis.

PROOF. As g C slyg(R) is, by assumption, both a nilpotent Lie algebra and
a rational subspace, the same holds for all the elements of the lower central
series. In particular, g; = [g, g] is a rational subspace. By assumption g can
be conjugated into the Lie algebra of N. Therefore, the exponential map

exp(v) =T +v+ 10+ + ﬁvdfl
is actually a polynomial map on g with the logarithm map

log(g) =g —1T—35(g—1)2+ -+ (-1)'Z5(g— D!

as a polynomial inverse (which is defined on all of G). From this it follows
that the linear group G is isomorphic to its Lie algebra g if we equip the
latter with the polynomial group operation v * w = log(exp(v) exp(w)).

Recall that there is a — possibly immersed — Lie subgroup G <G with Lie
algebra g;. This shows that for sufficiently small v, w € g; the product v * w
lies in g;,. However, using the fact that the group product v * w for v,w € g
is a polynomial in v and w, we can now concludeﬂ that g, * g1 C g1. Indeed,
if ¢ is a linear function vanishing on gy and v € g; is sufficiently small,
then w — (v * w) is a polynomial on g; which vanishes on all sufficiently
small w. Hence ¢ (v+w) = 0 for all w € g;. Reversing the roles of v and w, and
using the fact that a linear subspace is defined by the collection of all linear
functions that vanish on it, we see that g; * g1 C g1. However, this shows
that G1 = exp(g1) is simply the isomorphic image of the Lie ideal g; and so
is a normal closed connected subgroup of G. Note furthermore that the Lie
algebra of G/G; equals g/g1. Hence G/G; is abelian and can be identified
with its Lie algebra under the exponential map.

T Once we have introduced the notion of Zariski density we will see that this argument
uses the fact that the Hausdorff (that is, standard) neighborhood of (0,0) € g1 X g1 is
Zariski dense in g1 X g1
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Asm = dim(G1) < ¢ = dim(G) and the Lie algebra g1 of Gy is rational, we
may assume that the theorem already holds for the unipotent subgroup G;.
So let v1, ..., v, be the Mal’cev basis for G; and the uniform lattice G1(Z) =
G1 N SL4(Z). Let F; C G; be a fundamental domain as in the corollary
for G1(Z) in G;. Let V' C g be a rational linear complement to g; < g. We
claim that the image of G(Z) in the abelian group G/G; ~ g/g1 ~ V is
discrete. To see this, suppose that K C G/G; is a compact neighborhood of
the identity and Gy € K N (G(Z)/G1) C G/G;. Then we may modify the
representative y by elements of G1(Z) on the left to ensure that v € Fy exp(V)
belongs to a fixed compact set. As G(Z) is discrete, this shows that there are
only finitely many possibilities for vG1, and so the image of G(Z) in G/G;
is discrete.

Next we claim that the image of G(Z) modulo G; is a lattice in V. To
see this, we have to find £ — m = dim V linearly independent elements in the
image of G(Z) in G/Gy ~ V. This follows in turn since for every rational
element v € V we have

exp(Nv) =14 Nv+ N?0? + .- + ﬁNd’lvdfl € G(Z)
for a sufficiently divisible N.
We now choose vy, 41,...,0¢ € g so that

exp(v;) € G(Z)
for j =m+1,...,¢ and the elements

G1exp(Um+1),-- ., Gy exp(vy)

are a basis of the lattice obtained from G(Z) in G/G;. The elements

Ula"'7vmvvm+17"'7vé

are now a Mal'cev basis. To see this, let v € G(Z). Considering vG; we
find kpyt1,...,ke € Z such that vyG1 = Gy exp(km+1Vm+1) - - - exp(keve), or
equivalently v(exp(kp1Vmy1) - - - exp(keve)) ™! € Gy. Applying the inductive
assumption it follows that v = exp(kyv1) - - - exp(kevy) for some ky, ..., ke € Z.
If g € G is arbitrary we may argue similarly to obtain unique s1,...,s; € R
with g = exp(sjv1)---exp(seve). Furthermore, if we consider g as a repre-
sentative of a coset G(Z)g we may define k; = [s;| for j = m+1,...,¢
and replace g by (exp(kmi1Vmy1)---exp(keve))~tg. This ensures after the
replacement that we have s,,41,...,8¢ € [0,1). Applying the inductive as-
sumption to

9(exp(Sm41Vm+1) - exp(seve)) T € G,

we deduce that the set F' is indeed a fundamental domain. O
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Exercises for Section [3.2]

Exercise 3.2.1. In Knapp [?, Th. B.8, Th. 1.35] it is shown that any nilpotent Lie algebra
can be embedded into the Lie algebra n of N for some d > 1 (where N is defined by )
Use this (and the discussions regarding the exponential map of this chapter applied to G =
N) to show that every connected, simply connected nilpotent Lie group can be embedded
into N.

Exercise 3.2.2. Let G be a unipotent subgroup of SL4(R) (with a rational Lie algebra).
Show that G can be defined using polynomial equations (with rational coefficients).

3.3 Dirichlet’s Unit Theorem and Compact Torus Orbits

EIIn this section we study another class of examples of orbits of rational sta-
bilizer groups, which will also lead to a proof of Dirichlet’s unit theorem®3).

Let
K =Q(¢) =Q[T]/(m(T))

be an algebraic number field generated by (, with minimal polynomial m
of degree d = [K : Q] = degm(T). We may assume that m(7T") is monic.
Let O C K be an order (a subring of K that is isomorphic to Z¢ as a group).
Replacing ¢ by n¢ has the effect of multiplying the non-leading coeflicients
of m(T') by powers of n. Thus we may assume that m(T") € Z[T], so that ( is
an algebraic integelﬂ and, for example, O = Z[(] is an order. Even though K
can be embedded into R or C, we prefer not to think of K as a subfield of C
but rather as an abstract field, for instance as K = Q[T]/(m(T)).

Theorem 3.10 (Dirichlet unit theorem). Let O be an order in an alge-
braic number field K. The group O* of units is isomorphic to F x Z™+571,
where F' C K is a finite group of roots of unity, r is the number of real embed-
dings K — R, and s is the number of pairs of complexr embeddings K — C.

The numbers r and s may be described as follows. Splitting m(T") over C
gives

m(T) = (T —C) (T = )T = G (T = Gogr) - (T = G ) (T = Gogs)s

with ¢1,...,¢ € R and Goyq,...,Gps € CONR. As Q[T]/(m(T)) & K, the
real embeddings ¢; : K — R are then all of the form

T This section provides interesting examples of algebraic groups (more precisely torus
subgroups) and compact orbits, and connects these to algebraic number theory. It is not
essential for most of the later chapters. It will, however, become part of our proof of the
Borel Harish-Chandra theorem in Section @

¥ An algebraic integer is an algebraic number for which the monic minimal polynomial has
integer coeflicients.
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¢:(f(T)) = £(G)

for some i =1,...,r, and the complex embeddings are all of the form

¢T+i(f(T)) = f(CT’—i-i)a

respectively - -
Grti(f(T)) = f(Crti),

fori=1,...,s and f € Q[T].
Another point of view is given by studying the multiplication by T" map

T Q[T]/(m(T)) — QIT]/(m(T))
F(T) + (m(T)) — TF(T) + (m(T)),

or, equivalently, the multiplication map r — 7+ on K = Q(¢). Considered as
a linear map over Q, the characteristic polynomial of the linear map r — 7-(
is a rational polynomial which annihilates the map. It follows that m(T) is
the characteristic and also the minimal polynomial of the map. Therefore,
the linear map r — r - ( has eigenvalues

Clv .- '7CT7C7’+17C7‘+17 . '7C'I’+S7C7’+S'

More generally, if -b is the multiplication by b € K = Q(¢) map, then its
eigenvalues (considered as a Q-linear map on the vector space K over Q) are
agai

d)l (b)7 ceey ¢T(b)a ¢T+1(b)v ¢T+1(b)v B ¢T‘+S(b)a ¢T+S(b)'

We now discuss how to obtain a concrete matrix representation of K,
which will allow us to use the results of Section [3.1} This is quite similar to
how one can consider C as a field of 2 x 2 matrices using the correspondence

. (a b)
a+ib +— ,
—ba

and it is helpful to view the construction below simply as an analogue of this.
In order to make the construction a bit more flexible we start with another
definition.
A proper O-ideal J C O is an additive subgroup isomorphic to Z% and for
which
O={beK|bJCJ}

T This follows since b = f(&) for some polynomial f(T). If b € K \Q then none of the
eigenvectors are in Q. In that case the eigenvectors only appear after ‘extending the scalars’,
for example replacing K = Q% by K ® C == C?.
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3.3 Dirichlet’s Unit Theorem and Compact Torus Orbits 89

Clearly J = O is a proper ideallﬂ For Theorem J = O would suffice, but
it is of independent interest to note that any proper ideal can be used as the
basis of the following construction.

So let aj,...,aq be a Z-basis of a proper O-ideal J. With this basis in
mind, we may now identify the linear map -b on K with a matrix

P(b) € Maty(Q).

We are again using row vectors so that -b : K — K corresponds to multiplying
row vectors v € Q" on the right by ¥(b). By assumption, for b € K we have

be O <= (-(b)) (a;) € J for all i <= (b) € Maty(Z),
and so also
be 0" < (b) € GL4(Z) = {g € Maty(Z) | det(g) = £1}. (3.13)
Below we will be studying the subgroup
O' = {be O | ¥(b) € SLa(Z)};

this is either O* or an index two subgroup of O, and so it suffices to show
the desired description for O!.

Proposition 3.11 (Compact torus orbit). Let vy = ¥(() € Maty(Z) and
consider the stabilizer subgroup

T;={g €SLa|gvsg~" =vs}
for the conjugation action (that is, the centralizer of vy). Then the orbit
(SLa(Z)1a) T4(R)

is compact, and

T;(Z) = SLa(Z) N'T;(R) = 4(O").

In more technical language, the subgroup T is a special case of an alge-
braic torus (it is in fact a Q-anisotropic Q-torus). Moreover, the algebraic
group T is closely related to the group g|gG, obtained by applying restric-
tion of scalars to the multiplicative group G,, — it is the kernel of the Q-split
character g on k|G- Minding our language we will not use these words
often, but we will give a short introduction to these terms in Chapter [7}
PROOF OF PROPOSITION By Proposition [3:8] we know that the orbit is
closed. We prove compactness along the lines of the proof of Proposition [3.2}
For this we need a replacement for the quadratic form, and this is provided
by the norm form

T Moreover, if O is the maximal order, then any ideal is a proper ideal.
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(b) =xkq (b) = det ¥ (b)
which is originally defined on K. Since K is a field, k|g(b) = 0 for b € K if
and only if b = 0, which is similar to the hypothesis in Proposition Let
us write

t(v) =viag + - + v4a4
for v € Q¢, so that by assumption ¢ gives an isomorphism between Z? and J
as well as between Q% and K. We also note that ¢ ot : Q¢ — Maty(Q) is
linear, and so we can extend it to a linear map

¥ : RY — Maty(R)

which also extends the norm form to the polynomial map x + det(¥(z)) in d
variables z1,...,z4 of total degree d.

Now suppose that (SLg(Z)I;) T;(R) is unbounded. Then for some m
in Z9\{0} and h € T;(R) the vector mh is very small. This implies that

| det ¥ (mh)| < 1.

We claim that
U(mh) = ¥(m)h, (3.14)

so that (in analogy to (3.5) on page |det ¥ (mh)| = |det¥(m)| < 1,
which forces detW(m) = 0 (since det¥(m) € Z). However, m € ZI\{0}
corresponding to some b = ¢(m) € J~{0} cannot have

KlQ(b) = det¥(m) =0,

proving that (SL4(Z)I4)T ;(R) is bounded, and hence compact.
To prove the claim (3.14)), and the statement T ;(Z) = 1(O') in the propo-
sition, we would like to understand T ; better. Notice that

{g € Maty | gvy =vyg} (3.15)

is a linear subspace defined by the requirement to commute with v;. To
analyze the dimensiorﬂ of this subspace we may conjugate v; over C to the
diagonal matrix vgi,e With eigenvalues

Cla .. '7<T7<T+17<T+17 . ~7<7‘+57<r+s-

As these are all different, the only matrices that commute with vgias are
diagonal matrices. This shows that the dimension of the subspace in (3.15)
is d. Hence

{9 € Maty(Q) | gvs = vsg} = P(K)

T As the subspace in question is defined by rational equations, the dimension of it as a
subspace of Maty(Q) over Q equals the dimension of it as a subspace of Maty(R) over R
(and similarly for C).

Page: 90 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58
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and taking the R-linear hull we get

{g € Maty(R) | gvs = vyg} = (W(K))g = #(R?). (3.16)
The first of these equations implies that

T/ (Z) = 6 ({b € K | $(b) € SLa(Z)}) = ¥(0")

by (3.13]).
Also notice that

P(ab) = p(a)y(b) (3.17)

for a,b € K since v is giving the matrix representation of multiplicatiorﬂ by
elements of K in the given basis. This may also be phrased as

(u(mh)) = Y ((m))h (3.18)

for m € Z? and h € ¥(K). Indeed, a = t(m) € J and h = (b) is the
matrix which sends m corresponding to a to mh corresponding to ab, so that
the left-hand sides of (3.17) and agree. The right-hand sides agree
tautologically, and so (3.18) follows. Equivalently we have shown ¥(mh) =
w(m)h for m € Z¢ and h € (K). However, this is a linear equation in h
which therefore also holds for h € ¥(R?). In summary, we obtain and
the proposition follows. O

To finish the proof of Theorem we need to analyze the structure
of ’]I‘J (R)

Proposition 3.12 (R-points of the torus subgroup). With the notation
as above,
T, (R) = M x R™71,

where M is a compact linear group with connected component of the identity

isomorphic to (S*)*.

The pair of numbers (r,s) play a similar role for T; as the signature of
the associated quadratic form does for an orthogonal group. In this sense the
result above is an analog of Theorem

PROOF OF PROPOSITION [3:12] We already did most of the work for this in
the proof of Proposition In fact, as in that proof, the group

T;(R) = {g € SLa(R) | gv; = vsg}

is conjugate tﬂ

T As K is commutative, we do not have to worry about the order of multiplication of the
matrices.

t Just as in the theory of Jordan normal forms, this follows quickly from consideration
of R? as an R[T]-module, where T acts via vz, which gives
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{g € SLa(R) | gv¢ r = verg}

where v¢ g is the block-diagonal matrix

G

_ Cr
U¢R = (Copr) € Matq(R)

o)

and ¢ is the map defined by

1+ 1Yy —> .
—yx

We use ver (instead of vgiag) to ensure that the conjugation takes place
over R, which is needed to analyze T ;(R). It is easy to check (for example,
by a dimension argument as in the proof of Proposition [3.11)) that

{g € Maty(R) | gve g = v¢ rg}

= o(b) |a,...,a. R by, ..., by €C

(by)

Therefore T ;(R) is isomorphic to the multiplicative group
{(a1,...,am,b1,...,b5) ER" x C* | ay---a|bi]?---|bs|* = 1}
which contains the non-compact part
{(e™, ... et et et ) [t 4ty + 2t e 4 2t = 0,

and this is isomorphic (as a Lie group) to R"+*~1. The subgroup M C T ;(R)
is then the subgroup isomorphic to the ‘group of signs’

{(El7"'357"7217"';zs) |<€i € {il}alzz‘ = 1751"'57" = 1}

R? = RITI/(T—¢) x - x RITI /(T —¢) x RITY/ (pe, (7)) x - x RIT]/(pe, , , (T)),

where  p¢.(T),...,p¢,,,(T) are the quadratic real minimal polynomials
of rt1,...,¢r+s € C. We refer to Hungerford [?, Ch. VII] for the details.
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U

PROOF OF THEOREM [3.10} By Proposition O' is isomorphic to a (uni-
form) lattice in T ;(R), which by Proposition is isomorphic to the abelian
group M x R"*5~1 Taking the quotient by M we obtain a uniform lat-
tice in R"**~1 which must be generated by r + s — 1 elements. Suppose
that by,...,b.1s_1 € O are elements that give rise to a Z-basis of the lat-
tices in R"**~1, Then by, ...,b,.4 s 1 generate O' up to the kernel of the map
from O! to R™+5~!. However, this kernel F' maps under 1 and the isomor-
phism to M x R"T$~1 to the compact group M (with discrete image) and so
must be finite. O

3.3.1 More on Compact Orbits for the Diagonal
Subgroup

ﬂfhe proof above, while it fits naturally into our discussion, is certainly not
the shortest proof of Dirichlet’s unit theorem. However, the set-up used here
can be used further to discuss interesting distribution properties of compact
orbits arising from number fields. For this we define the complete Galois
embedding

(b = ((bla" '7¢T}¢T+17"'7¢7‘+S) K =R xC? gRT‘-'rQS (319>

(which clearly is an embedding, since each ¢; is injective). We define (r, s)
to be the type of the number field (as mentioned this plays the role of the
signature of a quadratic form), and define T, ; to be the centralizer of a
regular matrix

aq

ar
v’l" S

.= 1(B1)
(5)

with pairwise different o; € R and §; € CNR.

Proposition 3.13 (Ideal classes and torus orbits). Let K be a number
field of type (r,s), and let O be an order in K. Then for any proper O-
ideal J C K the normalized lattice

o(J)ed

Ty =

-
(@()H/e

t The remainder of Section will not be needed again.
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has compact orbit under T, s(R). Two ideals J1, Jo give rise to the same orbit
if and only if they are ideals in the same number field (and order), and are
equivalent (that is, there exists some a € KN{0} with J; = aJs).

For the relationship above between ideal classes and compact orbits, we
need to agree on the following convention. For a given field K and all its iso-
morphic copies we agree to pick one representative, say K, and one complete
Galois embedding ¢ as in .

PROOF OF PROPOSITION [3.13] Let K = Q(¢), O, and J be given. We will
use the same notation as used in Proposition Recall that {ai,...,aq}
is a basis of J, and (replacing a; with —ay if necessary) we may assume that

1 ¢(?1)

9J = A Mi/d :
G | o

has determinant one. By construction, xz; = Z%g;; also notice that g; is up
to the scalar the matrix representation of the map ¢ from K (with the ba-

sis {a1,...,aq4}) to R" x C° (with the standard basis). Furthermore, recall
that vy = 1¥(¢) is the matrix representation of multiplication by ¢ on K (with
basis a1, ...,aq). In R x C® multiplication by ¢ corresponds to multiplying

the various coordinates by ¢1(¢), ..., ¢,(¢) and to applying the matrices cor-
responding to the complex numbers ¢,11((), ..., dr+5() respectively; that
is, to an application of a block-diagonal matrix v¢ r. This shows (as we are
using row vectors) that

Vg5 = gJUCR- (3.20)
Now v¢r is of the same type as v, and defines the same centralizer T, ,.
Therefore,

T,.=95'T;9,
since

979950 = 97 9v597 = 95101995 = Ve 9T 995

for any g € T ;. Moreover,
SLa(Z)gsTy,s(R) = SLa(Z)T;(R)gs

is compact by Proposition [3.11

Notice that if we choose a different basis of J, then this does not change the
point z; € d. Also notice that if J' = bJ for some b € K* then baq,...,bay
is a basis of J’, and using this basis we see by (which by the same
argument also holds for -b instead of -¢) that

g5 =v(b)gs = gsvp k.

Since vpr € Ty s(R) this shows that
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3.3 Dirichlet’s Unit Theorem and Compact Torus Orbits 95
Ty € xJT7',s(R)a

which is the first direction of the second claim in the proposition.

Let now J (and J') be a proper O (respectively O')-ideal in a number
field K (respectively K'), let s, x; be the corresponding elements of d, and
assume that

Ty = .’EJt

for some t € T, ;(R). By the definition of properness for an O-ideal J we
have

O={a€eK|aJ CJ}
= {ve WK))e | 2% C 2% (via v =1(a))
= {v € Maty(R) | vv; = vsv and Z% C 7}

>~ {v € Matg(R) | vv, s = v, v and zy0 C x5},

via conjugation by g;. The latter set comprises all block diagonal matrices
with entries ¢(a) for all a € O. For the lattices z; and z;, this implies
that O = O’ and hence K = K’. By the convention discussed just after the
proposition, this means that K = K’, and that the same complete Galois
embedding ¢ is used. By the argument above, this also implies that O = O’.
Suppose that ay,. .., aq is a basis of J, so that 2 ; = Z%g; as before. Choosing
the basis af,...,a}; of J' correctly gives z; = Z%g; and gy = gst. This
shows that ¢;(a}) = ¢i(a;)t; where ¢; (in R or C) is the ith entry of the
block-diagonal matrix ¢ € T, (R). This implies that

a’;
ti = @ (j>
aj
is independent of j. Hence there exists some b € K with
ti = ¢i(b)

fori=1,...,7+ s, and it follows that J = bJ. O

We remark that for a given order O there are only finitely many inequiv-
alent ideal classes of proper O-ideals. This observation makes the follow-
ing folklore conjecture (generalizing results and conjectures of Linnik) well-
formulated.

Conjecture 3.14. For a given order O in an algebraic number field K of
type (r,s), let puo be the probability measure on d obtained from normal-
izing the sum of the T, ;(R)-invariant probability measures on x;T, s(R)
for the various ideal classes of proper O-ideals. Then, as the discrimi-
nant D = ((¢(J)))* goes to infinity, all of the weak*-limit of the measures yo
are Haar measures of finite volume orbits xL for some closed linear sub-
group L C SLy(R).
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This conjecture has been shown for d = 2 by Duke [?] (using subconvexity
of L-functions, building on a breakthrough of Iwaniec [?]), and for d = 3 and
type r = 3, s = 0 by Einsiedler, Lindenstrauss, Michel and Venkatesh [?]
(by combining subconvexity bounds for L-functions with ergodic methods).
More accessible but weaker results are contained in [?] and [?].

Exercises for Section [3.3

Exercise 3.3.1. (a) Let d > 2. Show that the compact orbits of T (4 0)(R) (of type (d,0))
in d are all of the form z ;T for some proper O-ideal and some order O C K in a totally
real number field.

(b) Show that this is not the case for the type (0,d/2) (with d even).

(c) Decide the same question for the remaining cases.

3.4 Linear Algebraic Groups

In this section and in Chapter 7] we will introduce linear algebraic groups,
and will link this concept to the theory of linear Lie groups, pointing out the
obvious similarities as well as some of the more subtle differences between
the theories. We start with the basic definitions, but in order to avoid being
too diverted by this important (and large) theory, we will be brief at times.

3.4.1 Basic Notions of Algebraic Varieties

Let Kbe a ﬁel and let K denote an algebraic closure of K. A subset S C Kd
is called Zariski closed it S = Z(_#) is the variety Z(_# ) defined by a subset
or, without loss of generality, an ideal ¢ C Klx1,...,74]. A subset S C Kd is
also called Zariski K-closed if _# can be chosen in K[z1,...,z4]. The Zariski
closed subsets are the closed sets of a topology, which is called the Zariski
topology. This is easily checked:

o If S :Z(/l) and SQZZ(/Q) then 51U52:Z(/1/2).
o If S, =27Z(4,) for a € A, then

ﬂSa—Z<U /a>.

acA acA

T We will generally be interested in the cases R, Q, and @Q, but will only assume that the
field has characteristic zero a little later.
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3.4 Linear Algebraic Groups 97

IFK=R,K=C, or K= Q, then clearly every Zariski closed (or Zariski
open) subset is also closed (or open) in the usual sense. For most of the
derived properties (density, connectedness) this is not clear and indeed is
often false. We will always say Zariski open, Zariski closed, Zariski dense,
and so on, if we refer to properties of the Zariski topology. When we use the
words open, closed, dense, and so on, then this will refer to the metric (often
also referred to as the Hausdorff) topology of R?, C%, or Q¢ derived from the
norms on these spaces.

A variety (equivalently, a Zariski closed set) is called Zariski connectedﬂ
or irreducible if it is not a union of two proper Zariski closed subsets. Equiv-
alently, a variety Z is irreducible if its ring of regular functions

K[Z] = K[z1,...,24)/J(Z)

is a principal ideal domain (that is, without zero divisors).

Assume now that Z = Z(_#) is a connected variety. Then we can form the
field of rational functions K(Z) comprising all quotients 5 with f,g € K[Z]
and g # 0. The transcendence degre (see Hungerford [?, Sec. VI1.1]) of K(Z)

is the dimension dim(Z) of the variety Z. Notice that if Z = K’ then the
dimension of 7 is d, and if Z is defined by a single irreducible polynomial

fGK[xla"'vxd]

(in which case Z is called a hypersurface), then the dimension of Z is (d —1).
The following lemma further reinforces our intuition concerning this notion
of dimension.

Lemma 3.15 (Strict monotonicity of dimension). Suppose that Zy C

Zy 1s a proper connected subvariety of a connected variety Z, C K. Then
dim Z; < dim Z;.
PROOF. By definition
K(Z)] = Klz1, ..., zd]/ g1,

with _#; = J(Z1), has transcendence degree k = dim Z;. By reordering the
variables if necessary, we may assume that

T This definition does not match the topological definition of connectedness, but it will
come closer to doing so so in the context of algebraic subgroups.

t A field extension F|K has transcendence degree n if F contains n mutually transcendental
elements f1,..., fn € F (that is, elements with the property that the evaluation map

K[T1,...,Tu] 29— g(f1,.. -, fn)

is injective) but does not contain n 4+ 1 mutually transcendental elements.

Page: 97 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



98 3 Rationality
1+ - we+ 2 € K2 (3.21)

are algebraically independent, and

$k+1+f1,...,(£d+/1

are algebraically dependent on the elements in (3.21). All other regular or
rational functions in K(Z) are then algebraically dependent on the elements

in (3.21)). It follows that

K(Zl) = K(xl,...,a:k) [$k+1 =+ fl,...,l‘d—F /1]

is a finite field extension of the field of rational functions in the first k vari-
ables.

Since Zo C Z; is a proper subvariety, there exists some f € J(Z2)NJ(Z1).
As f+ _#1 is non-zero in K(Z), there exists some

g+/1 EK(xl,...,a:k) [a:k+1—|—/1,...,xd—|—/1]

such that fg + #1 = 1+ _#;. Clearing the denominators (which belong

to K[z1,...,zx]) in this relation, we find that there exists some g; € K[Z;]
such that
foo+ 1=h+ N

for some non-zero h € Kz1,...,2,) N _#(Z2). This shows that the transcen-
dence degree of K(Z) is less than or equal to k — 1. t

Assume again that Z C Kd is a connected k-dimensional variety. A
point z(9) € Z is called smooth if the ‘tangent space’ in the variables u1, . .. , uq
defined by

d
> i, (@) = (ua, .. ua) - V() =0
j=1

for all f € J(Z), is k-dimensional. The partial derivatives are defined as ab-
stract linear maps on the space of polynomials (so that the definition matches
the usual maps if K is R or C). It satisfies the usual properties (the product
and chain rules, for example) over any field K. The reader may quickly decide
which points of the variety defined by the equation y? = 23 are smooth in
this sense (and thus see why the definition makes sense and accords with ge-
ometrical intuition; see also Lemma. A variety is called smooth if every
point of the variety is a smooth point.

Lemma 3.16 (Most points are smooth). Let Z C R” be a connected
variety and suppose the characteristic K of the field K is zero. Then the set
of smooth points of Z is a non-empty Zariski open subset of Z. Moreover,
the tangent space has at no point of Z a dimension smaller than dim Z.
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The lemma should indeed be interpreted as saying that most points of a
connected variety are smooth. This is because a non-empty Zariski open sub-
set of a connected variety is automatically Zariski dense. Moreover, Zariski
dense and Zariski open subsets of any variety have a nice intersection prop-
ertyﬂ every finite intersection of Zariski dense and open subsets is again
Zariski dense and open.

PROOF OF LEMMA [3.16] Let k = dim Z, and assume again that
1+ J(2),...,72 + J(Z) e K(Z)
are algebraically independent while
Tpp1+J(2), ..., xq+ J(2)
are algebraically dependent on
1+ J(Z),...,xr + J(2).
Thus there exists, for every £ € {k+1,...,d} a non-zero polynomial
fe €Kz, ...,z NJ(Z)

of minimal degree in z, for which (viewed as a polynomial in x¢) the non-zero
coefficients do not belong to Klx1,...,24—1] N J(Z). Since K = 0, we ge

Ge =0, fo & J(2).

Using the derivative V(fy) (for £ = k+1,...,d) of these polynomials (as
equations that define the tangent space) we see that every point outside the
proper subvariety defined by the ideal

(Gks1---9a, J(2))

(that is, every point in a non-empty Zariski open subset O) has a tangent

space of dimension less than or equal to k. To see that these points are smooth

points of the variety we have to show that the tangent space is indeed k-

dimensional. We show this ﬁrstﬁ on an even smaller Zariski open subset O’.
We claim that there exists some non-zero h € K[zy,...,z4N\J with

hJ g (fk+17"'7fd>‘

T For a connected variety this is easy to see. For a general variety this follows for example
from the decomposition discussed in Lemma

T If K = p and it so happens that f; is a polynomial in z1,... ,mg,l,xé’ then Oz, fr = 0.
With more care this problem can be dealt with — we refer to Hartshorne [?] for the details.

§ We use this step below to show that we can never have a tangent space of dimension
strictly less than k, hence we cannot rely on this fact here.
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Assuming the claim we see that hf = gy f, + -+ g4_; fy, s0 that

V(hf)=V(h)f+hV(f)=
V(g1 frp1 + AV (Frpr) + -+ Vgai) fa + 90—V (fa)-

After evaluation at any point © € Z we then get
W)V (f) (@) = g1 (@)V(fry1)(@) + - + g2 (@) V(fa) (2)
which expresses V(f)(z) as a linear combination of V(f;)(z) for
j=k+1,....d
if only h(z) # 0. This shows that on the Zariski open set
0" = Z~Z(hgi+1- - ga)

every tangent space is exactly k-dimensional.

We now prove the claim. As J is finitely generated and prime, we only have
to show that for every f € J there is some h ¢ J with hf € (frt1,..., fa)-
If f € Kzy,...,241] N J, then we can take h to be a power of the lead-
ing coefficient of fiy1 (considered as a polynomial in x41 with coeflicients
in K[x1,...,2]). In fact, with this choice of h we ensure that we can apply
division with remaindetﬂ to obtain hf = afiy+1 + b where b = 0 as it has
smaller degree in xj11 than fr11 does and belongs to J. By induction on ¢
the same argument applies for any f € K[zy,...,2¢1] N J (where we will
have b € K[xy,...,2¢] N J by the same argument).

It remains to show that the set of smooth points is Zariski open and that
at no point of Z the tangent space has dimension < k. If now

2@ = (xgo),...,x((io)) cZ

is an arbitrary smooth point, or more generally a point whose tangent space
has dimension K < k, then we may reorder the variables so that the tangent
space projects onto the subspace spanned by the first K basis vectors, and
so that for each ¢ € {K +1,...,d} there exists some f, € J(Z) such that

(Vflf)g 5& 0

but
(Vf), =0
for j e {K +1,...,d{¢}. It follows that the determinant

T Formally we apply division with remainder in the Euclidean domain K(z1,...,zx) [@k41],
and later in the argument in the Euclidean domain K(z1 + J,...,z; + J)[®ey1]-
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g = det (vfé)j ’

where £,7 € {K +1,...,d}, does not vanish at the point (%), Unfolding the
definition shows that any other point

x € Oy =2 Z(g)

is also a point at which the tangent space has dimension less than or equal
to K, which is less than or equal to k.

If K < k at some point z(°), then we have found a non-empty Zariski open
subset O, on which all points have tangent spaces of dimension less than or
equal to K. However, as Z is irreducible this set would have to intersect the
non-empty Zariski open subset O’ (on which the tangent spaces are known
to be k-dimensional) nontrivially, which would give a contradiction.

Therefore, there is no point where the tangent space has dimension strictly
less than k, and so applying the argument for K = k we see that the set of
smooth points is Zariski open (and Zariski dense). O

To generalize the notion of smoothness to general varieties we need another
lemma.

Lemma 3.17 (Decomposition into Zariski connected components).
Let Z be a variety. Then Z is a finite union

=1
of connected varieties Zy, . .., Zy,, where we may and will assume that Z; € Z;
for i # j. We will refer to Zy,...,Z, as the Zariski connected components.

We claim furthermore that the decomposition into Zariski connected compo-
nents is (up to their order) unique.

We note that if Z is a hypersurface, then the claimed existence and unique-
ness follow quickly from the statement that K[z1,...,z4] is a unique factor-
ization domain.

SKETCH OF PROOF OF LEMMA [3.17} The existence of the decomposition fol-

lows from the fact that K[x1,...,2q] is Noetherian. We sketch the argument.
If J=J(Z) CKlzy,...,2z4) is not a prime ideal, then there exist

fi, fo € Kz, ... zaNJT

with fifo € J. We may define J; = (J, f1) and Jo = (J, fa). Notice
that JiJo € J C Jy N Jy. If both of these are prime ideals, then we are
done (see below). If not, then we may assume that J; is not a prime ideal,
and repeating the argument gives ideals Jy 1, J1,2. We do the same for J,
if J5 is not a prime ideal, and repeat as necessary. By the Noetherian prop-
erty this construction has to terminate after finitely many steps. In other
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words, we can always find a finite tree with ¢ at the top and prime ideals
at the bottom, as illustrated in Figure [3:1}

VN
N

Fig. 3.1 Ideals inside ¢.

If the prime ideals found are denoted Pi, ..., P,, then we have (by con-
struction of the prime ideals) that

PP, CJC()P (3.22)
i=1

This translates to the statement

If the list of prime ideals has repetitions, we simply remove the repetitions.
Also, it P, C P; for i # j then Z(P;) O Z(P;) and we remove P; from the
list. Using J = (J), we can now show that still holds for the shortened
list. Finally, uniqueness follows directly from the definitions: If P,..., P,
and Pj,..., P, both satisfy (and are minimal lists), then for every

je{l,...,m}

we have
PP, C pj{

and since P} is a prime ideal there exists some i(j) with P;;y C P;. Simi-
larly, there exists for every i € {1,...,n} some j(i) with P, C P;. Since
now P;j(;)) € P; for every i and P;(i(j)) C Pj for every j, it follows that i(-)
and j(-) are inverses of each other, m = n, and P}, = P;. O

A point 2(°) € Z of a (not necessarily connected) variety is smooth if ()
belongs to precisely one of the connected varieties Z; C Z as above, and z(*)
is a smooth point of Z;. Lemma [3.18 now says that inside every variety Z
the subset of points that are smooth points of Z is a Zariski open and dense
subset of Z.
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3.4 Linear Algebraic Groups 103

3.4.2 Properties concerning the field

One smooth K-point of a variety already gives rise to many other K-points,
if K is a local field.

Lemma 3.18 (Neighborhoods of smooth points). Let Z C C¢ be a k-
dimensional connected variety defined over R. Let (%) € Z(R) be a smooth
point. Then there exists an analytic function defined on an open subset in R¥
which is a homeomorphism to a neighborhood of (0 € Z(R). The same holds
over C or over Q, for a prime p < oo.

PROOF. Choose some fi,..., fa_r € J(Z) such that V(f;)(z(?) are lin-
early independent for j = 1,...,d — k. By choosing a new coordinate sys-
tem x1,..., 2k, Y1, - -, Yd—k (Which we will abbreviate to z,y) we can assume
without loss of generality that

By, ()@, 4 ) = 55
fori,j =1,...,d — k, and furthermore
0 (f)(,4V) =0

fori=1,...,kand j=1,...,d—k.

Applying the implicit function theorem (over R, C, or!¥) @Q,) on a neigh-
borhood of (z(?,y(®) to the equations fi(z,y) = -+ = fa_x(z,y) = 0, we
obtain (d — k) analytic functions ¢ (), ..., ¢q—x(x) which are all defined on
a neighborhood U of 2(®) such that

i (z,01(2),..., pa—k(x)) =0

for j=1,...,d — k. It remains to see why the points

(‘T7 d)l('r)a ceey ¢d—k(x))

belong to Z (this is in question because we do not know whether fi,..., fo_k
generate _#(Z)) in some possibly smaller neighborhood U’ C U.

Let
//:<f17'~‘7fd7k:>gf:f(Z)

and Z(_ 7') = Z U Z', where Z' is the union of all connected components
of Z(_#") other than Z. Here Z cannot be contained properly in a connected
component of Z' C Z(_#') since the tangent space of Z(_#') at (z(©,y(®)
has dimension k, which would contradict Lemma and Lemma |3.16)

We claim that (z(®,5®) ¢ Z’. Assuming this claim, there exists some
polynomial g € _#(Z') with g(z(®,y®) # 0. Suppose now that f € 7.
Then the product f - g vanishes on

ZUZ/:Z(//)u
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and so there exists some ¢ with (fg)® € _#’ by Hilbert’s Nullstellensatz

(Theorem . Let
U = {2 €U | g, 61(2),- -, barlz)) £ 0},

and suppose that € U’. Then

(fg)z (Ia ¢1(I)7 RN} ¢d—k(f£)) =0

since all elements in _#’ vanish on such vectors (by definition of ¢1, ..., ¢a—r).
However, since « € U’, this shows that

f (xa ¢1<x)7 SR (bdfk(x)) =0

for all f € # and x € U’, as required.

To prove the clainﬂ we will show that after removing all connected com-
ponents of Z’ that do not contain (z(®),y(©)) from Z(J') = Z U Z' we obtain
a connected variety Z” (see below for a more formal definition). Since Z
is not removed, this then implies that Z” = Z and that Z’ does not con-
tain (2(©), y(©)) as claimed.

Let R = R[z,y| be the ring of polynomials, let

M={feR|f?,y") =0}

be the maximal ideal in R corresponding to (z(?),4()), and let
Ry = {i; | f,9 € Rlz,y] with g ¢ M}

be the local ringﬂ corresponding to M (consisting of rational functions that
are well-defined at (z(?), y(9))).

Let Zy,...,Z, be the connected components of Z U Z' = Z(J') that con-
tain (2(?),y(©), and let Zj, ..., Z] be those that do not contain (z(?),y(®).
Making our definition above more precise, we set 2" = Z; U---UZ,. We now
show that

J”:(J’RM)OR:{f:§€R|p€J’,q§éM}

defines the variety Z”. Pick a polynomial ¢; € J(Z}) with qj (), y©) £ 0
for j = 1,...,b. Choose any polynomials F; € J(Z;) for i = 1,...,a. Then
by Hilbert’s Nullstellensatz (Theorem there exists some ¢ > 1 with

t A slight warning is in order. The remainder of this argument is surprisingly long, and
quite algebraic. The reader who wishes to only get a glimpse of the algebraic background
may decide to skip it, we will not need this type of argument again.

¥ A local ring is a ring with a unique maximal ideal. The ring Ry is the localization of R
at M, it is a local ring with maximal ideal M Rj,.
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4
(Fy--Faqr---qp)" € J".

Using only the definition of J”, this implies that (Fy --- F,,)* € J”. Using the
Noetherian property of R we find some ¢ > 1 with J(Z;)¢---J(Z,)* € J"
andso Z(J")CZ"=Z,U-- U Z,.

For the opposite inclusion, fix some ¢ € {1,...,a} and notice that by
definition any f € J” is of the form f = & with

and
q & M2 J(Z;),

which gives f € J(Z;). This shows that J’ C J(Z;) and so Z; C Z(J")
fori=1,...,a.

We will show the claim by showing that J” is a prime ideal (which then
gives the claim that ¢ = 1 and Z” = Z). For this we prove that f € J” if
and only if there exists a neighborhood O of (z(®),5(®) in

M = {(3},(]51(33), .. -a¢d—k(33)) | S U}

such that the restriction of f to O is zero. By the properties of ¢1,...,dq_k
any such restriction can be identified with an analytic function on a neigh-
borhood of (%) inside U, and so the restriction is uniquely determined by its
Taylor expansion at (%), Since the Cauchy product of Taylor series has no
zero—divisorsm this equivalence then shows that J” is a prime ideal.

Suppose first that f € J”. Then f = %, where p € J’ vanishes on M (by
definition of M), and ¢ does not vanish at (z(?),4()). This shows that there
is a neighborhood O on which f is well-defined and identical to zero.

Now suppose that f is a polynomial for which there exists a neighbor-
hood O of (x(o),y(o)) in M on which f vanishes. By our assumptions from
the beginning of the proof we have fj(z,y) € y; — yj(o) + M? (where M?
consists of all polynomials that vanish with order 2 or more at (z(%),y(©)).
Let n > 1 be arbitrary. We can now use the polynomials f; to express the
polynomial f as above in the form

n

f € ZF/(‘T - x(O)) +Rn+1(1',y) + J/7
£=0

where Fy is a homogeneous polynomial of degree ¢ for £ = 0,...,n and the
polynomial R, 1(x,y) € M™*! only has terms that vanish of order n + 1
or higher. This shows that >, _, Fy(z — 2(?)) is the Taylor approximation

T The Cauchy product of Yo ganz™ and Y27 bnx™ is the series Y7 cpx™ with ¢p =
Z?:o a;jb,_; for n > 0; viewed either as formal power series or as functions where they
converge, the product will only vanish if one of the series vanishes.
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of f(z,p1(x), ..., Ppa—r(x)) at () of degree n. Since f vanishes in a neighbor-
hood of (z(®,4®) in M we have }_;_, F; = 0. This shows that f € J' + M"
foralln > 1.

A corollary of Nakayama’s lemma states that

ﬁ (I+M") =1

n=1

in any local Noetherian ring with an ideal I and a maximal ideal M. We refer
to Hungerford [?, Cor. VIIL.4.7] and Matsumura [?] for convenient sources
for this result. Switching from the ring R to the local ring Rj; we see that

o0

fe () (J'By+M"Ry),

n=1

which gives f € J'Rys and so f € J”. This establishes the above equivalence,
and hence shows that J” is a prime ideal, the claim, and so also the lemma.
O

In Section we considered two notions of ‘K varieties’: A variety Z is
defined over IF, for some subﬁel F C K, if its complete ideal of relations (as
in the Hilbert Nullstellensatz Theorem is generated by polynomials with
coefficients in F. On the other, a variety is F-closed if it can be defined by
polynomials with coefficients in F.

As in any topological space, we can define a notion of closure: the Zariski
closure of a subset S C Kd is the smallest Zariski closed subset Z C Kd
containing S. This notion has many convenient properties, including good
behavior with regards to subfields. Note however, that the Zariski closure of
a subset in R? is frequently much bigger than the closure in the Hausdorff
topology.

Lemma 3.19 (Closures of subsets of F?). Let F C K be any subfield
and S C F?. Then the Zariski closure of S is defined over F.

PRrROOF. Suppose that f is a polynomial in x1,...,24 that vanishes on S.
Let V be the vector space generated by the coefficients of f over F. Let aq, ..., a,
be a basis of V over F, and write

f= Zfiai
i=1

with f; € Flay,...,24]. For any € S we now have

T We introduce this extra field for example in order to set K=R, K =C, and F = Q.
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3.4 Linear Algebraic Groups 107

and so fi(z) = 0 for ¢ = 1,...,n. This shows that the ideal of polynomials
that vanish on S is generated by those that have coefficients in F. U

Clearly a variety that is defined over K is also K-closed. In general the
converse is not true, but fortunately this problem only manifests itself over
fields of positive characteristic.

Lemma 3.20 (K-closed vs. defined over K). Suppose that K has char-
acteristic zero. Then a K-closed variety (or a variety that is stable under all
Galois automorphisms of K|K) is also defined over K.

PROOF. Let Z = Z(f1,..., fn) be the variety defined by the polynomials

f17"'7f’n EK[(Ely-"ade

and suppose that f € K[z1,...,2,4] vanishes on Z (that is, suppose that f
lies in J(Z)). Then there exists a finite Galois field extension L|K such that f
has coefficients in L.

Let o be any Galois automorphism of the extension L|K. We now claim
that the polynomial o(f) obtained by applying o to all coefficients of f also
belongs to J(Z). This is straightforward to check as follows. Since Z is K-
closed, any Galois automorphism of K|K maps Z = Z(K) onto Z. Extending
the automorphism o of L|K in some way to an automorphism of K|K we get

(@()) @) = (@(N) (oo™ @) = ( flo (@) ) =0

for all x € Z.

The claim now implies that tr(f) = >__ o(f), where the sum is taken over
the finite list of Galois automorphisms of L|K, belongs to J(Z). Clearly tr(f)
has coefficients in L and is fixed by all Galois automorphisms of L|K. There-
fore, tr(f) € K[z1,...,xq4] (this requires the assumption that (K) = 0).

We next claim that there exist elements

ai, ..., Q[L|K] el

and
GT7 e ,aEHK] S L

that are dual bases in the sense that

i 1 ifi=j,
tr(aja;) = 0ij = {0 if i+
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for all ¢,j. We then have

a= Z tr(a;a)a;,
i

which also holds for the polynomial f instead of a € IL. Since
tr(a; f) € J(Z)NK[zy,...,24]

by the argument above, the lemma follows from the claim.

It remains to construct the dual basis. Let a1,...,ag.x) € L be any basis
of L over K. By linear algebra there exists a dual basis for the dual vector
space L* over K. We claim that the map sending a € L to ¢(a) € L* defined
by

¢(a)(b) = tr(ab)

is an isomorphism of vector spaces. This may be seen as follows:

e ¢(1)(1) =tr(1) = [L: K], so ¢ is non-trivial (again since (K) = 0);
o if ¢(a) = 0 then also ¢(aa’)(b) = tr(a(a’d)) = 0 for all a’,b € L, so the
kernel of ¢ is an ideal, and the field I has no non-trivial ideals.

Thus the pre-image under ¢ of the dual basis in IL* gives a dual basis in the
above sense in L.

If the variety Z is only assumed to be invariant under all Galois automor-
phisms, then once more J(Z) is invariant under all Galois automorphisms
and so the above argument shows again that Z is defined over K. O

In the arguments above there is always an implied coordinate system in Kd
(corresponding to the variables z1,...,z4). We note that it is customary
to write A? for the d-dimensional affine space without a preferred origin,
coordinate system, or base field (so that A4(L) ~ L¢ for any field L). For
us the ambient affine space will be Maty ~ Adz, and on this space very
few coordinate changes make sense with regards to the existing (and to us
important) multiplicative structure. For that reason and also because we are
often interested in subgroups of SL; (and the orbits of the group of their R-
points), we are happy with choosing one coordinate system and discussing
subvarieties and algebraic subgroups of SLy instead of general varieties and
general algebraic groups. We will however, switch frequently from one field
to another, and as before will write Z(K) = Z(K) N Mat4(K) for the K-points
of a subvariety Z < Mat, defined over K.

3.4.3 Linear Algebraic Groups

A variety G C SLy is a (linear) algebraic subgroup (of SLq) if G(K) C SL4(K)
is a subgroup. Notice that for any subvariety Z C SL; and g € SL4(K) we
can define the translated variety gZ by the ideal
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3.4 Linear Algebraic Groups 109

N9)J(Z) = {f(g~"2) | f € J(2)}.

Here A denotes the left representation

Ng)f(z) = flg~'x)
on the space of all polynomials.

Lemma 3.21 (Smoothness). Every point of a linear algebraic subgroup is
smooth.

The tangent space at the identity is called the Lie algebra of the algebraic
subgroup.

ProOF OF LEMMA [3.21} Suppose that g € G(K) is a smooth point of the
variety G. Then one can quickly check that I = g~ 'g is a smooth point of
the left-translate variety ¢g~'G. However, since ¢~'G = G we see that I is a

smooth point of G. By the same argument, any other point is also smooth.
|

Lemma 3.22 (Connected components). Let G C SLy be an algebraic
subgroup. The connected component G° < G is by definition the unique
Zariski connected component of G that contains the identity, it is an algebraic
normal subgroup. There are points gi,...,gn € G where n = [G(K) : G°(K)]
with

n

G=|]gG"

i=1
If G is defined over K, and K has zero characteristic, then G° is also defined
over K.

As a corollary of the lemma we mention that it makes sense to talk about
the dimension of a (not necessarily Zariski connected) algebraic subgroup.
Since all Zariski connected components are translates of the connected com-
ponent G°, they all have the same dimension.

PrROOF OF LEMMA [3.22, The first statement is essentially an extension of
the argument in the previous lemma. If

is the decomposition into connected components, then there exists a point
which is contained in only one component. Translating G by one of its ele-
ments g € G(K) we may permute the connected components

G=¢g'G= U 9 Zs.
=1

Page: 109 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



110 3 Rationality

but would leave the subvariety (J, 2; ZiN Zj consisting of all points that are
contained in more than one of the connected components invariant. Therefore,
we have

Suppose that Z; = G°. If now g € G° then I € ¢g~'G°, which by uniqueness
of the decomposition gives G° = g~ 'G® for all g € G°.

We have shown that G° is a linear algebraic subgroup. If now g € Z;
for i > 1, then the same argument gives ¢~'Z; = G° = Z;g~'. In other
words,

Z; = gG° =G

is a coset of G° in G.
Now suppose that G is defined over K, and let o be a Galois automorphism
of K|K. Then o induces a permutation of the cosets ¢;G°(K) with

7 (6°(®)) = 6°(K)

since o(I) = I. As this holds for all Galois automorphisms we see that G° is
defined over K if K has characteristic zero by Lemma [3.20 O

For completeness we mention another (more general but, up to isomor-
phisms, equivalent) definition: A linear algebraic group is an affine variety
equipped with multiplication and inverse maps such that

e the multiplication and inverse maps are regular functions (from the group
to the group);

e the variety is isomorphic to a linear algebraic subgroup of SL; for some d
such that the multiplication and inverse maps correspond to multiplication
and inversion for matrices.

We note that the standard definition does not make the second requirement
above, and instead derives this property from the first via a construction
similar to the proof of Chevalley’s theorem in Section [3.4.5

Example 3.23. We list some standard examples of linear algebraic groups.

(a) G, denotes the additive group structure of the field. This is a linear alge-
braic group because (for example) it is isomorphic to the algebraic sub-

group U < SLy with
_ 1 % _
v {(17) 2],

which we saw earlier is associated to the horocycle flow if K = R.

(b) G,,, stands for the multiplicative group structure of the field. This is a lin-
ear algebraic group because (for example) it is isomorphic to the algebraic
subgroup A < SLg with

Page: 110 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



3.4 Linear Algebraic Groups 111

A(K){(aa_1> |a€K},

which we saw earlier is associated to the geodesic flow if K = R.

3.4.4 K-points of Linear Algebraic Groups

As noted before, a variety Z defined over a field K does not have to contain
any K-points (that is, Z(K) may be emptyEI), and even if it is non-empty it
may not be Zariski dense in the variety. Since a subgroup always contains
the identity the former problem cannot arise for linear algebraic subgroups.
Even more is true, as a result of the following lemma, which relies on the fact
that G is smooth at the identity.

Lemma 3.24 (Density of R-points and Q,-points). If G C SLy is a
Zariski connected linear algebraic subgroup defined over R, then G(R) is
Zariski dense in G. The same holds for K = Q,, for a prime number p < occ.

We note that the above holds much more generally, see [?, Th. 18.3]. We
will come back to this problem for the special case K = Q later.

PROOF OF LEMMA [3.24] By Lemma z® =T € G is a smooth point.
By Lemma G(R) contains the image of an analytic function of the form

d:U> ($1,...,l’k) — (:cl,...,xk,¢k+1(x1,...,xk),...,¢dz(x1,...,xk)).

(3.23)
Let Z be the Zariski closure of these real points. By Lemma we may
write

as a union of irreducible varieties. By Lemma [3.15] either Z = G or
dimZ; < k=dimG

for = 1,...n. However, the latter case cannot happen since a finite union
of varieties of dimension strictly less than k cannot contain all points

T A trivial example to have in mind here is the variety defined by the equation
22 + y2 = -1,

defined over R, and a less trivial example is the variety defined by the equation
z° + y3 =1,

defined over Q.
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D(x1,...,xk)
in . Specifically, in this case each _#(Z;) must contain some
fi € Clzy,. .., xxl,

so that every point ®(z1,...,2;) in would have to satisfy the equa-
tion f1--- f, = 0. This is a contradiction, since every non-empty open subset
of R* in the Hausdorff topology is Zariski dense (since all the partial deriva-
tives, including the Oth, of a polynomial at a point determine the polynomial).
The p-adic case is similar. O

Clearly, the group G(R) of R-points of an algebraic subgroup G C SLg is a
linear Lie group with a real Lie algebra gg(g). For the algebraic subgroup G
in SL; we have already defined a Lie algebra g, which by definition is a
complex vector space. Assuming that G is defined over R, this complex vector
space

g C sly(C)

can be defined by linear equations with real coefficients so that
g(R) = gNsly(R)
has the same dimension over R as g = g(C) has over C.

Lemma 3.25 (Lie algebras of Lie groups and algebraic groups).
Let G C SLy be an algebraic subgroup defined over R. Then the R-points

g(R) = gNsly(R)

of the Lie algebra g of the algebraic subgroup comprise precisely the Lie algebra
of the Lie subgroup G(R) C SL4(R). The same holds over C or Q, for a
prime p < 0Q.

ProOF. Using the same notation and setup as in the proofs of Lemmas|3.18
(with d replaced by d?) and Lemma we see that the tangent space
of G(R) (in the sense of manifolds or of Lie groups) is the image of the total
derivative of @ at (x1,...,x%). However, by the implicit function theorem,
this image is precisely the real subspace defined by the equations

(ul, cen ,’u,d2) . Vf](f) =0
for j =1,...,d>—k. This proves the lemma in the real case, and the complex
and p-adic cases are similar. O

The following discussion is not essential for later developments, but it may
be useful to bear it in mind. By [?, Ch. VII, Sect. 2.2, Th. 1] the set of C-
points Z(C) of a Zariski connected variety Z is connected in the Hausdorff
topology. For the R-points Z(R) of a Zariski connected variety Z over R
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this is not true. However, for algebraic groups G defined over R, the con-
nected component G(R)° (in the Hausdorff topology) only has finite index.
We will discuss this again for particular algebraic subgroups later (where
it will usually be easy to see). For now, notice that A(R)° < A(R) for A
as in Example b) has index two. Over Q, the analogous question does
not make sense, so Zariski connected is a priori the only sensible notion of
connectedness.

3.4.5 Chevalley’s theorem: subgroups and
representations

Clearly, every algebraic representation gives rise to many algebraic subgroups
by defining stabilizer subgroups (as in Section. Chevalley’s theorem(1%)
is turning this construction almost around: Given an algebraic subgroup there
exists an algebraic representation so that the subgroup can be defined via the
representation as a stabilizer of a line (instead of a point as in Section [3.1.2).

Theorem 3.26 (Chevalley). Let H < SLg be an algebraic subgroup. Then
there exists an algebraic representation p : SLgy — SLp and a D-dimensional
vector v such that

H = {g € SLa | p(g)v ~ v},

where ~ denotes proportionalit@ﬂ If H is deﬁne(ﬂ over K, then the algebraic
representation p is also defined over K, and we may choose v € KP.

As we will see the theorem is proved by transforming the defining ideal
of H (which is finitely-generated) into a single vector in a high-dimensional
vector space.

ProOF oF THEOREM [3.26] For any g € H we have gH = H and equivalently

Moreover, we also have that A(g)J(H) = J(H) for some g € SLy implies
that g € H. As the ideal is infinite dimensional we cannot use it directly. How-
ever, by the Noetherian property we know that J(H) C K[Mat,] is finitely
generated (as an ideal). Thus we can assume it is generated by polynomials
of degree less than or equal to m for some m. Write Pg,, for the space of all
polynomials in K[Mat,] of degree < m, and define

ng = J(H) n Pgm.

T Notice that proportionality is itself a polynomial condition, defined by requiring the
vanishing of all 2 X 2 determinants corresponding to pairs of components of p(g)v and of v.

¥ That is, if the ideal of relations that are satisfied on H is generated by polynomials with
coefficients in K.
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Now notice that A(g)Pgm = Pgm, for all g € SLy and that
A9)<m = J<m

is equivalent to g € H (since Jg,, generates J(H)). In other words, we have
found a finite-dimensional representation of SLy and a subspace so that H is
precisely the subgroup of SLy that sends the subspace into itself. The rep-
resentation is also an algebraic representation (which the reader can quickly
check).

What is not quite as in the theorem is that the subspace might not be a
single line. However, even that can quickly be rectified. Let £ = dim J,, and
define V = A* Py, and let v € N J<m™{0}. The algebraic representation
of SLgq on Pg,, induces an algebraic representation p on V' (check this) and
for any g € SLg the condition p(g)v ~ v is equivalent to A\(g)J<m = J<m and
hence to g € H.

If H is now additionally defined over K, then J¢,,, NK[Matg] generates J(H)
and we can choose v as the wedge of ¢ elements in J¢,, NK[Maty]. Since the
regular representation (and its £th wedge power) are defined over any field,
this proves the last claim of the theorem. O

Lemma 3.27 (Zariski closures of groups). If S C SL4(K) is a subgroup,

then the Zariski closure G = §° is a linear algebraic subgroup defined over K.

ProOF. By Lemma [3.19] we know that G is defined over K, so it is enough
to show that G(K) is a subgroup.

For any g € S we have ¢S = S by the assumption on S, so ¢G = G for
all g € S. However, as in the proof of Theorem this property of pre-
serving the variety is equivalent to the property of preserving the ideal J(G)
of relations defining G or equivalently a particular line inside an algebraic
representation of SLg.

As this is a polynomial condition (see one of the footnotes to Theorem
which holds for all g € S it must also hold for all g € G. In other words, we
have shown that ¢gG = G also holds for g in the Zariski closure of S, that is
for all g € G = G(K). O

3.4.6 Jordan Decomposition, Algebraic Subgroups and
Representations

Algebraic representations and algebraic groups have some striking differences
to the theory of Lie groups, which we will now start to discuss.

Let p be an algebraic representation of SL; (or more generally of an alge-
braic subgroup H). Then we have the following facts:
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o if u € SL; (u € H) is nilpotent, then so is p(u);
o if a € SLg(R) (¢ € H) is diagonalizable (when considered as an ele-

ment a € SL;) and has only real and positive eigenvalues, then the same
holds for p(a).

The first property is readily proved for the case SL; and K = Q or K
a local field. Indeed, if u € SL4(KK) is unipotent, then there exists some a
with a"ua™™ — I as n — oo, which implies that
" =pla"ua"") — 1
as n — 00, so the eigenvalues of p(u) (which are not changed by conjugation)
must all be 1, so p(u) must be unipotent.

The second property requires a bit more work. We also note that if the
algebraic representation is only defined on the subgroup H then neither claim
would be correct in the context of Lie theory. For this notice that the Lie
groups U(R) and A(R) are not that much different. On the one hand, the
former is connected and the latter is not, so they are not isomorphic. How-
ever, there is a surjective group homomorphism from A(R) onto U(R), and
an injective homomorphism from U(R) into A(R)° < A(R). This does not
contradict the above claims, since the two maps are basically the logarithm
and the exponential map, which are not algebraic homomorphisms.

Recall from linear algebra that every matrix g € SL4(K) has a Jordan
decomposition

g = GssGu

into a K-diagonalizable or semi-simple matrix gss € SLg(K) and a unipo-
tent gy € SL4(K). The two components gy and g, commute with each other,
and under this requirement the decomposition is unique. If K is R or C,
then gss = gposGeomp can be further decomposed into a product of two com-
muting semi-simple elements gpos; goomp € SLq(C), where the positive semi-
simple part gpos has only real and positive eigenvalues, and all the eigenvalues
of the compact semi-simple part gecomp have absolute value one. This decom-
position is also unique, and if g € SL4(R) then gy, gpos; Geomp lie in SL4(R).
If K = Qp, then a similar decomposition can be shown, and the following
results hold in that case also (see Exercise [3.4.1).

The following two results contain the claims made in the beginning of this
section in greater generality.

Proposition 3.28 (Jordan decomposition and subgroups). Let H be
an algebraic subgroup of SLg, and let g be an element of H. If g = gssgu 1S
the Jordan decomposition of g in SLq(K), then gss, gu € H also. If H is defined
overK=R (or K = C) and gss = gposgcomp s the decomposition into positive
semi-simple and compact semi-simple parts, then once again gpos, geomp € H.

Proposition 3.29 (Jordan decomposition and representations). Let H
be an algebraic subgroup of SLg, and let p : H — GLp be an algebraic rep-
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116 3 Rationality

resentation. Then p(g)y = p(gu) and p(g)ss = p(gss) for all g € H. If K is R
or C, then we also have p(g)pos = p(gpos) and p(g)comp = P(geomp)-

The proof of these results is intertwined. We will first prove Proposi-
tion [3.29| in a special case, then prove Proposition and finally obtain
Proposition [3.29] as a corollary.

PROOF OF PROPOSITION [3.:29) FOR A CHEVALLEY REPRESENTATION. Sup-
pose that p is the representation of SLy obtained in the proof of Theorem |3.26
for a subgroup H < SL4. Let ¢ = g be semi-simple, and assume (without
loss of generality, by applying any necessary conjugation to H and g) that g
is diagonal. Then it is easy to seeﬂ that A\(g) restricted to Pg,, is diagonal,
with eigenvalues given by monomials in the standard variables. Therefore all
eigenvalues of A(g) are simply products of powers of eigenvalues of g. Taking
the /th wedge representation, the same holds for p(g) = A*A(g). Let g = gu
be unipotent. If K is Q or a local field (which is where our main interest
lies), we have already shown that p(g) is unipotent. In general we may ar-
gue again step by step as above. First, show that A(g) restricted to Pgy,
is unipotent by considering monomials corresponding to the eigendirections
(resp. generalized eigendirections). Then we can show that p(g) = A“A(g) is
also unipotent.

If now g = gssgu is any element of SLg, then p(gss) is semi-simple, p(gy)
is unipotent, p(g) = p(gss)P(gu), and p(gss), p(gu) commute with each other.
This proves the claim.

If Kis R or C, then the argument above also shows that the eigenvalues
of p(gpos) are positive and the eigenvalues of p(gcomp) have absolute value
one, giving the theorem. U

PROOF OF PROPOSITION [3.28 Let H < SL,; be an algebraic subgroup and
let p,v € K” be as in Theorem Let ¢ € H so that v € K" is an
eigenvector of p(g) for the Chevalley representation. By the properties of the
Jordan decomposition, v is therefore also an eigenvector of p(g)ss = p(gss) and
of p(g)u = p(gu)- It follows that gss, gy € H. If Kis R or C, and gss = gposGeomp
then p(g)pos = P(gpos) has v as an eigenvalue. Thus gpos; Geomp € H as well.
0

PROOF OF PROPOSITION Let H < SLg and let p : H — GLp be an
arbitrary algebraic representation. Then

L= (p) C H x GLD - SLd+D+1

is an algebraic subgroup in the following way. We require the elements of 1L
to be of block form
h

g
det(g)~*

T We use the notation from the proof of Theorem m
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3.5 Borel Density Theorem 117

with h € SLg and g € GLp (by using linear equations, the condition det h =
1, and the polynomial equation that the last entry should be the inverse of
the determinant of the middle block), require h € H (by the known relations
of H), and finally g = p(h) (which is a polynomial condition by assumption
on p).

Now let h = hgs € H be semi-simple, so that

g=1 »rh) €L
det(p(h))~!

and hence by Proposition we also have

However, since hy, = Iz and L is a graph of a homomorphism, we also
have p(h), = Ip. This shows that p(h) is semi-simple if h is semi-simple.
The same argument also applies to unipotent elements (respectively, to posi-
tive or compact semi-simple elements if K is R or C). The proposition follows
from the uniqueness of the Jordan decomposition. O

Exercises for Section [3.4]

Exercise 3.4.1. Let K = Q,. Show that every matrix g € SL4(K) is the product of
commuting elements gpos, gecomp € SLd(K) where the eigenvalues of gpos are rational pow-
ers of p, and the eigenvalues of gcomp have absolute value one. Generalize the results of
Section to include this p-adic case.

3.5 Borel Density Theorem

We will show in this section a version of the Borel density theorem, %) which
will show another relationship between finite volume orbits and rationally
defined subgroups. It is the generalization of the basic observation that a
lattice 4 < R? cannot be contained in a proper subspace to the setting of
lattices in linear algebraic groups.

For the proof we will need two basic theorems, each of them fundamental
to its own subject. However, the two subjects concerned are often — in the
context of this book wrongly — considered far from each other. Concretely, we
will need Poincaré recurrence from ergodic theory (in some sense the pigeon-
hole principle for ergodic theory, see Theorem and Exercise , and
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Chevalley’s theorem from the theory of algebraic groups (see Theorem ,
and will combine these with the facts derived in Section [3.4:6] This approach
goes back to work of Furstenberg [?] and Dani [?].

Theorem 3.30 (Borel density theorem). Suppose that H < SLg is an
algebraic subgroup defined over R and suppose that I' < H(R) is a lattice.
Then

(1) If H s semi-simplcﬂ such that H(R)® has no compact factors then I is
Zariski dense in H. If H is only assumed to be semi-simple then the Zariski
closure of I' contains all non-compact factors of H(R)® (and possibly some
or all of the compact factors).

(2) In the general case, the Zariski closure L < H of I' contains all unipotent
elements of H(R) and more generally all elements of H(R) that only have
positive real eigenvalues.

For the proof we will also need the following simple observation from linear
algebra.

Lemma 3.31 (Convergence to some eigenvector). Let g € SL4(R) have
the property that all its eigenvalues are real and positive, and let

be a finite-dimensional algebraic representation (obtained, for example, from
Chevalley’s theorem). Then for any w € RP\{0} there is some v € RP with

1

T (g )w — v € RP
lo(g™)wll

as n — 00, and v is an eigenvector of p(g).

PRrROOF. By Proposition if g is unipotent then p(g) is also, and if g has
only positive eigenvalues then the same holds for p(g). Given w € RP\{0},

we may write
w = Z wy # 0,
A>0

where each wy is a generalized eigenvector for the eigenvalue A\ and the
map p(g). Then there is some largest eigenvalue Ay with wy, # 0 (and
hence wy = 0 for any A > Ap). Also notice that ||p(¢g"™)w,]| is asymptotic
to A"nF) for some k(A\) = 0 (this may be seen by looking at the Jordan
normal form of p(g), see also the argument below). Thus

1 1

Nl T Totg

Tt (g"wr,) =0

T A linear algebraic group H is semi-simple if it is Zariski connected and its Lie algebra is
semi-simple. Notice that this does not imply that H(R) is connected as a manifold.
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3.5 Borel Density Theorem 119

as n — oo. This reduces the problem to the case of a single eigenvalue, and
hence (by canceling the eigenvalue) to the case of a unipotent matrix

1
A= Ep(g)lv“

acting on the generalized eigenspace V), of p(g) for the eigenvalue Ar,. Choos-
ing a Jordan basis of A, we may assume that A is a block matrix

Ay
A= .
Ay
where each
11
Ai = E .
11
1

We split w = wy, into components ), w® corresponding to this block de-
composition, and apply A; to the vector

wl?
w® — :
wf?
to obtain
S0\ () Tt () ) ()
1 .
AP : = o )
w® wiy +,w;i n
k w(’)
Kk

If now w® # 0, then the above is a vector-valued polynomial whose entry
of highest degree is in any case the first row corresponding to the eigenspace
of A;. Since this holds for each i, the lemma follows. O

PROOF OF THEOREM [3.30,, PART (2). Let g € H(R) have positive real eigen-
values, let L be the Zariski closure of I' < H(R) < SLg(R) and let

p:SLgy — SLp

and w € RP be the Chevalley representation for L = Stabgy, (Rw) as in
Theorem By Poincaré recurrence we have for almost every « € I'\H(R)
a sequence ny; — oo with xg™* — = as k — oco. We now switch this conver-
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gence to the group level as follows: for almost every h € H(R) there exist
sequences ng — 00, £ — e, and Y, € I' with yxhg™ = heg for all k > 1, or
equivalently with
Ve = herh ™ hg™ ™ h 7L
——
—e

Applying this group element to w gives

1 1 ()
T W = p(Yn)w
[|wl] [ ()|

= i hg™™h™Mw =
5 Tothg ey P9 = e

where we have used the fact that I' < L(R) fixes Rw by definition,

and Lemma It follows by the same lemma that w is an eigenvector

of p(hgh~1) for almost every h. Taking h — e shows that w is an eigenvector
of p(g) also and so g € L(R). O

PROOF OF THEOREM PART (1). Let H° = H(R)° be the connected
component of the set of real points of H. Let F' be a non-compact almost direct
simple factor of H°. Then F contains a one-parameter unipotent subgroup U,
and we can apply Part (2) of the theorem to U and to all its conjugates, which
together generate a normal connected subgroup of F' (and hence all of F').
Thus L(R) contains F. We may apply this for all non-compact almost direct
factors of H, which then proves the second claim in Part (1).

This also proves the first claim in Part (1) since by the above L and H
have the same Lie algebra and hence have the same dimension. However, H
is by assumption connected and so . = H follows. O

Exercises for Section [3.5]

Exercise 3.5.1. Let Q be a real non-degenerate quadratic form of signature (p,q) in d
variables with p > ¢ > 1. Suppose the orbit SL;(Z)SO(Q)(R) has finite volume. Show
that a multiple of @ has integer coefficients.

3.6 Irreducible Quotients

In this section we classify lattices in semi-simple groups into reducible and
irreducible lattices, and derive interesting density results (in the standard
topology) from the Borel density theorem (which gives weak Zariski density).

Definition 3.32. Let G be a connected semi-simple Lie group. A lattice I' <
G is called reducible if G = Hy-H can be written as an almost direct product
of nontrivial connected Lie subgroups Hi, Hy < G such that I7 = I' N H;
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3.6 Irreducible Quotients 121

is a lattice in Hy and I = I' N Hy is a lattice in Hy. The lattice is called
irreducible if it is not reducible.

Examples of reducible lattices are of course very easy to find, for exam-
ple SLy(Z) x SLa(Z) is a reducible lattice in SLa(R) x SLo(R). Irreducible
lattices are a bit more difficult to ﬁncﬂ but for now we only note that, for ex-
ample, SLy(Z[v/2]) can be made into an irreducible lattice in SLy(R) x SLa(R),
see Exercise B.6.1

Corollary 3.33 (Dense projections of irreducible lattices). Let
G = H H, C SL4(R)

be an almost direct product of the connected components of the groups of R-
points Hy, Hy C SL4(R) of two semi-simple algebraic groups defined over R.
We assume furthermore that G has no compact factors. Let I' < G be an ir-
reducible lattice in G, and suppose that Ho is non-trivial. Then the projection
of I' to

G/C(G)Hy = Hy /C(Hy)

is dense in Hy/C(Hy).

PROOF. We note that G is also the connected component of the group of R-
points of its Zariski closure. In fact if H;, Hy are the algebraic groups giving
rise to Hy, Hy then G = H;H, is an algebraic group defined over R with G =
G(R)°. Also if F'<1G is any connected normal subgroup, then F' = F(R)° for
a normal algebraic subgroup F <1 G. In fact, if g = f + ' is a decomposition
of the Lie algebra g of G into the Lie algebra f of F' and a transversal Lie
ideal f' of g, then F = Cg(f')°. Therefore we may apply the Borel density
theorem (Theorem for G or any of its normal subgroups.
Write
Ty - G — G/C(G)HQ = Hl/C(Hl)

for the projection map. There are two cases to consider: either 71(I") is dis-
crete or it is not.

DISCRETE IMAGE IMPLIES REDUCIBILITY. If 71 (I") is discrete and By C H; is
a fundamental domain for the discrete pre-image of 71 (I") in H; and By C Hy
is a fundamental domain for I' N Hy in Hy, then we claim that B1By C G
is an injective domain for I'. Indeed, if v € I, b1,b] € By, and by, b, € By
satisfy yb1by = bjbh, then this identity modulo Hy < G gives

("}/HQ) (blHQ) = b/1H2

Interpreting this in H; gives
nb1 = b}

T By definition any lattice in a simple group is irreducible, but let us discuss a more
interesting example.
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for some n with 71(n) = m(y). By our assumption that By is a fundamen-
tal domain, it follows that b; = b}. Multiplying vbiby = b}b, with by we
get vbe = by and v € Hy. Now by = b, and v = I by the injectivity assump-
tion on Bsy. Hence B1 By C (G is an injective domain for I', and has finite
Haar measure since I is a lattice by assumption. This also implies thatﬂ each
of By and B has finite Haar measure. This implies that ' N Hs is a lattice
in HQ.

By the Borel density theorem (Theorem applied to I' N Hy C H,
there is a finite collection {71,...,7,} C I' N Hy such that

COnts-vy ) = {h € Hy | ik = oy for i = 1,...,n}

is the center C(Hsz) of Hs. In fact, we may choose y; € I' N HoNC'(Hz) and
then successively choose 79, ... so that at each stage

Cyiseeym) S COnye e s Ym—1)-

By the Noetherian property, we must find some n with
C(ys-- s 7m) = C(I'N Hy).
Since I' N Hy is Zariski dense in Hs we deduce that

C(’YD cee a’yn) = C(HQ)

as required.
We claim that this implies that

mo(I') C H2 /O (H>)

must be discrete as well. In fact, if wo() is sufficiently small but non-trivial,
then by construction

[ﬂ'g (7)7 T2 (r)/m)] 7’é I

for some m € {1,...,n}, and then
[Vsvm] € HoN T

is very close to an element of C'(H3) but does not belong to C'(Hz). How-
ever, C(H>) is finite (it is zero-dimensional because its Lie algebra is trivial).
This contradicts the assumed discreteness of I, so w2 (") must be discrete as
claimed.

The claim establishes a symmetry between H; and Hs in the above dis-
cussion. Applying the argument above to H; we also see that I' N H; is a
lattice in H7. In other words, we have shown that I is a reducible lattice.

T As G is the almost direct product of H; and Hg the Haar measure mg is, in the same
sense, also almost the product of the Haar measures mp, X mg,,.
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SHOWING DENSITY. This shows that we may assume that 71(I") is not
discrete. Let
F=nl (m(r)) N H,

be the pre-image in H; of the closure of 71 (I"). Clearly I' stabilizes the Lie
algebra f of F'. By the Borel density theorem (Theorem applied to the
lattice I" in G, the same holds for G > H;. It follows that f<b; is a Lie ideal
in the Lie algebra b, of Hy.

If §f = by, then we get the desired density of m1(I") in Hy/C(Hy). So
suppose that §f # b1, and define H{ to be the almost direct product of all
factors of H; whose Lie algebra is not contained in f. Also define H) to be
the almost direct product of Hy and all factors of H; whose Lie algebra is
contained in f. Since f # by, the group Hj is non-trivial. If 7} denotes the
analogous projection for the almost direct product G = HyH} then we see
that

m(I') € Hi/C(HY)

is discrete. By the first argument in the proof, this implies that I" is a reducible
lattice. Therefore irreducibility of the lattice implies that f = b1 and the result
follows. O

While Corollary [3.33) gives interesting results for irreducible lattices, it can
also apply in a weaker (potentially trivial) form to reducible lattices. This
is because every reducible lattice can be ‘reduced’, or ‘almost decomposed’
into irreducible lattices as follows. If I" < HyHs is a reducible lattice such
that I'N H; < H; is a lattice for ¢ = 1,2, then

(C'NH)(I'NHy))CT
is also a lattice in H1Hy and so has finite index in I'. Studying now
I'NH; < H;

we may obtain an irreducible lattice, and if not we may repeat the decom-
position step as before. Ultimately we find finitely many irreducible lattices
(that are potentially lattices in simple groups).

In this context the following notion is useful. Let I'; 4 < G be two sub-
groups. Then we say that I' and A are commensurable if I' N A has finite
index in both I and A.

Our interest in the notion of irreducibility is clearly explained in the fol-
lowing corollary.

Corollary 3.34 (Mixing of semi-simple groups). Let G be the connected
component of the group of R-points of a semisimple algebraic group defined
over R. Suppose that G has no compact factors. Let X = I'\G be the quotient
by an irreducible quotient of G. Then every almost direct factor of G acts
ergodically and the action of G is mixing with respect to the Haar measure mx
on X.
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PRrROOF. By the Howe-Moore theorem for semi-simple groups (Theorem,
it is sufficient to show that every simple factor acts ergodically.
So let F' <1 G be a (non-trivial) simple factor of GG, and suppose that

F.B=BCX

is F —invariantm
Let
mx G —X=I\G

be the natural factor map, and let Bg = 7' (B) C G be the set in G
corresponding to B. By the properties of B we have BgF = Bg, or equiv-
alently Bg = 7~ }(n(Bg)) if 7 : G — G/F denotes the projection map. By
construction, I'Bg = B¢ and so n(I")w(Bg) = 7n(Bg).

Recall from [?, Prop. 8.6] that, for any two Borel sets By, By C G/F
with mg/p(B1)ma/r(B2) > 0, the set

{gF € G/F ‘ mag/F (gFBl ﬂBg) > 0}

is non-empty and open.

We may apply this to the sets By = w(Bg) and By = G/F~rn(I).
Since 7(I") is dense in G/F by Corollary we deduce that either m(Bg)
has zero measure or its complement does. Since G is the almost direct prod-
uct of F and G/F, we see that either Bg or its complement has zero measure
in G. It follows that either mx(B) = 0 or mx(X~B) = 0 as required. O

Exercises for Section [3.6]

Exercise 3.6.1. Let D > 1 be a non-square integer, and for
a=a+bvD e Q(VD)

let @ = a — bv/ D denote its Galois conjugate. Now let

SL2(Z[V'D]) = {g = (a“ a12> | @11, 12, a1, a2z € Z[VD], det(g) = 1} .
Q21 022
and consider SLa(Z[v/D]) as a subgroup of SLa(R) x SLa(R) using the diagonal embedding
2 : SL2(Z[VD]) — SL2(R) x SL2(R)

g= (a” a12> — (9,9)

Q21 22

where

t By [?, Prop. 8.3], we may assume the strict invariance F'+B = B rather than the a priori
weaker invariance in the measure algebra mx(gcBAB) =0 for all g € F.
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G— 011 012
Q21 Q22 )
(a) Show that I"' =1 (SLQ(Z[\/B})) < SL2(R) x SL2(R) is a discrete subgroup.
(b) Show that I' is a lattice in SLa(R) x SLa(R).

Notes to Chapter 3

(10) (Page Almost any algebra text will cover this material, for example Gerstein [?]
or, for the more sophisticated aspects of the algebraic theory, see Lam [?].

(11) (Page The word signature is used in various ways, all meaning that the number
of +1s, —1s (and in the degenerate case 0s) can be reconstructed from the signature (and
the dimension). The fact that the signature is a property of the form itself is Sylvester’s
law of inertia [?].

(12) (Page [79) Hilbert [?] proved this in his development of invariant theory.

(13) (Page [87) This was shown by Dirichlet [?] in 1846 for the ring Z[¢] (the understanding
that this may not be the ring of integers in Q(¢) for an algebraic integer ¢ came later, and
of course the rank is not affected as Z[¢] has finite index in the ring of integers). We refer
to the paper of Elstrodt [?] for an account of the history.

(14) (Page The history, and various generalizations, of the implicit function theorem
may be found in the account by Krantz and Parks [?]. The p-adic implicit function theorem
may be found in the notes of Serre [?, p. 83].

(15)(Page A modern proof from a sophisticated point of view is given by Conrad [?],
and the original proof in Chevalley [?]. Any book book on algebraic groups will contain a
version of the theorem (possibly not under this name).

(16)(Page Borel [?] proved this for semi-simple Lie groups without compact factors;
generalizations and simplifications have been provided by Furstenberg [?], Moskowitz [?]
and Dani [?] among others.
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Chapter 4
Quantitative Non-Divergence

In this chapter we will show that a unipotent trajectory cannot diverge to
infinity in SLg(Z)\ SL4(R). In fact we will show that unipotent orbits have
‘no escape of mass’, or in other words have ‘quantitative non-divergence’.
The former result was shown by Margulis [?] in his work on the arithmeticity
of lattices, and the latter is Dani’s refinement [?], [?], [?]. About 20 years
later the argument was further refined by Kleinbock and Margulis [?] and
Kleinbock [?], and applied to various Diophantine problems. As a corollary we
will also obtain a special case of the Borel Harish-Chandra theorem [?]: G(Z)
is a lattice in G(R) if G is a semi-simple algebraic group defined over Q.

4.1 The Case of SLy(Z)\ SL2(R).

We first describe a case that is both easy and familiar: horocycle orbits on
2 = SLy(Z)\SL2(R).

We refer to Section or [?, Ch. 9] for the background and to [?, Ch. 11]
for a more detailed proof.

4.1.1 A Topological Claim

In the hyperbolic description of 2, the topological non-divergence claim is
particularly easy to see.

Lemma 4.1 (Non-divergence for 2). For any x € 2 the horocycle or-
bit uz-x does not go to infinity as t — oo, nor as t — —oo.
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128 4 Quantitative Non-Divergence

PROOF. Every z € 2 corresponds to a point (z,v) € T(H) with z chosen in
the usual fundamental domain, which we denote by F', for SLy(Z) in H (see
Section . To prove the lemma we find for a given x a compact set K and
a sequence t, — oo with u;, -z € K for all n > 1. If x is periodic under the
action of {u; | ¢ € R} then the orbit is compact and we may take

K ={up-z |t € R}
and obtain the claim trivially. Otherwise, we may take
K ={(z,v) | z € F,S(z) < 1}.

Then it is easy to see (from the geometric picture of the horocycle flow) that
there exists some ¢; > 0 with u;, -z € K, as illustrated in Figure In fact,

N

v

Fig. 4.1 A horocycle orbit returns to K.

the horocycle orbit is a circle touching R. Hence it moves up and then down
again, returning to K. Now consider the point u:, 11-, and apply the same
argument to find some ty > t; + 1 with u,-x € K. Repeating the argument
proves the lemma by induction. U

4.1.2 Non-escape of Mass

While the topological statement in Lemma above was easy to derive
from the hyperbolic geometry of horocycle orbits, the quantitative claim is
more difficult to see from this geometric picture. Hence we will switch the
description and think of 2 as the space of unimodular lattices in R2.
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Proposition 4.2 (Quantitative non-divergence for 2). A point x € 2
is either periodic for the horocycle flow 07E| has the property that there exists
some T, > 0 such that for alle >0 and all T > T, we have

%l{t €10, T) | utex & 2()} K €. (4.1)

Here we are using |A| as a shorthand for the Lebesgue measure of a sub-
set A C R, and the notation

20 ) ={z €2 | M(z) 2 ¢}

introduced in Section [1.3.3l

PROOF OF PROPOSITION Suppose that z is not periodic, and assume
first that the lattice A, associated to = has no vectors of length less than 1.
Fix T > 0 and define, for every vector v € A,~{0} a ‘protecting’ intervals

Py = {t €[0,T]| flou; || < 1}.
Notice that if v = (v1,v2), then

lou—ll = [[(v1, v2 — tv1)||
= /v? + (vg — tvy)?, (4.2)

and so P, is a subinterval of [0,T]. If v € A,~{0} is large enough (how
large depends on T'), then P, is trivial. Hence there are only finitely many
non-trivial intervals. As the unimodular lattice A,u_; cannot contain two
linearly independent vectors of length strictly less than 1, these intervals can
only intersect if they are associated to linearly dependent vectors. To rule
even this out, we choose within every A-rational line (that is, every line Rv
with v € A4,{0}) one and only one primitive vector in the lattice (that is,
a vector v € 4,0} with RvN A, = Zv). Let v, ... v be the resulting
list of pairwise linearly independent primitive vectors, so that P; = P,u) and

PU---UP, ={t€[0,T)| A1 (ug-z) <1} (4.3)
Now let € > 0 and define the ‘bad’ set
Bf = {t € [0,T] | Jou_i| <e}
fori=1,...,n. We see that

BiU.---UB; ={t€[0,T] | Ai(up-z) < e}

 Note that the distinction of the two cases is absolutely necessary here: If U-z is a periodic
orbit that is stuck high up in the cusp (equivalently a periodic orbit of short period), then
the estimate (4.1) cannot hold uniformly for all e < 1.
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is precisely the set whose measure we wish to estimate. For this, we claim
that
|Bi| < €|Pi (4.4)

fori=1,...,n.

Summing this up, and using the disjointness in , the estimate (4.1))
follows at once (for the case at hand, A\ (z) > 1, and with T,, = 0).

To see the claim we estimate both |Bf| and |P;| in terms of |v(®].
To simplify the notation we fix some i € {1,...,n} and drop the sub- and
super-scripts. Notice first that we may assume ¢ < % (for otherwise is
trivial) and hence |vi| < § (for otherwise B; is empty and is trivial).

Thus, since A;(x) > 1 by definition and 1) we have |va| > \/g and

Py={t € [0,7] | |(vrvo)uy || < 1}
= {75 € 10,7 vz —tor]| < /1~ (”1)2}

> {te 10,77 | vs — tv1] < \/E}

On the other hand we clearly have

B; C{t€[0,T]]| vz —tv1| < e}

vut

rl J
vuT

2

Fig. 4.2 The ut-orbits of points v € R? travel at linear speed (determined by v1). Thus
the set B of bad times where |[vu:|| < € is always a < e-fraction of the protecting set P
where |Jvug| < 1.
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Since vy — tvy is linear in t with slope —v; as a function of ¢, it follows
that either B; = @ (this happens, for example, if |v1| > €) or

P> ( i—;) for |1

Here we subtract 3 to also handle the case where |[vu_r|| < 1, i.e. the right

end point of the interval {¢ | [vy—tvi] < \/é} is to the right of [0, T']. Similarly
we get
|Bz| < 2€|’Ul‘71.

Therefore (4.4) (and so also ) follows for any T > 0 and any = € 2

If now zg € 2 is non-periodic but otherwise arbitrary, then there exists
some Ty > 0 for which z = ug,-z¢ has A1 (z) > 1 by choosing Tj such that the
(unique up to sign) primitive vector vy € Ay, with ||vo|| < 1 has ||vou_r,| =
1. Let

0= min Aj(usx),
t€[0,To]

and let T, be chosen with
To .
T;I; X ©0-
Now let € € (0, 1] be arbitrary and T' > T,.. If ¢ < ¢¢, then
{t €[0,T] | ur-x ¢ 2()} = {¢t € [To, T) | us-x & 2(¢)},

and applying the first case to ug,-x gives (4.1)) in that case. If on the other
hand € > ¢¢ then the first case applied to ur,-z,

{t €[0,T][ue-z ¢ 2(e)} € [0, To] U{t € [To, T] [ ez ¢ 2(e)},

and % < g < € again gives 1) completing the proof. O

Corollary 4.3 (Non-escape of mass for 2). If x € 2, then every weak*-
limit of the collection of measures

T
{;/0 (g dt}

1 a probability measure on 2.

Exercises for Section [4.1]

Exercise 4.1.1. Prove Corollary [4:3]

Page: 131 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



132 4 Quantitative Non-Divergence

4.2 The Case of 3 = SL3(Z)\ SL3(R)

The proof for the generalizations of Proposition[£:2]and Corollary [£:3|becomes
significantly more involved for d with d > 3. We start with the case d = 3
because it is easier to envision and because it already contains all the main
ingredients of the general case.

4.2.1 Non-Escape of Mass for Polynomial Trajectories

Even though we are primarily interested in unipotent trajectories, we will
prove a more general claim allowing for general polynomial orbits of the shape

SL3(Z)p(t)
for t > 0 or for t € [0, 7] for some T > 0, where
p: R — Mats(R)

is a polynomial map taking values in SL3(R). We say that p has degree no
more than D if each matrix entry is a polynomial of degree no more than D.
Notice that if {u; | t € R} is a one-parameter unipotent subgroup (of which
there are precisely two up to conjugation in SL3(R)) with Lie algebra Ruv
then p(t) = gu_y = gexp(—tv) is a polynomial in ¢ for any g € SL3(R). Hence
a unipotent trajectory is also a polynomial trajectory. This generalization
comes more or less for free in the sense that it does not complicate the proof
significantly, while the generalization does have interesting consequences.

Much like a short periodic orbit for the horocycle flow on 2, there is always
the possibility that there are ‘rational reasons’ for a polynomial trajectory to
remain stuck in the cusp in the following sense. There could be a vector v € Z3
with vp(t) = vp(0) for all £ and with ||vp(0)|| being small, or there could be a
rational plane V' C R? with Vp(t) = Vp(0) for all ¢ such that the co-volume
of Vp(0) NZ?3 is smal]ﬂ in which case there always exists for every t € R a
short vector in (V N Z3)p(t), which may depend on ¢.

T If Vp(t) = Vp(0) for all ¢t € R, then
volume (Vp(t)/(Z3 N V)p(t)) = volume (Vp(())/(Z3 N V)p(0))

for all t € R. If p(t) = gu—_¢ is the parametrization of an orbit under a one-parameter
unipotent subgroup, this is clear as the restriction of the unipotent subgroup to the
invariant subspace Vg is again unipotent. In general, /\2 p(t) sends by assumption the
line in /\2 R3 corresponding to V to one and the same line for every t. If the co-volume
of (Z3 N V)p(t) inside Vp(t) is not constant, or equivalently if A% p(t) applied to an el-
ement w of AV C A?R3 is not constant, then w A% p(t) = (w A?p(0))h(t) for a non-
constant R-valued polynomial h(t). As h(t) has a complex root, we get a contradiction

to A2 p(C) C SL(A?C3).
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Similarly, a finite piece
Ip(t)

for ¢t € [0, T)] of the trajectory would surely be entirely far out if there were a
vector v € Z3 with

lop(B)I < 7
for all t € [0, 7], or if there is a rational plane V C R? for which

volume (Vp(t)/(V N Z)p(t)) < n?

for all t € [0,T].

As the last volume expression looks quite complicated but expresses the
simple concept that we are studying the volume of the deformed plane with
respect to the deformed lattice inside it, we now define some abbreviations
for such expressions. For any d > 2 and any given discrete subgroup A < R¢
(possibly of smaller rank) we write (A) as shorthand for the volume of RA/A.
Also if a polynomial p(t) € SL4(R) is given, we define for the study of the
polynomial orbit Z4p(t) the expression

(V,t) = (V nZ)p(1))

for any rational subspace V C R<.
To avoid the above mentioned ‘rational constraints’ for d = 3 we assume
that there is some n < 1 such that

sup [lvp(t)[| = n (4.5)
t€[0,T
for all v € Z3~{0}, and
sup ((VNZp(t)) = (4.6)
t€[0,T)

for all rational planes V' C R2. Using our abbreviation we could combine
these two estimates into the assumption that

sup (V1) > ytimV
t€[0,T]

for any rational subspace V' C R3. This unified treatment of all intermediate
subspaces will be our view point in the general case, see Section but will

also play a role in the proof of the following theorem(7?).

Theorem 4.4 (Quantitative non-divergence for 3). Suppose that the

piece I'p(t), t € [0, T] of a polynomial trajectory satisfies (4.5) and (4.6]) for
some n < 1. Then, for e € (0,7],
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£\ 1/2D
e 0.1 o0 ¢ 360 <o ()

where p is a polynomial of degree no more than D.

Remark 4.5. (1) The alternating tensor product A*(R3) may be identified
with R? by choosing (for example) the basis e3 Aes, e3 Ae and e Aes where
as usual eq, s, ez is the standard basis of R3. This way the map

(v,w) € R® x R?* v Aw € \’R?
is identified with the exterior product
(v,w) €R® x R? — v x w € R,

The linear map
Ap(t) : N*(R?) — \*(R?)

is then the linear map with
ei Aej— (eip(t)) A (esp(t))

for 1 < 4,5 < 3. It is again a polynomial (of at most doubled degree) with
values in SL (/\Q(RP’)). Moreover, note that the co-volume of Zwv, +Zuvy equals
the area of the parallelogram spanned by v; and v, or equivalently the length
of v1 A vy (identified with the exterior product vy X v2).

(2) As we will see in the course of the proof, the exponent 2D can be replaced
by any ¢ > 1 with the property that ||vp(t)|| for v € R? and [[w A® p(t)]|?
for w € A*(R3) are polynomials of degree no more than 2¢. Notice that the
choice ¢ = 2D has this property. In the case of the orbit of the one-parameter
unipotent subgroup given by

1—t
pit)=g| 1
1
we may take ¢ = 1, while for that defined by

1 —t 3¢
pt)=g| 1 —t
1

we may take ¢ = 2.
(3) There are two ways in which one can establish the assumptions (4.5)
and (4.6)), and both are important in applying Theorem

(a) Given p and T, one can find 7 > 0 with the desired property, for example
by taking
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7 = min {Al(Z3p(O)), aQ(Z3p(O))} )

(b) Given p such that vp(t) is non-constant for any v € Z3 and also Vp(t)
is a non-constant subspace for any rational plane V C R2, one can find
some Ty > 0 such that for T > T, we can use nn = 1. In fact, there are only
finitely many vectors v € Z3 with |lvp(0)|| < 1, and for each of them vp(t)
is non-constant and hence there must be some T such that holds
for T > Ty and n = 1. The argument to establish is similar.

4.2.2 A Lemma About Polynomials

We now prove a lemma which replaces the argument involving the linear
function vy —tv; in the proof of Proposition 4.2 (see in particular Figure 4.1)).

Lemma 4.6 (Small values of polynomials). Let p € R[t] be a polynomial
of degree L, and fir T > 0. Then for every e > 0,

1
e 0.7) 1 1p(t)] < ellplroo}] <z e/, (4.7)

where

[pllT,00 = sup |p(t)
te[0,T)

The situation is illustrated in Figure for the polynomial p(t) = t*.

etl

et2 T

Fig. 4.3 The graph of p(t) = tI for L = 4 shows that the left-hand side of |) can
indeed be of the size e/ L.

The main property of polynomials that will be used in the proof of The-
orem is Lemma A function or family of functions p : [0,7] — R
i&m polynomial-like of degree no more than L, or simply is of degree no more

f The more common, but less informative, terminology is (C, a)-good, where a = % and C
is the implied constant.

Page: 135 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



136 4 Quantitative Non-Divergence

than L if p satisfies the conclusion of Lemma [{.6] and the implied constant
does not depend on the particular function p if a whole family of such func-
tions is being considered. We will not pursue this generality here, and instead
refer to the papers of Kleinbock and Margulis [?] and of Kleinbock [?].

PROOF OF LEMMA [4.6] By induction we may assume that the lemma already
holds for all polynomials of degree less than L. The claim of the lemma is
invariant under the following transformations:

e Replacing p by mp.
e Replacing T by 1 and at the same time p(t) by p(tT) for ¢t € [0, 1].

Thus we may assume without loss of generality that 7= 1 and [|p[/1,00c = 1.
Let a1,...,a, € R and z1,771,..., 2,25 € CN\R be the list of real zeros and
pairs of complex conjugate zeros of p, listed with multiplicity so that

r+2s=0L.
Let b € R be the leading coefficient of p, so that
P(E) = bt —ar) -+ (= ap)(t — 21)(t — 1)+ (t = 2)(t — Z5).
Suppose first that |a;| > 2. Then we have

t*&l
ai

1<<‘ <1

for all ¢ € [0,1]. Hence the claim for p is equivalent to the claim for the
polynomial

B(t) = bar(t — a) -~ (t = ar)(t — 22)(t = 71) -+ (£ — 24)(t — Z5)

of degree L —1 (with different multiplicative constants). Similarly, if |z1] > 2,

then

(t—z)(t =)
Z121

1<<’ <1

for all ¢t € [0, 1], and we may reduce the claim to a polynomial of degree L —2.
Thus we may assume that

la1l, ..., lar], |21l - -y |2s] < 2.
Now for ¢ € [0, 1] we have
[t —a;] <3and |t —2z| <3
fori=1,...,rand j=1,...,s. It follows that

1= [lpll1,00 < [B[3". (4.8)
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Suppose now
{t €[0,1) | lg(t)] < e} < e"/* (4.9)

holds for all € > 0 and the polynomial

o) = (6= ) (6= @)t = 2)(t = 70) - (0 = =) = ) = 3p(0)

Then, since [p(t)| < e implies |q(t)| < %, we get from (4.8)-(4.9) that

e\ /L L
(e 0.7] o) <&} <z () <3<
and so the lemma.
It remains to prove (4.9)). Suppose that t € [0, 1] has distance at least gl/L

from any of the zeros
A1y voyQpyZ1, 21525, Rs-

Then clearly |q(t)] > e. On the other hand the elements ¢ € [0,1] with
distance less than '/ from a; (respectively z;) lie in an interval of length at
most 2¢'/%. This gives , with 2(r + s) < 2L as the implied constant. As
discussed above, the lemma follows. O

4.2.3 Protection Arising From a Flag

The most important feature that makes the proof of Proposition eas-
ier than the case of SL3(R) considered here is the fact that a unimodular
lattice 4 < R2 cannot have two linearly independent vectors of length less
than one. This gave automatic ‘protection’ from short vectors: if there is a A-
primitive vector of length less than one, and this vector is not tiny, then no
tiny non-zero vector can exist in A. Using this we defined protecting intervals
which were automatically disjoint.

This property of only one short vector is manifestly false for unimodular
lattices in R3. For example, the lattice

A, = %Zel + %Zeg + n?Zes

is unimodular for any n > 1, and contains two linearly independent vectors
of length % What we need to discuss in order to get a similar protection
phenomenon in R3 are flags.

A flag in R? is a collection comprising a line

Vl = RUl)
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a plane
Vo = Rvy + Ruy D V7,

and so on up to a hyperplane
Va1 = Va—a + Rog_1 D Vy_o.
We also write Vp = {0} and V; = R%.

Lemma 4.7 (Protection coming from flags). Let A < R? be a unimod-
ular lattice, and let

Vo={0}CViCVoC---CV;=R?

be a flag of A-rational subspaces. Then

where ({0}) = (4) = 1.

This gives the desired protection in the following sense, illustrated for the
case d = 3: If (AN V7) is of size roughly ¢, and (AN V3) is of size roughly 2,
then A does not contain vectors that are much shorter than e.

PROOF OF LEMMA [4.7 Let v € A be chosen with norm [[v]| = Ay (4). If v
does not lie in V;_1, then the co-volume of

ANV +Zv CRY

is equal to (AN Vy_q) - [|7(v)|, where 7 : R — V- is the orthogonal
projection. In particular, since the co-volume of A 2 ANVy;_1 + Zv is 1, we
have

1= (A) < (ANViy + Zv)
= (ANVa_1)[lx ()]
< (AN Vgl

which implies the lemma in the case v ¢ V1.
Suppose now that v € ANV, 1 but v ¢ V; for some i € {1,...,d}. As
before,

(ANVigr) < (ANV; + Zv)
= (ANVi)|Ix(v)]|
< (AnVy)vll,

where 7 is the appropriate projection, and the lemma follows immediately.
|
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To handle the lack of disjointness of the protecting intervals for individual
vectors or subspaces we are also going to use a simple'®) covering lemma.

Lemma 4.8 (A covering lemma on intervals). Let I C R be a compact
interval, and let Py, ..., Pg C I be a finite collection of compact sub-intervals.
Then there exists a subcollection of these intervals Py, ..., Pju) which are
nearly disjoint in the sense that

k
> 1py,, <2 (4.10)
(=1

while still having the same union,

k K
U P = Pn (4.11)
=1 n=1

None of the selected intervals Py is strictly contained in any of the other
intervals Py, ..., Pk.

PROOF. Let
K
U:Um
n=1

and note that we may remove from the finite collection of intervals any inter-
val P, which is properly contained in any other interval of the list without
affecting the set U. Below we construct our subcollection of intervals from
the remaining ones with a simple greedy algorithm, which will immediately
imply the last claim in the lemma.

Let P, = [an,by] for n =1,..., K, and let dy = minU. Among all inter-
vals P, with a, = dy, there is one with maximal b,,. We select this interval
first, writing d; for its endpoint so

Pj(l) - [do,dl].

If d; is an interior point of U then we list all intervals containing d; and
choose once again an interval whose right-hand end point is largest among
all those containing d;. Formally,

dy = max{b, | a, = dp},
dy = max{b, | an, < dy <b,} >di,

and

P](l) = [dO;dl},
Pj2) = Pn = [an, da],
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where we pick some n as in the definition of ds.

If ds is again an interior point of U we continue in the same way until we
come to a boundary point of U. At this stage we may restart the process with
the next biggest element of U if there is one, or finish the process of selecting
intervals if U has no remaining points to the right of the right end point of
the last selected interval.

By construction, at each stage of the selection of the intervals

Pjqay, -5 Pj

we have
¢

U Pjry = U N (=00,bj()),

r=1

giving (4.11)). Moreover, the only selected interval other than Pj(;y that can
intersect non-trivially with Pj(;) is Pj(g), since if

Pijay NPy # @
for some £ > 2 then a(y) < di, dy is an interior point of U, and
bjey > bja) = du

(since £ > 2). Hence bj; < do by our choice of dy, which forces £ to be 2.
Repeating this argument gives (4.10) as required. O

4.2.4 Non-Divergence for 3 — Obtaining Protecting
Flags

In the course of the proof we will treat 1- and 2-dimensional subspaces on
the same footing, so we will use the notation V' uniformly for both from now
on.
PROOF OF THEOREM [4.4] Assume that p : [0, 7] — SL3(R) has the property
that

(V.t)°

is polynomial of degreeﬂ no more than 2D for every rational subspace V' C R3.

Furthermore, let n < 1 satisfy (4.5)) and (4.6, and fix € € (0, n].
FIRST STAGE PROTECTION INTERVALS: Notice that there are only finitely
many rational subspaces V C R? for which

(‘/Y, t) < ndimV

T We will here use this meaning of the parameter D, rather than the one used in the

theorem (see Remark [4.5).
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for some ¢ € [0, T)]. For each of those subspaces V' we define the intervals Py ;
fori=1,...,¢y to be the set of maximal subintervalslﬂ of

{te[0,T]| (V,t) < ptimVy,

Notice that by maximality of the subintervals and the assumptions (4.5
and (4.6) we have (V,t) = n¥™V for at least one of the endpoints of each of
the intervals Py ;. In particular

sup (V,t) = pdimV, (4.12)
tePy,;

This defines a collection of closed intervals Py,; where we vary both V and :.
Applying Lemma to this collection and the interval [0, 7], we obtain a
nearly disjoint subcollection

Py,...,P,

of these intervals with

m
UUr.=Ur
Vo r=1

and with

m

Z 1p, <2.
=1

We write V, for the subspace that gave rise to the interval P, = Py, ;, for
some i, € {1,...,0y.}. As this subspace alone does not give protection (since
Lemma needs a complete flag and we only have one subspace), we need
to do another search for a compatible subspace as follows.

SECOND STAGE PROTECTION INTERVALS: Suppose first that V. for

re{l,...,m}
is a line. Consider now the intervals
PV,i N P’r‘

for all rational planes V' C R? that are compatibleﬁ with V... Now apply the
covering lemma on P, to this collection to obtain nearly disjoint subintervals

Pr,17---aPr,n(7‘) CP.

with

T As each such subinterval accounts for two roots of the polynomial equation (V, t)2 =
n2dimV “there can be at most D such intervals.

t That is, with V, C V.
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n(r)

U Upvmpr = U P, NP,

VrCV, ¢ s=1
plane

Similarly, if V,. for r € {1,...,m} is a plane, then we obtain nearly disjoint
subintervals
Pr,la-“aPr,n(r) CP.

defined by compatible rational lines V' C V,. with

n(r)

U UPVJ- NP, C U P..NP,.
s=1

VCVr, 4
line
In both cases n(r) = 0 is possible.

Just as we denote by V,. the subspace that gave rise to the interval P,., we
also write V,. ; for the subspace giving rise to P, ; and i, s for the correspond-
ing index so that P. s = Py, ;.. NP

By construction V, and V, ; are compatible (that is, they define a complete
flag in R?) for all r and s. We will show that the intervals

Pl;"'aPnhPl,la”-vPl,n(l)v---aPm,la'”aPm,n(m)

together give the desired protection.
BAD SUBSETS: We now define for ¢ > 0 the associated bad subsets of the
intervals above:

(re)={te P | (V,,t) < endimVT_l} ,
(r,s,€) = {t €P | (Vist) < 677dimv“'*71}

and the union

m n(r)
= ([raulrse)

ESTIMATE OF BAD SUBSET: By Lemma applied to|f|
(Vi 1)?
on the interval P, we get
c 1/D
o< (5)inl. (113)
n
by (.12).

T Note that (V;.,t) is in general not a polynomial, but (V;., t)2 is a polynomial.
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4.2 The Case of 3 = SL3(Z)\ SL3(R) 143

To prove the same for (r,s,¢) we need to show an analogue of
for P, s = Py, i, . N P.. For this, notice that by Lemma (from the first
application that gave rise to Py, ..., Py, ..., P,;,;) none of the intervals Py, _ ;.
can contain P, properly — let us refer to this as the non-containment. If both
end points ¢ of Py, ;. . satisfy (V;,s,t) = ™ Vs (because they are in (0, 7)),
for example) then (due to the non-containment) one of them must be in P,
and so

sup (Vis,t) = ndim Vrs (4.14)
teP,

If, on the other hand, we have (V;.,t) < n4™Vrs for one of the endpoints
of Py, .. (this endpoint would have to be 0 or T'), then the other will have

to be in P, (due to the non-containment) and we again get (4.14]). Therefore,
using Lemma together with (4.14) as a replacement for (4.12) gives as

before
2\ /P
[(r,s,8)| < (n> |Pr sl (4.15)
Since the intervals P, ; C P, are all nearly disjoint we get

n(r)

S|Pl <2IP| < [P (4.16)
s=1

Thus we may take the union and use (4.13)), (4.15) and (4.16]) to obtain the
estimate

n(r)

(@I< Y | ol + Dl s.e)l

r=1
c 1/D m
<(5) 2wl
N r=1
1/D
<2(5> T,
n

P,...,P,C[0,T]

since the intervals

are nearly disjoint.
PrROTECTION: We now show that

{t € [0,T]| SL3(Z)p(t) ¢ 3(e)} € (e), (4.17)

for all € < n, so that the estimate above then implies the theorem.
Suppose therefore that ¢ € [0,T] has the property that Z3p(t) contains
an e-short vector vp(t). Since € < 7, this shows that ¢ belongs to one of
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144 4 Quantitative Non-Divergence

the protecting intervals defined by V' = Rv. Hence we must have ¢t € P, for
some r € {1,...,m} by choice of these intervals.

If V=V, then we have t € (r,e) C (¢). If V, is a line but V # V,,
then V' + V.. is a subspace compatible with V,. and

(V + Vi t) < (Vi) (Vi t) < en <.

Therefore ¢ € P, N Pyy,; (for some i) and so ¢ € P., for some s €
{1,...,n(r)} by construction. We have obtained a complete flag: V,. C V.
with

te P.NP,.

Suppose now that V;. is a plane. Recall that

We may assume that V C V.. For if V. +V,, = R? 7 < 1 and ¢ < 1 (which
we may assume) then we get a contradiction to the unimodularity of the
three-dimensional lattice. Therefore, t € P, N Py; for some ¢ and so there
must exist some s € {1,...,n(r)} with ¢ € P, 5. Once more we have obtained
a complete flag: V. s C V, witht € P, N P, ;.

Hence it remains to consider the case t € P and t € P, 5. Let us also
assume, for the purposes of a contradiction, that

t ¢ (r,e)U(rs,e).

Hence
E,],]dlm V,.—1 < (V;«,t) < 77d1m Vr

and
dim V,. s — di Vi
877 m Ve s 1 < (‘7-, ) t) g 7,] m Vi s

and together V,. and V,. ; define a flag in R3. Lemma may now be applied
to show that

A1 (Z°p(t)) > min (5, ni) — e,

in contradiction to the assumption on ¢. This proves the claim (4.17), and
hence the theorem. (]

4.3 The General Case of d = SL4(Z)\ SL4(R)

Let us now state and prove the general version of the non-divergence theorem
(using the abbreviations and tools introduced in the last section).
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4.3 The General Case of d = SL4(Z)\ SL4(R) 145

Theorem 4.9 (Quantitative non-divergence for d by Margulis, Dani
and Kleinbock?)). Suppose that

p: R — SL4(R)
is a polynomial and T > 0 is such that

sup (V,t) = ndimV (4.18)
t€[0,T)

for some n € (0,1] and all rational subspaces V. C Re. Assume further-
more that 2D is an upper bound for the degrees of (V,t)? for all rational
subspaces V.C R%. Then, fore € (0,7],

1 € /D
FHe 0TI Tote) £ de < (£) (419)

PRrOOF. The proof comprises the following steps:

(1) iterated construction of protecting intervals and partial flags;
(2) definition and estimate of the bad subsets;
(3) reaching the conclusion by combining the established properties.

INDUCTIVE STEP TO CONSTRUCT PROTECTING INTERVALS: Suppose we are
given an interval I C R and a ‘partial flag’

F={{0}CVicVhC - CVi CRY}
of rational subspaces of R¢ with 0 < k < d — 1 such that

sup(Vj, 1) < ™"
tel

for j=1,...,k and

sup(V, ) = nt™V (4.20)
tel

for any rational subspace V < R? that is compatibleﬂ with .%. Initially we
have k = 0 and is precisely the assumption of Theorem 4.9

Now consider all rational subspaces V' < R? that are compatible with the
partial flag .%. For each such subspace split

{tel|(v.t)<n™"}
into its connected components, giving rise to subintervals

Pya,....Pyg,.

T This means that V ¢ & and .# U {V'} is again a partial flag or a flag.
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146 4 Quantitative Non-Divergence

Varying both V and the second index, we may apply Lemma [£.8]to obtain a
finite nearly disjoint subcollection

Pi,...,P,

of these intervals with the same union, so

U terimo<ai={r
r=1

V compatible
with

and and union is nearly disjoint so that

m

S IR <2/

r=1

Let us write V,. for the subspace that gave rise to the interval P, = Py, ;_ for
some 7.
On each of those sub-intervals P, we have the new (maybe partial or
complete) flag
7 U{V;}

with

sup (‘/, t) < ndimV
teP,.

for all V. € .Z U {V,}. Now let V be either V,. or a rational subspace that is
compatible with .# U{V,.}. In particular, V' is compatible with .# and so was
considered in the construction of the subintervals

Pi,...,P,CI

By Lemma [£.8] this shows that P, is not strictly contained in any of the
subintervals
Pyi,....Pvy,

defined by V, so that (by the same argument that lead to (4.14)))

sup (V, ) > nimV
teP,

respectively

sup (Vp,t) = ndim Ve, (4.21)
teP,

ITERATING THE CONSTRUCTION: As hinted at before, we start the iterative
construction with I = [0,7], % = {} and k = 0. By (4.18) the inductive
hypothesis is satisfied, and the inductive step above defines intervals

P,....P.
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and subspaces
Vi,oo, Vi

On each of the intervals P, for i1 = 1,...,r, the partial flag #;, = {V;, }
satisfies the inductive hypothesis so that the inductive step can be repeated,
giving rise to intervals

P, C P,

1,02 =
and partial flags
yilin = yil U {‘/;1,i2}

for a compatible subspace V;,. In general, let us write

1= (il,...,ik)
for the multi-index arising,

Pf = }D’il,. Sk
for the intervals arising, and

F = Fiy,.in

for the flags or partial flags arising. The construction stops when, for a given
interval P; and partial or complete flag .%; there is no compatible rational
subspace V for which

{tep|(vit) <n™™V}
is non-empty, and certainly stops if .%; is a (complete) flag. This may be

thought of as a finite graded tree labeled by the intervals and the flags or
partial flags, as illustrated in Figure 1.4

Fig. 4.4 Inductive construction of the intervals and flags.

DEFINITION OF BAD suBseTs: For any (P, .%;) as constructed above, we
define the following bad subset

(@e)={te P | (Vat) <en™V}.
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148 4 Quantitative Non-Divergence

Taking the union we define

= U @9

T=(i1,..eyig),
k>1

ESTIMATE FOR BAD SUBSET: Applying Lemma to the interval P; and
the polynomial (V4,t)? (using (4.21)), and the definition of (7,¢)), we get

1/D
|(2,e)| <p (;) | Py (4.22)

We now have to induct backwards to obtain the desired estimate for (¢). In
fact we claim that

1/D
U (@drseeesdo)ie)| <ap <;> Py (4.23)

(jlv---vjs)

If {P;, %;} is a bottom leaf of the tree in Figure then this is the
same bound as (4.22)). If, on the other hand, it is not then we may assume
that (4.23)) already holds for (7, j;) for all j; = 1,2,.... Therefore

U ((iajlwﬂajs)g) <|(515)|+Z U ((@jlw"ajs)g)

(jl»--~7js) (.7’27---7]'5)
A\ N
<d,D () [P + () Z | P, |
n n n

by (4.22)) for (7,¢) and the inductive hypothesis. Since the intervals
P, Pm C B

are nearly disjoint we also have

Z |P57j1| < |F,
J1

which concludes the inductive step. For 7 = & (the root at the top of the
graded tree) this shows

2\ /P
)] <ap (n) T (4.24)
CONCLUSION OF THE ARGUMENT: It remains to show that

{te[0,T1] I'p(t) ¢ d(e)} € (e), (4.25)
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since (4.24) then proves the theorem. Suppose therefore that

I'p(t) ¢ d(e),

or equivalently that there exists some vector w € ZIN{0} with ||wp(t)|| < e.
Since € < n we have t € Py ; for W = Rw and some j. Hence ¢ lies in P;,
for some i;. If t € (i1,¢) C (&) then we have shown for this value of ¢.
So we may assume that ¢ ¢ (i1,¢). For the sake of the induction to come we
continue the argument in greater generality.

Suppose we have shown (or rather, reduced the problem to the case) t € P;
but endm V-1 < (V,#) < ¥V for all V € F. Write

Fr={icVa G- CVi}
and assume that a € {1,...,k} is maximal with respect to the property
W =Rw Z V,.

This implies that _ .
(Va + Wt) g ndlm V“E < 77d1m Va

and so V, + W ¢ % and V, + W is compatible with .%; (since it contains V,
and is contained in V,11). In other words, .%; is not a complete flag and ¢
belongs to one of the intervals defined by V, + W, so that ¢t € Py, 5, ., for
some igy1. If t € (7,ip41,¢) then we are again done. That is, we have the
same situation as before and can repeat the argument.

The iterative argument above will only stop when ¢ lies in (). Since every
time the argument repeats we know that we only can have had a partial flag
at the last stage, it can take at most d iterations to reach the conclusion.

O

Corollary 4.10 (Non-escape of mass for d). If x € d and
{us | t € R} < SLg(R)

is a one-parameter unipotent subgroup, then every weak*-limit of the collec-

tion of measures
T
{%/ (ug)o0, dt | T > o}
0

s a probability measure on d.

PROOF. Let A, < R be the lattice corresponding to x € d, and define

n:min{M\lgkgd}

Fix an arbitrary ¢ € (0,7] and choose some f € C.(d) with
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150 4 Quantitative Non-Divergence
Lgey < f<1=14

By Theorem [£.9] we have

€ /D 1 /7
1-— — < = ) dt <1
C<77) T/o f(ut$>

for some constant ¢ = ¢4 p. Now choose a weak*-convergent subsequence of

the measures
1 T
— 0, dt
T /0 (ut),

. 1/D
RONIIT
n d

for the limit measure y. Since f < 1 this shows that

p(d) = 1—C<€>1/D.

to obtain the bound

n

As e € (0,n] was arbitrary, the corollary follows. O

4.4 Closed Orbits (often) Have Finite Volume

In this section we return to the discussion of orbits H.x for a connected
subgroup H < SLg(R) and point z € d = SL4(Z)\ SLg(R). Recall that H
is called semi-simple if its Lie algebra is semi-simple, and that this implies
that H is an almost direct product of normal simple subgroups (which may
be compact or non-compact; see Section. We say that the subgroup H is
unipotent if H can be conjugated into the strict upper-triangular subgroup

which implies that its Lie algebra is nilpotent. For these subgroups we can
give another connection between the property of having a closed orbit and
the property of having an orbit of finite volume. In fact we will prove a partial
converse to Proposition |1.12

Theorem 4.11 (Borel Harish-Chandra theorem, Part I). Let x € d,
and let H < SL4(R) be a connected subgroup which is semi-simple or unipo-
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4.4 Closed Orbits (often) Have Finite Volume 151

tent. If the orbit H.x is closed, then it has finite volumeﬂ In the case H is
unipotent, the orbit is compact.

We refer to Exercise[d.4.2]for an immediate corollary (which is the standard
way of phrasing the Borel Harish-Chandra theorem) and to Section for
the general case of the theorem (which requires a few more definitions from
the theory of algebraic groups).

PROOF OF THEOREM [4.I1] FOR SEMI-SIMPLE SUBGROUPS. Let
H = Hl e HéHcompact

be the almost direct product of simple non-compact normal factors Hy, ..., Hy
and a compact normal semi-simple subgroup Hcompact as in Section Now
choose, for each H;, a non-trivial unipotent one-parameter subgroup

U, = {ul(t) | te R}
and define the diagonally embedded unipotent subgroup
U = {ui(t)ua(t) - un(t) | t € R},

By Theorem this subgroup U < H satisfies the following form of the
Mautner phenomenon: If H acts unitarily on a Hilbert Spaceﬂ JC and a
vector is fixed by U, then the same vector is fixed by H; --- Hy.

Now choose a compact set K C H.x of positive volume with respect to
the H-invariant Haar measure mg., on the orbit H.x C d (as in Propo-
sition applied to Stabpg(z)\H). Since K C d is compact, we can find
some 71 € (0, 1] such that

g (Ax) P nk
fork =1,...,dand any z € K. Now apply Theorem[d.9|to find some € € (0,7
with

St e 0.7] | uew ¢ d(e)}] < (4.26)

for all T > 0. Since Hcompact © H is compact and H-x is closed, we have
that (see Proposition [1.13])

d(e)Hcompact NH.x
is a compact subset of the orbit H.z, and so
f = ]]'d(e)Hcompact 6 LQ(H-LE’ mH-z)

is square-integrable with respect to mpy.,. We define

T That is, the orbit supports a finite H-invariant measure.

t In this instance, the Hilbert space will be L2(Hx, mp.z).
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152 4 Quantitative Non-Divergence

f(y) —hmmf—/ f(ugy)d
- n—oo N

Notice that

1 2
ﬁ/o fugez) dt

1 n n
( ) =— /O /0 i g, y) f(uyy) dmpr. (y)
L2(mpes T

<IIfII3

L2(mpgeg)
<N 1Z2 (mpgen)-

Hence, by Fatou’s lemma, we get

51 e = [, timint (5[ e )de.m@)
< lim inf / ( / f(ut-y)dt) dmr..(y)
n=o0 JH. \1 Jo

< ||f||%2(my.m) < 0,

or equivalently f € L2(myp..).

We can now finish the proof quite quickly. Since f € L?(mpg..) is -
invariant for all ¢ € R by construction, it is also Hy - -+ Hy-invariant by the
Mautner phenomenon (Theorem . Furthermore, f = L1y(c)H gmpace 15 0
variant under Hcompact Dy definition. Since u; commutes with Hcompact, it
follows that f is also invariant under Heompact- Since H = Hy -+ - HeHeompact
and f € L?(mpy.,) we see that f = c is equal my.,-almost everywhere to
some constant c. By definition and we have ¢ > % and so

g (Hew) = | f122 .,y < 00
implies that H-z has finite volume. O

PROOF OF COROLLARY [£.I1] FOR UNIPOTENT SUBGROUPS. In the proof of
Corollary for the semi-simple case it was convenient that we could find
one one-parameter unipotent subgroup that satisfied the hypothesis of the
Mautner phenomenon for ‘most’ of H. In the unipotent case we have instead
to use finitely many one-parameter unipotent subgroups U; = {u;(t) | t € R}
for j =1,...n that together generate H.

Let K C H-z be a compact set. Then, finding first > 0 and then ¢ € (0, 5]
as above, there exists a compact subset L C H.x (where L = d(e) N H-x,
relying on the assumption that H-.z is closed) such that

St 0.T) u()y ¢ L < (427)

for all y € K. Now let f = 11, € L?(mpy.,) and
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fily) = f(y) —hmmff/ flur(t

n—oo N

so that f1 € L?(mpy.,), f1 is Uj-invariant, and f;(y) > % for all y € K.

Suppose now that for j < n we have already shown that for any compact
set K C H-.x there exists some f; € L?(mpy.,) which is Uj-invariant, Us-
invariant, and so on up to Uj-invariant, and satisfies f;(y) > (3)7 for all y €
K. If j = n then the function is H-invariant and the theorem follows as
before.

So suppose that j < n and let K C H.r be a compact subset. Now
choose L C H-zx as in but for u;(t) instead of u(t). Next apply the
inductive hypothesis to L to find a function f; € L?(mpg.,) which is invariant
under Uy, Uy, ..., U; and satisfies f;(y) > (3)? for all y € L. We define

fi1(w) = £() = hmmff/ J(ury)d

n—oo n

By construction of f;, L, and fj41 we know that f; 11 € L*(mpy..), that fj1
is Uj41-invariant, and that f;41(y) > (3)71! for all y € K. However, at first
sight it may not be clear why f;1 is still invariant under U; for ¢ =1,...,j
(since U; may not commute with U;1). Here the Mautner phenomenon (The-
orem comes to the rescue. In fact, by Theorem f; is actually
invariant under a normal subgroup N <t H containing Uy, ..., U;. Therefore

wjr1(t)ui(s) = ns wjya(t)

foralli=1,...,j, and s,t € R, and some n,; € N. This shows that

filujra(Oui(s)-y) = fi(nsujr1(t)y) = fi(ujp1(t)y)

for mp.,-almost every y. Integrating over ¢ € [0,n] and taking the limit
infimum as in the definition of f;;1, we get

fir1(ui(s)-y) = fi+1(y).

This concludes the induction and so also the proof of the first statement
Corollary for unipotent subgroups.

It remains to show that H.x is compact. Note that any unipotent subgroup
of SL4(R) has a nilpotent Lie algebra and so can be conjugated into the upper
triangular unipotent subgroup by Engel’s theorem ([?, Thm. 1.35]). On the
upper triangular unipotent subgroup the logarithm map is a polynomial with
a polynomial inverse, and H consists of all points that image in the Lie
algebra of H. Hence we see that a unipotent connected subgroup H consists
of the R-points H = H(R) of an algebraic subgroup H over R. Now assume
by conjugating H by g € G, where = SL4(Z)g, that x = SL4(Z). Then
the Borel density theorem (Theorem implies that H NSL4(Z) is Zariski
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dense in H, which in turn implies that H is an algebraic group over Q. Hence
the Lie algebra of H is a rational subspace of sl3(R) and by Theorem (3.9 we
see that H.SL4(Z) is compact. O

Exercises for Section [4.4]

Exercise 4.4.1. Let Q be a real non-degenerate quadratic form of signature (p,q) ind > 3
variables with p > ¢ > 1. Suppose that the orbit SL4(Z) SO(Q)(R) is closed. Show that a
multiple of @ has integer coefficients.

Exercise 4.4.2. (20) Let G < SLg be a semi-simple or unipotent algebraic group defined
over Q. Show that G(Z) = G(R) N SL4(Z) is a lattice in G(R).

Notes to Chapter 4

a7) (Page This result, or rather its higher-dimensional counterpart in Section has
a long history; see Margulis [?], [?]; Dani [?], [?]; Kleinbock and Margulis [?]; Kleinbock [?].
(18) (Page [139) This is a simple special case of the Besicovitch covering lemma (see [?1).-
(19) (Page [145) As mentioned before, this result has a long history; see Margulis [?], [?];
Dani [?], [?]; Kleinbock and Margulis [?]; Kleinbock [?].

(20) (Page This is a special case of the Borel Harish-Chandra theorem [?].
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Chapter 5
Action of Horospherical Subgroups

The inheritance property of ergodicity in the Mautner phenomenon (Theo-
rem established in Chapter [2[already gives the equidistribution of many
orbits.

Indeed, if a simple Lie group G acts ergodically on (X, u) and

{90 |teR}CG

is an unbounded one-parameter subgroup, then

;/OT flova)dt = [

for p-almost every x € X, for any f € C.(X). This is a straightforward
application of the pointwise ergodic theorem (see [?, Cor. 8.15 and Sec. 4.4.2]
and Lemma . A point x € X with this property is called generic for p
and the one-parameter subgroup {g; : t € R}.

In this short chapter we start the discussion of unipotent dynamics by
considering the case of horospherical actions. For those actions we will show
unique ergodicity, and sometimes ‘almost unique ergodicity’, and we will
understand the distribution of orbits of any given point.

5.1 Dynamics on Hyperbolic Surfaces

Let us start by discussing briefly the case of the geodesic flow and the horo-
cycle flow on quotients of SLa(R) as introduced in Section

We note first that for the geodesic flow it is not possible to make a more
general statement about the equidistribution of orbits by relaxing the require-
ment that the point be u-typical. Indeed, if g = a; is diagonalizable, then
the flow is partially hyperbolic and as a result X contains many irregular

155



156 5 Action of Horospherical Subgroups

orbits. As this result can be considered of negative type we will not prove it
here, but see Example resp. [?, Sec. 9.7.2] for a more detailed discussion
of the case of the geodesic flow on the modular surface.

Ezample 5.1. ®YFor a compact quotient X = I'\ SLy(R), the action of the
one-parameter subgroup

e~ t/2
{at = ( et/2> |te R}

has many orbits that stay on one side of the dotted line in Figure [5.1

Amm’4ﬁL»

Fig. 5.1 There are many orbits under the action of A that stay on one side of the dotted
line furthest to the right.

We also refer to Exercises for the behavior of the geodesic flow
and higher dimensional analogues.
This is in stark contrast to the behavior of orbits of the horocycle subgroup

{%(ﬁ)ueR}

in the compact surface X: the orbit of every point under this group action
visits the right-hand side at some point (much more is true, as we will show
below).

Hedlund [?] showed in 1936 that the horocycle flow on any compact quo-
tient I"\ SL2(R) is minimal (that is, has no non-trivial closed invariant sub-
sets) and that Haar measure is ergodic. This was strengthened by Fursten-
berg [?] in 1972 and by Dani [?] in 1978, who showed the following theorems.

Theorem 5.2 (Unique ergodicity of horocycle flow). If X = I'\ SLy(R)
is compact, then the horocycle flow (i.e. the action of the subgroup)

{%z(ﬁ)weR}

Theorem 5.3 (Almost unique ergodicity of horocycle flow). If

1s uniquely ergodic.

X = SLz(Z)\SI@(R)
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(or another non-compact quotient of finite volume) then a probability mea-
sure m on X that is invariant and ergodic for the action of

{us=(1i>|S€R}

e the Haar measure mx on X inherited from the Haar measure on SLa(R);
or

e a one-dimensional Lebesque measure supported on a periodic orbit of the
action.

is etther

L short

long

Fig. 5.2 In the upper half-plane model of SL2(Z)\ SL2(R), the speed of a periodic horocy-
cle orbit increases with the height, so the two different periodic orbits shown are of different
lengths. The longer periodic orbit could also be drawn in the fundamental domain, but it
would look very complicated.

We will prove Theorem in Section [5.2] and give an outline of the proof
of Theorem 5.3 in Section

Exercises for Section [5.1]

Exercise 5.1.1. (Anosov shadowing for SL2(R)) Let X = I'\ SL2(R) be the quotient
of SL2(R) by a discrete subgroup I' < SLa(R).

(a) Let z € X, T > 0,e > 0 and y € X be chosen with d(ar-z,y) < e. Then there
exists a point z € X with d(z,2) < e Te (and so d(at-z,a12) < ¢ for t € [0,7T])
and d(a¢*y, ar+¢+2) < € for all t > 0. Also show that there exists some § with |§| < e such
that d(asys+y, arte+2) < et forall t > 0.

(b) Assume now that X is compact (for example, as in Figure[5.I) and use (a) to construct
non-periodic orbits as in Example@
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158 5 Action of Horospherical Subgroups
Exercise 5.1.2. (Anosov closing for SLa(R)) Let X = I'\ SL2(R) be as in Exercise [5.1.1]
Let z € X and T > 1 be chosen so that d(ap+z,z) < e < 1. Show that there exists a
point z € X which is periodic with period T’ satisfying

IT. -T| < €

and
d(atez,at+2) < e

for all t € [0,T].

Exercise 5.1.3. (Anosov shadowing for G) Let G be a connected Lie group, let I' < G be
a discrete subgroup, let X = I'\G, and let a € G be such that Ad, is diagonalizable with
positive eigenvalues.

(a) Let # € X, N > 1,¢ >0 and y € X be such that d(a™ +z,y) < . Then there exists a
point z € X, some A < 1 (independent of z,y and I') with

d(amez,a"z) < XN "¢

forn=20,...,N and
d(@N Tz, a™y) < e

for all n > 0.
(b) Assume that X has finite volume and a acts mixingly on X with respect to mx.
Construct non-periodic irregular orbits by iterating (a).

Exercise 5.1.4. (Anosov closing for X = I'\SL4(R)) We let X = I'\ SL4(R) be any
quotient by a discrete subgroup I' < G = SL4(R), and let A be the subgroup of G of
positive diagonal matrices. Let a € A be a non-trivial element.

(a) Suppose that € X and N > 1 are such that d(a’V,7) > 1 but d(a™V.z,z) < ¢ <
1. Assume that ¢ is sufficiently small and that N is sufficiently large. Show that there
exists some z € X and some a’ € SLg(R) with aa’ = a’a, d(a?V,d’) < ¢, a’-z = 2
and d(a™ez,a"z) K e forn=0,...,N.

(b) Suppose that a is generic (that is, no two eigenvalues are the same) and X is compact.
Show that z as in (a) is a periodic point for A.

(c) Suppose d = 3 and a is generic and a does not have 1 as an eigenvalue, and X = 3 =
SL3(Z)\ SL3(R). Show again that the point z as in (a) is periodic for A.

(d) In the setting of (b) and of (c), show that periodic A-orbits are dense in X.

(e) Generalize the statement in (b) to any semi-simple grou]ﬂ

5.2 Horospherical Actions on Compact Quotients

As we will show now the unique ergodicity of the horocycle flow on compact
quotients of SLa(R) as in Theorem holds for other Lie groups and their

//arziv.org/abs/1207.6849spherical subgroups as well.

I will at some point
make the appro-
priate changes to
the exercise and the
hints in the back.
Added reference to
the hint for 5.1.4.(c).

Suppose that G is a connected Lie group and let a € G be an R-
diagonalizable element that acts as a mixing transformatiorﬂ on all the quo-

T In that sense Poincaré recurrence can be used to construct anisotropic tori (see Sec-
tion [7.3)).

 Unless a specific other probability measure is identified, a property of a transformation
on a homogeneous space like ergodicity, mixing, and so on, is meant with respect to the
measure induced by the Haar measure on G.
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5.2 Horospherical Actions on Compact Quotients 159
tients of G appearing below. Let
G, ={9e€Gla’ga > Tasn— oo}

be the stable horospherical subgroup of a. The ‘general method’ discussed
below gives a way to classify the G -invariant ergodic probability measures
on X.

Theorem 5.4 (Unique ergodicity of horospherical actions®?). Let G
be a linear Lie group, I' < G be a uniform lattice, and let a € G be R-
diagonalizable. Suppose a acts mizingly on X = I'\G. Then the action of G,
s uniquely ergodic.

PROOF OF THEOREM [5.4) (AND HENCE OF . Let us assume compatibility
of the Haar measures in the sense that mx (7(B)) = mq(B) for any injective
Borel subset B C G, and that mx (X) = 1.

Since a is diagonalizable and G is linear, the subgroups G, and

Pu= {9 € G| a"ga " stays bounded as n — —oo}

can easily be defined in terms of the vanishing of certain matrix entries, and
so are closed subgroups. Together they define a local coordinate system, in
the sense that P,G, contains an open neighborhood of the identityﬂ and the
implied representation of elements of G in that neighborhood is unique. In
fact, if u1p; = uapy with u;,us € G and p1,p2 € P, then

g=u; " uy = popy

has aga™™ — I as n — oo and stays bounded as n — —oo, which together
showﬂ that g = I. Moreover, the Haar measure of G restricts to the product
of a Haar measure on G and a left Haar measure on P, (see Lemma .

We let By C G, be a neighborhood of the identity with compact closure
such that mg-(9Bo) = 0 and define B, = a™"Boa". We claim that

1
mGa(Bn)/Bn fluz) de;(u) —)/demx (5.1)

for any f € C(X) and any z € X.
Assuming this for now, it follows that © = mx is the only G -invariant
probability measure. Indeed if p is another such measure then

T This can be quickly checked using the Lie algebras of G (and of P,), which are simply
the sum of the eigenspaces of Ad, for all eigenvalues of absolute value less than one
(respectively greater or equal than one).

 This is a consequence of considering the eigenvalue decomposition of the matrix g — I €
Maty(R) for the linear map

Matg(R) > v — ava™ 1.
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Joru= [ oy [ e dne @) — [ sam

by dominated convergence. As this would hold for any f € C'(X) we deduce
that u = mx, as claimed.

Now fix a point z € X = I'\G and a function f € C(X). By compactness f
is uniformly continuous, so given £ > 0 there is a § > 0 for which

d(h,I) <6 = [f(hy) = f(y)| <e (5:2)

where d is a left-invariant metric on G (giving rise to the metric on X).
Now we can choose a compact neighborhood V' C P, of the identity whose
boundary has measure zero with

d(a™"ha™,I) < ¢

for h € V and n > 0. Then

e ) Jo, {0 e )

is within € of

1
me-(Bn)mp, (a="Va™) /Bn /LrnVa" flhu-z) dme, (h) dmg; (u)

because of (5.2)). Using B, = a~"Bya", the latter may in turn be written as

1

ma(VBy) Jy i, fla™"ga™x)dmea(g), (5.3)

since m¢ is locally the product of mp, and mg-. Now notice that

G, Sur uzx

is injective for all x € X, for otherwise the injectivity radius at a".z would
shrink to zero, contradicting the compactness of X [MLE] (see Proposi-
tion and Lemma [10.8). By a simple compactness argument, we may
assume that the above § is small enough to ensure that the map

VBy3g+— gz

is injective for all x € X. Thus (5.3) can also be written as

1 —n
mG(VBo)/Xf(a Y) 1y Byar.z(y) dmx (y). (5.4)
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In the sequence (or in any of its subsequences) (a"-x),>1 we can find (by
compactness) a subsequence (a™*-x),>1 converging to some z € X. Sinc

|1 1vByarkez — Ly Bgezllg —> 0

by dominated convergence as k — oo, we see that the expression (5.4)) con-

verges to
1
—_— d 1 . d
mG(VBo)/Xf mx/ V Bz dmx

as m — 0o because a defines a mixing transformation. This proves (5.1]) for
the given function f up to an error of €. Since f and € > 0 were both arbitrary,
the theorem follows. (|

Notice that once unique ergodicity is proved (by using the Fglner se-
quence (a~"Bga™)) then the pointwise everywhere convergence of the ergodic
averages also follows for other Fglner sets (see Exercises [5.2.1H5.2.2)).

Exercises for Section [5.2]

Exercise 5.2.1. Welet B, = a~"Bpa™ be as in the proof of Theorem (withm,— (0Bo) =

0). Show that this sequence is a Fglner sequence in G, , that is a sequence satisfying

- (Bu (K By))

—0
mG; (B"’L)

as n — oo for every compact subset K C G .

Exercise 5.2.2. Let a and X be as in Theorem Let F,, C G, be any Fglner sequence

and show that

1
mc(; (F’ﬂ) Fyp

f(u-m)dmcg(u)ﬁ/xfdmx

as n — oo, for any f € C(X) and any = € X.

5.3 Almost Unique Ergodicity on Non-Compact
Quotients with Finite Volume

We now explain, guided by examples, how the presence of a cusp (that is,
the lack of compactness of the quotient) and the presence of horospherical
invariant measures other than the Haar measure are related to each other.

T Here we use mq(8(V Bg)) = 0 which follows since m is the product measure in the local
coordinate system G Pa of G that we use and since m,— (0By) = 0 and mp, (0V) = 0.
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162 5 Action of Horospherical Subgroups

5.3.1 Horocycle Action on Non-Compact Quotients

Indeed for the horocycle flow a quotient I'\ SLy(R) is non-compact with finite
volume if and only if I" is a lattice and contains a unipotent element v € I
In that case the unipotent v is conjugated to an element of the horocycle
subgroup U, that is there exists some g € SLy(R) with gyg~! € U. This
shows that I'g~! is periodic under U and hence there exists an invariant
measure other than the Haar measure.

OUTLINE PROOF OF THEOREM [5.3] The argument used for the proof of
Theorem may also be used for non-compact quotients. Indeed, if u is
an invariant and ergodic probability measure on X = I'\ SLy(R) for the
horocycle flow U = G and x € X is generic for u. Then either z is periodic
under U and the geodesic orbit a™-x necessarily diverges into one of the cusps
of X as n — oo (because a shrinks the length of the periodic orbit and so
the injectivity radius at a™-z goes to zero), or z is not periodic under U and
the geodesic orbit a™-x visits a fixed compact set of X infinitely often. Using
this subsequence of times n; and the corresponding pieces of the horocycle
orbit a=™ Bya™ .z for the argument we see by the argument in the proof of
Theorem that the ergodic average for the horocycle orbit and x converges
to the integral of the test function with respect to the Haar measure. As =
was chosen to be generic for p we also have that the averages converge to the
integral with respect to p.

Therefore p is either the Lebesgue measure on a periodic orbit or the Haar
measure on X. (See [?, Ch. 11] for more details.) O

We would also like to point out that the same argument can be used to
prove the following theorenﬂ of Sarnak [?] (see Exercise [5.3.1]).

Theorem 5.5 (Equidistribution of long periodic orbits of the horo-
cycle flow). Let X = I'\ SL2(R) be a non-compact quotient of finite volume.
Let a = ay be the element corresponding to the time-one map for the geodesic
flow corresponding the diagonal subgroup A = {a; : t € R}. Let x € X be
a periodic orbit for the horocycle flow U = G, and let u be the normalized
Lebesgue measure on the one-dimensional orbit xU. Then the periodic orbit
measures (a, )« diverge to infinity if t, — oo (in which case the periodic
orbit as, «(xU) becomes shorter and shorter) and equidistribute with respect
to the Haar measure if t,, — —oo (in which case the periodic orbit ay, «(zU)
become longer and longer).

T Sarnak also gives an error rate in this equidistribution result — obtaining this (or even
any) error estimate requires more sophisticated methods than we will discuss here.

Page: 162 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



5.3 Almost Unique Ergodicity on Finite Volume Quotients 163

5.3.2 The General Case

By analyzing the proof of Theorem more carefully we identify the places
where we used that X is compact:

o We used test functions f € C(X) and that these are uniformly continuous.

e We used that any subsequence of the sequence of points a™.z converges
along some subsequence to some z € X (equivalently that the injectivity
radius at these points is bounded away from zero).

The first point is trivial to fix: we just work with functions f € C.(X). These
are still uniformly continuous and together are still dense in LZ(X ) for any
probability measure on X.

The second point is of course the reason why the argument fails to prove
unique ergodicity for non-compact spaces: It is entirely possible for the se-
quence a™-x to go to infinity. In fact, for X = I'\ SLy(R) this happens pre-
cisely for points with a periodic orbit for the horocycle flow. Even so, for the
horocycle flow we found that for a non-periodic point at least one has some
subsequence that stays within a compact subset and that this was sufficient
for our purposes. However, for other spaces the divergence properties of a
sequence of the form a™.x are potentially much more complicated, and in
particular a clear equivalence to rational properties of the starting point x
may not hold. For that reason we are going to invoke the Margulis—Dani—
Kleinbock non-divergence (Theorem to obtain rational constraints on p
(rather than onlﬂ x).

Before we state the (somewhat inductive) description of invariant measures
for horospherical subgroups we state the general version of the argument that
was used in the proof of Theorem

Proposition 5.6 (Mixing argument for G, ). Let X = G-zo C d be a
finite volume orbit for a closed connected subgroup G < SLg(R). Let a € G
be diagonalizable over R, and suppose that a acts as a mizing transformation
on X with respect to mx. Let G be the stable horospherical subgroup for a,
and let By be a neighborhood of I € G with compact closure and a boundary
of zero Haar measure. For any f € C.(X), any compact set K C X, and
every € > 0 there exists an integer kg such that

’ 1
<€

W /akBOak f(ux) deZ (u) - /X fdmx

for all k > ko whenever a*«x € K.

PrOOF. We show how, after minor modifications, the argument for the proof
of Theorem [5.4] also proves the proposition.

T See the next section where we go further and describe properties of a given .
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164 5 Action of Horospherical Subgroups

As f € C.(X) is uniformly continuous, we can choose V' C P, as in the
proof of Theorem [5.4] again with a boundary of zero Haar measure. This
shows that VBy C P,G, C G has a boundary of zero measure. Therefore,
there exists a compact set C' C (VBg)° and an open set O D VB such
that ma(ONC) < 2. If now & > 0 is sufficiently small, then CB§ C V By
and me C O. By compactness of K it follows that

K C O BY .x;
=1

for some finite collection x1,...,x, € K. This implies that for every z € K
there is some x; with x € Bg-xi,

C.x C CBY.x; C VBy-z;

and
O-z D VByBS -z D VBy-x;.

We also have trivially C.x C V Bg.x C O-x, and so we get

11y Byr — LvBoa; ||y < €

To summarise, we have shown that the set of characteristic functions 1y p,.» €
L?(X,mx) with z € K is totally bounded. By applying the mixing property
to f and to lypy, for ¢ = 1,...,n, we may assume that mixing holds
uniformly for f and for all 1y p,., for z € K. Now the argument used in the
proof of Theorem gives the proposition. O

Theorem 5.7. Let X = G-x¢g C d be a finite volume orbit of some closed
connected subgroup G < SL4(R) and some point v € d. Let a € G and
assume that the action of a on X is mizing with respect to the Haar mea-
sure mx. Let U = G, < G be a horospherical subgroup defined by a € G.
Then any U-invariant and ergodic probability measure on X other than mx
s supported on a closed orbit L-x for some closed connected proper sub-
group L < G and some z € X.

For the proof the following will be helpful(®3).

Lemma 5.8. Let U be a nilpotent connected Lie group acting ergodically on
a locally compact metric space X with respect to some invariant probability
measure 1. Then there exists a one-parameter subgroup of U that also acts
ergodically.

PRrROOF. We consider first the case where U = R? is abelian, with d > 1, where
we will apply the spectral theory of locally compact abelian groups (we refer
to Folland [?] for the details). Let U act on X, and let u be a U-invariant
and ergodic probability measure. For each u € U let
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Ty H = L*(X, p) — H
be the associated unitary representation defined by

(mu(f)) (x) = f(u™"2).

By [?, Sec. 1.4] there exists a sequencelﬂ of spectral measures that completely
describe the unitary representations. Specifically, there exists a sequence (v, )
of finite measures on R? such that , is unitarily isomorphic to the operator

M, : é L*(R%v,) — éLQ(R”, Vn)
n=0 n=0
(fn) — (Mun(£)),,

where _
Mu,n(fn)(t) = e2ﬂ—l<u7t> fTL (t)

We may suppose that vy = dy, with M,, o the trivial representation of U on C
corresponding to the invariant subspace of constant functions in the Hilbert
space # = L?(X, u). By ergodicity of the U-action, we must have v,,({0}) =
0 for n > 1, for otherwise we could find a non-trivial U-invariant L?-function
in the orthogonal complement of the constant functions. Therefore, we may
push forward the measures v, for n > 1 from R?\{0} to the projective
space P171(R) = R¥N{0}/~, where = ~ y if and only if there is some X €
R~{0} with z = Ay. As these countably many finite measures can only have
countably many atoms in total, and P41 (R) is uncountable as d > 2, there
must be a point in P4"!(R) of zero measure for all of the measures. Hence
there is a line Rv < R with v,(Rv) = 0 for n > 1. We claim that the
restriction of the ergodic U = Ré-action on (X, i) to the hyperplane v+ < R¢
is still ergodic. Indeed, if f € L?(X, ) is orthogonal to the constant functions,
then it corresponds to an element

(fn) € P LR, ),

n>1

and if f is v1-invariant then the functions fn for n > 1 would have to be
supported on Ruv (since this is the subset of R? where all the operators M,
with u € v+ act trivially). However, by the choice of v this forces f, = 0
for n > 1 and hence forces f to be 0 (since it is assumed to be orthogonal to
the constant functions).

The argument above shows that every ergodic action of R? with d > 2 can
be restricted to a hyperplane with the property that the restriction remains
ergodic. By induction, this shows that the lemma holds for U = R¢.

T Here we are using the fact that # is separable, which in turn follows from the fact
that X is a locally compact o-compact metric space.
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166 5 Action of Horospherical Subgroups
Now suppose that U is nilpotent but not abelian. We define
U’ = [U,U]

so that G = U/U’ = R? for some d > 2. By assumption U acts ergodically by
measure-preserving transformations of (X, p1). Recall from [?, Th. 8.20] (also
see [?, Sec. 5.3]) that p has an ergodic decomposition

p= [t o) (5.5)

into U’-ergodic components uf/ given by the conditional measures for the o-

algebras
&' ={BC X |puw-BAB)=0forallu € U'}.

We now show that &’ is U-invariant in the sense that B € &’ implies
that u-B € &' for all u € U. Indeed, for B € &, u € U, and v’ € U’, we have

1 (u'(uB)A(wB)) = i (u-((u-B)AB))) =0,
where v = v~ lu'u € U". By [?, Cor. 5.24] this shows that
for almost every x € X and all u € U. Hence the map

61 (X.p) — (A(X)” 6.)
x s pg

is a p-almost everywhere well-defined factor map intertwining the U-action
on (X, ) and the induced U-action on (. (X)Y', ¢,p), where .#(X)V" de-
notes the space of U’-invariant measures with total mass no more than 1, and
the induced action is defined by w-v = u,v for u € U and v € .#(X)Y". Since
by construction U’ acts trivially on .4 (X )U' we have obtained an ergodi
action of G = U/U" on (#(X)V', ¢.u). By the abelian case, there is a sub-
group H < @ isomorphic to R which still acts ergodically on (///(X)U/, Dult).
Let HU’ denote the pre-image of H in U. We claim that the subgroup HU’
still acts ergodically on (X, ). Assuming this, the lemma follows by induction
as HU' is a nilpotent group of smaller dimension than U.

Suppose now that B C X is an HU'-invariant measurable set. In particu-
lar, it is U’-invariant and so we must have

us' (B) € {0,1} (5.6)

for p-almost every z € X. We define

T Ergodicity is automatic, as the system is exhibited as a factor of an ergodic system.
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B ={ve.#(X)" | v(B) =1},
and notice that v € . (X)V" and h € HU' implies that
h,v(B) = v(h™*.B) = v(B),

so that B’ is an H-invariant set. By ergodicity of H on (.#(X)V', ¢, ), this
shows that )
¢«u(B') = u({x | ug (B) = 1}) € {0,1}.

By (5.5) and (5.6)), this shows that u(B) € {0,1} and so HU acts ergodically,
which concludes the induction. O

PROOF OF THEOREM [5.7} Let X = G-x¢ and a € G be as in the theorem.
Let 1 be a G -invariant ergodic probability measure on X. By Lemma
there is a one-parameter unipotent subgroup U < G that acts ergodically
with respect to pu.

Without loss of generality we may assume that xg € Supp p and that zq
is U-generic (see Section [6.3.1] and [?, Sec. 4.4.2]). In particular, we have

xoU = Supp p.

Let go € SLgq(R) be chosen with g = I'gy, and let Ay = Z%gg be the corre-
sponding unimodular lattice in R?. For every Ao-rational subspacem V C R
we define

Ly ={g9g€ G|V =Vg and g|y preserves the volume}.

Applying Exercise we see that xgLy is closed. If there exists one such

proper subgroup Ly € G such that Supp p C xg Ly, then the theorem already

holds for u. Therefore, we assume that Supp u € xoLy for every Ly C G.
We define

1 = min {(/10 NV, V)Y dmV oy g Ao—rational} . (5.7)

Applying the quantitative non-divergence theorem (Theorem [4.9) with D
chosen for U and 7 as above, we find some £ > 0 with the following property:
For any x = I'g € d, any one-parameter subgroup U’ with the same D as
worked for U, we have that either U’ fixes a Z%g-rational subspace V with

V< ndimV’
or there exists some T, such that
Lt e, wer € de)}] > (5.8)
T ' t 10° '

T A subspace V is called Ag-rational if V N Ag is also a lattice.
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for T > T,. We set K = X N d(¢). Applying to x = xo, U = U,
and T — oo, for example, gives p(K) > 1%.

We now let n > 1 and set p,, = af . Notice that the subgroup a”Ua™"™ acts
ergodically with respect to u,, and that z, = a™-xg is generic for a"Ua™"
and pu,. Suppose that the lattice A,, = Aga™" corresponding to z,, has a A,-

rational subspace V with '
(V) < nd1mV'

If the one-parameter subgroup a”Ua~" stabilizes V then a"Ua™" < Ly, the
orbit x,, Ly is closed by Exercise and so

a"Ua="x, = Supp pn, € z, Ly

gives
U-zog = Supp p C woLyan.

Since a € GN\Ly gn, this would contradict our assumption on p. As this holds
for all subspaces as above, we see that x = x,, and U’ = a"Ua™" satisfy the
assumptions that lead to . Letting T' — oo gives p,(K) > %.

In other words, we have shown that % of all x € X with respect to u
satisfy a2z € K. For any such z, any f € C.(X), and any € > 0, we may

apply Proposition to see that

1
mq-(a="Boa™)

/ F(he) dme— () = / Fdmx +0(e)
a—"Bgpa™ X

if n is large enough. By Exercise (a=™Bpa™) is a Fglner sequence in G .
Therefore, we may apply the mean ergodic theorem (see [?, Th. 8.13]) to see
that for large enough n and 19—0 of all x € X with respect to u we have

1
mg-(a~"Boa™)

[ deaydme ) = [ fdu+ope).
a—"Bga™ X

As e > 0and f € C.(X) were arbitrary, we deduce that

/deMZ/demx,

and conclude that = mx. ]
Let us give a complete description in the case of 3.

Corollary 5.9. Let 3 = SL3(Z)\ SL3(R). Let U = G, be a horospherical
subgroup of SL3(R) defined by some R-diagonalizable element a € SL3(R).
Then any U-invariant and ergodic probability measure is algebraic, meaning
that it is the Haar measure on a closed orbit of a closed connected subgroup L
in SL3(R). In fact, we could have either L = SL3(R), L ~ SLy(R) x R?2
(which can be embedded into SL3(R) in two non-conjugate ways), or L could

be unipotent.

Page: 168 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58
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SKETCH OF PROOF. Let p be a U-invariant and ergodic probability measure
on 3 as in the corollary. If i # m3 then there exists a subgroup L < SL3(R)
such that p is supported by the closed orbit L.x for some x € 3. As the proof
of Theorem shows we may assume that L is the stabilizer of a vector v
or the stabilizer of a volume element v; A vo in a plane in R3. Conjugating a
and U we may suppose that = SLg(Z) is the identity coset, v resp. vy, va
are integer vectors, and so L-x is isomorphic to 2(Z)\(R). (This quotient can
be embedded into 3 in two ways depending on whether the radical is chosen
to be represented by row vectors or by column vectors.)

If U is a two-dimensional horospherical subgroup, then either U can still be
defined as a horospherical subgroup U = L_, for some a’ € L or U equals the
radical (which has a closed orbit for all points in xL). Hence we may repeat
the argument or are done. If U is the Heisenberg group, then U < L is not a
horospherical subgroup within L, but U contains the full radical. Taking the
quotient by the radical we obtain a measure on the modular surface that is
invariant under the horocycle flow. In each of these cases we obtain that u is
algebraic and find that L is one of the mentioned subgroups. O

Exercises for Section [5.3

Exercise 5.3.1. Prove Theorem using the method of proof from Theorem

5.4 Equidistribution for Non-Compact Quotients

Dani and Smillie showed in [?] that even for non-compact quotients
X = I'\SLz(R)

a rather strong equidistribution theorem holds: a horocycle orbit is either
periodic or it equidistributes with respect to the uniform measure mx.

For higher dimensional non-compact quotients X = I'\G and their horo-
spherical actions other possibilities can occur. For the following characteriza-
tion of whether or not a horospherical orbit equidistributes we specialize to
the case where the horospherical subgroup is abelian.

Before we can prove Theorem [5.11] we need to extend the non-divergence
result to actions of more general unipotent groups. For simplicity we give
only the version needed for the case at hand.

Corollary 5.10. Let U be an abelian unipotent subgroup of SL4(R), and fiz
some coordinate system identifying U with RF and with respect to which we
can describe ‘blocks’ whose edges are parallel to the coordinate axes. Then for
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170 5 Action of Horospherical Subgroups

every n > 0 and every § > 0 there exists a compact subset K C d with the
property that for any x € d either

e there is a A,-rational U-invariant subspace V with (V) < ndimV  or
e for any symmetric block F C U with sufficiently large width we have

1

mmU({UEF|U'm€K})>1—5.

Proor. The corollary follows quite directly from Theorem Let D be
chosen so that we may apply Theorem for any one-parameter subgroup
of U, and let « € d be arbitrary.

If U fixes a A,-rational subspace V C R? with (V) < ndmV then there
is nothing to prove. So suppose that this is not the case. As there are only
finitely many A,-rational subspaces with co-volume less than nd™V  and
for each such subspace the subgroup of U that fixes V is of codimension at
least 1, there exists a one-parameter subgroup

U'={u(t)|[teR} CU

that does not fix any of these subspaces. Applying Theorem to p(t) =
gu/(t) with « = SL4(Z)g, n as above, some €y > 0 (depending on 7 and the
implicit constant in only), and some possibly very large T' (depending
on x), it follows that there exists at least one ¢t € R with

' =/ (t)-x € d(g).
Now let {uq(t1) | t1 € R}, {ua(te) | t2 € R}, ..., {uk(tx) | tx € R} be the one-
parameter subgroups of U corresponding to the chosen coordinate system
in U = RF.
We can now split F,,-x as indicated in Figure above into 2 sets of

the form F.z’ where each F is a block with the origin as one corner. For
simplicity we consider only the block in the positive quadrant where

F = {Ul(tl)’LLQ(tg)"'Uk(tk) | 0 < ti g E,Z = 1,,]€} Q U,

the blocks in the other quadrants can be dealt with in the same way. We now
successively choose €1,...,¢, (depending only on ¢) such that

1 )

= {t1 € [0, Th] [ ur(tr)-a’ ¢ d(en)} < 7,

Ty k
and, if ul(tl)-m’ € d(El)7

e € 0.2 [ un(t)ualta) s’ ¢ d(ea)}] < 7.

and so on, ending with
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u2

Xprime

ul

Fig. 5.3 The symmetric box Fj, -z inside the U-orbit has to contain z’ € d(¢) if the width
of Fy, is sufficiently large.

1 )
= itk € [0, T | un(t1) - -~ ug(ty)-x’ ¢ d(ex)} < -
T k

if uy(t1) - up—1(tg—1) € d(eg—1). We set K = d(gg), and the corollary fol-
lows. O

Theorem 5.11. Let G-xg C d = SLg(Z)\ SL4(R) be a finite volume orbit
for some closed connected subgroup G < SLg(R) and some point xoy € d.
Let a € G be diagonalizable over R so that the action of a is mizing with
respect to MG.y,. Let U = G be the stable horospherical subgroup of a and
suppose that it is abelian. Let (F),) be a Folner sequence in U consisting of
blocks whose sides are parallel to some fized coordinate system spanned by
some eigenvectors for the conjugation map by a. Then for every x € G-xg
the following are equivalent

(1) The U-orbit through x is equidistributed, meaning that

1
— /F () dmo ) - /d fdma

for any f € C.(d).
(2) The orbit U-x is not contained in a closed orbit Lex for some proper
connected subgroup L < SLg(R).

If, in addition, G = SLg(R) then we also have the equivalence to the newt
property.
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172 5 Action of Horospherical Subgroups

(3) Let x = SLy(Z)g for some g € SLg(R). Then there is no rational sub-
space V.C R? for which Vg is fived by U and contracted by a.

ProoF. We let x € G.xo be as in the theorem. If the G -orbit of z is
contained in a closed orbit of a proper connected subgroup L < G as in (2),
then clearly we cannot have equidistribution of the G -orbit as in (1). This
shows that (1) implies (2), so we now assume that (2) holds.

Fix some f € C.(d) and € > 0. We let xg = I'gy, Ag = Z%go be the lattice
corresponding to zg, and define 7 as in . By quantitative non-divergence
for the action of U = G there exists some compact set K C d with the
property as in Corollary with § = €. We let By be the symmetric unit
cube (that is, centered at the origin) in G, = R¥. Applying Proposition
to f, KBy, and € we find some k > 1 such that

1
'mG;(akBOak) /akBoak f(uy) deS (u) - /X fde

whenever a*.y € (KBy)N X (or equivalently whenever Bya”.y intersects K).

Now let 2’ = a*.z and notice that it may not belong to K. Since (F},) is
chosen to be a Fglner sequence consisting of symmetric blocks, the same is
true for a*F,a % . If U = G, fixes a A,/ -rational subspace V' of co-volume <
nd™ V' then we can define the subgroup

<e (5.9)

L' = Stab; (V) ={g € G| Vg =V and g|y has determinant 1} < G.
Exercise shows that x’/L’ is closed, which shows that
' L'a" = 2'afa FL'a* = 2L,

where L = a*L'a*, is a closed orbit which contradicts the assumption
that (2) holds if L is a proper subgroup of G.

It follows that U does not fix any A,-rational subspaces that are not al-
ready fixed by G. Applying Corollary [5.10| we see now that for large enough n
we have

: (
_— M
meg-(a*Fra=F) Ga

a

{ued'Fa™"|ua ¢ K}) <e. (5.10)

We now split a*F,a~* into translates of the form Bou, for ¢ = 1,...,L of
the unit cube By. Ignoring the effects of the boundary which contribute no
more than of(1) to the ergodic average as n — oo, we now have

1
M (Fn) /Fn flu-e) dme;
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L
1 1 —k b
= — E _— . d - 1 .
L mea- (a=*Bgak) /akBoak ! (ua e x) Mg, + Of( )

For all those ¢ for which Byuga®-z intersects K the corresponding average
is e-close to [y fdmx by (5.9). However, the number of boxes Byug-z' that
do not intersect K is controlled by (5.10)), and gives

e o T dmes 0 = [ pamy o)+ 06e).

Ase > 0and f € C.(X) were arbitrary, this shows (1).
Now suppose that G = SL4(R) and

AL,

=)}

is indeed abelian. (Up to signs in the entries of a and the choice of m and n
this is the only choice of a for which G is abelian.) If

for some \ > 1 so that

L= StabéLd(R) (V)

for some proper subspace V is G, -invariant, then either V- C R™ x {0}"™ or V
contains some v = (U, vp,) with v, € R™ and v,, € R™ {0}, which implies
that R™ x {0}" C V. In both cases Va~! = V and the restriction of a~*
to V has determinant smaller than 1. d

In the exercises we outline how one can remove the assumptions on com-
mutativity of U.

Exercises for Section [5.4]

Exercise 5.4.1. Let Gezg C d = SL4(Z)\ SL4(R) be a finite volume orbit for some closed
connected subgroup G < SL4(R) and some point zg € d.

Let U be a unipotent subgroup and let Uy,...,U; < U be one-parameter subgroups
such that U = Uy -+ - Uy. Suppose Fp, = F1 -+ Fy p, is a Fglner sequence with respect to
left and right translation where F; , C U; corresponds to an interval in U;.

Prove that 1

my (Fn)

for n — oo and some k > 0 (depending on Uy, ...,U) in the following two cases:

my({u € Fn | u-x ¢ d(0)}) < 6" + o(1)

(a) = belongs to a fixed compact subset and the implicit constant is allowed to depend on
the compact subset, and
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(b) z is arbitrary but U does not fix any A-rational subspace V of co-volume nd™V and
the implicit constant is allowed to depend on 7.

Exercise 5.4.2. Let Gezg C d = SL4(Z)\ SL4(R) be a finite volume orbit for some closed
connected subgroup G < SL4(R) and some point 29 € d. Let a € G be diagonalizable
over R so that the action of a is mixing with respect to mqge,,. Let U = G4 be the stable
horospherical subgroup of a and let F, be as in Exercise Let © € Ge+zg. Suppose
that U does not fix any Az-rational subspace which is not also fixed by G. Show that Fj,+x
equidistributes in X = G-z, i.e.

fluez)dmy (u) —>/demX

my (Fn) JF,

as n — oo for any f € Cc(X).

Notes to Chapter 5

(21>(Page We refer to [?, Ex. 3.3.1, 9.6.3] for one example of such a construction.
McMullen [?] gives explicit constructions of bounded geodesics of arbitrary length asso-
ciated to elements of any given quadratic field, and relates the construction to continued
fractions.

(22)(Page This is an example of a circle of results developed among others by

Dani [?], [?] and Veech [?].

(23) (Page A much stronger form of this result is obtained by Pugh and Shub [?], where
it is shown that if T' is an ergodic measure-preserving action of R% on a Borel probability
space, then there is a countable collection {Hy, | n € N} of hyperplanes with the property
that for any g € RN UneN Hyp, the measure-preserving transformation Ty is ergodic. In
our setting, Lemma [5.8| can be avoided by using finitely many one-parameter subgroups
as in the proof of Theorem [.I1] for unipotent subgroups on page [I52}
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Chapter 6

Ratner’s Theorems in Unipotent
Dynamics

In this chapter we discuss Ratner’s theorems concerning unipotent dynamics
and prove some special cases. We will not discuss the history in detail, and
refer to the survey papers of Kleinbock, Shah and Starkov [?], Ratner [?],
Margulis [?], and Dani [?] for that. In particular, the order in which the
material is developed is not historical but instead emphasizes a logical devel-
opment with the benefit of hindsight. We will also postpone any discussion of
applications of unipotent dynamics, including the solution of the Oppenheim
conjecture by Margulis that motivated some of the original theorems, to later
chapters.

In this volume we will prove many special cases of the results of Sec-
tion and Section potentiallyﬂ reaching the general case for spaces of
the form X = G(Z)\G(R).

6.1 The Main Theorems

We let X = I'\G, where G is a connected Lie group and I' < G a lattice. Let
U={us|seR} <G

be a one-parameter unipotent subgroup of G. Then the U-invariant proba-
bility measures on X can be completely classified. This was conjectured by
Dani (in [?, Conjecture I], as an analog of Raghunathan’s conjecture, which
will be described below) and proved by Ratner [?], [?], [?].

Theorem 6.1 (Dani’s conjecture; Ratner’s measure classification).
If X =I\G and U = {us | s € R} < G is a one-parameter unipotent
subgroup, then every U-invariant ergodic probability measure p on X 25E|

T Currently none of the first five theorems of this chapter are proven in this volume.

¥ An alternative term that is used is homogeneous.
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176 6 Ratner’s Theorems in Unipotent Dynamics

algebraic. That is, there exists a closed connected unimodular subgroup L
with U < L < G such that p is the L-invariant normalized probability
measure (that is, the normalized Haar measure) on a closed orbit Lexy (for

any Ty € Supp ).

In this result (unlike the following ones), it is sufficient to assume that I is
discrete or even just closed. Theorem[6.1} the theorem of Dani and Smillie [?],
(resp. its generalization from Sectio, and the general non-divergence
property of unipotent orbits, suggest other results which we now start to
describe. Ratner [?] generalized all of these results in the following theorem.

Theorem 6.2 (Ratner’s equidistribution theorem). Let X = I'\G
where I is a lattice, and let U = {us | s € R} < G be a one-parameter
unipotent subgroup. Then for any xg € X there exists some closed connected
unimodular subgroup L < G such that U < L,

o L.xg is closed with finite L-invariant volume, and

1 [T 1
- sez0)d - - dmy.. asT .
¢ T/o f(u xo) s Volume(L-xo) /L.mof Mo @5 4 =7 00

It is interesting to note that Theorem in particular implies that any
point x € X returns close to itself under a unipotent flow. That is, for any
one-parameter unipotent subgroup {us | s € R} and any x € X there is
a sequence (ty)r>1 for which ¢, — oo and d(z,u-x) — 0 as k — oo.
This close return statement is of course incomparably weaker than Ratner’s
equidistribution theorem, but even this weak statement does not seem to
have an independent proof to our knowledge.

Theorem also suggests that the closures of orbits under the action of
a unipotent one-parameter subgroup should be algebraic. A more general
version of that statement is the famous conjecture of Raghunathan(®% that
motivated all of the theorems above and was proved by Ratner [?].

Theorem 6.3 (Raghunathan’s conjecture; Ratner’s orbit closure the-
orem). Suppose that X = I'\G, with G a connected Lie group and I" a lattice.
Let H < G be a closed subgroup generated by one-parameter unipotent sub-
groups. Then for any o € X the orbit closure zeﬂ algebraic, meaning that
there exists some closed connected unimodular subgroup L with H < L < G
such that

m = L-.’Eo

and Lexy supports a finite L-invariant measure.

It is also interesting to ask what the structure of the set of all probability
measures that are invariant and ergodic under some unipotent flow really
is. This generalizes the theorem of Sarnak (Theorem concerning peri-
odic horocycle orbits. At first sight, one might only ask this out of curiosity

T Again this is also called homogeneous.
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6.1 The Main Theorems 177

or to satisfy the urge to complete our understanding of this aspect of these
dynamical systems. However, this line of enquiry turns out to be useful for ap-
plications to number-theoretic problems. A satisfying answer to this question
is given by Mozes and Shah [?].

Theorem 6.4 (Mozes—Shah equidistribution theorem). |f| Let X =
I'\G with G a connected Lie group and I' a lattice, and let H, < G be a se-
quence of subgroups generated by unipotent one-parameter subgroups. Let py,
be an invariant ergodic probability measure for the action of H, for alln > 1.
Assume thaﬂ Ly, — p in the weak*-topology as n — oco. Then one of the fol-
lowing two possibilities holds.

(1) u = 0, and Supp p, — 00 as n — oo in the sense that for every compact
set K C X there is an N with Supp u, N K = @ forn > N.

(2) p = myp.y is the L-invariant probability measure on a closed finite volume
orbit Ley for the closed connected group L = Stabg(1)° < G. Moreover, p
18 invariant and ergodic for the action of a one-parameter unipotent sub-
group. Furthermore, suppose that x, = e,x € Supp iy, for n > 1 and
some x € X with €, — 1 as n — 0o, and suppose the connected sub-
groups (Ly,) satisfy pn = mp, ., forn > 1. Then L = yL = Supp i and
there exists some N with e, L,e, C L forn > N.

The additional information in each case is useful in applying this theo-
rem. According to (1), once we know that for every measure p,, there exists
some point x, € Supp p,, within a fixed compact set, the limit measure is a
probability measure.

In (2), if we know that H,, = H for all n > 1, then L has to contain H and
the conjugates €, ' He,, as in (2). Together this often puts severe limitations
on the possibilities that L < G can take, and sometimes forces L to be G.
This situtation arises, for example, if we study long periodic horocycle orbits,
or orbits of a maximal subgroup H < G. In any case, the final claim of (2)
says that the convergence to the limit measure mp., is almost from within the
orbit L.z. In fact, after modifying the measures in the sequence only slightly
by the elements &, we get

Supp ((an)*_lun) =, ' Lpxy =€, Lpep-x C Lz = Loy = Supp st

forn > N.

T This version differs from the theorem in the paper, but should follow from it. Awaiting
a decision: will it be proven here from scratch or using their theorem?

¥ By Tychonoff-Alaoglu there always exists a subsequence that converges.
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178 6 Ratner’s Theorems in Unipotent Dynamics

6.2 Rationality Questions

A natural question is to ask which subgroups L < G appear for a certain
choice of one-parameter unipotent subgroup U < G and z € X = I'\G.
In this section we explain how this kind of question is intimately related to
questions of rationality.

This relationship is elementary in the abelian case G = R¢, I' = Z¢,
and U = Ru for some v € R%. In this case L is independent of

reX=T!=R%z4

(and one should only expect this independence for abelian Lie groups). More-
over, L is the smallest subspace of R? that can be defined by rational linear
equations and contains U = Rw. This claim follows quickly from the special
case where no such L # R? exists. Under this assumption, {tv | t € R} is
equidistributed, as may be shown for example by integrating the characters
of T?.

To start to see the possibilities in the general case, consider the special

case UZ{(l i) SGR} < SLy(R)

and 2 = SLy(Z)\ SL2(R), which we already understand in some detail (see
Section [I.2] Chapter [5} and [?, Sec. 11.7]). If 2 = I'g for some

_fabd
then L = U, and otherwise L = SLa(R). In order to be able to phrase this
in terms of a rationality question, notice that x € X determines a geodesic
in the upper half-plane (where we choose for example the base point in our
fundamental domain, as illustrated in Figure(6.1]). Then L = U if the forward
end point of the geodesic a € R U {co} is rational, meaning oo € Q U {0},

and L = SLo(R) otherwise. This dichotomy is independent of the chosen
representative within the orbit SLa(Z)-(z,v).

alpha

Fig. 6.1 The geodesic determined by x.
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6.3 First Ideas in Unipotent Dynamics 179

In general the answer is given by the following result found by Borel and
Prasad [?]. A more general version of this result was obtained more recently
by Tomanov [?].

Theorem 6.5. Let d = SL4(Z)\SLy(R), x = T'g € X, and U < G a one-
parameter unipotent subgroup (or H < G a closed subgroup generated by
one-parameter unipotent subgroups). Then the group L appearing in The-
orems and (respectively Theorem 18 the comnected component
of g7'F(R)g, where F(R) is the group of R-points of the smallest algebraic
group B < SL4 defined over Q for which g~ 'F(R)g contains U (respec-
tively H ). Similarly, the group L in Theorem is the connected component
of g7'F(R)g where x = I'g and F is the smallest algebraic group F < SLg4
defined over Q for which g~'F(R)g contains €, Lne, for n > N, where N
is as in Theorem 6.4l

For this result, one needs some understanding of the mechanisms that make
orbits SLq(Z)F(R) of Q-groups closed or not closed, and the Borel density
theorem. In this setting of I' = SL4(Z) < G = SLg(R), which contains all
other arithmetic quotients even over number fields if we allow d to vary,
the connection to algebraic group theory described above puts additional
constraints on the possible structure of the subgroup L.

For instance, the algebraic group F over Q must have the property that
the radical of F is equal to the unipotent radical of F. In the language of
Lie groups this implies that the radical of L, which by definition is only
solvable, is nilpotent. Another restriction is, for example, that L cannot be
isomorphic to PSLy(R) x SO(5)(R). This is because the unipotent group has
to be contained in PSLy(R) and the induced lattice L N g~! SL4(Z)g cannot
give an irreducible lattice in PSLo(R) x SO(5)(R) as the direct factors are
simple groups of different types in the classification of complex Lie algebras
and they cannot be exchanged by a Galois action. On the other hand L =
PSLy(R) x SO(3)(R) is a possibility since PSLy(R) = SO(2,1)(R)°, and a
simple switch in the sign of the quadratic forms (via a Galois automorphism)
can interchange these groups.

6.3 First Ideas in Unipotent Dynamics

The structure of proof of Theorem [6.1]is to study

Stab(u) ={g € G | gpn = p}

and to show that the measure p on X = I'\G is supported on a single orbit
of this subgroup. This is achieved indirectly; if i is not supported on a single
orbit of a particular subgroup H < G that leaves the measure invariant then
one shows that the subgroup can be enlarged to some H' > H so that the
new subgroup H’ also preserves p.
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180 6 Ratner’s Theorems in Unipotent Dynamics

We also note that, in the setting of Theorem once we have shown
that u is supported on a single orbit of Stab(u), we actually obtain that p is
supported on a single closed orbit of Stab(u)°.

Lemma 6.6. Let X = I'\G be a quotient of a Lie group by a discrete sub-
group I'. Let H be a connected subgroup of G and let p be an H-invariant
and ergodic probability measure. If p gives full measure to a single orbit of
its stabilizer subgroup Stab(u), then p is the Haar measure on a closed orbit
of the subgroup Stab(u)°.

PROOF. Suppose that p is the Haar measure on Stab(u)-xg so that this or-
bit has finite volume. Since the Haar measure on Stab(u)° is simply the
restriction of the Haar measure on Stab(u) to Stab(u)° and a fundamen-
tal domain for the orbit map for Stab(u)° is an injective domain for the
orbit map for Stab(u), we obtain that Stab(u)°-zo also has finite volume.
Since H is connected, H C Stab(p)° and so Stab(u)°-zo is a H-invariant
subset of positive measure. Hence p is the Stab(u)°-invariant Haar measure
on Stab(u)°-zg = Stab(u)-x¢. Finally by Proposition this orbit is also
closed. O

6.3.1 Generic Points

We present in this section the basic idea for using generic points to show an
‘additional invariance’, which in a more specialized context goes back to work
of Furstenberg on the unique ergodicity of skew product extensions, leading
to the equidistribution of the fractional parts of the sequence (n?a),>1 for a
irrational(?%).

Recall that x € X is said to be generic with respect to u and a one-
parameter flow {us : s € R} if

}/OTf<us-x)ds—>/deu

as T — oo for all f € C.(X). Using the pointwise ergodic theorem [?,
Cor. 8.15] and separability of Cp(X) one can easily show that p-almost every
point is generic if only p is invariant and ergodic under the one-parameter
flow

U={us|seR}

(see Lemma [6.10)).

Lemma 6.7 (Centralizer Lemma). If z,y = hex € X are generic for p
and h € Cq(U) ={g9 € G| gu = ug for allu € U}, then h preserves p.
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Fig. 6.2 If y = xh~! with h € Cg(V), then the two orbits are parallel. If in addition
both x and y are generic, then the orbits equidistribute that is, approximate p, which gives
Lemma [6.71

We refer to Figure [6.2 for the proof of Lemma [6.7]
PROOF OF LEMMA We know that

;/OTf(us-y)dSH/deu

for any f € C.(X). On the other hand

7| feenas= 4 [ et as

1 T
_ 1 / F(he(us-z)) ds (since h € Co({us}))
T )y ——
fh(us-z)
— [ frau= [ fo)an
X X
so u is h-invariant. O

Lemma seems (and is) useful, but it can only be applied in very special
circumstances as the centralizer is usually very small and we would need to
be fortunate to find two generic points bearing such a special relation to each
other.
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6.3.2 Polynomazial divergence leading to invariance

A much more useful observation, due to Ratner, that leads to additional in-
variance in more circumstances, is the following observatiorﬂ which is based
on the polynomial divergence property of unipotent flows. In fact, as we have
seen before, the action of an element u € G on I'\G is locally described by
conjugation and hence can also be described by the adjoint representation of u
on the Lie algebra g of G. More precisely, if y = e-x is close to x, and € € G
is the local displacement between z and y, then u.y = u-c-x = ueu='+(u-z)
and so a displacement between w.z and u-y is given by the conjugated ele-
ment ueu~!. If the displacement ¢ was not small enough, then ueu~! may
not be the smallest displacement between u.z and wu.y. However, if ¢ is very
small, then the calculation leading to the conjugated element as the displace-
ment may be iterated several times. Thus, in order to compare the orbit of
points close to x to the orbit of  we will need to study conjugation by u (or
equivalently its adjoint representation on the Lie algebra).

If {u(t) | t € R} is a unipotent one-parameter subgroup of G, then Ad,,)
is unipotent for all ¢ € R also, and is a (matrix-valued) polynomial in ¢. This
polynomial structure (as opposed to exponential) of unipotent subgroups
has the following consequence. Given a nearby pair of points = and y = e-z,
let v = loge and consider the g-valued polynomial Ad,)(v). For very small
values of ¢, this polynomial is close to zero in the space of all polynomials.
However, if we choose a large ‘speeding up’ parameter 1" then we may consider
the polynomial

p(?“) = Adu(rT) (U)

in the rescaled variable r € R. Assuming the original polynomial is non-
constant (equivalently, € does not lie in Cg({u(s)})), we can choose T pre-
cisely so that the polynomial p above in the variable r belongs to a compact
set of polynomials not containing the zero polynomial. In fact, if 7" > 0 is the
smallest number Witlﬂ | Ady(y(v)|| = 1, then

sup ||p(r)| =1.
r€f0,1]

Moreover, p is a polynomial of bounded degree. Notice that this feature —
that this acceleration or renormalization of a polynomial is again a polynomial
from the same finite-dimensional space — is specifig3| to polynomials and
hence to unipotent flows.

T This is often called the H-principle. Our presentation of the idea will be closer to the
work of Margulis and Tomanov [?].

¥ It does not matter which norm on g is used; for concreteness we use the norm derived
from the Riemannian metric.

§ In contrast, diagonalizable flows leading in the same way to exponential maps do not
have this property, as the acceleration would change the base of the exponential functions
involved.
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In order to state the principle that gives additional invariance, we will
need the following refinement of the notion of genericity.

Definition 6.8. A set K C X is called a set of uniformly generic points if
for any f € C.(X) and € > 0 there is some Ty = To(f,¢) with

;/OTf(us-@ds—/deu

forall T > Ty and all x € K.

<e€

Proposition 6.9 (Polynomial divergence leads to invariance). Sup-
pose that (), (yn) are two sequences of uniformly generic points with

Tp — 2, Yn —7 2

and Yy, = epeTy with e, — I as n — oo and &, ¢ Cg(U) for n > 1.
Define v, =loge, and polynomials

pn(r) = Adu(an) (Un)a
where the speeding up parameter T,, — co is chosen so that

sup |Ipn(r)[ =1
relo0,1]

for each n = 1. Suppose that p,(r) = p(r) as n — oo for all r € [0, 1], where
p:R—>g

is a polynomial with entries in the Lie algebra g. Then p is preserved
by exp(p(r)) for all v € Rxy.

Notice that the assumption that the sequence of polynomials converges is
a mild one. The polynomials all lie in a compact subset of a finite-dimensional
space, so there is a subsequence that converges with respect to any norm on
that space. Also the assumption ¢, ¢ Ce(U) is somewhat unproblematic as
in the case e, € Cg(U) one may be able to apply Lemma Part of the
argument for Proposition [6.9]is illustrates in Figure [6.3]

PROOF OF PROPOSITION [6.9] Fix rg € Rso, f € Ce(X), and € > 0. By
uniform continuity of f there exists some § = 6(f,¢) > 0 with

d(hi,he) <6 = |f(h1-z) — f(haw)| <e
for all x € X. Furthermore, choose x > 0 so that

d(exp p(r), expp(ro)) < 0/2
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right

oy
left X
X

Fig. 6.3 If y = ze~! with ¢ ¢ Cg(V) close to the identity, then the orbits of z and y
move away from each other at polynomial speed. If z and y are generic then the last 1%
of these pieces of orbits are almost parallel and equidistribute.

for r € [ro — k,70]. Then there is an N such that we also hawﬂ
d(exppn(r),expp(rg)) < & (6.1)
forn > N and r € [rg — k,70]. We know by the uniform genericity of x,, that

1 T()Tn
UgeTyp ) ds —> d
T /0 f( ) /X fdu

as n — 0o, and
1 (ro—r)Th,
—_— Uge Ty ) ds — / d
o [ fee)as— [
as n — oo. Taking the correct linear combination (k > 0 is fixed) and replac-
ing f by feXp(p(To))’ we ge
1 70T
fexpp(To)(uS,xn) ds —s / fepr(To) du
b'e

HTn (ro—r)Tn

and by the same argument we also have

T This is the formal version of the statement in Figure that the last 1% are parallel.
 In Figure we referred to this as the equidistribution of the last 1% of the orbit.
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1 To Tn

m ( f(us-yn)ds—>/xfdu.

ro—k)Th
However, using the definition of v, and p, we have
UgYn, = Us €XP(Uy )Ty,
= exp (Ady, (vp)) us-zy,
= exp (pn(s/Th)) us-zy
for all x € R.

We now restrict ourself to the range of s € R with & € [rg — &,70].
Together with (6.1)), we deduce that

d(ts+yn, expp(ro)us-ay) < 9,

and so
|f(us’yn) - f(expp(ro)us-xnﬂ <e

for every s € [(ro — K)Tn,r0Ty]. Using this estimate in the integrals above
gives

<eg,

1 [roTn 1 frotn
/( feXPp(m)(us-:cn) ds — — f(usyn) ds

KTy, ro—r)Th KTy, (ro—r)Tn

and so

‘/ foxpp(ro)du_/ fdﬂ‘ <e.
X X

Since this holds for any ¢ > 0 and f € C,(X) we deduce that p is invariant
under exp p(rg). As ro > 0 was arbitrary, the proposition follows. O

Because of the results above, we are interested in finding large sets of
uniformly generic points. It is too much to expect that almost every point
with respect to an invariant measure will have this property (due to the
requested uniformity), but we can get close to this statement as follows.

Lemma 6.10 (Almost full sets consisting of uniformly generic points).
Let p be an invariant and ergodic probability measure on X for the action
of a one-parameter flow {us : s € R}. For any p > 0 there is a compact
set K C X with w(K) > 1 — p consisting of uniformly generic points.

PROOF. Let D = {f1, fa,...} € C.(X) be countable and dense. Then by the
pointwise ergodic theorem [?, Cor. 8.15] for every f, € D we have

1 T
— sx)d d
T/o fe(u$)8—>/xfeﬂ

p-almost everywhere, or equivalently for every € > 0
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T
u({xeX %/o fg(us-x)ds—/xfgdu >5}> —0

as Ty — oo. Now choose, for every f; € D and for every ¢ = % a time Ty ,, so

that
1 (T 1 p
H ({I €X T/O fe(us-z)ds — /Xfé dup| > n}) < ol+n "

Let K/ C X be the complement of the union of these sets, so that u(K’) >
1 — p by construction. It is clear that the points in K’ are uniformly generic
for all f € D. Moreover, since D C C.(X) is dense in the uniform norm,
this extends to all functions by a simple approximation argument. Finally we
may choose a compact K C K’ with u(K) > 1 — p by regularity of pu. d

sup
T>To

sup
T>Tgm,

The principle outlined above is sufficient to prove the measure classification
theorem for 2-step nilpotent groups (see Exercise m; as we will see in
the next section with more effort the same holds for more general nilpotent
groups). However, in general this use is limited — for example, in the above
form it does not even allow us to give a new proof of measure classification
for the horocycle flow. This will be discussed again in Section where
we discuss the second more powerful refinement of the use of generic points
to show additional invariance leading to a strengthening of Dani’s theorem
(Theorem due to Ratner.

Exercises for Section [6.3

Exercise 6.3.1. Show that the limit polynomial in Proposition takes only values in
the centralizer Cg (U) = {v € g | Adu(v) = v for all w € U} of U in the Lie algebra g of G.

Exercise 6.3.2. Use the results from Section [6.3.2] to prove the measure classification
theorem (Theorem [6.1)) under the assumption that G is a 2-step nilpotent group.

6.4 Unipotent Dynamics on Nilmanifolds

In this section we will assume that G is a nilpotent Lie group and I' < G a
discrete subgroup. In this case X = I'\G is called a nilmanifold.
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6.4 Unipotent Dynamics on Nilmanifolds 187

6.4.1 Measure Classification for Nilmanifolds

Theorem 6.11. Let I' < G be a discrete subgroup of a connected nilpotent
Lie group G and let X = I'\G. Let U < G be a one-parameter subgroup.
Then any U-invariant and ergodic probability measure p on G is algebraic.

PROOF. As we will see, the result follows from a (double) induction argument
and Proposition First, notice that the theorem is trivial if dim G = 1.

A second special case is obtained by assuming in addition that U belongs
to the center Cq of G. In this case, if

X' ={z € X | z is generic for u},

2o € X', and y = g-xg € X', then g € Co(U) = G so g € Stabg(u) by
Lemma [6.7] and y € Stabe(u)-zo also. It follows that X’ C Stabg (1)-zo has
full measure, and we deduce that ;1 must be the Haar measure on Stabg (1)-2¢
as required.

We assume now that G is a nilpotent connected Lie group of nilpotency
degree k, meaning that

Go=G>G1=[G,Go] =2 2 Gr1=[G,Gr2] 2 G = [G,Gr1] = {I}.

We also assume that U < G for some j € {0,...,k—1}. We may also assume
that U € Cg. The inductive hypothesis is then the following statement: the
theorem holds for any X' = I'"\G’, U’ < G’ and any U’-invariant and ergodic
probability measure p’ if either

e dimG’ < dimG, or
o G'=G, I"=T,and U’ < Gj1.

Now let K C X be a set of uniformly generic points of measure u(K) > 0.9
as in Lemma [6.10l Choose some

zo € K N Supp(plk). (6.2)

We distinguish between two possible scenarios.
It could be that there is some § > 0 such that y = e-zg € K with

d(e,I) < ¢

implies that ¢ € Cg(U). In this case (6.2) implies that the U-invariant
set Ca(U)-zo has positive measure, and so by ergodicity we have

1w(Ca(U)-xo) = 1.

Now set G/ = Cg(U) < G and I = Stabgr(zg) so that we may also con-
sider p as a U-invariant probability measure on
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F’\G/ o~ G/.xo

(with I'"g’ corresponding to xgg’). By the above the theorem follows in this
case.

In the second case we find a sequence (y, = €,-x9) in K with ¢, — ¢
as n — oo but g, ¢ Cg(U) for all n > 1. Choosing a subsequence, we
may assume that the sequence of polynomials (p,(r)) from Proposition
converges to a non-constant polynomial p : R — g. By Proposition we
deduce that p is preserved by exp(p(r)) for all r > 0.

We claim that exp(p(r)) takes values in G,1;. Indeed, since U C G; we
have (in the notation of Proposition

Pn(r) = Ady(p,r)(logey,) € loge, + gj41

for all r, where
gj+1 = LieGj11 = [g,9;].
Since €,, — e as n — oo this gives p(r) € g,41 for all r > 0 as claimed.
The argument above shows that

(StabG (M) N Gj+1)0

is a non-trivial subgroup. Clearly U normalizes this subgroup, and since Ad,, )
is unipotent for all t € R, it follows that there exists a one-parameter unipo-
tent subgroup

U'={u; | t € R} < Stabg(p) N Gj11 N Ce(U).

We are going to apply the inductive hypothesis to G’ = G, I" = I', and U’.
However, as p may not bd'| ergodic with respect to U’ we first have to de-
compose p into U'-ergodic components. Recall from [?, Th. 6.2, 8.20] that
the ergodic decomposition allows us to write

p= [ uf an. (6.3)
X

where p&" is the conditional measure for the o-algebra
& ={B € Bx | u(u;+BAB) =0 for all ¢t}

and that for p-almost every x the conditional measure pf' is a U'-invariant
and ergodic probability measure on X with « € Supp ﬂf/.

By applying the inductive hypothesis to p-almost every ué " we obtain a
function z — L, that assigns to x the connected subgroup L, for which uf/
is the L, -invariant probability measure on the closed orbit L,-x. We claim
that there is a connected subgroup L such that L, = L for u-almost every x.

 In fact U’ never acts ergodically with respect to .
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Indeed, since U = {u(t) | t € R} preserves u and leaves the o-algebra &’
invariant (since U’ and U commute) we get

’

(w)upil = s, (6.4)

for every t € R and p-almost every z by [?, Cor. 5.24]. Since ,ufl is L,-
invariant, it follows from that (ul)*uf, is u; Lyu] -invariant, which
implies that

uleul_l c Lu(l)-x

and, by a similar argument for the reverse inclusion,
uleul_l = Lyjeq.
Iterating this relationship shows that
uy Louy " = Ly(n)en (6.5)

for p-a.e. x Now either L is normalized by wu;, or the sequence of sub-
groups in converges to a subgroup that is normalized by u; (to see
this, apply the argument from the proof of Lemma to any element
of A®™ %+ (Lie L,). Hence Poincaré recurrence shows that we must have

uleufl =L,
for p-almost every z. Notice that for any such = we also get
u(t)Lyu(t)™ = L,

for all t € R. By ergodicity it follows that L, = L is constant p-almost
everywhere. The cautious reader will have noticed that the argument above
has assumed implicitly that the function x +— L, is measurable, which we
will show in Lemma[6.12] below. Equation now shows that g is a convex
combination of L-invariant measures and hence is itself L-invariant.

To summarize, we have shown that there exists a non-trivial connected
subgroup L < Stabg(p) containing U’ such that the orbit L.z is for u-
almost every x closed, with finite L-invariant measure and with the property
that U’ < L acts ergodically on L.z. Since L < G is nilpotent, simply con-
nected and connected, M = C(L) is a non-trivial connected subgroup. We
claim that the orbit M.z is compact for p-almost every x and postpone the
proof to Lemma

Next we claim that N (M)-x is a closed orbit for p-a.e. z, see Lemma
This implies that p is supported on a single orbit o N (M) of the unimodular
normalizer. In fact we note first that

U < Na(L) < Ne(M),

Page: 189 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



190 6 Ratner’s Theorems in Unipotent Dynamics

and since U is unipotent we also have U < NL(M). If now zg is generic for p
and U, then
Supp pp = zoU C :UONCl;(M).

Therefore, without loss of generality we may assume xg = I', G = NL(M)°
and hence M <1 G and that the orbit I'M is compact.

Let mpr : G — G/M denote the canonical projection my(g) = gM. We
claim that mp (I') < G/M is again discrete. Suppose that

M(’Yn) — 1

in G/M as n — oo with v, € I', or equivalently y,m, — I asn — oo in G
for v, € I'and m,, € M for allm > 1. Since M NI is co-compact in M, we may
simultaneously modify ~,, and m,, by elements of M NI" and assume that m,,
lies in a pre-compact fundamental domain for I" for all n > 1. Choosing a
subsequence, we may also now assume that m,, - m € M as n — oo. This
implies that v, — v € I' as n — oo for some 7, and so =, = ~ for all
large n > 1. This shows that mar(v,) = mar(y) = I for large enough n, and
hence that s (I") is discrete.
There is also an associated factor map

nx : T\G — 1 (D)\7™m (G)

defined by
wx : Ig— ma(Dwar(g).

The fibers of this map are precisely the M-orbits in the sense that
mx' (rx(I'g) = {I'h | ma (DM = ma (I gM} = TgM

for all g € G.

We set G' = 7y (G), I = 7p (1), U = wpr(U), o' = (mx)ape and deduce
from the inductive hypothesis that u' is an algebraic measure. Let H' < G’
be a connected subgroup, so that p’ is the H’-invariant probability measure
on a finite volume orbit

T (D) (9)H'

for some 7y (g) € G'. Finally, we claim that p is the H-invariant probability
measure on the closed orbit I'gH where H = 7y, (H').
Since mpr (I war(g)H' is closed we also obtain that

IgH = ny" (mar(D)mar(9)H')

is closed. Now let f € C(X). Then

/f ) da(z /fmww) (6.6)
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for all m € M. Now take a Fglner sequence (F,) in M and notice that

1 p—
it (B f(mez) dmas(m) — » F(2)dmaree(2) = f(rx (2))

for all z € X, where the expression on the right defines a function f

in C(nx(X)). Applying this convergence to the average of over the
Fglner sequence gives

/ F(2) dpu(z) = / F(2) dmagen (2) it
X nx(X)J Mz

Flax(z))

Now fix h € H and define f" by f"(x) = f(h-z) so that

frmx(x)) = f(hez) dmas.a(2) = / f(z)dmp(2) = f(hemx (),

Mez M+ (hez)

and

M= Frau = (A" au' = Fau' = [ fdu.
X mx (X) mx (X) mx (X) X

Therefore p is supported on H.xr and is H-invariant. This concludes the
induction, and the theorem follows. O

In the course of the proof we made use of several lemmas which we now
prove.

Lemma 6.12 (Measurability of stabilizer). Let G be a Lie group, I' < G
a discrete subgroup, and let X = I'\G. Then the map

M (X) 3 pur—> Stabg(p)°
from the space M (X) of Borel probability measures on X is measurable.

Implicit in the statement of the lemma is a measurable structure on the
space of connected subgroups, and this is achieved as follows. We identify a
connected subgroup L < G with its Lie algebra Lie L, and if L # {I} with the
corresponding point of the Grassmannian of G. In other words, we consider
the map in the lemma as a map from .#(X) to

dim G

{G}U |_| K(LieG)a

£=1

which is a compact metric space and hence has a measurable structure via
the Borel o-algebra.
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PROOF OF LEMMA [6.12] Let d = dim G, so that
Mg ={p € #(X)|dimStabg(n) = d} = {mx}

and 4y > p— Stabg(p)° is trivially measurable.
Fix k with 0 < k£ < d and suppose that we have already shown that the
sets
My = {p | dim Stabg(u) = £}

for £ > k and the map .#),+1 > u — Stabg(u)° are measurable.
Let p, € M= = M U--- U Mg for n > 1 and suppose that p, — v in
the weak*-topology as n — oo. Let b,, be the Lie algebra of Stabg(u)°. As

{Hu {J (LieG)

1<4<d

is compact, we may choose a subsequence and assume that h, — h < gasn —
oo with dim b > k. We will prove below that p is invariant under exp(h) and
so € M. It follows that .#>) is closed and hence measurable, which
implies that .#), = M~ #>p11 is also measurable.

The argument above also shows that the assumption u,, € #), foralln > 1
and pu, — u € M as n — oo implies that h,, — bh asn — oo, with dim b = k.
Therefore

My > p— Stabg(p)°

is actually continuous on the measurable set ..

Iterating the argument until we reach k£ = 0 proves the lemma.

It remains to prove the invariance of p = lim,, oo ttn, under b = lim,,_, o by,-
For v € b there exists a sequence (v,,) with v, € b, for n > 1 with v,, — v
as n — oo. Then, by uniform continuity,

as n — oo for f € C.(X). As p, is a probability measure for n > 1 this also
shows that

—0

[e.9]

fexp(vn) _ fexp(v)

/ Fepon) 4y / Feno) gy, | < ’ Feplon) _ pen@)|| g
oo
=/ fdpn
as n — oo. Taking limits gives
[tau= [ 5=,
so exp(v) preserves p. As v € h was arbitrary, the lemma follows. O
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Lemma 6.13. Let G be a o-compact, locally compact group equipped with a
left-invariant metric. Let I' < G be a discrete subgroup and ny,...,nx € I’
arbitrary elements. Then I'Cg(n,...,nk) is closed in X = I'\G.

PROOF. The proof is similar to the proof of Proposition[3.1]or Proposition[3.§
So suppose that I'g, — I'g as n — oo with g, € Ca(n1,...,m%) for n > 1
and some g € G. Choose 7, € I' for n > 1 with v,9, — ¢ as n — oco. Fix
some ¢ € {1,...,k} and notice that

I3 9t = gni(Yngn) ™ — gnig™"

as n — oo has to become eventually stable. So assume that

VNN = ViV L = gmig ™"

for all n > N and all i. However, this shows that vg,lg € Ca(m,...,n,) and

Ig=TIvy'9g€ ICq(nm,...,m)

as required. O

Lemma 6.14. Let G < SLg(R) be a closed linear group and let I' < G be a
discrete subgroup. Suppose that L < G is a unipotent subgroup such that xL
has finite volume. Then xCp (L) is compact.

PRrROOF. Clearly zL = A\L for a lattice A < L, so it suffices to consider the
case G = L and x = A € A\L. By Borel density (Theorem also see the
argument on p. [122)) there exist elements A1, ..., \p € A with

CL(L) = Cr(M,- .., \n).

Thus Lemma [6.13] shows that ACL(L) is closed.

Finally, notice that if Ag,, — oo for some g,, € CL(L) as n — oo, then the
injectivity radius at Ag, has to approach zero. In fact, by Proposition [[.1]]
there exist A\, € AN{I} for which g, '\,g, — I as n — oo. However,
for g, € CL(L) we have g, 'X\,g, = A\, € AN{I} which contradicts the
stated convergence. Therefore ACL (L) is a bounded closed set in AL, and so
is compact. U

Lemma 6.15. Suppose that G < SLg(R) is a closed linear group, I' < G is
a discrete subgroup, and M < G is a unipotent abelian subgroup. If xM is
compact for some x € X = I'\G, then xNL(M) is closed, where

Ncl;(M) ={ge G| gMg™t =M and gmyg~! = mar}

is the unimodular normalizer of M in G.
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PRrROOF. Let x = I'g. By conjugating M with g we may assume without
loss of generality that # = I. As in the proof of Lemma [6.13] we assume
that v,9, — g as n — oo for g, € NL(M), v, € I' and g € G. We wish to
show that vg € N (M) for some v € I'.
Notice that
FgnM = ((g, ' T'gn) N M)\M,

which is isomorphic to (I' N M)\M via conjugation by g, € NL(M). This
implies that I'g,M has the same volume as I'M since conjugation by g,
in NL(M) preserves the Haar measure on M by definition. Moreover, since

I'g, — I'g

as n — oo, we see that the injectivity radius of I'g, stays bounded away
from zero. By Minkowski’s theorem on successive minima (Theorem m
equivalently via the argument in the proof of Mahler’s compactness criteria
in Theorem there exist elements

Tn,1y -« Tn,dim M erl’

such that .
(’Yngn)_ Mni (’Yngn) eM (6.7)

is of bounded size (independent of n) and gives a basis of (g,,'I'g,) N M
for i = 1,...,dim(M). Therefore, we may choose a subsequence such that
for every i = 1,...,dim(M) we have (after renaming the indexing variable in
the sequence) that

(Vngn)_l Tn,i (’Yngn) — m; € M. (68)

Since we also have 7,9, — g we may conjugate by 7v,g, in to obtain

Nnyi — gmig~ "

as n — oo. However, since 1, ; € I" this shows that we must have

NN = T = gmig "

fori=1,...,dim(M) and all n > N for some large enough N. Conjugating
by v, we obtain from (6.7)) that

Yo iV = Y 9 My 97 m,

eM eM

by the definition of 7, ; for i = 1,...,dim(M) and all n > N. Since

-1
(Yn9n) ™ Mn,iTnn
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6.4 Unipotent Dynamics on Nilmanifolds 195

gives a basis of the lattice
(g; 'r gn) nM

by definition of 7, ;, and a lattice in M is Zariski dense, it follows that
(ma, ..., Mdim M)

is also Zariski dense in M and
v tg € Ng(M)

foralln > N.
In particular,

_ _ —1 _
N9 (1 t9) =5 € Na(M)

for all n > N. We claim that yy'y, € N&(M). For if n = vy v, (or its
inverse) were to contract the Haar measure on M then n*(I" N M)n~* would
have to contain shorter and shorter vectors as ¢ — oo by Minkowski’s first
theorem (Theorem . As (I’ " M)n~" C I this is impossible, proving
the claim.

It follows that

-1 : -1 1
TN 9= Hm vy ngn € Ne(M)

as required. O

6.4.2 Equidistribution and Orbit Closures on
Nilmanaifolds

Using Theorem we can establish the equidistribution theorem (Theo-
rem and the orbit closure theorem (Theorem on nilmanifolds. In the
case of unipotent flows on nilmanifolds this step of the proof is significantly
easier due to the following special feature of unipotent flows on nilmanifolds
(which we know is false for the horocycle flow on a non-compact quotient,
for example).

Corollary 6.16. Let I' < G be a discrete subgroup of a connected nilpotent
Lie group G and let X = I'\G. Let U < G be a one-parameter subgroup
and xg € X. Then the orbit closure U+x = Lex is algebraic and the U-action
on Lexqg is uniquely ergodic.

Page: 195 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



196 6 Ratner’s Theorems in Unipotent Dynamics

6.5 Invariant Measures for Semi-simple Groups

Using Section we are also ready to prove the special case of Ratner’s
measure classification theorem where the acting group is semi—simpleﬂ We
are going to use the Mautner phenomenon to find an ergodic one-parameter
unipotent flow. This is possible due to the results of Chapter [2] but requires
that the group H has no compact factors. While almost all of the ideas of
the proof certainly go back to the work of Ratner, and in particular to the
paper [?], the observation that this particular case has a short and relatively
easy proof was made in [?].

Theorem 6.17 (Ratner measure classification; the semi-simple case).
Let G be a connected Lie group, I' < G a discrete subgroup, and assume
that H < G is a semi-simple subgroup without compact factors. Suppose
that p is an H-invariant and ergodic probability measure on X. Then u is
algebraic.

PROOF. Define the closed subgroup

Stab(p) = {g € G | gsp = p},

the connected component
L = Stab(p)°,

and its Lie algebra [. We need to prove that u is supported on a single L-
orbit. So let us assume (for the purposes of a contradiction) that this is not
the case. Then by ergodicity of p, each L-orbit must have zero p-measure
since H < L.

There exists a subgroup of H that is locally isomorphic to SLo(R), which
acts ergodically on X with respect to wp. This follows from the Mautner
phenomenon. — Indeed H is by assumption an almost direct product of
non-compact simple Lie groups and each of these contains a subgroup that
is locally isomorphic to SLy(R). Now consider a diagonally embedded sub-
group that is locally isomorphic to SL2(R) and that projects non-trivially
to each simple almost direct factor. By Theorem this subgroup satis-
fies the Mautner phenomenon for H, and since H acts ergodically so does
the subgroup. So we may assume that H is locally isomorphic to SLy(R).
Furthermore, we let U < H be the subgroup corresponding to the upper
unipotent subgroup in SLs(R). Once again by the Mautner phenomenon
(Proposition U acts ergodically with respect to p.

T This case is interesting as the proof is relatively straightforward, even though there may
be a large gap in the dimensions of the acting group and the group that gives rise to the
ambient space. Furthermore, due to this gap there may be a large collection of possible
intermediate subgroups H < L < G. However, the use of this special case is limited as the
acting group is not amenable and hence it is a priori not even clear why we should have
any H-invariant probability measure on a given orbit closure Hex C X.
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6.5 Invariant Measures for Semi-simple Groups 197

By the structure theory of finite-dimensional representations of SLo(R)
(see Knapp [?, Th. 1.64], for example), we see that the H-invariant sub-
space | < g (with respect to the adjoint action) has an H-invariant comple-
ment V' < g (though we have no reason to expect that V' is a Lie algebra).

Now let K C X be a set of yu-measure exceeding 0.99 comprising uniformly
generic points for U < H. We would like to find points x,,,y, € K with

Yn = Gn*Tn,

for some g,, # I with g,, € exp(V') belonging to the ‘transverse’ direction for
alln > 1, and with g, — I as n — co. We then may consider the polynomials

pn(,r) = Adu(TnT) (log gn)a (69)

assume that these converge as n — oo, and apply Proposition [6.9} By the H-
invariance of V' all the polynomials p,, would have values in V' and so we
would then be able to find a polynomial p : R — g taking values in V' and
with p preserved by exp p(r) for all » > 0. The existence of such a polynomial
contradicts the definition of L = Stab(u)°.

To find x,,y, as above, we can apply a relatively simple Fubini argument
as follows (crucially, using the fact that u is invariant under L).

So let BY = BE(I) be a small open metric ball in L around the identity,
and define

Y = {xeX | 1k (lex)dmp(0) >0.9mL(B(5L)}.

By

We claim first that (YY) > 0.9, which may be seen by looking at the com-
plement as follows:

;AX\Y)—;L<{IG4Y| HX\quﬁdmL@)>OlmLu%ﬂ}>

By

1
<— Ly (fez) dmy(€)d
ST () o g L0 a0

1
=— Ixx(l-z)dp d by Fubini
0.1y, (BE) /BEL/X x~k(lx)dp dmy, (by Fubini)

=p(X\K)

p(X < K) 001
= pr— .1
o1 ~or1 b

since L preserves p and pu(K) > 0.99.
We now claim that for any nearby points z,y € Y we can find ¢, ¢, € BF
such that
¥ =l €K, (6.10)
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198 6 Ratner’s Theorems in Unipotent Dynamics

Yy =l,y €K, (6.11)
and
y' = exp(v)-z’ (6.12)

with v € V. To see this, notice that if ¢ is sufficiently small, then (by the
inverse mapping theorem) the map

¢ Bis x BY;(0) — G
(¢,v) — Lexp(v)

is a diffeomorphism from BZ; x BY:(0) onto an open neighborhood O of the
identity in G. Let now g € BY(I) be chosen so that y = g-x. Then we would
like to find ¢,,¢, € B with gf;! = ¢;* exp(v), which will give . This
can be done using the local diffeomorphism above: if & is sufficiently small,
then g¢;' € O and may define ¢, and v by

gl = (47 ). (6.13)

However, we still have to worry about the conditions and .

For this, we are going to see that most points ¢, € BE (and the cor-
responding ¢,) will satisfy this. Indeed, by definition of Y, at least 90% of
all ¢, € BF satisfy 2/ = 0,z € K, and at least 90% of all ¢, € B} sat-
isfy v’ = ¢,-y € K. However, we need to do this while ensuring that
(or equivalently, (6.12))) holds. So define the map

¢: Bf — B
by — 4y
with £, as in (6.13)). This smooth map depends on the parameter g € B¢ and

is close to the identity in the C''-topology if  is sufficiently small (all maps
we deal with are analytic and for g = e we have ¢ =TI B(;L). Therefore ¢ does

not distort the chosen Haar measure of L much, and sends Bf into a ball
around the identity that is not much bigger than B({J (both with respect to
the metric structure and with respect to the measure). In other words, if
is sufficiently small, then

my (¢ ({€z € Bf | ly-x € K})NBf) > 0.9my (¢ ({s € BY | tyox € K}))
> 0.8my, ({{s € By | ly-x € K})
> (0.8)(0.9)my, (Bf) > 0.7my, (Bf).

Together with

my, ({¢, € Bf | ty-y € K}) > 0.9m,, (By),
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6.6 Transverse Divergence and Entropy for the horocycle flow 199

we see that there are many points £, € BY with ¢,.z € K for which ¢,
defined by also satisfies £,-y € K.

The theorem now follows relatively quickly as outlined earlier. Recall that
we may assume that every L = Stab(u)%-orbit has p-measure zero. Let

z € Supp (ply) .

Then for every k = % there exist z,, = z,yn = gn-T, € Y with

gn € B, (INL.

Applying the procedure above to &, ¥, (which we certainly may if n is large)
then we get

2y, yr, = exp(vy)-x;, € K, v, € Vv, # 0,0, = 0

as n — 0o. There are now two cases to consider.

If vy, is in the eigenspace of Ad,,, for infinitely many n (and so let us assume
for all n by passing to that subsequence), then we may apply Lemma
to each v, and deduce that exp(v,) preserves u. However, since v, — 0
as n — oo and the unit sphere in V' is compact, we may assume that Hz—zu —w
as n — oo by passing to a subsequence again. We conclude that since Stab(u)
is closed, exp(tw) € Stab(u) for all ¢. Since V' is a linear complement to the
Lie algebra of L = Stab(u)®, this is a contradiction.

So assume that v, is not in an eigenspace for any n > 1 (by deleting finitely
many terms). In this case we may define T}, such that the polynomials in
have norm one. Use compactness of the set of polynomials with bounded
degree and norm one to choose a subsequence (again denoted (p,)) that
converges to a polynomial p, and then apply Proposition to see that u is
preserved by expp(t) for all ¢ > 0. Since p is the limit of Ady, .(v,) € V, p
also takes values in V' which again contradicts the definition of V. O

6.6 Transverse Divergence and Entropy for the
horocycle flow

E|We will reprove (up to a fact regarding entropy which we will assume for the
moment) the classification of invariant measures under a weaker assumption.
Note that the assumption made in Theorem [6.18] below is weaker than the
assumption in Theorem [5.3] as we do not assume that I' is a lattice. As
a result, the proof of the theorem below is a better representation of the

T Even though the result of this section may not go much beyond what we already under-
stand, we take this case as a starting point for a tour of cases ending with the general case
of unipotent flows on quotients of I"\ SL3(R)
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200 6 Ratner’s Theorems in Unipotent Dynamics

general measure classification results, and indeed is a result of Ratner (see
Theorem [6.1{ and the survey [?]). The use of entropy below goes back to work
of Margulis and Tomanov [?].

Theorem 6.18 (Invariant measures for the horocycle flow). Let I" be
a discrete subgroup of SLa(R), let X = I'\ SLy(R), and let

U—{us—(l‘D ISER}.

Suppose that p is a U-invariant and ergodic probability measure on X. Then
either

e 1 is supported on a single periodic orbit of U; or
e u=mx and I is a lattice.

We want to apply an argument similar to the one in Section It is
easy to check that the argument as it is presented there is not going to be
helpful since it would always just imply invariance under {us}. We start by
generalizing Section [6.3.1]

Lemma 6.19 (Normalizer lemma). Let X = I'\G for some closed linear
group G and some discrete subgroup I' < G, let U < G be a one-parameter
subgroup, and let p be an U-invariant and ergodic probability measure on X.
Suppose that x,y = gex € X are generic for the U-action (in both directions)
and the measure p and suppose

gENg(U)={geG|gUg " =U}.
Then g preserves .

For G = SLy(R) and the horocycle subgroup U we have that g € Ng(U)

implies that
At
9= < )\—1)

for some A # 0 and ¢ € R. Indeed, if

normalizes U, then we may calculate

01 —ca—d
ady (0) = (572 )

and deduce that ¢ = 0. We note that the lemma also implies in this case that

()
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6.6 Transverse Divergence and Entropy for the horocycle flow 201

preserves u. We refer to Figure [6.4] for the geometrical picture of the proof.

Fig. 6.4 If y = 2h~! with h € Ng(V), then the two orbits are again parallel as in
Figure but zuz may not be close to yqu but instead be close to yu;1 for some r.

PROOF OF LEMMA [6.19] The lemma follows from the argument used in
Section [6.3.1] taking into account the fact that g conjugates us € U into

1
gusg =~ = U)s

for some fixed A € R*. Let us assume for simplicity of notation that A > 0,
the case A < 0 is very similar. Hence the piece of the orbit

up,)+r = {us+x | s € [0, T}
is mapped under g to
gujo,r)+r = {ursg-x | s € [0, T]} = ujo r7+y-

As before, the normalized Lebesgue measure on uj r)-x and ujg xr)-y both
approximate p as T — oo, and we deduce that g preserves p.

Just as in the discussion in Section for the proof of Theorem [6.18
we cannot hope in general for this propitious situation — the requirement
that g € Ng(U) restricts the displacement between the two typical points to
a two-dimensional group sitting inside the three-dimensional SLs(R). Thus
we will be forced in the argument developed below to work with an element

o=t
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202 6 Ratner’s Theorems in Unipotent Dynamics

with ad — bec = 1 but with no other constraint, and in particular with ¢
permitted to be non-zero. As we will see in the first part of the proof we will
be able to use ‘transverse divergence’ to produce additional invariance.

PROOF OF THEOREM [6.18 Suppose K C X is a uniformly generic set of
measure u(K) > 0.99. Suppose that z € Supp p| k. If for some 6 > 0 we have

Bg(z) NK - U~Z,

then U.z has positive measure. This shows that z is therefore a periodic orbit
and p is its normalized periodic orbit measure.
Otherwise, it follows that we can choose x, € K and y, € K with

Yn = gn*Tn

and g, ¢ U for all n > 1 and g, — e as n — oo. If for some n we have

At
gn = <0 )\—1) € NG(U)v

then by Lemma [6.19] we know that a = <)\ ) with A # £1 preserves p.

)\—1
Below we will show how this implies that © = mx.
Next we discuss the more general case, so assume that

_fan by
gn - Cn dn

with ¢, # 0. We may assume that ¢, > 0 for all n > 1, for if not we can
interchange x,, and ¥, thereby replacing g, by g, '. We would like to argue
along the lines of Proposition but we already learned from the proof of
Lemmal6.19that we might have to use different clocks for the parametrization
of the orbits of x and y. We have seen before (see in the proof of
Proposition [2.9] on p. the calculation that lies behind this:

(13, an by, 1 —s,
sy Jntl=s. = ( 1) (cn dy 1

_ (an + ¢Sy by — an sy + sy(dy — cnsw)>

(6.14)

Cn dp — cpsy

If we set s, = s, then the upper-right entry, which corresponds to the sub-
group U, is a quadratic term and for small d(g,, I') this quadratic term is the
most significant entry. As this would not lead anywhere, we instead choose

An Sy
Sy = 57—
Y dn — CnSg

Having made this choice, we obtain the simpler formula

Page: 202 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



6.6 Transverse Divergence and Entropy for the horocycle flow 203

ap + Cn Sy by, )

u U_— =
Sv Gn S < Cn dn — CpSg

Once again we want to speed up the time parameter s, = T, by defining T},
to be ci and

an,T
an + g5 by, )
b

¢’n (7") = uanTn"'/(dW_r)gnU7an - < Cp, dn -r

which defines a sequence of rational functions taking values in SLa(R). The
pole of the nth rational function in this sequence is at r = d,, which is
approximately 1. It follows that (¢,) converges uniformly on [0, 1] to the

)2
rational function .
0
— 1—r
¢(T)< 0 11")'

11 is preserved by ¢ (3) = ((2) 1(/)2> ) (6.15)

We claim that

Once we know this we are at the same stage as in the previous special case.
To prove the claim in (6.15]), fix some e > 0 and f € C.(X). Then there
exists a § > 0 with

d(h1,he) <6 = [f(h1-x) — f(howw)| <& (6.16)
for all z € X. Next notice that there exists some x > 0 such that
d(o(r), ¢(3)) <
for all 7 € [ — &, 3], which implies that

d(pn(r), 6(3)) <6 (6.17)

N[>

for all sufficiently large n. Taking a convex combination of two ergodic aver-
ages, and keeping « fixed, we can deduce (just as in Section [6.3.2)) that

1
1 (2T

A, £ () ds —> / Fo02) gy,
X

B E 3—K)Tn
Now
f¢(1/2)(us-xn) = f(o(1/2)usxy)

is within € of

[ (@n(cns)us-an),

since ¢, s € [% — K, %} and because of (6.16) and (6.17). Next we recall the
definition of ¢, to get
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¢n( CnsS )U,(S) = uanan/(dn77‘)gnu—Tncnsus = uans/(dnfc"s)gn~

r

Together we deduce that

A L[ d
n T, /( 7. f(uans/(dnfcns) gn'x'rL) s| <e.

1k

Yn
The integral in this estimate is almost of the same form for y,, as the ergodic
average A, for x,, — except that the orbit is run through non-linearly. For

that reason we now use the substitution ¢t = *=*>—. Its derivative is given
by

dt andy,

ds  (dn — cns)?’
which for large n and sufficiently small x satisfies

—1' <e. (6.18)

This shows that

A — 1 5Tn ; dtd eIl
" 4rT, (3-m)T, uans/(dn—cns) Yn .dis S 5 o) s
and equivalently
1 1 anTri
2a,-1
no *In dt 1 0o ) -
4HTn /(IH)‘MTnf(uty ) <5( +||f|| )
2 dn—%-%—n

From (6.18) (or alternatively apply the above to the constant function f = 1)
we also deduce that the length of the interval for the integral is asymptotic
to 4kT,, as € — 0. More precisely we have

‘1 _ total length

< 2.
4rT, ’ c

Applying the convex combination argument to the intervals

{0 1 anTn} and [0, (3 —x) anTh ] ’

agdn,% dn7%+n

the initial point y, and the function f we get
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1 anTn

1 b
| flurw) &t — [ fan
( X

anTn
total length k) i

Together we see after taking the limits as n — oo that

[ [ g <o+ i),
X X

and this holds for any ¢ > 0 and f € C.(X). Hence we have shown that
in any case p is invariant under a non-trivial element a = (/\ )\_1> of the

geodesic flow.
We now finish the proof using the entropy theory developedlﬂin Chapter
In particular, by Theorem 2) we have

hu(a) = 2log |A],

since p is U-invariant and U is precisely the stable horospherical subgroup.
However, by Theorem this implies that p is also invariant under the
opposite unipotent subgroup

{(39)15er}.

Since these unipotent subgroups together generate SLa(R), we see that u
must be the Haar measure mx on X, which also forces I" to be a lattice. [

Exercises for Section [6.6

Exercise 6.6.1. Let

Awv

G =2 (R):SLQ(R)MRQZ{(O 1

) | A€ SLa(R),v € RZ} ,
I =5 (Z) =GN SL3(R), and X = F\G

Consider the followinﬂ choices of one-parameter unipotent subgroups and prove for
each of them the classification of invariant measures:

10s
(1) We could set us = 10
1

T We hope that this and future forward references to Theorem and Theorem m
serve as a good motivation for learning the basics of entropy theory from [?] and the more
refined arguments of Part E

¥ The reader may check whether these are all, up to conjugation.
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150

(2) A more interesting choice is given by us = ( 1 0) . Here you may use again entropy
1
theory (see the next section on how to avoid this).

2

1ls
(3) Finally we could also set us = ( 1 ) . We note that this case is easier to deal with,

— o

no entropy theory is needed.

6.7 Joinings of the Horocycle Flow

In this section we consider the group G = SL32(R) x SLy(R) and its quo-
tient X = I'\G by a lattice. Up to conjugation, G allows three different
choices of one-parameter unipotent flows:

A= (1) () emy
o= (M) (1)) e mframa
o L= (1) (11))rex)

The first two are actually horospherical subgroups so the discussion in Chap-
ter [5| applies to these cases. Thus we will only consider the third (most diffi-
cult) case (which of course is a special case of Ratner’s measure classification
in Theorem [6.1]).

Theorem 6.20 (The first non-horospherical case). Let
G = SLQ(R) X SLQ(R),

let I' <G bea lattic&ﬂ and define the quotient space X = I'\G. Let

7= = () (D) ben,

Then any U-invariant ergodic probability measure pn on X is algebraic.

We will give two proofs, both of which start in the same way. The first
proof will use entropy theory and works in the stated generality. The second
proof is due to Ratner from her earlier work on the rigidity properties of the
horocycle flow [?, ?, ?] and will not use entropy theory but only works in a
special case (more precisely, only for reducible lattices).

T In some portions of the proof it will be convenient to refer to Theorem where we
assumed that I'\G is isomorphic to an orbit in d for some d > 2. So strictly speaking we
should assume this. Alternatively see Exercise @
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START OF PROOF OF THEOREM USING TRANSVERSE DIVERGENCE.
Let K C X be a set of uniformly generic points of measure p(K) > 0.99
and suppose that y = g-x with x € X and g € G close to the identity I € G.
As in the last section, we now want to study how the U-orbits of x and of y
move apart, where we allow different time parameters for the orbit of 2 and
the orbit of y. To this end we calculate

Us, *Y = Us, JU—s, .(uSz -LL’)

o= ((t0) (o)

obtain (by applying the calculation (6.14)) for each component)

gy sy = <<a +csy b—asg + sy(d— csz)) ,

and for

c d—cs,
a + sy b —a'sy 4+ sy(d —c'sy)
c d — s, ‘
We again set s, = ;2°= —, 80 that the above simplifies to
b(s,) = a+csy b a + sy b —a'sy +sy(d —'sz)
Sz) = c d—csg )’ c d — s, ’

(6.19)
and this already ensures that any limit of functions like ¢ (with b approach-
ing 0) does not take values in UN{I}.

Once again we need to speed up the time parameter s, by setting s, = T'r
for some T" > 0 to be defined later. In the last section we defined T to be %
in order to ensure that the limit of the first matrix in ¢ is interesting. Here
we need to be more careful, as with that choice the second matrix defining ¢
could divergeﬂ

Clearly if ¢(s,) is constant, then it will be difficult to make it more inter-
esting by a speeding up. Hence it will be useful to ask when this happens.
This could be done by analyzing the concrete function ¢ as above in detail,
but it is easier to do this abstractly.

Lemma 6.21. Let G < SLg(R) be a linear group, let
U={u(s)|seR"} <G

be a unipotent subgroup parameterized by some polynomial ma;cﬂ uw:RF 5 U
with u(0) = I. Fiz some g € G. Suppose also that s, = s,(s;) is defined on
an open neighborhood of 0 € R* (for example, by a rational function) such

T For example, if ¢ > 0 is much smaller than ¢ this will happen.

¥ We are not assuming that U is abelian, nor are we assuming that u is a homomorphism.
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that s,(0) =0 and
D(sa) = ulsy)gu(—sz)
is constant where defined. Then g € Ng(U).

PROOF. Let s, € R* be close to 0. Then

P(s2) = ulsy)gu(=sz) = 6(0) = ¢

is equivalent to
gu(sz)g" = u(sy) € U.
As this holds for all s, near 0 and U is connected, the lemma follows. O

Suppose for a moment that ¢(s,) as in is indeed constant. Then we
have g € Ng(U), and by Lemma we also have g € Stabg(p). Suppose
that @ € Supp p|k, and that we are in this case for all y = g.x € K sufficiently
close to z. Then Stabg(p)-z has positive measure, and hence has full measure
and the theorem follows.

It remains to consider the case where there is a sequence (y,,) with

Yn = gnx

for n > 1 with z € K and g, — I as n — oo for which the rational map ¢,
defined as above is not constant. Then

an(sx) = (dn — CnSg, (dn - Cnsx)¢n(3x))

is a tuple of polynomials with not both being constant. We define the
speeding-up parameters T,, > 0 such that

sup || @n(Tnr) — gzjn(O)Hoo =1
r€(0,1]

We may choose a subsequencdﬂ such that
&, (T,r) — ¥(r)
converges uniformly as n — oo on compact subsets of R. It follows that
U(r) = (1— ar(r))
for some « € [—1,1] and some polynomial 1)g. Moreover,

1
1—ar

Yo(r) = ¢(r)

T As usual we simplify notation by not introducing a further subscript to denote the
subsequence.
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6.7 Joinings of the Horocycle Flow 209

is the limit of the sequence of functions (r — ¢, (T, 7)) uniformly on compact
subsets of RN{1}. Now we can ask for the behavior of the function

r—y(r) eG
for r # i, without calculating it explicitly.
Lemma 6.22. Let G < SL4(R) be a closed linear group. Let
U={u(s) | scR} <G

be a unipotent subgroup with a polynomial parameterization u : RF — U
such that uw(0) = I. Let {M; : U — U | t € R} be a one-parameter group
of automorphisms of U such that M uniformly expands U. Let (g,) be a
sequence in G with g, — I as n — oco. Suppose further that there exists
a sequence (t,) with t, — oo as n — oo, and a sequence of rational func-

tions (sén) ‘RF — Rk), well-defined except possibly on a proper subvarieties,
such thafl)
Yalr) = My, (u(s§?) (1)) gu M, (u(=1))
converges uniformly on some open subset O C RE to some function
Y:0 = G.
Then ¥(0) C Ng(U).

We note that in the case we are currently interested we have U = R and
we may define M, : U — U by multiplication with e.

PROOF. Let w € U and r € O. Then

My, (u(—=r))u = My, (u(—r)M_; (uw)) = My, (u(—(r +&,))) (6.20)

n

for some sequence (e,) with €, — 0 as n — oo since M_; (u) — I in U
as n — 0o. By uniform convergence this implies that

B(r) = lim (7 + )
= lim My, (u(s§) (r 4 0)))gn Mo, (u(—(r + 1))

n— 00 Y
(

= lim M, (u(s\™ (7 4 £4)))gn Mz, (u(—7))u

n—»00 Y

for r € O by (6.20). Comparing this with the definition of t(r) we see that

P(r) = lim ul, v, (r)u

T As the reader may notice, the automorphism My, does the speeding-up in this more
general setting.
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210 6 Ratner’s Theorems in Unipotent Dynamics

for some u;, € U. As

lm 4, (r) = ¥(r)

n—oo

we must have lim,_,o, u/, =« € U and

or equivalently
Y(ryup(r)~t = ()t e U
As this holds for all u € U, the lemma, follows. O

Using the same argument as in the proof of Theorem [6.18|and Lemma[6.22]
it now follows that u is invariant under all elements ¢ (r) for all r € (—1,1).
Analyzing the construction of ¢ we also see together with Lemma that

oo {(( ) (o

We claim also that 1 is not constant. Indeed if 9 is constant, then o = 0
which implies that ¥y = 1 is also constant in contradiction to the definition
of T,.

From this it follows quickly that

0= () (5 0)

for some rational function B(r).
CASE I: Assume first that a = 0 so that

0-(()07)

for some nonconstant 3(r). This gives that p is invariant under the horosphere

()0}

and the result follows from Theorem [E.11]
CAsE II: Suppose now « € [—1,1] is nonzero so that

=((4)-(12)

for some positive A # 1. We claim that we may assume in the following
that s = 0. In fact, replacing u by

(()-(5)).»
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6.7 Joinings of the Horocycle Flow 211

gives a new measure that is still invariant under U and is also invariant under

() L) C) () (7))
(o) (57)),

Since A # A~! we can choose s’ so that the new measure is invariant under
the diagonally embedded element

()00

We assume without loss of generality A € (0,1). We note that a acts ergod-
ically with respect to u. Indeed if f € L?(X, p) is a-invariant we may apply
Proposition and obtain that f is also U-invariant and so constant by
our assumption on u. We will continue the proof in two different ways (using
entropy, and in a more special case without entropy theory). O

FINISHING THE PROOF OF THEOREM [0.20] USING ENTROPY THEORY. By
Theorem 2) we have

hu(a') P hu(av U) = 2|10g)‘|a

since U belongs to the stable horospherical subgroup G, of a and p is U-
invariant (which forces the leafwise measures u¥ to be the Haar measure
on U for a.e. x and makes it easy to calculate h,(a,U), see the easy half of
Theorem . We now consider the opposite horospherical subgroup

o= {((4)- ()
Ut = {<(i 1> ’ (i 1))

which should be considered as opposite to U.

S1,82 € R}

and the subgroup

SER}QG,

n
CASE A: It could be that the leafwise measure uf“ (which can also be used
to describe the entropy since h,(a) = hy,(a™!)) are almost surely supported
on U™. Suppose this is the case. Then

2|log Al = hyu(a,U) < hu(a) = hy(a, G7) = hu(a,UT),

where we used the above inequality, Theorem 2) applied to GF, and our
assumption regarding the leafwise measures. However, together with (the
difficult part of) Theorem applied to U™ this shows that p is invariant
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212 6 Ratner’s Theorems in Unipotent Dynamics

under U™. Since U and U™ generate the diagonally embedded copy of SLa(R),
we may now refer to Theorem [6.17] which proves the theorem.

CASE B: Now suppose that the leafwise measures uf: are not almost surely
supported on U™. Section shows that there does not exist a set X’ of
full measure such that g-z,z € X’ with ¢ € GJ implies that g € U". We
now use this, again in a more general setting, to produce tuples of uniformly
generic points with a specific relationship to each other.

Lemma 6.23. Suppose X = I'\G for some Lie group G and discrete sub-
group I', let a € G be such that Ad, is diagonalizable with positive eigenval-
ues, and let U < G, be a unipotent subgroup. Suppose i is a U-invariant and
ergodic probability measure on X which is also a-invariant. Let Ut < G} be

a subgroup and suppose that the leafwise measures ufz are not almost surely
supported on UT. Then there exists a uniformly generic set of points K for
the action of U, two points y = g-x and x with y € GINUT, and infinitely
many n = 1 with

n

a ey = aingan-(ain-x) e K anda "ex € K.

PROOF. Let K be a sequence of uniformly generic sets of points for the action
of U with u(K) > 19—0. By Proposition w is also ergodic with respect to
the action of a. Let

n—o00 N

n—1
1
X' = {:c €X| lim = lIx(a"z)> 190} , (6.21)
k=0

so that pu(X’) =1 by the pointwise ergodic theorem applied to p and to the
action of a. Applying Section to X’ and the subgroups Ut < G, it
follows that there exist points y = g-x and x € X’ with g € GI~\U™, and the
lemma follows. O

Applying Lemma [6.23]in our case, we find two points y = g-z and = with

()0 )<

and ¢ # ¢ (since by assumption g ¢ U™). Moreover, we have infinitely
many n > 1 with y, = a "y, x, = a ".z in K. Notice that

 non 1 1
gn = a ga = )\2ncl ) )\2n0/1 .

We now start the arguments from the very beginning of the proof again, using
the points y,, = gn+xn,x, € K. The calculation there now simplifies, sinc

T We write * for an entry of the matrices that we do not care about.
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6.7 Joinings of the Horocycle Flow 213

s R * 0 % =85 + 5y(1 — 's5)
u(l—csm>gu( sm)<<cl—csw)’<c’ 1—¢'s, ’

which after conjugation by a™" gives

(A <)\72n41_szsm> gnu (7A72n5x) ==

% 0 * )\7277,5% 1c—c’
T 1—csy .
Ael—es, )\ N 1—('s,

Notice first that in the first matrix on the right the top right entry is zero
(and so equal to the same entry of g,), so the matrix is ¢, (A~?"s,). Then
notice that the top right entry of the second matrix is non-zero and diverges to
infinity as n — oo. This shows that A~2" is too large a speeding-up parameter.
More precisely, the speeding-up parameter T,, must satisfy

T,
/\7271

as n — oo. This shows (after choosing a converging subsequence and taking

the limit) that )
wo=((14)- (7))

for some k # 0, and that p is invariant under ¢(r) for » € (—1,1). Thus we
are now back in Case I of the beginning of the proof, which concludes the
argument. O

In the second, entropy-free, argument we will assume that I' = I} x Iy
for lattices I, I'y € SLo(R).

PROOF OF THEOREM [0.20l WITHOUT USING ENTROPY THEORY. We set
X; = I;\SL2(R)
and consider the projections m (z,2’) = z and ma(z, 2’) = 2’ from

X = I \SL2(R) x 1,\SL2(R)

to X7 respectively Xa. Let pu; = (7;).p, and obtain in this way a horocycle-

invariant probability measure on each X; for i = 1,2. By Theorem [5.3] these

measures are therefore known to be algebraic, which leads us to three cases.
[(1)]u1 and pe are both periodic orbit measures, which reduces the classi-
fication of the possibilities for x4 to the classification of invariant measures
on T? = R%/Z2. One of the two measures is a periodic orbit measure, but
the other is Haar measure. Both measures are Haar measures, in which
case [ is, by definition, a joining for the horocycle flow.
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214 6 Ratner’s Theorems in Unipotent Dynamics

We consider the case (i) dealt with and show that case (ii) is also quite
easy to handle. Suppose without loss of generality that (m).pu = p1 is a
periodic orbit measure while (7). = mx, is the Haar measure. Suppose
. . . 1
that s > 0 is the period of the horocycle flow on Supp p1. In this case ( i
acts trivially on the first factor and ergodically on the second. Applying the
decomposition p = f pg,z,) dp(z, ") into conditional measures for the o-
algebra
A = Bx, X {@,Xz},

we notice that us preserves every element of &/ modulo p (since p-almost
everywhere u; does not change the first component). By [?, Cor. 5.24] this
implies a.s. that

(Us) b2 = P ar) = Hioar):

To summarize we have that uff " does not depend on z’, is supported

T,z

on {z} x Xy, and is invariant under the horocycle flow on {z} x Xs. Since

mx, = (1) = (m2)s / B oy dpp(,2') = / (m2) < 15 oy i)

expresses mx, as an integral convex combination of other horocycle-invariant
probability measures, it follows by ergodicity that

o
(FQ)*M(m,w’) =Mmx,,

or equivalently
M‘é’z/) == 51 X mX2

for p-almost every (x,a’). It follows that p = (7).t X mx, is algebraic.
So we now (and for the rest of the section) consider (iii), the most inter-
esting case, of a joining p with

(mi)app = mx,

for ¢ = 1,2. By the beginning of the proof on page we can derive addi-
tional transverse invariance. Either we are in Case I, in which case we have
horospherical invariance and hence the trivial joining p = mx, X mx, by an
argument very similar to (i), or we may assume after modifying u slightly
that p is invariant under a diagonally embedded diagonal element]'| a.

We again set & = Bx, X {J,Xs} and consider the conditional mea-
sures ﬂfi,w) which describes p on the atom [(z, 2')] s = {2} x X3 for p-almost
every (x,z').

If ,uff: ) is not atomic almost everywhere, then 1 = mx, X mx, is the
trivial joining.

T This element a will be used later in the proof, but its entropy properties will not be used.
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6.7 Joinings of the Horocycle Flow 215

For each m > 1 let K,,, be a set of uniformly generic points with u(K,,) >
1-— % Replacing K,,, by K1 U---U K, if necessary, we may assume that

KiCKyC---
and let
X' = U K,
m>=1
so that p(X’) = 1. Since we assume that M‘(Qi ;) 18 not atomic a.e., we

see that ,w(‘zi x,)| x’ is not atomic p-almost everywhere. Therefore there ex-
ists some set K, and some (x,2’) € X such that /i‘(Qi )| K, 1S nON-atomic.

As Supp /Lgvx,) C {z} x X5, we see that there exists a sequence of points
TnsYn = gn*Tn € K.,

with @, # yn, m1(2n) = & = 71 (y,) where the displacement satisfies

!/ bl
gn = (I, (‘c‘:’ f)) #1

a b
(55) -

as n — 0o. We now apply the argument from the beginning of the proof on
page [207] to see that y is invariant under the action of

()
- (1(15)

with b, — 0 as n — oo and so we may apply the centralizer lemma
(Lemma , or because we are back in Case I of the transverse divergence
argument.

Thus we may suppose that /r(‘zi ) is atomic a.e., in which case we make
the following claim.

There exists some m > 1 and functionﬂ fi,-- oy fm : X1 — X5 such that
the measure NEQZ,:,:/) may be expressed in the for

with

either because

T In some sense it is better to think of {f1,..., fm} as a correspondence or an m-valued
function from X; to Xs.

¥ In the following we will write p,g 5= Hfi o) 38 the conditional measure does not depend

on the second coordinate z’.
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216 6 Ratner’s Theorems in Unipotent Dynamics

1 m
== Fesiia)
i=1

for mx,-almost every x.

We note that the claim shows in particular that p is determined by mx,
and the set of functions {f1,..., fm}

We define a function

F(za") = u,) {(@,2)})

which by the previous claim is positive almost surely. Notice that u; .o/ = .7,
so that

f (us+(z,2") = p o) ({Us-(x 2)})
= (us)- u(x 7 ({u-(,2)})
= pr.) {(@,2)}) = f((2,27)

by [?, Cor. 5.24]. This shows that f is a us-invariant functiorﬂ Therefore, f
is constant p-almost everywhere, so that we also have

wir Qe 2)y) = f ((z,2") = f ((2,9) = nr.) (e, y)})

if both (z,2’) and (x
first coordlnate As I
that there is some m

") belong to this full-measure set and share the same
) is by construction a probability measure, it follows
1 and m points

{fi(@),..., fm(2)} € X2

Y
o
2

such that
) = Z% fi(@))

for p-almost every (x,a’) (or equivalently for mx,-a.e. ).

We may choose the functions fi, fa,..., fm : X1 — X2 to be measurable
on a subset X{ C X of full measure

We let X be the set on which ,u , is defined and has the property in the
last claim. Using a countable basis of the topology of X5, we find a sequence
of finite or countable partitions (£2,) such that

P < 0 (Pnt1)

T This function is also measurable, which the reader may check by exhibiting f as a
pointwise limit of a sequence of measurable functions using uéﬁj w,)(B) for elements B
chosen from a refining sequence of partitions of Xo. We skip this proof, but refer the
reader to the next step for a similar argument.
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6.7 Joinings of the Horocycle Flow 217

and -
%X2 = \/ 0(‘@11)
n=1
We also order the elements of
gzn = {Pn717...}

where we may assume that P, ; has diameter smaller than %L for ¢ > 1.

We will define f; as in the claim to be a limit of a sequence of measurable
functions ( 1(n)

Pick some y;,; € P;; for i > 1 and define

(@) =yu1on By = {z € X1 [ ufl ) ({a} x Pug) >0}
(@) = y12 on Bip = {z € Xy | u ,({x} x P2) > 0} B,

and so on. In defining f1(2) we again use some yp; € P5; for ¢ > 1, but we
require the property that f1(2)(x) and fl(g)(x) belong to the same partition
element of &;. We can ensure this by requiring that each P ; is split into
finitely many partition elements of &3, and the subsets of P, ; appear before
the subsets of P ; in the enumeration of the elements of &7, whenever ¢ < j.
With this allowed assumption we can simply follow the same procedure for the
construction of fl(g). Repeating this for all n we get a sequence of piece-wise

constant (and, in particular, measurable) functions ff") with the property

that
d(f (@), 1P (x)) < L

if n > k. Therefore
file) = lim f{"(z)

exists for all z € X; and defines a measurable function f : X7 > X5. By con-
struction there exists for every n some @Q,, € &, with fi(z) € @y, u‘(‘i H({z}x

Qn) > 0 and so also pfl 1(Qn) > 1/m. Since Q, has diameter < 1/n we

see that (>, @, = {(z, f1(z))} which gives /‘E(Zi,) ({(z, fr(x))}) = 1/m for

all z € X{. If m > 1 then we remove (z, f1(z)) from ﬂ“(‘zi , by replacing the
measure with
o 1
M,y ~ w0 f(@)
and repeat the procedure as necessary.

As the above arguments already show we will work more and more with
points in X; and will below use frequently dynamical arguments on X; with
respect to the factor measure mx, = (1)« to derive additional properties
of the functions fi, ..., f;,. To simplify the notation for these arguments we
set
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218 6 Ratner’s Theorems in Unipotent Dynamics

(Yot

with A € (0,1) as before. Since we already know that (u,w) and (a,a) pre-
serve p (which is determined by mx, and the functions fi,..., f;,), we get
the “compatibility properties” for the functions fi,..., f;,. In fact

{fi(wz),ooos fon ()} = u- {1 (), ()}

a.s. and similarly with u replaced by a. Indeed, by [?, Cor. 5.24] we have

(u,u)- ({2} % {f1(@), -, fm(@)}) = (u,u)- Supp s )

w,u) "t
= Supp(u, u). ey

= Supp 5

which in turn may be written as

Supp %,y = {wswy x {fi (w) ..., fon (w)}

mx,-almost everywhere. This is the claimed equivariance property of the
set of functions for wu, the case of a is identical. We now suppose that these
equivariance formulas hold for all x € X{ and that X7 is invariant under
both u and a.

Our main aim is to show that for the element

(1
et
we have the analogous formula

{fl (’Ut'l’) R (Ut‘x)} = Vg~ {fl(x)’ IR fm(x)}v (622)

which will show that p (which is determined by mx, and fi,..., fi,) is
also (vt, vy )-invariant.

Now that we have set the stage and know what we are aiming at, it is time
to get to the heart of the matter, namely the following ingenious argument
due to Ratner which we first outline in the case m =1 as follows.

The proof resembles in some ways a double Hopf argument (see [?,
Sec. 9.5]). Consider the points

(z, f1(z)) and (vi-z, f1 (veez)) = (v, g- f1(2))

(with g = v; being our goal). Applying the equivariance property for a to f;
we obtain

fila " vpx) = a""gfr(x) = a”"ga" fr(a”" )

6.23
= fi(vazna™"oz). (623
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Using the ergodic theorem for the action of a™', and the fact that f; is
nearly continuous by Lusin’s theorem, we see that for many n > 1 the point
in and the point fi(a~".x) are close together since A>"t — 0 as n — co.
Unfortunately this does not imply much about ¢ itself, because we could
certainly haveﬂ a~"ga™ — 0o as n — 00.

Using u’ instead of a~" gives a better situation, as follows. If ¢ is very

small, then
o o (10 [1 1—=0\ (14t —0%
wott =0 )\ 1)U ¢ 1-w

will still be small for £ smaller than 1/+/[t[}} Using once again the ergodic
theorem for u and the fact that f; is nearly continuous by Lusin’s theorem,
we obtain that for most £ in [0,1/4/]t|) we have that

ubefy(vpex) = (uegufe) ulsfy(x)

is very close to u’.fi(x). However, this time u‘gu~* is a polynomial in ¢

(rather than an exponential function) which will allow us to derive constraints
on the entries of g. Since ¢ is constrained to an interval [0,1/1/|t]), the con-
straints on the entries of

wa=((1)-(2)

will take the form of inequalities
le] < |t |d — a] < A/]t], |b] < 1.

Since we are aiming to prove that g = v, this also appears to be a hopeless
venture. In the argument below we will be double-dipping in the following
sense. By using a~" we will be able to make ¢ smaller and smaller indefinitely
(without winning back any information about g). By using u’ for longer
and longer intervals as n grows, we will be able to obtain better and better
constraints on the entries of g.

In order for this double-dipping to work, we need to define some sets, for
which we will return to the general case of m > 1. By Lusin’s theorem there
exists a compact set K C X{ with pu(K) > 1— g5 such that fi|x is continuous
fori=1,...,m. We define

T The geodesic flow has many pairs of orbits that are close for a large percentage of time
without being close for a good (meaning algebraic) reason.

¥ It might appear disadvantageous to use u instead of a~?, since a~"v¢a™ actually con-
verges to I as n — 0o, whereas the corresponding expression for u is only small for certain
times. The utility of u for the argument will become clear soon.
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L
1 ¢ 9
}ﬁ:{xeX{L;_l]lK(u-x)>wforallL>1}
and
| X
. —n 1
Yg:{xeX{ A}gr(l)oﬁ E_l]lylmK(a -x)>2}.

By the maximal ergodic theorem applied to the action of u we have mx, (Y1) >
%, hence myx, (Y1 NK) > %, and by the pointwise ergodic theorem applied to
the action of a we have mx, (Yz) = 1. We now derive the promised inequali-
ties.

Lemma 6.24 (Linearization for the correspondence). Depending on K
there exists some & > 0 such that for all

y=wvex,t €Y1 NK

with t € (—=4,0) and all i there exists j such that
ab
i = (2 4) -5

for some a,b,c,d € R with |c| < [t], |a —1],]|d — 1| < /|¢| and |b| < 1.

In the proof we will use the fact that y = v,-x and z satisfy that u‘.x
and u’.y are close together as long as ¢*t is small. Applying f1,..., fm we
have the weaker property that the image points are some fixed percentage
of this time window (if m = 1 this would be 80%) close in X5. Here we will
need the following lemma.

Lemma 6.25 (Linearization for two orbits). Let X = I'\ SLy(R) be a
quotient by a lattice. For any p € (0,1) and any compact subset K C X there
exists some k € (0,1] with the following property. Suppose that L > 1, the
points ¢ € K and y € X satisfy

%|{€e {0,...,L =1} |u*ex € K and d(u®-z,u-y) <k} =p.

b ,
Then y = (CCL d) -z with |¢] <, 72, la—1| <p 1,]d—1| <, 1, and |b] <, 1.

PrOOF. The main idea of the proof is similar to the proof of the non-
divergence for the horocycle flow in 2 in Section We let p € (0,1]) be
chosen so that 2p is an injectivity radius on K, and let

S={te{0,...,L} | u-z € K and d(u’-y,u’-z) < p}.

For £ € S we let gy € SLo(R) be the unique matrix satisfying u-y = gou‘.x
and
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6.7 Joinings of the Horocycle Flow 221

d(ge, I)=d (ue-y,uz-x) < p.

We say that £,m € S are equivalent if the corresponding points uf-y, u‘-z
respectively u™.y,u™.x are close and are so ‘for the same reason’. More
precisely we define ¢, m € S to be equivalent if

m

gm = u™ gpu= (M0

and that d(u*~‘geu=* =9 1) < p for alll] k between ¢ and m.
Suppose for a moment that S consists of one equivalence class. If 0 € S
then we already defined go. Otherwise we let gy = u~“gyu’ for some ¢ € S.

In any case we let
_fabd
go = cd)’

ut ab . a+clb+ (d—a)l —ct
cd n c d — cl?
has distance no more than p from I for at least the fraction p of the points
in {0,1,...,L}. For those choices of ¢, we also have

so that

b4 (d—a)l —cl?| < p

for some absolute implied constant, which depends only on the Riemannian
metric. By Lemmaﬁ this implies that

b+ (d—a)l+cl?| <, p< 1

for all £ = 0,..., L, potentially with a different implied constant. The esti-
mates in the lemma now follow by using £ = 0 to see that |b| <, 1, £ = £
and £ = L to get

|(d—a)k —i—c%\ <pland |(d—a)l +cl? <, 1,

which gives |(d — a)L| <, 1 and |cL?| <, 1. This also implies ad = ad —
bc+ O(£z) = 14 O(F5). Using the diagonal entry of u‘gou" we also see
that |a — 1| <, p, |[d— 1] <, p. If p is sufficiently small, then (d+ 1) > 1 and
so(a—1)(d+1)=ad—14+a—d=0(%+ 75) implies |a — 1| <, 7. The
estimate |d — 1| <, 1 follows in the same way.

To prove that S contains only one equivalence class, we assume the op-
posite, choose k sufficiently small and will again use Lemma to derive a
contradiction. In fact by that lemma we may choose k < p so that

T Note that possibly not all of these integers k belong to S due to the additional require-
ment u¥+z € K in the definition of S.

t Strictly speaking we use a discrete analogue of the lemma. However, we only need the
quadratic case and the proof easily extends to the discrete case.
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222 6 Ratner’s Theorems in Unipotent Dynamics

1 K P

—{te{0,...,T—1 < =|Iflloo <=

7 [t {0, FILf@)] pIIfH i <3
for any quadratic polynomial f where

[fllcr = sup [f(t)]-

0<t<T—1

Choosing k possibly even smaller (to accommodate for the Lipschitz constant
of switching between the Riemannian metric and the matrix norm near the
identity) we also obtain

% [{te{0,....,T =1} |d(u'hu™" 1) > k}| < g
if h € BY, is such that d(u='hu,I) > p or d(uThu=T,1) > p.

For each equivalence class [¢] with £ € S as a representative, we define
the protecting intervals Py to be the maximal subinterval of {0,...,L} on
which d(uf~“gou=*=9.1) < p for all k € Py. By definition [(] C Py;. We
may also assume that for each equivalence class [/] and its interval Py, we
have d(u*~¢gou= =9 I) > p for k equal to the left end point minus one or
equal to the right end point plus one. Indeed, for otherwise by maximality
of Py those endpoints must be 0 and L —1 which gives that Py = {0,...,L—
1} and so the lemma by the first part of the proof. Hence by our choice of &

1

p
| Pl

| {k € Py | d(uk_eggu_(k_é),l) < kP < 3

1]

We also note that an element ¢ € [0, L] could belong to two intervals Py,
and Py, for [(1] # [£2], but only to two. In fact suppose £1 < fo < {3 with

{e P[&] N P[Kz] N P[Zs]

and with [¢1], [(2], [¢3] all different. Since u*2.z € K by definition of S > fs,
since Py} is maximal interval on which d(u™ gy u=m=4) I) < p, and
since p is smaller than the injectivity radius at K, we see that ¢; ¢ Py,.
Since P[gl] > /1 and P[gz] S /9 are intervals, we must have ¢; < £ < £o. The
same argument leads to fo < £ < {3, which is a contradiciton. Hence any
integer between 0 and L — 1 belongs to at most 2 protecting intervals.

We finally set

={te{0,...,L -1} | d(u‘-y,u’x) < k and v’z € K} C UV]
[

and obtain
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6.7 Joinings of the Horocycle Flow 223
p 2
1<l < D510l < 3pL.
4] 4]

However, this contradicts our assumptions. Hence there can only be one
equivalence class and the lemma follows. O

We return to the setting of Theorem and apply the lemma above.

PROOF OF LEMMA [6.:24] Since K is compact and the functions fi,..., fi
restricted to K are continuous, the set

K'= Ufi(K)

is a compact subset of X». We set p = ;2 and apply Lemma to
X =X, = I5\SL2(R)

and the compact set K'. This defines some x > 0. Since f;(z) # f;(x) for i # j
and all z in the domain of these functions by construction, we may also
suppose that

d(fi(z), fi(x)) > 2k

for x € K and i # j. Again since f; restricted to K is continuous we see that
there exists a § > 0 such that

z,y =g-xv € K,g € SLy(R) with d(g, 1) <6 = d(fi(y), fi(x)) < &
fori=1,...,m.

Suppose now that ¢t € (—4,d) and z,v-x € K NY;. We can now find an
interval I, , of length >5 1/4/]t| such that for ¢ € I, , we have

¢ o 14+t 02t
d(u‘viu ,I)—d(( b 1_ ot 1) <6,

and (by definition of Y7) for 1% of all £ € I, we have u‘-x,u’.y € K and so

d(fi (u'y), fi (u'oz)) <k

for i =1,...,m. By the properties of {f; | i =1,...,m} and our choice of
this also shows that for % of all £ € I, we have that for all ¢ there exists
some j = j(i,£) € {1,...,m} with

d (u'-fi(y), u’-fj(2)) < k. (6.24)

Thus for every ¢ there exists a j = j(i) and a fraction of the interval I,
exceeding % in proportion such that {j holds (with j independent of s).
Applying Lemma we obtain that
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224 6 Ratner’s Theorems in Unipotent Dynamics
ab
i = (44) 4

with |¢| < [t], |a — 1] < /¢, |[d — 1] < /|t| and |b|] < 1. O
We continue with the proof of Theorem Let t € R and

1
Y = Ve = (t 1) x, T €Y.

Then for more than % of all n > 1 we have a".x € Y7, and similarly for y.
Therefore, there are infinitely many n > 1 for which both z,, = a7z € ¥}
and y, = a~ "y € Y;. Choose one such n and notice that

1
Yn = <)\2nt 1) Ly

so that these points are, for large n > 1, extremely close. We now apply
Lemma to y, and z,,. It follows that for every i there exists some j such
that [f

Cn dp

i) = o fin) = (2000 ) <o)

with |, | < A2, |a, — 1] < A*/|t], |d, — 1| < A"+/|t| and |b,| < 1. Going
back to z and y by applying the matrix a™ we see that for every i there exists
some j with

2n
1) =" ma o) = (3 0 ) a0 = (5, ) s
where [A\"%"c,| < t, |a, — 1| < N"/[t], |dn — 1| < A"/]t], and |A?"b,,| <
A2". Here it is crucial that the entries of the matrix a”g,a~™ are uniformly
bounded. Hence we may choose a subsequence such that a™g,a™" converges
and j = j(n) is constant along this subsequence. Hence we have shown that
for every i and every pair y = v;-x, x € Y3 there exists some j = j(x,¢,4) and
some ¢ = ¢(z,t,i) € R with

fi(veez) = ve fj(z).

If ¢ = t almost surely and for all ¢ we have obtained our objective (see below).
So suppose ¢ # t for some choice of ¢ and on a set of positive measure. In this
case we are essentially in the same situation as in Case B on page and
we can conclude the argument as before. We note that the leafwise measures
in Case B are just used to produce the situation that we already have: on
every set of full measure we find points

T As was mentioned before we do not know at this stage any relationship between these
displacement gy, for different n’s.
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6.7 Joinings of the Horocycle Flow 225

(JJ,Z‘/) = (Z‘,fj(ﬂ?)), (y7y/) = (Ut-l‘,fi(’Ut-J?)) = (Utavc)'(x’m/)

with ¢ # c¢. Applying this to the set in and continuing the argu-
ment as just after the proof of Lemma we conclude that p is the trivial
joining (which actually contradicts our description of the conditional mea-
sures pffc’.)).

Since we now may assume ¢ = t for a.e. x € Y; and since both
sets { f1(ve-x), ..., frm(veex) } and {vg- f1 (), ..., v frn (@)} contain m elements
it follows that holds almost surely. Let us now show that this implies
that u is preserved by (vg, vy) for any ¢ € R. So let f € C.(X; X X5). Then

/ F(vg,v)(z, 2")) dp =

X1 xXXo
/ / F((vr, v0)-(,2)) dprga, (2, 27) dmx, (2) =
X1 J{z}xXo

/X %Zf((vtyvt)'(m,fi(l'))) dmx, (z) =

/ % Zf(vt'% filvpe)) dmx, (x) =
X1 i=1

1
J s am @ = [ s

i=1

where we used in order the definition of the conditional measures, our de-
scription of them, for mx,-a.e. x, and the fact that v; preserves mx;.

Now note that U as in Theorem together with {(v;,,v;) : t € R}
generate the diagonal embedded copy H of SLy(R). As H contains U, H acts
ergodically with respect to p. Hence Theorem [6.17] applies and shows that
is algebraic. O

Exercises for Section [6.7]

Exercise 6.7.1. Show the classification of the invariant measures for the one-parameter
subgroup as in Exercise 2) without referring to entropy theory.

Exercise 6.7.2. Consider all cases of unipotent one-parameter flows and horospherical
subgroups on a quotient I'\ SL2(R) X SL2(R) by any discrete subgroup I" (using entropy
theory).

Exercise 6.7.3. Consider all cases of unipotent one-parameter flows and horospherical
subgroups on a quotient I'\ SL2(C) by any discrete subgroup I" (using entropy theory).
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This should be the
last proof of a spe-
cial case. It should
use the language of
quasi-regular maps!

What else should we
do here? Lineariza-
tion? Orbit Closure?

226 NOTES TO CHAPTER 6

6.8 Invariant Measures on Finite Volume Quotients

of SL3 (R)

In this section we let G = SL3(R), assume that I' < G is any discrete
subgroup, and set X = I'\G.

There are two differenéﬂ choices of one-parameter unipotent subgroups,
defined by the two possibilities below:

10s

* Uy = 10|, or
1
2
1s%
o U; = 1s
1

In either case we have the following theorem.

Theorem 6.26. Let X = I'\SL3(R), and let U be either of the one-
parameter subgroups as above. Then an U-invariant and ergodic probability
measure p on X is always algebmi(ﬂ

Exercises for Section [6.8

Exercise 6.8.1. Find the complete list of all possible connected algebraic subgroups L <
SL3(R) that may give rise to some U-invariant and ergodic Haar measure y = mp., for
some X = I'\SL3(R). To rule out the possibility that L ~ GL2(R), you may assume
that I' = G(Z) for some algebraic group G defined over Q with G(R) = SL3(R).

Notes to Chapter 6

(25)(Page 80)) This is an instance of a more general result due to Weyl [?] giving equidis-
tribution modulo one for the values on the natural numbers of any polynomial with an
irrational coefficient. Furstenberg [?] showed that this followed from a general result ex-
tending unique ergodicity from irrational circle rotations to certain maps on tori. We refer
to [?, Sec. 4.4.3] for a detailed discussion.

(24) (Page [176)) This appeared in print in the work of Dani [?, Conjecture II].

T The reader may check that these are all, up to conjugation.

¥ The proof will essentially give all the possible subgroups L < SL3(R) that may give rise
to the Haar measure. However, this list is starting to become longer so we refrain from
giving it here. Furthermore, to know precisely which of these possible subgroups can arise
arithmetic properties of the lattice become important. In particular, it seems that one of
the possible subgroups can only be ruled out by using the Margulis arithmeticity theorem.

See also Exercise @
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Chapter 7
More on Algebraic Groups

E|In this chapter we describe some of the finer properties of algebraic groups,
and how these fit into the study of the space d = SL4(Z)\ SLg(R). Some of
the deeper facts we cannot prove here (but will again describe these in the
context of dynamics on X = I'\G).

7.1 Three (instead of Two) Fundamentally Different
Classes of Algebraic Groups

There are two fundamental classes of Lie groups, solvable Lie groups and
semi-simple Lie groups. The Levi decomposition for Lie groups shows how
a Lie group can be decomposed into a normal solvable Lie subgroup and a
semi-simple Lie subgroup.

For algebraic subgroups this story can be repeated in the following way.
We will assume that char(K) = 0. Every Zariski connected linear algebraic
group G has a maximal normal solvable Zariski connected algebraic sub-
group (G), generated by all the Zariski connected normal solvable algebraic
subgroups, called the solvable radical of G. If G is defined over K, then (G)
is also defined over K since (G) is unique and all Galois automorphisms must
fix it (see Lemma [3.20).

Then there also exists a semi-simple algebraic subgroup L. < G (see below
for the formal definition) with a Levi decomposition of algebraic groups

G=L-(G)

and with L N (G) finite. If G is defined over K, then L can be chosen to
also be defined over K. Indeed by Varadarajan [?, Th. 3.14.1] there exists a
semi-simple Lie subalgebra [ of the Lie algebra g of G which is defined over K

T This chapter can be skipped at first by the less algebraically inclined reader, who may
return to it later as needed.
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228 7 More on Algebraic Groups

and gives a transverse of the Lie algebra of the radical (G). Then [ is the
Lie algebra of an algebraic subgroup L defined over K, see Section [7.8| for a
discussion of this last step.

However, in the context of algebraic groups more can be said. Within
the solvable radical (G) there exists a maximal normal unipotent algebraic
subgroup ,(G), called the unipotent radical of G. If G is defined over K and K
has characteristic zero, then as before ,(G) is also defined over K.

Moreover, the Levi decomposition can be refined even further. There exists
an algebraic torus T < (G) (see below) such that (G) =T -, (G) so that

G=L-T- (G).

If G is defined over K, then T can be chosen to be defined over K as well,
see [?7, Th. 10.6(4), Th. 18.2(i)].

Thus there are three different types of algebraic groups, and any algebraic
groups can be built from these.

e An algebraic group is semi-simple if it is Zariski connected and its Lie
algebra is semi-simple.

e An algebraic group is an algebraic torus if it is Zariski connected and
(as a subgroup of SLg) it can be simultaneously diagonalized over K, or
equivalently if it is conjugate over K to a subgroup of the full diagonal
subgroup in some SL.

e An algebraic group is unipotent if it can be conjugated to a subgroup of
the unipotent upper triangular subgroup

1x... %
1... %

Umax: . QSLd
1

We list some (unstructured) observations that may help the reader navi-
gate some of these definitions if they are unfamiliar.

e Algebraically, torus groups and semi-simple algebraic groups share an im-
portant feature: all their algebraic representations are semi-simple, mean-
ing that they can be decomposed into direct sums of irreducible representa-
tions. For torus subgroups this is simply the statement that one can simul-
taneously diagonalize the (commuting) diagonalizable elements obtained
from the representation (see Proposition . For semi-simple algebraic
groups this is a consequence of the representation theory of semi-simple
Lie algebras.

e A reductive algebraic group is an almost direct product of a semi-simple
algebraic group and an algebraic torus (classified by ,(G) being trivial).
The algebraic representations of a reductive group are also semi-simple.
Furthermore, the Levi decomposition for a reductive group is an almost
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7.2 (K-)Characters 229

direct product (the radical equals the connnected component of the center
of G).

e From an abstract ergodic theoretic point of view, algebraic torus sub-
groups, unipotent algebraic groups, and their combinations in the form of
solvable algebraic groups, give rise to amenableﬂ groups of R-points (or C-
points or Q,-points as appropriate). Thus the study of their actions fits
nicely into the classical setting of ergodic theory, with for example the
ergodic theorems for amenable group actions.

e In the context of this book are the actions of the R-points H(R) of a
subgroup H < G on a homogeneous space I'\G(R) important. From this
point of view the class of unipotent algebraic subgroups H < G and the
class of semi-simple subgroups H < G also have similar behavior. For these
subgroups and their combinations (classified by (H) =, (H)), orbit closures
and invariant measures can be completely classified (see Chapters and@.

An important example of a reductive algebraic group is GL4. It also fits
into our definition of algebraic subgroups being subgroups of SLp where D

is d + 1, since
~ ) (9
GL, = {( (detg)l) S SLd+1} .

Notice that GLgy = SL4 T, where T < GLg4 is the subgroup which gets
mapped under the above isomorphism to

Tg{cfda_d) |ae<@m},

and that this is an almost direct product since (SLgNT) (K) has no more
than d elements (and has precisely d elements if K has characteristic zero).
For d = 1 we only get another notation for G,,, & GL;.

7.2 (K-)Characters

Definition 7.1. Let G be an algebraic group defined over K. A (K- )character
of G is a one-dimensional representation ¢ (defined over K); that is, a group
homomorphism ¢ : G — G,,, (defined over K).

Why should we be interested in these polynomial maps? Following the
developments above, an answer is easy to find. In Proposition [3.8] we have
seen that the stabilizer subgroup of a Q-vector in a Q-representation of SLy
gives rise to a closed orbit. In Chevalley’s theorem (Theorem we saw
that any Q-group is the stabilizer subgroup of a line spanned by a Q-vector

T Semi-simple algebraic groups for which G(R) is compact also have the property that G(R)
is amenable, but their actions are usually not so interesting.
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230 7 More on Algebraic Groups

in a Q-representation. This implies the following corollary (which will be
strengthened in Section .

Corollary 7.2. If an algebraic subgroup H < SLg is defined over Q and has
no non-trivial Q-characters, then

SLq(Z)H(R) C SLq(Z)\SLa(R)
is closed.

PROOF. Let H = {g € SLq4 | p(g)v ~ v} be as in Theorem Suppose v; #
0 fori € {1,...,D}. Then

¢:H— G,

g— (p(g)v)s

Ui

is a Q-character. If H has no non-trivial Q-characters, then ¢(IH) = 1 and so

H = {g € SLa | p(g)v = v}.
The corollary follows by Proposition [3.8 (|

In the reverse direction we have the following corollary of the Borel density
theorem (Theorem [3.30)).

Corollary 7.3. Suppose that H < SLy is a Zariski connected algebraic sub-
group defined over Q and that

H(Z) = H(R) N SL4(Z)
is a lattice in H(R). Then H has no non-trivial Q-characters.

PROOF. Suppose that ¢ : H = G,;, is a Q-character. Therﬂ ¢ (H(Z)) CQ*is
a subgroup. Furthermore, the denominators of the elements in ¢ (H(Z)) are
uniformly bounded (since they can only arise from the finitely many coeffi-
cients of the polynomial map ¢). However, the only two subgroups of Q* with
bounded denominators are the trivial subgroup {1} and the subgroup {£1}
with two elements. In either case we have ¢(y)? = 1 for all v € H(Z). As this is
a polynomial relation, the same property holds for all elements of the Zariski
closure . C H of H(Z). By the Borel density theorem (Theorem (3.30), L
contains the unipotent radical ,(H) of H. Let T < (H) be a torus defined
over Q such that ,(H) - T = (H). Let ¢ be an element of T(R) with decom-
position ¢ = tpostcomp according to Proposition By Theorem we

T Here we use the assumption that ¢ is defined over Q (that is, has coefficients in Q) to
obtain ¢(H(Z)) C Q and that it is a character to see that ¢(H(Z)) is a multiplicative
subgroup.

Page: 230 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



7.3 Restriction of Scalars 231

again have t,05 € L and so @(tpes)? = 1. Furthermore, teomp € H(R) has the
property that
(inneZ) CHR)

comp

is compact. Hence

{(b(tcomp)n | nec Z} C R*

is compact, which implies that ¢(tcomp)? = 1 once again. Putting these to-
gether (see Section , we see that ¢(g)? = 1 for all g € (H).

Since ¢(g) = 1 for all g in the semi-simple group L < H (provided by
the Levi decomposition in Section , we see that ¢(g)? =1 for all g € H.
Since H is Zariski connected (and hence has Zariski connected image under ¢)
we have ¢(H) = 1, and so ¢ is the trivial character. O

7.3 Restriction of Scalars

Restriction of scalars is a powerful construction that may be used to obtain
many different examples of algebraic groups. Let K'|K be a finite field exten-
sion, so that we may identify K’ (as a ring) with a subalgebra of Mat,(K) (see
also Section. Given this identification, the idea is simple. We can identify
elements in Matp(K’) with block matrices in Matyp (K); more precisely, let

¢ : K' —> Maty(K)

be the map identifying elements in K’ with matrices over K (with respect to
a fixed basis of the vector space K’ over K). Then we may extend ¢ to a map

b . MatD(K') — Matgp (K)
aiy --+ Gip d(ar1) -+ dlain)

api - aD.D ¢(G'D1) qb(a.DD)

Notice that the images of ¢ and of @ are defined by linear equations over K,
and even their K-points form an algebra. Now suppose that we are given
an algebraic subgroup H < SLp defined over K. Then we can define a new
algebraic subgroup

ki (H) € SLap

by demanding that the following relations hold:
(] lfg G]K’UK (H) then
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232 7 More on Algebraic Groups

gi1 - 91D
g=1: © | € (ImP)g,
gp1 - 9DD

where each g;; € Mat,(K) belongs to the K-linear hull of the image of ¢;
e for any polynomial p € _# (H) we have

gi1 - gipD
P =0€Imao,
dp1 -+ dDpD
where the polynomial p(x11,...,21p,...,%p1,--.,Zpp) is applied to the

matrices g;; € Im ¢.

We will only be interested in the case (K) = 0 (and even in this setting
we will mainly be interested in K = Q and K = R). In this case Im ¢ can
be simultaneously diagonalized, and so over K (or over any other field that
contains all Galois images of K’) all of this becomes the statement

(e (D) (K) = (H(K)), (7.1)

and so g/ (H) is an algebraic group. To see this, simply simultaneously di-
agonalize all blocks belonging to (Im(¢))x by conjugation with the block
matrix

h

h
where h is such that it diagonalizes Im(¢). After this conjugation the elements
of g/ (H) are diagonal in each block and we can permute rows and columns
so that we obtain a subgroup of (SLp)¢ (embedded as block matrices along
the diagonal into SLgp). By the last requirement we see in each block an
independent copy of H.

This construction of groups is interesting because the isomorphism in
does not usually hold on the level of K-points, so that we obtain often new
algebraic groups defined over K.

Ezxample 7.4. To help digest restriction of scalars in a more concrete situation,
we discuss ¢|r(Gnm), where G, can be realized as the algebraic subgroup

() o) e

and C can be realized as the ring of matrices
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{(57) 1aver].

Hence (following the recipe above for defining ¢r(G,,)) we have

b a
(cz(Gm)) (R) = L /g | labeER
a? + b2 (b a)
~C* 2RZ, xSt

The isomorphism in Example is not accidental. From the definitions it
follows thatff]
(i x (H)) (K) = H(K’)

for any algebraic group H defined over K, for any finite field extension K'|K.
We will see other examples of this construction below.

7.3.1 Unipotent Algebraic Groups

The most familiar non-trivial unipotent algebraic group is

c.xv={("1)}

If we apply restriction of scalars for K'|K of degree d to U then we obtain

(@) e (©) = { (" 2] 1 g e o).

However, since the algebraic group

{(Id g> |g€Matd} ~ G
14

is simply isomorphic to a d?-dimensional vector space, and since Im ¢ in that
space is a d-dimensional subspace we see that

kx(Ga) = G,

and that the isomorphism takes place over K not just over K.

T The reader may now wonder what all this is good for, if it just gives back the group
that we started with. However, as we will see this construction can be quite powerful, for
example for the purpose of constructing lattices.
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234 7 More on Algebraic Groups

Apart from G2 (which is not significantly different from G,), the next
natural unipotent algebraic group is the Heisenberg

lxz
1

Let us again apply g/x to H, where for concreteness we will consider the
quadratic field extension

am={ (%)) 5o

a2 aj

for a non-square d. Then

I X1 dIQ Z1 dZQ
2 T2 T1 Z2 Z1
avare®) = I v1 dyz
Y2 U1
I

Over C (or even over R in the case d > 0) we have

avao(H) 2 H x H. (7.2)

However, we claim that the isomorphism in does not take place over Q.
That is, it is not possible to choose the isomorphism in such a way that the
coefficients of the polynomials appearing in it all lie in Q. To see this, notice
the following properties.

e There is an element of (H x H) (Q) whose centralizer in H x H is 5-
dimensional. Indeed,

110
1 x I e (HxH)(Q)
1
has the centralizer
lzy
1 x H.
1

e All elements of (Q( ﬁ)‘Q(H)) (Q) are either in the center or have a 4-
dimensional centralizer. Indeed, if we let
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(wl dmg) <z1 sz)

I

T2 T1 Z2 Z1

h = I (yl dyQ) € (@(\/a)\@(H)) (Q)
Y2 1

I

and assume that h is not in the center, then (z1, 22, y1,y2) # 0. Using the
isomorphism in ([7.2)), the element h corresponds to

Loy +x9Vd 21 + 22Vd 12y —29Vd 21 — 20V/d
h = 1 Y1+ y2vVd | % 1 y1 — yaVd
1 1
e h_

Since neither hy nor h_ belongs to the center of H, it follows that the cen-
tralizer of h is (as the direct product of the centralizers of hy resp. h_) 4-
dimensional.

Thus
(evm®) @

is not isomorphic to

(H x H)(Q) = H(Q) x H(Q).

Hence o \/E)\Q(H) and H x H are two different algebraic groups over Q, even
though they are the same over C. Such statements are of interest for us
because this also shows, say for d > 0, that the image of o /g o(H)(Z)
and H(Z) x H(Z) are two different discrete subgroups of H(R) x H(R). They
are in fact different lattices (as the reader may check).

7.3.2 Torus Groups

We have already discussed — albeit implicitly — in some detail the algebraic
torus

K\Q(Gm)

obtained from the multiplicative group G,, and a finite field extension K|Q.
The reader should go back to Section |3.3|and compare the construction there
to the construction of (G, ). Here we add a few more important definitions.

An algebraic torus T over a field K is called split over K if T = G¢, and
this isomorphism is defined over K. An algebraic torus T over a field K is
called anisotropic over K if T has no K-characters.
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The example g|o(Gn) above is neither split (unless K = Q) nor is it
anisotropic. The determinant function (which gives rise to the norm g|g) is
a Q-character on g|g(Gy,). However, its kernel

T = ker(det) <gjq (Gm)

is anisotropic over Q by Proposition and Corollary

We can also strengthen Corollary for torus subgroups to get the fol-
lowing result of Ono [?] (which will give the remaining third of the proof of
the Borel Harish-Chandra theorem in Section [7.4)).

Corollary 7.5. Let T < SLy4 be a torus defined over Q and anisotropic
over Q. Then T(Z) is a uniform lattice in T(R), or equivalently the orbit

SL4(Z)T(R) C SLy(Z)\SLa(R)
18 compact.

PROOF. Let us start with the case where T < SL, is Q-irreducible, meaning
that there is no proper Q-subspace of Q7 that is invariant under T. Notice
that in this case the Q-span of T(Q),

K= Q[T(Q)} = {Z a;t; | a; € Q, t; € T(Q)} - Matd(Q)

is a field, which should enable us to use Section[3.3] For if K is not a field, then
there exists some b € K that is a zero divisor, and in that case ker(b) C Q¢
is a proper Q-subspace that is invariant under T (since T is commutative).
Unfortunately, we do not know at this point whether T(Q) is Zariski dense
in T and so we do not know whether K is big enough (a priori it might be Q)
for our purposes (so that T(Q) C K ®g Q). For this reason, we will give a
more complicated definition of K. Let

M= M(Q)=Q[T(Q)] = {Z ait; | a; € Q,t; € T(Q)} C Matq(Q)

be the subspace spanned by T(Q) over Q. Since T(Q) can be simultaneously
diagonalized, we see that M has dimension at most d. Also note that M is
closed under all Galois automorphisms of Q|Q (since T is defined over Q).
Therefore, M is defined by rational equations (see the argument in the proof

of Lemma [3.20)) and
K = M N Matq(Q)

is a < d-dimensional sub-algebra. In fact it is a field by the argument out-
lined above: If b € K is a zero-divisor, then kerb is a proper K- (and
hence M-, and hence also T-invariant) rational subspace. It also follows
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that K is d-dimensional, for otherwise (1,0,...,0)K C Q¢ would again be a
proper K-invariant rational subspace. By applyingﬂ Proposition it fol-
lows that Ty = SLyNM gives rise to the compact orbit

SLa(Z)Tk (R) € SLq(Z)\SLa(R).
Since T C Tk, it now follows that
SL4(Z)T(R) C SL4(Z) Tk (R)

is a closed subset (by Corollary of a compact set. This concludes the case
of an irreducible torus subgroup T C SL, defined over Q.

In the general case, we can apply the same argument together with the
assumption that T has no Q-characters as follows. Since T is a torus, its
natural representation on the d-dimensional space is semi-simple. More con-
cretely, if the action of T is not irreducible over Q then we can find a
smallest T-invariant non-trivial Q-space on which the representation is ir-
reducible over QQ, and a T-invariant complement. Repeating this we see that
we can conjugate T by some rational g € GL,(Q) so that T = gTg~! is
of block form with blocks of size di,...,d, with 2?21 d; = d. We may as-
sume that g € SLy(Q) by multiplying g on the left with an appropriate block
matrix. Since T (and hence T’) has no non-trivial Q-characters, it follows
that

T/QSLdl Xoee XSLdn.

By the same argument as in the irreducible case within each block, there is
a torus T, C SLdj for which

SLq, (Z)Tk, (R)
is compact, and such that
T' < Tg, x - xTk,,.
Once more, this implies that

SL4(Z)T'(R) C SLq(Z)\SLa(R) (7.3)

is compact.
It remains to dispose of the rational matrix ¢ with T/ = ¢gT¢g~'. Multiply-
ing (7.3) on the right by g we first find that

SLa(Z)gT(R) C SLy(Z)\SLa(R)

T More precisely, by applying the method of the proof of Proposition identify K
with Q% using the map K 3 b+ (1,0,...,0)b, transport the determinant function to a
polynomial function on Q¢, and apply Mahler’s compactness criterion (Theorem and
Proposition
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is compact, and so the lattices Zdgt for t € T(R) are uniformly discrete.
Since g lies in SLq(Q) there exists some N € N such that Z? C £Z4g, so
that the lattices

Z% < £Z4qgt

for t € T(R) are also uniformly discrete. By Mahler’s compactness criterion
(Theorem [1.17) and Corollary the theorem follows. O

7.3.3 An example for semi-simple groups

We also have seen the lattice resulting from restriction of scalars applied to a
simple group before. In fact the irreducible lattice appearing in Exercise[3.6.1
is of that form. More generally, we have the following.

Example 7.6. Let K|Q be a number field, and define G =gq (SLq). Then

G(R) 2 SLg(R) x - -+ x SLg(R) x SLg(C) x - -+ x SL4(C),

T S

where K has r real embeddings and s pairs of complex embeddings. More-
over, G(Q) = SLq(K) which is diagonally embedded into G(R) using the r+s
different Galois embeddings into R resp. C. Finally G(Z) gives rise to a dis-
crete subgroup — a lattice by Section— in this product of (r+ s) simple
groups, which intersects each factor trivially. We note that G(Z) can be iden-
tified with SL4(O) for an order O C K.

7.4 The Borel Harish-Chandra theorem

We are now able to formulate and prove the following characterization of a
finite volume quotient for a Q-group.

Theorem 7.7 (General Borel Harish-Chandra theorem). Let G be a
connected algebraic group defined over Q. Then G(Z) is a lattice in G(R) if
and only if G admits no non-trivial Q-characters.

PROOF. If G(Z) is a lattice then we have already seen in Corollary [7.3|that G
has no non-trivial Q-characters.

Suppose now that G has no non-trivial Q-characters, and let G = G4sTU
be a Levi decompositiorﬂ over Q. By Theorem U(Z) is a uniform lattice
in UR).

T Thus in particular G4 and T commute and U N (GssT) = {1}.
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We claim that the Q-torus T has no non-trivial Q-characters. To see this,
suppose that x : T — G,, is a Q-character. Since the unipotent radical U
is a normal subgroup and any connected algebraic group must act trivially
on a torus (if the torus is normalized) there is a map G — G/U = G4,T.
Since G4s NT is finite, there exists some n for which

(gsstu) — (gsst) — " — X(tn) € G,

is well-defined. This defines a Q-character on G. If x is non-trivial then this
induced character on G would also be non-trivial. Therefore T has no non-
trivial Q-characters. By Corollary we deduce that T(Z) < T(R) is a
uniform lattice.

Finally, we know by Corollary [7.2] that Gs(R) has a closed orbit through
the identity coset in d. By Theorem this shows that G,4(Z) is a lattice
in Ggs(R).

The theorem then follows by applying Lemma twice. O

Lemma 7.8. Let G be a o-compact locally compact unimodular group, equipped
with a left-invariant metric. Suppose that L < G = LM for some closed
subgroups L and M with |[L N M| < oco. Suppose also that a discrete sub-
group I' < G has the property that L NI is a lattice in L and M N T is a
lattice in M. Then I is a lattice in G.

Proor. By Lemma [1.22] we know that mg is, up to a scalar multiple, the
push-forward of my, X my; on L x M. Let F, C L be a fundamental domain
for 'NLin L, and let Foy € M be a fundamental domain for "N M in M.
We claim that F' = FpF); is a surjective set for I'. By the assumption and
the description of m¢g above, this then implies the lemma. So let g = ¢m € G
with £ € L and m € M. Then there exists some vy € I' N M such that

g = (yprm) € LEy.
Furthermore, there exists some y; € I'N L with

Yeymg = (o) (ymm) € FLFy

as required. O

Corollary 7.9 (Characterization of compactness). Let G be a con-
nected algebraic group defined over Q such that G admits no non-trivial Q-
characters. Then G(Z) is a uniform lattice in G(R) if and only if the semisim-
ple part Ggs in the Levi decomposition over Q satisfies that Ggs(Z) contains
no unipotent elements.

PROOF. O
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7.5 Orthogonal groups as algebraic groups

We will show in Section that G(Z) is a lattice in G(R) if G is a semi-
simple algebraic group defined over Q. We will also see precisely when such
a lattice is uniform. This result will subsume the case G = SL; considered in
Theoremand the case G = SO(Q) for an integer quadratic form in d > 3
variables considered in Proposition [3.2} To motivate this and the discussion
in Section we start with a few more examples of semi-simple algebraic
groups defined over Q.

Lemma 7.10 (Orthogonal groups over C). For d > 2 the group SO(d)

is Zariski connected and W—dimensional. If d = 2, then it is a torus.
If d = 3 ord > 5 then it is simple, and if d = 4 then it is semi-simple
(and SO(4) is locally isomorphic to SO(3) x SO(3)).

OUTLINE PROOF. Clearly
SO(d) = {g € SLq4 | gg* =1}
has the Lie algebra
so(d) = {v € Matq | v+ 0" =0} .

In other words, a matrix v lies in so(d) if and only if the diagonal entries of v
are zero, and the entries in the lower half of v are determined by those in the
upper half via the relation v = —v*. Thus so(d) has dimension @. Now
consider

V={aeCa}+ - +ai=1},

which is an irreducible hypersurface in the d-dimensional spaceﬂ and let eq
be the last basis vector in V. We claim that

V=ey SO(d)

as subsets of C%. This claim follows from another lemma in algebraic geometry
as follows. By Shafarevich [?, Ch. I, Sec. 5, Th. 6] the set {eqg | g € SO(d)}
contains a Zariski open subset of its Zariski closure W C V. From the image

{eqgv | v € s0(d)}

of the Lie algebra it follows that the tangent plane of W at e;g must con-
tain (edg)J‘. This implies that W = V. Applying the same argument at
another point a € V shows that both {eqg | g € SO(d)} and {ag | g € SO(d)}
contain a Zariski open subset and so must intersect. As both are orbits of a
group action, they therefore coincide and hence V' = ¢4 SO(d).

T To see this, notice that if :E% + -4 m3 — 1 factorizes, then it would have to factor into
two linear polynomials, and this may easily be shown to be impossible.
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If SO(d) were not Zariski connected, then the argument above would also
apply to its connected component of the identity L = SO(d)°. Hence for
any g € SO(d)NL we would find some h € L with e;h = e4g and hence
with g1 = gh™! € SO(d — 1)\L . Clearly

is a connected torus subgroup. Hence we may assume that SO(d — 1) is
Zariski connected. However, this is a contradiction since SO(d—1) intersects L
and g1l non-trivially.

The last claim of the lemma follows from the classification of Lie algebras,
for which we refer to Knapp [?] (see also Exercisd7.5.1)). O

Lemma 7.11 (R-points of orthogonal groups). Fixd =p+q > 2. Then

SO(p, ¢)(R)° < SO(p, ¢)(R)

has index one if d = p,q =0 and has index two if 1 < ¢ <p < d.

OUTLINE PROOF. For d = 2 there are only two cases to consider:

e SO(2)(R)° = SO(2)(R), and
e [SO(L,1)(R) : SO(1,1)(R)°] = [R* : RX,] = 2

For d = 3 we have:

e SO(3)(R), which is again connected, and
e SO(2,1)(R), which contains the subgroup SO(2,1)(R)° of index two.

To see the second claim, consider the connected one-sheeted hyperboloid
V={acR|al+a5—a3=1}.
By a dimension-counting argument we can again show that
V ={eig| g €50(2,1)(R)},

so that for any g € SO(2,1)(R) we can find h € SO(2,1)(R)° with e;g = e1h,
and so e1(gh™1) = e;. The latter we can interpret as the statement

gh™ € 80(1,1)(R)

(where SO(1,1) is embedded into SO(2,1) in the lower right corner). As we
already know that case, we can extend the claim to SO(2,1)(R) also.
In general, we have to know when the set

V:{aeRd\af—l—---—l—af)—agﬂ—---—afl:l}

is connected. If p > 1 it is, but if p = 1 it has two connected components
since no element of V' can have a; = 0. O
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FEzxzample 7.12. Let d € N be a non-square, and define the quadratic form
Qz,y,2) = 2% 4+ y? + Vd22.

This makes SO(Q) into an algebraic group defined over Q(v/d), and hence

G ~Q(Vd)|Q (SO(Q))

is an algebraic group defined over Q. Since d is positive, the field Q(v/d) has
two real embeddings (that is, the field splits over R) and hence Im ¢ (in the
notation of Section can be diagonalized over R. It follows that

G(R) = S0(a® +1° + Vdz*)(R) x SO(z? + y* — Vd=*)(R)
=~ SO(3)(R) x SO(2,1)(R).

Hence G(Z) is a discrete subgroup (in fact a lattice by Section of a
product of a compact and a non-compact semi-simple group, that intersects
each factor trivially.

Of course other quadratic forms and other fields give rise to similar exam-
ples, with various numbers of factors and signatures.

Exercises for Section [7.5

Exercise 7.5.1. Let S C H = R[i, j, k] be the unit sphere in the Hamiltonian quater-
nions H. Show that ¢(z) : t — ztz~! for t € Ri + Rj + Rk defines an algebraic group
homomorphism from an algebraic group whose group of R-points equals S® (equipped
with multiplication in the Hamiltonian quaternions) to SO3(R). Show that the map has
finite kernel and is onto.

Show that ¢(z1,22) : t — zltzgl for t € H = R[s, j, k] defines in the same sense an
algebraic group homomorphism from S3 x S3 into SO4(R). Show that the map has finite
kernel and is onto.

7.6 An example of an isogeny for algebraic groups

Another source of slightly different algebraic groups are given by isogenies.
We will now discuss SLy and 4 as a special case of this construction.

Proposition 7.13 (Projective general linear group). For every d > 2
there is a simple algebraic group 4 which

e is defined over Q,
e is locally isomorphic to SLg, and
e has trivial center.
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There also exists a homomorphism ¢ : SLg —4 whose kernel is the center
of SLy. If K =R (or any other field), then

[4(K) : p(SLa(K))] = [K* : (K*)“]. (7.4)

For d = 2 we have o = SO(2,1) over Q. The map ¢ : SLg —4 is called an
isogeny.

PROOF. For g € GL; we define the restriction

¢(9) = Adg |5[d

of the adjoint representation of GL, to the Lie algebra sl; of SL;. The center
of GL4 belongs to the kernel of ¢. Hence

gf) : GLd — SL(E[d)

is a representation defined over Q. We define 4 to be the Zariski closure of the
image of ¢. Since GL, is Zariski connected, 4 is a Zariski connected algebraic
group defined over Q.

By a dimension argument (similar to the one used in proving Lemma
and using Shafarevich [?, Ch. I, Sec. 5, Th. 6]) we see that over an alge-
braically closed field K we have

4(K) = ¢ (GL4(K)) = ¢ (SLa(K)) .

However, we claim that

(K) = ¢ (GLa(K))

over any field K. To see this, let g € GL4(K) be such that ¢(g) €4 (K).
Modifying g by an element of the center of GL,4, we may assume that

Jio,jo € K\{O}

for some g, jo € {1,...,d}. Since g acts trivially on the span of the identity
element and (by assumption) rationally on the hyperplane sl; C Mat, we see
that

gEijg_l S Matd(K)

for all 4,5 € {1,...,d}. We choose i = jo and set h = g~! to conclude that
giojohﬂ ek

for j,¢ = 1,...,d. This shows that h = g~ € GL4(K), and hence that g is
in GLd(K).

We may modify ¢ only by elements from C(K), where C is the center
of GL4. Doing so modifies the determinant by a dth power of an element
of K*, which implies the index formula in .
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It remains to show that o = SO(2,1). For this, notice that
tr ((9)(v)d(g)(w)) = tr (gug~ gwg™) = tr(vw),
so that the bilinear Killing form
tr(vw)

for v,w € sly C Maty is preserved by all elements ¢(g) for g € GLy. Now
notice that the quadratic form

a b a b _ a’?+bc 0 o2
tr((c —a) (c —a)) —tr( 0 bc+a2> = 2(a” +be)

is conjugate over QQ to the quadratic form

Q($7y,2) = .’172 + y2 - Z2'

Since 2 € SO(2,1) and both 2 and SO(2,1) are 3-dimensional and Zariski
connected, we obtain the proposition. O

7.7 Irreducibility of Lattices for Q-groups

7.7.1 A Weird Irreducible Lattice

Let us show briefly how badly Corollary can fail for a general lattice in
a product of Lie groups in the presence of compact factors. Lattices arising
from Q-groups do not show such weird behavior (see Section [7.7.2]).

Ezample 7.14. Let I' < SLo(R) be any lattice that is isomorphic as an ab-
stract group to a free group Fy with ¢ > 2 generators. Now let ¢ : I’ — K be
a group homomorphism into a compact Lie group. For concreteness, we list
some examples:

e K =850(2) and ¢ = 3, with the image of the first two generators arbitrary
elements of K and the third being the identity;
e K = SO(3) and ¢ = 3, with the images as before lying inside a copy
of SO(2) < K;
e K =S0(5) and ¢ = 2, with two arbitrary images.
The graph
{(v,o() |7 €T} CGx K

is a lattice in G x K which does not satisfy the conclusions of Corollary
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7.7.2 Irreducible Lattices and Q-simple Groups

Lemma 7.15. Suppose G = H1Hs is the almost direct product of two semi-
simple linear algebraic groups defined over Q. Then G(Z) is a reducible lattice,
and is commensurable with H;(Z)Hs(Z) < G(Z).

PRrOOF. By Section H;(Z) < H;(R) is a lattice for ¢ = 1,2. Since
H/(Z) = G(Z) N Hi(R)

for i = 1,2, it follows that G(Z) is a reducible lattice. O

In the following we will assume that the algebraic group G cannot be
decomposed over Q as in Lemma More precisely, we say that a semi-
simple linear algebraic group G defined over Q is Q-simple (or Q-almost
simple) if it is impossible to write G as a product HyHs of two proper semi-
simple algebraic subgroups for which H; N Hs is finite. Equivalently, G is Q-
simple if there does not exist a connected normal algebraic subgroup H; <G
defined over Q (for if such a subgroup Hj existed, then Hy = Cg(H;)° would
give the decomposition G = H;Hy). By the following lemma, we have already
seen examples of such groups.

Lemma 7.16. Suppose that G is a simplfﬂ linear algebraic group defined over
a number field K|Q. Then g)o(G) is a semi-simple Q-simple linear algebraic
group.

PROOF. Clearly the Galois group of Q|Q acts transitively on the set of all
embeddings of Q into Q. Each such embedding corresponds to one simple
factor of g|o(G) over Q. Therefore, the Galois group of Q|Q acts transitively
on the set of all simple factors of g(G). Hence the only connected normal
algebraic subgroups H <g|q (G) are H = {I} and H =gg (G). O

Corollary 7.17. Let G be a Q-simple linear algebraic group such that G(R)
is non-compact. Then G(Z) is an irreducible lattice and is Zariski dense in G.
Moreover, if G = H1Hsy is an almost direct product of the semi-simple alge-
braic subgroups Hy and Hy defined over R, and Ha(R) is non-compact, then
the projection of G(Z) to

G(R)/C(G(R))Hz(R) > H1(R)/C(H(R))
is dense in H; (R)°/C(H;(R)).

Notice that in the presence of compact factors the conclusion above im-
proves on Corollary [3:33] in ways that are not possible for general lattices

 Since we may identify G with its Q-points, simple here means simple over Q. Sometimes
this is also referred to an absolutely simple.
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(see Section [7.7.1)). In other words, the algebraic nature of the lattice allows
us to also obtain density statements for projections to compact subgroups if
(and this is clearly a necessary assumption) the kernel of the projection map
is non-compact.

PrROOF OF COROLLARY [7.17] Suppose first that G = H;Hs is an almost
direct product defined over R, and

is a lattice for ¢ = 1,2. Since G(R) is non-compact, at least one of the almost
direct factors, say Hy, is also non-compact. Now take the Zariski closure
of G(Z) N H;(R) to obtain an algebraic subgroup L. < G defined over Q
(by Lemma . By the Borel density theorem (Theorem and our
assumption, . < Hj contains all non-compact factors of Hj (R). The group L°
is defined over Q and is a direct factor of G contradicting our assumption
that G is Q-simple. However, it is not so clear why L° is normal in G. Because
of this, we define the core

F = ﬂgLog—l — ﬂ g]Log—l
geG geH

which is a normal algebraic subgroup F<G contained in L° < H;, commuting
with Hs. Since IL° is defined over Q (by Lemma and G is defined over Q,
the group F is invariant under all Galois automorphisms of Q|Q and therefore
is also defined over Q (by Lemma . By construction F; = F° <G is an
algebraic subgroup defined over Q which is contained in H; and contains
all non-compact factors of Hj (R). This is a contradiction to the assumption
that G is Q-simple if Hy is non-trivial, and so we have shown that G(Z) is
an irreducible lattice.

We only needed to assume that Hs is non-trivial in the argument above at
the very last step. Applying the argument to the case H; = G and Hy = {I},
we obtain the Zariski closure L < G of G(Z). If L # G, then we obtain
moreover the subgroup F<G defined over QQ, and get just as before a contra-
diction to the assumption that G is Q-simple. Therefore, we have shown the
strengthening of the Borel density theorem that G(Z) is Zariski dense in G
(regardless of the presence of compact factors).

Using this strengthened version of Borel density, we can argue as in the
proof of Corollary to obtain the last claim of the corollary. Indeed,
suppose that G = H;Hjy is an almost direct product over R, and that Hs(R)
is non-compact. Now project G(Z) to G(R)/C(G)(R)H3(R) and denote by F
the pre-image in H; (R) of the closure:

F == (m(G@) NHi(R)

where

Page: 246 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



7.7 Irreducibility of Lattices for Q-groups 247

m : G(R) — G(R)/C(G)(R)H2(R)

is the natural projection. By construction G(Z) normalizes F', and hence also
its Lie algebra. By the Zariski density of G(Z) in G, it follows that

FOQHl(R)

is normal. We wish to show that F'° = Hj (R), so suppose for now that this
is not the case. Then H; = F1[F5 is an almost direct product over R with

F° =TFy(R)°

and F; # {I}. However, this contradicts once again the assumption that G
is Q-simple: as in Corollary we see in turn that the projection of G(Z)
to G(R)/C(G(R))F2(R)H,(R) is discrete, that

A=G(Z) N (F2(R)H2(R))

is a lattice in Fo(R)Hy(R), and that the Zariski closure L of A contains
all non-compact factors of Fo(R)Hz(R). We again construct the core of L,
which is a normal Q-group containing all non-compact factors of Fa(R) and
of Hy(R), and is contained in FyHy. This contradicts the assumption that G
is @Q-simple, and completes the proof. O

The reader may get the feeling from the arguments above concerning Q-
simple groups, and from the fact that we only had groups arising from restric-
tion of scalars of simple groups as examples, that these are the only Q-simple
groups. In fact this is almost correct in the following sense. Restriction of
scalars koG applied to an absolutely simple group G defined over K gives
rise to a semi-simple group that is the direct product of its simple factors
(instead of an almost direct product). If a Q-simple group G is the direct
product of its simple factors (for example, because it is adjoint or because
it is simply connected), then it is of the form G =g|g H for an absolutely
simple group H defined over a number field. The proof of this result is not
very different to the proofs of this section; we only mention here that the
number field in question arises as the field corresponding to the subgroup
that stabilizes a given simple factor of G.

Exercises for Section [3.6]

Exercise 7.7.1. Let G be a Q-simple algebraic group which is not simple over R, and
let F <G be a simple factor over R. Show that G(Z) NF(R) is finite.
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248 7 More on Algebraic Groups

7.8 Almost Algebraicity and Algebraic Lie Subalgebras

Definition 7.18. A Lie subalgebra § C sl is called algebraic if it is the Lie
algebra of an algebraic subgroup of SLg. A connected Lie subgroup H <
SL4(R) is called almost algebraic if it is the connected component H(R)° of
the R-points H(R) of an algebraic subgroup H defined over R.

Lemma 7.19. Let H < SL4(R) be a connected Lie subgroup. Then the fol-
lowing are equivalent:

(1) H is almost algebraic;
(2) the Lie algebra of H is algebraic.

Proor. If H = H(R)° for some algebraic group H defined over R, then
the Lie algebras of H and of H coincide. This shows that (1) implies (2).
If the Lie algebra h of H is also the Lie algebra of an algebraic group L
then b uniquely determines L° as the Zariski closure of exp(h), and so in
particular IL° is defined over R since b is. By dimension counting we must
therefore have H = L°(R)?, and the lemma follows. O

To see that the notion of almost algebraic is necessary, notice that the
Zariski closure of the one-dimensional Lie subgroup

H= Lo | 1tERY <SLu(R)

1
is equal to the two-dimensional algebraic group

a
—1
a

L= 15 |a#0

1

This follows from Proposition [3.28
Another type of counterexample comes from subgroups of torus groups.

For example,
t

H = et |[teR
ef(H»oz)t

has for almost every choice of a € R, the full two-dimensional subgroup
a
T = as | arazas =1

as

as algebraic closure.
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7.8 Almost Algebraicity and Algebraic Lie Subalgebras 249

In some sense these two types of example are the only source of non-
algebraic Lie subalgebras.

Proposition 7.20. Any semi-simple Lie subalgebra b C SLy is algebraic.

PRrOOF. First define the normalizer

Nsi,(h) = {g € SLa | Ady(h) = b}

of the subalgebra h. By Knapp [?, Prop. 1.20, 1.21] the Lie algebra of Ngr,,(h)
is b + cqr, (h) where

¢siy(h) = {v €slg | [v,b] =0}

is the centralizer of b in sl;. Now define

M = Nsr, (h) N Csi, (cs,(h)),

where
Csi, (¢s1,(h)) = {g € SLa | Ady |, (v) = id}

is the centralizer of cg(,(h) in SL4. Notice that b still belongs to the Lie
algebra of M. Finally define

L = [M°, M?]

as the Zariski closure of the group generated by all commutators of elements
in the connected component M°. The Lie algebra of M is h&f where f C cqr, (h)
is the center of ¢4y, (h). By the Levi decomposition of algebraic groups, M° =
LF for some abelian F, and

L = [M°, M?]

is the desired algebraic group. O

Corollary 7.21. If h = bhss X u C sly is a semi-direct product of a semi-
simple Lie subalgebra hss C sly and a nilpotent Lie subalgebra u C sly such
that exp(u) is a unipotent subgroup, the b is an algebraic Lie subalgebra.

Another way of stating essentially the same result is the following.

Corollary 7.22. Let h C sly be a Lie subalgebra which is not algebraic. Then
the Zariski closure of exp(h) has a nontrivial torus subgroup in its radical.

PROOF.[Proof of Corollaries 7.22]
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250 7 More on Algebraic Groups

Problems for Section [7.§

Exercise 7.8.1. Show that SO(2,1) = (R), and show that PSLa(R) is a subgroup of
index 2 in 2(R). Deduce that the lattice in Example 4) gives rise to a uniform lattice
in PSLa(R).

Exercise 7.8.2. Prove that G(Z) in Example is indeed a uniform lattice (this may
be done, for example, by generalizing the arguments used in Section [3.1]).

Exercise 7.8.3. Prove that G(Z) as in Example is indeed a lattice in some or all
cases (follow the proof of Theorem [1.18] use the NAK decomposition of G(R), the fact
that N(Z) is a lattice in N(R), and Dirichlet’s unit theorem).
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Chapter 8
S-algebraic Groups and Quotients

8.1 S-algebraic and Adelic Extensions of X,

In this section we will define restricted direct products and the adele ring(26)

in both zero and positive characteristic. This leads to the notion of S-algebraic
group. The reader is assumed to be familiar with the p-adic numbers Q,
viewed as a completion of Q with respect to the p-adic norm |z|, = p~ ordp(2)
the maximal compact subring Z,, and their positive characteristic analogs (we
refer to Koblitz [?] or [?] for a friendly introduction to p-adic numbers, and
to Weil [?] for a more advanced treatment). The groups we will be concerned
with in this section include

SLa(Qp) = {g € Mat4(Q,) | det g = 1},
and the clopen subgroup
SL4(Zp) = {g € Matq(Z,) | det g = 1}.
Similarly, we may define SL4(R x @Q,,), but notice that
SL4(R x Qp) = SLy(R) x SLa(Qy).

More generally (see below for the precise definitions) we have
/
SLa(Ag) = [ ] SLa(Qs).

Here the indicated isomorphisms are isomorphisms of topological groups.

t If the reader is only interested in actions on a quotient of a Lie group, then this chapter
may be skipped.
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The existence of the
metric is generally

established in the
appendix. Shall we
keep the lemma
(with a shortened
proof) because
it gives a proper

metric?

252 8 S-algebraic Groups

8.1.1 Zero Characteristic S-algebraic Groups

Let S C {0,2,3,5,7,...} be a subset of the set of places of Q. Suppose that
for every o € S we are given a closed subgrourﬂ G, C SL4(Q,). We define
the associated S-algebraic group

Gs=[[ 6.

ocesS

to be the restricted direct product of the groups G, with respect to the
compact subgroups G, N SL4(Z,) (the prime on the product symbol denotes
the restricted product). We quickly review what this construction means in
our setting (see Weil [?] for a full treatment).

If S is finite, then the restricted direct product is simply the direct product

Gs =] G
oes
with the product topology. If S is not finite, then (as an abstract group)

U T[6 = [I GpnsLuz,)).

Sn{cc}CS’CS, og€S’ peESNS’
|S’|<o0

Gs =

In the case |S| = oo, we can use for any finite set S’ C S the product topology
on each set of the form

H (G;D n SLd(Zp)) )

peS~S’

(8.1)

and notice that Gg g~ is an open subgroup of Gg g for any finite set S” with
SN{c}CS”"CSCS.

We can therefore define the topology on Gg by requiring that Gg be a topo-
logical group and that Gg g/ be an open subgroup of Gg for any finite set S’
with SN{oco} C 8" C S. In all of the expressions above the place denoted oo,
corresponding to the completion R of Q, plays a special role in the following
way. If oo € S, then oo also has to belong to the subsets S’,S” C S arising.

Lemma 8.1 (Left-invariant proper metric). The topology on Gg de-
scribed above is given by a propmﬂ left-invariant metric.

T In Chapter [3| we will discuss ‘algebraic groups’ in more detail. In this terminology one
usually takes G, = G(Q) for an algebraic group G defined over Q.

¥ That is, the metric has the property that every closed ball of finite radius defined by the
metric is compact.
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8.1 S-algebraic and Adelic Extensions of Xy 253

PROOF. We prove this first in the case S = {o}, which readily gives the case
of S finite. So assume that S = {o}, and notice that G, C SL4(Q,) is a
closed subgroup, so that it is sufficient to prove this for SLy(Q,).

If 0 = oo, then SL4(R) is a connected Lie group (see the discussion after
Lemma , and the lemma follows by considering the Riemannian metric
on SL4(R) (see [?, Ch. 9]).

If o = p is a finite place, then SLq(Z,) is a compact open subgroup
of SLq(Qp). The topology of SL4(Z,) may be induced by considering the
metric

d((gij), (hij)) = max 9i5 — hijlp- (8.2)

Notice that
d((gi5), (hij)) = d(k1(gij) k2, k1 (hij)k2),

for any ki, ks € SL4(Zp), so that d gives a bi-invariant metric on SLg4(Zp).
This metric can then be extended to a left-invariant metric on G = SLq(Q))
as follows. Choose a sequence (g, ) in SL4(Q,) with g1 = e for which

SL(Qy) = || 94 SLu(Z,). (8.3)

This is possible since SL4(Z,) is a non-empty closed and open subgroup
of SLq(Qp). Recall that d(-,-) is bounded by 1 on SL4(Z,) x SL4(Z,). Now
define an intermediate function by

Fin) = d(h,I) if h € SLy(Z,), and
n if h € g, SLy(Z,,) for n > 2.

In words, f(h) is a measurement of the distance from h to I if h € SLq(Z,)
and if not gives the index, which we may think of as an address, in the
union (8.3). We now define

da(g1.92) = flg1 ' g2)

for g1, 92 € SL4(Qp), where for g € SLq(Qp) we define

k
f(g) = inf {Z f(hl) ‘ g = hil T h?‘ with g; € {il},hi S SLd(Qp)} .
=1

Notice that f(g) < 1 implies that g € SLq(Z,). In particular, if g € SLq(Z,)
then the infimum defining f(g) is attained with £ = 1 and h; = g, so dq
extends the metric d defined above on SLg(Z,). For the same reason we see
that d2(g1,92) = 0 implies that g1 = go. It is clear that the construction
above gives left-invariance, meaning that
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254 8 S-algebraic Groups

da(hg1, hg2) = da2(g1, g2)

for all h, g1, g2 € SL4(Qp). Moreover, we have f(g) = flg™b), so

d2(g1,92) = d2(92, 91)-

Since dq is left-invariant and agrees with d on the open subgroup SL4(Z,),
it defines the usual topology on SLg(Q)). It remains to check the triangle
inequality and to show that the resulting metric is proper.

For the triangle inequality we will use the structure of the definition
of f. Note that due to the left-invariance, it is sufficient to consider the
points I, g1, go. In this case

da(e, g1) = f(g1),

and so _ ~
da(e, g1) +d2(g1, 92) = f(g91) + f91 " 92),

which by definition is no smaller than f(gg) = da(e, g2) as required.

To see properness, notice that BIS%Ld(Q") is contained in the finite union of

all possible products of SL4(Z,) and at most R sets (counted with multiplic-
ity) of the form g, SLy(Z,) and (g, SLa(Z,)) " with 2 < n < R. Since this
finite union is compact, this shows the lemma in the case S = {p} also.
Now let S be an infinite set, with co ¢ S. Let S’ = @ and consider the
open subgroup Gg g as in (8.1)), on which it is easy to define a left-invariant
proper metric using left-invariant proper metrics on G, N SLq(Z,), which is
a compact open subgroup of G). Using the same argument as used above,
this metric can be extended to Gg. If co € S, then we may consider G,
and G (oo} separately, and taking the product metric again obtain a metric
as claimed in the lemma. O

8.1.2 The p-Adic and Adelic Extension of X4

Recall from Section [1.3|that d = SL4(Z)\ SLq(R) is the space of unimodular
lattices in R? and that d itself has finite volume (that is, SL4(Z) is a lattice
in SL4(R)). In this section we introduce a ‘p-adic extension’

d,p = SLa(Z[3])\SLa(R) x SLa(Qy) (8.4)

~SL4(RxQ,)

where v € SLd(Z[%]) is identified with the diagonally embedded element

(7,7) € SLa(R) x SLa(Qy),
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8.1 S-algebraic and Adelic Extensions of Xy 255

and the ‘adelic extension’
d, Ag = SL4(Q)\SLa(Aq), (8.5)

where we use a similar diagonal embedding sending v € SL4(Q) to

(7,7, ...) € SLg(R) x H SL4(Q,) x H SL4(Z
pes’ p¢ s’

with S’ = S’( ) chosen so that v € SLg4(Z,) for all p ¢ S”. We will show that
both SLq(Z[2]) and SL4(Q) are lattices in their respective groups in Theo-
rem [8:2] and - below, and describe the meaning of the respective quotients.
The space d, p has in some sense more structure than d has, because we have
in addition to the usual action of SL4(R) an action of SLd(Qp) on d,p.

To motivate this a bit further, we briefly discuss the p-adic and adelic
abelian (and additive) quotients

R x Qp/z[3]

and

Ag/Q

as p-adic and adelic extensions of R/Z.

For the former abelian quotient, notice that Z[%] is not a discrete subset
of R (nor of Qp), but is a discrete subset of R x Q, if we use the diagonal
embedding

Z[%] S>ar> (a,a) ER x Q,.

This is because
H(ZI4) N (<1,1) X Zp) = (Z) N ((<1,1) x Z) = 2(0,0),

Also notice that
R x Qp/uZ[1]) 2 R X Zp/2(Z)

since every element (ao,a,) € R x Q, can be modified by some :(a) with a
in Z[%] to cancel the denominator of the element in Q,, so that

(Goos ap) +2(a) € R X Z,,.

This follows at once from the density of Z[l] in Qp. Moreover, this shows
that F' = [0,1) x Z,, is a fundamental domain for z(Z[ ]). Hence I(Z[%D is a
co-compact lattice in R x Q.

The discussion above (specifically, discreteness together with Lemma
also shows that

Yp = R x Qp/z(Z[%])

Page: 255 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



256 8 S-algebraic Groups

is locally isomorphic to R x Z,. Now Z, is homeomorphic to the standard
middle-third Cantor set, so it is surprising that Y,, is nonetheless connected
(though it is neither locally connected nor path connected). To see that it is
connected, it is enough to notice that the R-orbits (which are connected) are
dense in Y,. We will not need this property, and so leave it as an exercise.
More globally, one can understand the space Y, as a projective limit,

Yp = lim R/p"Z

n— oo

where each quotient in the limit construction is isomorphic to T and the
projective limit uses the canonical projection maps

R/p" "7 — R/p"Z (8.6)
z (mod p)"Z — 2 (mod p)"Z

for all z € R. In less sophisticated language, we may describe Y,, as resembling
a path that looks different at different resolutions. On the largest scale, it
resembles a circle, but at a finer resolution labeled n it resembles a tightly
wrapped circular path of length p™, which on closer inspection splits into a
wrapped circle of length p"*!, and so on. For this reason, spaces like Y, are
referred to as solenoids7).

The construction above generalizes easily to any finite subset S of the set
of all primes P, again giving rise to a co-compact lattice

(2t 1pes]) CrRx [y

peS

However, it also generalizes to the rationals embedded diagonally in the ra-
tional adeles as follows. The image

1(Q) € Ag

is a discrete subgroup since

QN | (-L)N]]2Z, | =u0),

p€EP

and Yy, = Ag/1(Q) is compact, since

0,1) x ][] Zy,

peP

which is pre-compact, is a fundamental domain for ¢(Q) in Ag.
We have deliberately avoided discussing the group structure of Y;, and Yy,
(both of which are interesting in their own right; see Exercise [8.1.2)) since in
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8.1 S-algebraic and Adelic Extensions of Xy 257

the context of locally homogeneous spaces we generally do not have a group
structure on the quotient space. Thus far we have used ¢ to denote the diag-
onal embedding of rational numbers (or subrings of the rational numbers).
This quickly becomes wearisome, and instead one often drops this letter, on
the understanding that it is clear (sometimes after a little thought) when the
diagonal embedding is used. We will follow this practice below.

Let us now fix a prime p and discuss the p-adic extension of

d = SLa(2)\SLa(R).

Theorem 8.2 (p-adic cover of d). Let d,p be defined as in (8.4), with the
1

subgroup SLd(Z[E]) embedded diagonally. Then d,p is a single orbit of the
subgroup SLq(R x Z,) C SLa(R x Qp). In fact if we use (for example) the
point SLd(Z[%D € d,p corresponding to the identity element, then its orbit is
given by

SLd(Z[%]) SL4(R x Zyp) = d, p,
and is isomorphic to

SL4(Z)\SLa(R x Zy). (8.7)

Moreover, there is a canonical projection map
m:d,p—d
defined on by
7 (SLa(Z)(9o0, 9p) = SLa(Z)goc)

for goo € SLa(R) and g, € SLa(Z,,), with the property that each fiber ()
for x € d is isomorphic to the compact group SLy4(Z,). Moreover, SLd(Z[%])
is a (non-uniform) lattice in SLq(R x Q).

We note that this result is not an automatic property for p-adic exten-
sions. It is called strong approzimation and holds more generally for (Zariski)
simply connected algebraic groups. We will introduce some of these terms in
Chapter [3]

Theorem shows that d,p is a compact extensionﬂ of d, by which we
mean that the pre-images of compact sets in d are compact subsets of d, p.
We can give a global interpretation of d,p in three equivalent ways:

° SLd(Z[%])\ SLd(R X Qp)7
o {23190 90) | 9 € SLa(R), g, € SLa(Q,) |, or

t Clearly d,p is not compact, since d is non-compact. To see the claim, let SL4(Z)K be
compact with K < SL4(R) compact, then

7 Y (K) = SL4(Z)K x SLyq(Zy)

if d, p is again described as in (8.7). We refer to Corollary for the details.
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258 8 S-algebraic Groups

o the set of Z(Z[%])—submodules of R* x Q¥ generated by d vectors (goo,j, 9p.;)
with goo,; € R?, gp.; € Q¢ and with

Joo,1 dp,1
det : = det : =1.
Joo,d 9p,d

This description follows from the fact that an orbit is always isomorphic to
the acting group modulo the stabilizer, and the stabilizer of the diagonally
embedded copy of Z[%]d inside SL4(R xQ),) is precisely the diagonally embed-
ded copy of SLd(Z[%]). Notice that Z[%]d(gomgp) C R? x Q¢ is a co-volume
one co-compact lattice. What is less clear, but is contained in Theorem 8.2
is that we can find a different set of generators for any of these lattices so

that g, ; € Z¢ while retaining the property that

dp,1

det =1.

gp,d
The projection map in the theorem is then the map that sends the Z[%]—
module Z[%]d(goo,gp) to the Z-module Z%g., € d, which is also determined
by the formula
Too (AN (R x Z2))
where A is the Z[%]—module corresponding to the point in d, p and
Too : R x QF — RY

is the canonical projection onto the first coordinate.
Another global meaning of d, p may be found by mimicking the discussion
of Y, as a projective limit of circles. Write

Iyn ={y € SL4(Z) [ y=1 (mod p)"},

so that
T -« Fpn+1 \SLd(R) — Fpn\SLd(R)

is a generalization of to the context of SLg4, and one can check that d, p is
the projective limit of the congruence quotients I,n\ SLg¢(R) of ‘full level p™’.
In other words, d,p is the appropriate space to use if one is interested in
all congruence quotients of SL4(R) defined by powers of p. To discuss other
congruence quotients one needs to consider all the primes, and as a result the
greater flexibility of the ‘adelic cover’.

Theorem 8.3 (Adelic cover of d). Let d, Ag be defined by (8.5). Then d, Ag
18 a single orbit of the subgroup
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8.1 S-algebraic and Adelic Extensions of Xy 259

SLa(R) x [ ] SLa(Zy),

peP

and there is a canonical projection map 7 : d,Ag — d whose fibres are each

isomorphic to
[I8La(z,).
peP

Finally, SLq(Q) is a (non-uniform) lattice in SLq(Ag).

We can again describe the points in d, Ag as Q-modules in Afé) that are
generated by special basis elements of determinant one at all places. Alter-
natively, one can describe d, Ag as the projective limit over all congruence
quotients I, \ SL4(R) with

I, ={y€SLy(Z) | v =1 (mod n)}.

Before we give the proof of Theorems [8:2] and [8:3] let us state and prove
a corollary to the above theorems and discussion.

Corollary 8.4 (Mahler’s compactness criteria for d,p and d,Ag). A
subset K C d,Aq (resp. d,p) is compact if and only if it is closed and its
image in d is compact. Equivalently, K is compact if K is closed and uni-
formly discrete. That is, if there exists some & > 0 such that the Q-modules
(resp. Z[%]—modules) A corresponding to the elements of K satisfy

AN Bs(0) = {0}.

Proor. By Theorem (resp. Theorem but for brevity we will restrict
attention to the adelic case in the rest of this proof) d, Ag is the quotient

SLa(Q)\SLa(Aq) = SL4(Z)\SLa(R x 11,ep Zy)

and the projection map mentioned above is the map that forgets the p-adic
matrices

7 (SLa(Z)(goos 92, 93, - - - )) = SLa(Z)goo

(assuming that g, € SL4(Z,) for all primes p). Therefore, if SL4(Z)K is
compact (see the paragraph before Definition on p. for some com-
pact K C SL4(R), then

7! (SLy(Z)K) = SL4(Z)K x [ SLa(Z,)
peP

is again compact. This shows one direction of the first equivalence. Con-
versely, if K is compact, then 7(K) is compact. Finally, notice that, for d,
Mahler’s compactness criterion (Theorem is precisely of the same form
as in the corollary: m(K) is compact if and only if it is closed and uniformly
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260 8 S-algebraic Groups

discrete. Further, notice that for small enough values of § we have

Ad

Q d d

B;? CR* x [ Z
p€EP

by the topology of A{é. We claim that this implies that the condition of
uniform discreteness of the Q-modules Ag associated to the elements of K is
actually equivalent to the uniform discreteness of the Z-modules

Az =mo | AN | R x [] 2
p€EP

The claim and the first equivalence in the corollary then imply the second
compactness criterion in the corollary.
The above two notions of uniform discreteness only differ in the following

. . . Ad .
sense. In the first we take the intersection with B;®(0), and in the second

with .,
By (0) x [ z2.
peP
The former is potentially smaller (making the corresponding uniform dis-

creteness formally easier), but there must exist some € > 0 and N > 1 such
that }
A d d
B;%(0) 2 BE(0) x [[ (Nz,)
peP
where NZ, = Z,, if p * N so that the set on the right-hand side is still open
in Ag. Now suppose that

An | BEy(0) x [Tz ) # {0},
peP

and then we may multiply the non-zero element of A by N (also embedded
diagonally) and see that the intersection

ANBE©) 2 A0 | B (0) x [] (VZ,)" | # {0}
peP

is also non-trivial. Therefore, the notions of uniform discreteness agree, and
the corollary follows. O

PROOF OF THEOREM [8.2] We need to show that d,p is actually only one
orbit of the open subgroup
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SL4(R x Zj,) C€ SLg(R x Q).
Alternatively, we need to show that the whole group
SLa(R x @) = SLa(Z[3]) SLa(R x Z,) (8.8)
is the product of the discrete subgroup SLd(Z[%]) and the open subgroup
SLa(R X Z,).

Since the subset on the right-hand side of (8.8)) is right-invariant under SL4(R),
this all boils down to the projection of the set on the right-hand side of (8.8))

to SL4(Qy). In fact (8.8)) is equivalent to

SLa(Qp) = SL(Z[%]) SLa(Zp), (8.9)

where SLg(Z,,) is still open. We claim that SLd(Z[%]) is dense, which then
proves , and hence (8.8)), and so the theorem. To prove the claim notice

that by Lemma [1.24] every g € SL4(Q,) is a finite product of matrices

for t € Qp, and 7 # j. Hence it is sufficient to approximate u,;(t) with t € Q,.

However, this is easy to show since Z[%] is dense in Q. O

8.1.3 Positive Characteristic S-algebraic Groups

The construction from Section BI.2] can also be carried out without much
change to a set S of places of a global field K|F,,(¢) with positive characteristic.
In this case the local fields K, are isomorphic to F,((s)) for some ¢ = p/, f >
1 and some s € K (the element s is a uniformizer corresponding to the
place o).

Once more there exists a compact open subring Fg[[s]] € F,((s)) so
that SLq (Fy[[s]]) € SLq (F,((s))) is a compact open subgroup and plays
the same role as SLy4(Z,) in the definition of a metric and in the construc-
tion of restricted products. One difference to the characteristic zero setting
(that is, to R or Q,) is the complete absence of locally defined exponential
and logarithm maps between SLg (Fy((s))) and what should be its ‘Lie al-
gebra’ sl; (Fy((s))) (or between closed subgroups and Lie sub-algebras). We
refer to Section ?? for a partial correspondence between (and the definitions
of) algebraic subgroups and their Lie algebras.
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Exercises for Section [8.1]

Exercise 8.1.1. Let G < SL4(Qp) be a closed linear group over the field Q, of p-adic
rational numbers. Show that a lattice I" < G cannot contain a unipotent element.

Exercise 8.1.2. Show that the character group of Y, (defined on p. i is Z[%], and that
the character group of Yag is Q.

8.1.4 S-Arithmetic Quotients of Forms of SLy

We briefly outline in this section how the notion of irreducible lattices and
Corollary extends to the setting of S-arithmetic quotients. We do this
for (forms of) SLg as in the next result because this is a familiar group, and
because it is an example of a simply connected linear algebraic group. We
will not discuss the definition of this notion in generaﬂ but we will discuss

(indeed, have already discussed in part) the main consequence of this property
for SLy4.

Corollary 8.5 (A special case of strong approximation). Let G be a
linear algebraic group defined over Q such that

G(R) = SLy(R)

and

G(Qp) = SLd(Qp)

for some d > 1 and some prime p < co. Then G(Z[%]) is dense both in G(R)
and in G(Q)).

As discussed in Section the group G(Z[%]), when diagonally embedded
via the map z — (z, z) into G(R) x G(Q,), is a discrete subgroup. Just as in
the purely real case G(Z) < G(R) (see Section[7.4)), this diagonally embedded
subgroup is actually a lattice in G(R) x G(Q,). Corollaries and
are similar results when viewed in this context. In fact for the projection
to G(R) (that is, for G(Z[%]) viewed as a subgroup of G(R)), the arguments
of Corollary give the density (since G(R)° = SL4(R) is connected as a
Lie group). For G(Qp) = SL4(Q)) this is clearly wrong in several different
senses and so we need another property of SL4(Q,) to help us.

Proposition 8.6 (No unbounded open subgroups). Let L C SLq(Q))
be an unbounded open subgroup. Then L = SLg(Q,).

T It is expressed in terms of the weight lattice and the root lattice, and is not related to
the more familiar topological notion.
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8.1 S-algebraic and Adelic Extensions of Xy 263

Proof of Corollary[8.5] Let us assume Proposition 8.6] for the moment, and see
how it helps us to prove the strong approximation property in this case. We
only need to consider G(Z[;]) < G(Qy), since the real case G(Z[z]) < G(R)

1 1
P P
is similar to the proof of Corollary Let L = G(Z[%]) < G(Qyp) be the

closure of the lattice G(Z[%]) < G(R) xG(Q,) projected to G(Q,). Clearly its
Lie algebra [ is normalized by G(Z[%]). By the Borel density theorem (The-
orem extended to include S-arithmetic cases) it follows that [ is nor-
malized by G(Q,) = SL4(Q)), since the latter is generated by one-parameter
unipotent subgroups for which the extended Borel density theorem holds.
Thus [ <sl4(Q,) is a Lie ideal in the simple Lie algebra s(;(Q,) over Q,,
so [ = {0} or I = sl4(Qy). The former only happens when G(Z[1]) < G(Q,)
is discrete, which can be ruled out just as in the proof of Corollary [3.33] since
the diagonally embedded lattice I" = G(Z[%]) < G(R) x G(Qy) intersects the
non-compact factor G(R) x {I} trivially.

Therefore, [ = sl3(Q,) and L < G(Q,) is an open subgroup. By Poincaré
recurrence L is also unbounded. Indeed, if a € G(Q,) has a™ — oo as n — oo,
then for almost every (9e0,9p) € G(R) x G(Q,) there exists a sequence (ny)
with ny — 0o as k — oo, and for each k a vy, € G(Z[%]) with

(Ve V) (oo 9p) (15 a™) — (9oo, 9p)

as k — oo. Any such sequence (y;) in L then goes to infinity in G(Q,).
Hence L is unbounded, and so L = G(Q,,) by Proposition O

PROOF OF PROPOSITION [B.6] IN THE CASE NEEDED FOR COROLLARY [R5 We
assume that L < SLy(Q,) is an open subgroup, and for every a € SLq(Q,)
there exist sequences (ny) in N and (y;) in L with ny — oo as k — oo and

Ywga"t = gep, — g

as k — oo. This may be written as

1

(gag™")™ = ga™ g~ =7; 'gerg ™

for all £ > 1. For large enough k we have ge,g~! € L, and so also
(9ag~")* € L.

For convenience we flip the conjugation over to L and get the equivalent
statement
a* e g lLyg.

Let us choose, for example
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264 8 S-algebraic Groups

a= € SL4(Qp)

o
with £ chosen to ensure that det(a) = 1. Since every sufficiently small element
of SL4(Q,) belongs to g~ Lg, and since a (respectively a~') normalizes and
expands each of the standard one-parameter unipotent subgroups, it follows
that ¢~'Lg contains these one-parameter unipotent subgroups completely.
By Lemma we deduce that

g 'Lg =SL4(Q,) = L.
O

Although it is not necessary for our discussion, we will now outline a more
general proof (see also Exercise 77).

SKETCH PROOF OF PROPOSITION [8.6| FOR d = 2. Suppose that L < SL2(Q,)
is an open unbounded subgroup. As in the argument above it suffices to find
an element in L whose eigenvalues are of norm not equal to 1. For SL2(Q,)

this is a property of the trace: g = CCL Z) has eigenvalues of norm not equal
to 1 if and only if tr(g) = a +d ¢ Z,.

Now let g = (Z Z) € L be sufficiently large. If tr(g) ¢ Z, then we are

1s

done. Since ( 1

) € L for sufficiently small s (say for |s|, < €), we also have

, (1s\ (ab+as
g g< 1) \ed+es €L
If |c|, > 7 'p, then ¢’ € L has the desired property for some s with |s|, < e.
If |al, > e~ 2p but |¢|, < e~ !p, then we can use the argument above for

1 ab) a b cL
s cd)  \c+asd-+bs

for some s with |s| < e. The remaining cases are similar. 0

Simply connected groups have properties analogous to those of Lemmal[l.24]
and Proposition (see Margulis [?] for the details). For such groups strong
approximation also holds, and can be shown in the same way once Proposi-
tion 8.6l is known.
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Exercises for Section [8.1.4]

Exercise 8.1.3. Prove Proposition for d > 2.

Notes to Chapter 8

265

(26)(Pagc More advanced arithmetic aspects of these groups may be found in the
work of Weil [?].
@7 (Page l The terminology comes from electro-magnetic helical coils in physics, and
seems to have been coined in this mathematical context by van Danzig [?].
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Part 11

Entropy theory on homogeneous
spaces
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Chapter 9
Leafwise Measures

In this chapter we will introduce the notion of leafwise measures in the setting
of I'\G on orbits of a subgroup H < G, and will discuss the relationship
between leafwise measures and dynamical properties of the original measure.
In Chapter [I0]we will relate the leafwise measures on stable leaves to entropy.

9.1 Fiber Measures for Locally Finite Measures

Before discussing the locally finite case (a measure defined on the Borel o-
algebra of a metric space is called locally finite if every point has an open
neighborhood of finite measure), we describe a structural property of the
conditional measures with respect to restrictions.

Recall from [?, Sec. 5.3] that for any ﬁnit measure 4 on a o-compact
metric space (Y,d), and any sub-o-algebra & C %y of the corresponding
Borel o-algebra %y there exists a system of conditional measures uf , which
are defined almost everywhere, and which have (and are characterized by)
the following properties:

28)

(1) y— uf is &/-measurable, meaning that for any f € (Y, By, ) the in-
tegral [ f dpf , defined almost everywhere, is o/-measurable as a function
of y €Y, and

(2) /Afd,u:/A/fdufdu(y) for all A € .

Notice that an equivalent formulation of these properties is to require that

T This easily extends from probability measures to finite measures as follows. If u(Y) €
(0,00) then define a new measure by p' = ﬁ 1 and consider the conditional measures
for u’ — these are also conditional measures for the original measure p in the sense de-
scribed. Notice that the conditional measures uf are always probability measures on Y
for any finite measure p.

269



270 9 Leafwise Measures
E, (f|) (y)=/fdu§{

for any f € LYY, By, u).

Lemma 9.1. Let Y’/ be a Borel subset of a o-compact metric space Y, and
let o7 C By be a countably-generated sub-c-algebra. Then the conditional
measures for the restrictioﬂ wly: of a finite measure p on'Y with p(Y') >0
satisfy

o 1 o
,lL Y’ = ,lL Y/ 91
for almost every y € Y.
Notice that if we set
Ag={yeY |pu (V') =0} e o, (9.2)

then

p(aony) = |

Ly du = / py (V") dp =0,
Ao Ag

by the properties of the conditional measures uf . This shows that the right-
hand side of (9.1) is well-defined on the complement of a null set.

ProOF oF LEMMA [0.1] It is clear that

1 o
SOl

is /-measurable wherever it is defined. For any f' € LYY, By, uly’) de-
fine f € (Y, By, 1) by

) flly) ifyeY’,
fy) = {o ify € Y Y.

Notice that f and f’ coincide as elements of LY(Y, By, uly) since Y\Y" is
a null set with respect to u|y . We have to show that

[ £ =y, (71 )
for y € Y. To that end, fix a set A € 7. Since Ay defined in (9.2) is a null

set with respect to p|y, we may assume that A C YAy, which makes the
measure v, well-defined in all of the calculations below. We have

T The restriction is defined by p|y/(B) = u(BNY’) for all B € By.
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1 "
[ [ranu) = [ s | o @l ) (o defnition of 1)
A ALy (Y') )y

1
:AHY’(y)W/f(Z) duf(z) du(y)
| —

=E,(f1)(y)
(by definition of f)

1
- /A / Ly (2) 7y B (719) (2) () au)

of/-measurable & Wy‘"—a.e. constant

where we have used property (2) of the conditional measures from p. As
the second two terms (as indicated) are now constant for the integration with

respect to u‘f , we can now take this constant out of the integral to deduce
that

/ v , _ ; , o
[ Jramdutet = [ ot B (o) @) [ 16 i () )
1 /
:AWE“ (fl) ()py (V') dps
= / fdu= / fdulyr, (by definition of f)
A A
which proves the lemma. 0

Lemma [9.1] suggests how we may define conditional measures for a locally
finite measure.

Proposition 9.2. Let X be a o-compact metric space, let p be a locally fi-
nite measure, and let of C Bx be a countably-generated sub-o-algebra of
the Borel o-algebra Bx of X. Then there exists a family of locally finite
measures (i, defined for almost every x € X, with the following defining
properties.

(1) For any measurable set Y C X, we have that uf(Y) > 0 for almost

everyy €Y, uZ(Y) depends measurably on x € X, and if Y is compact
then

o 1

(uly), = Mﬁf(y)ﬂf\y
for almost every y € Y.

(2) If [2]r = [y]wr (that is, if x and y belong to the same </ -atom) then p?
18 proportional to ,uf, whenever both measures are defined.

(3) The family of measures i is, up to proportionality, uniquely characterized
by property (1). More concretely, if v, is a family of locally finite measures
satisfying (1) then there is a measurable function s : X — Rso with
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272 9 Leafwise Measures

vy = s(a)u

almost everywhere.

(4) If a continuous proper map T : X — X satisfies T"'o/ = o and
preserves p (that is, p(T~*B) = w(B) for all measurable B C X),
then T, u? ui’fx for almost every x € X (that is, Tup® and uf”’?x are
proportional).

Even though the family of measures constructed in Proposition is a
direct generalization of the notion of conditional measures (see [?, Ch. 5]),
we will refer to them as fiber measures in order to emphasize the fact that
they have quite different properties when the measure is not finite. The term
conditional measure is also widely used in this setting. Notice that it is pos-
sible to modify the construction of p so as to arrange that (almost ev-
erywhere) & = pyﬂ whenever [z]o = [y]; that is, to arrange that the
map = — p is o/-measurable. However, this will not be needed here (and
will not be true for the leafwise measures defined in Section .

Before starting the proof of Proposition we expand a little on the
implicit measurability of the map x ~ u. We stated that

o
x = pig (V)
is measurable for any compact set Y C X, and implicitly stated that

1

o
Yy 1y Iy
py (Y)Y
is &/-measurable on Y. Therefore, for any continuous function with compact

support, and for any non-negative measurable function f, the map

o [ raus

is measurable (though it may not be </-measurable).

PROOF OF PROPOSITION [0.2] We start with the almost everywhere unique-
ness property in (3). Suppose that v, and p, are two families of locally finite
measures satisfying (1). Write X as a countable union of compact sets Y,
with ¥, € Y2, ;. Then the measures m%hfn and mpﬂyyl are well-
defined and equal for almost every x € Y,, by assumption. Let N C X be a
null set with the property that this equality holds for z € Y,,N\N for alln > 1.

It follows that for z € Y,,~N we have v, = :zgzg pz as required for (3).

We next turn to existence of the family p. Let u, = uly, with Y, as in
the previous paragraph. Then by [?, Th. 5.14] the family of conditional mea-

sures (un)f exists, and by Lemma we have the compatibility condition

Page: 272 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



9.1 Fiber Measures for Locally Finite Measures 273

() = Wi(y)mk)f . (9.3)

for almost every y € Y, whenever k > n (see Figure [9.1]).
Let X’ C X be a set of full measure such that (9.3 holds for all y € X’

and all £ > n with y € Y,,. In particular,

o
(1) (V) > 0
ifye X'NY, and k > n.
Form>1,ye X' NY,"\Y,,_1, and B C X a measurable set, we define

o = lim ; 7 . .
py (B) = lim (uk)f(ym)(uk)y (B) (9.4)

To see that this makes sense and defines a measure, suppose first that B C Y,,
for some n > m. Then for k > n, two applications of (9.3) shows that

1 of 1 =4 o
B) = Y,) (un)? (B
(#k)f(Ym)(Mk)y ) (ﬂk)f(Yn)(Nn)f(Ym)(uk)y (Bn)ten) (B)
1 of
- (1)?(B),
) Wy s D)

so in this case the sequence in (9.4) is eventually constant.
Now

B=BNYUBN (Yis1 Y) UBN (Yo Yy U--

so we may write
P 1 o
)y (B) = s (Gu0)y/ (BN Yan)

+(Mk)f (BN (Y1 Vo)) + -+

+(Mk)f (BN (Yi~Yi-1)) ) ;
and so

:u';j{(B) = (,u'm)f (B N Ym) + Z L (,Ltk)f (B n (Yk\Yk—l))

S () (V)

is a well-defined sum (possibly converging to co) of non-negative terms. It
follows that pf , defined by 1] is a locally finite measure on X.
By construction, the family p satisfies (1) for the compact subsets

Y=Y,
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274 9 Leafwise Measures

Fig. 9.1 To define uf(B) for y € Y2\ Y7 and for B = B U Ba, we need to consider all

restrictions of p, for n > m = 2, and their conditional measures (uk)f

in the construction. If Y C X is a subset with Y is compact, then
o0
vclJyy
n=1

by the choice of ¥;, and so Y C Y, for some n. Thus (1) follows from the
special case above together with Lemma [9.1
Property (2) follows from (1) by the following argument. If

(]

o = [y]ml“ €Y N1,y € Y, Y1,
then z,y € Y}, for k > max{m,n} and by property (1) we have

1 o 4
= — 9-5
which implies that
s (Vi)
w (Vi)

is independent of k, and so by 1) also that u? uf as required.
Suppose now that T is as in (4). Then

T|T_1(Yn) : (Tﬁl(Yn)V‘%(Til(Yn))a,L"|T—1(Y,L)) — (Yn"@(Yn)a/”Yn)

is measure-preserving and satisfies T~1(«|y, ) = &|7p-1(y, ). Hence by Exer-

cise (see [?, Cor. 5.24]) we have

A |- o
T (1) ™00 ) = (uly )7y
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for p-almost every y € T—1(Y,,). Applying (1) to T-1(Y,) and to Y,, we see
that
T () [r-1(v)) o 17 Iy

for p-almost every y € T~1(Y,,). As this holds for all n > 1, property (4)
follows. O

Exercises for Section [9.1]

Exercise 9.1.1. Let X be a o-compact metric space. Prove that if (vn), > is a sequence
of measures on X, then

v(B) =Y vn(B)
n=1

defines a measure on X as well. Show that if v, is locally finite, and for every compact
set Y, there is some ny such that v, (Y) =0 for n > ny, then v is locally finite as well.

Exercise 9.1.2. Use the following outline for an alternative construction of the fiber mea-
sures i as in Proposition Let f € Z1(X, %A, 1) be a function with f > 0 everywhere.

Define a finite measure v by dv = fdu, so that v can be defined. Now define pu%
by du¥ = ES dvZ . Prove that this agrees up to proportionality (as in Proposition 3))

with the definition in Proposition [9.2]

Exercise 9.1.3. Two countably generated o-algebras &/ and % are countably equivalent
if any atom of &/ can be covered by at most countably many atoms of ¢, and vice versa.
Prove that countable equivalence (as defined on p. is an equivalence relation on the
space of o-algebras on a set.

Exercise 9.1.4. Let (X, Zx,u) and (Y, By, v) be finite measure spaces. Let o7 C Py be
a sub-o-algebra, and let T': X — Y be a measure-preserving map. Prove that

—1
T. (uf ”) =vf,

for p-almost every z € X.

9.2 Leafwise Measures for Orbit Foliations of I'\G

In this section we apply the abstract results from Section to obtain, in
the context(?”) of X = I'\G, a notion of measures restricted to (conditional
on) the orbit of the action of some group H on X, with respect to some
measure g on X. We will have almost no assumption regarding the behavior
of p with respect to the H-action. As we will see later, these measures, which
we will call leafwise measures, are not very interesting if the measure u is
actually invariant under H (although this property is often desirable) since
this is precisely the case in which the leafwise measures will coincide almost
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276 9 Leafwise Measures

everywhere with a Haar measure on H. Instead we will use the leafwise mea-
sures in contexts where we know very little about the relationship between
the action of H and the measure p, and we will see that various properties of
the H-action with respect to u can be characterized by the leafwise measures.

9.2.1 The Setting

We begin with a familiar example, where both the algebra and the geometry
are very simple.

Example 9.3. Let G = R?, I’ =72, X = T?, and let H C R? be an irrational
line (that is, a line through the origin with irrational slope). We saw in [?,
Sec. 7?] how the structure of a probability measure — invariant under an
automorphism of T? — along such an irrational line can affect the entropy
of a toral automorphism.

Let 4 be a probability measure on T2. Since the unit square [0,1)? is a
fundamental domain for Z2? in R? we may also view u as a measure H[0,1)2
on [0,1)%. We extend this to all of R? by tiling R? with translates of the unit
square and adding up the translated measures to get

MRz = Z (M[o,1)2 +n)

n€ez?

where p[o,1)2 + n is the push-forward of pg 1)2 under translation by n.
Finally, notice that G/H = R and so the o-algebra

%G/H:{BE@R2|B+H:B}

is easily seen to be countably-generated. Moreover, the atoms of %,y are
cosets of H in R? and so the construction of the fiber measures in Section [9.1]
applies, and defines for ugz2-almost every x a fiber measure (ﬂRz)ng/ " and
the leafwise measure can beﬂ defined (up to a proportionality constant) by

—x,

B
pl = (pge)y /"

Bc/u

- under translation by —z,

by which we mean the push-forward of (up2)
so that pfl is a locally finite measure on H.

We now generalize Example[0.3] Let G be a o-compact group with a left-
invariant metric d defining its topology, and let I" < G be a discrete subgroup.
We write I € G for the identity element, and we will also assume that dg is
a proper metric, meaning that

B
t Our definition below will be & — (ug2)w /"

an action of the group H on X.

since in general only h :  +— xh~1 will be
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BE(I)={g€G|dalg,I) <r}

is compact for any r» > 0. The typical examples we have in mind include the
following:

o I'=7" <G =R" (with quotient space a torus);

e ['=Q" < G = Ag (with quotient space a solenoid);

e G = SL,(R) (or any closed linear group) and I" = SL,(Z) (or a discrete
subgroup in a closed linear group).

Define 7 : G — I'\G to be the natural quotient map g — I'g. Let H <
G be a closed subgroup, and as before we define the action of H on I'\G
by hex = xh~! for € X. By the results of Chapter [2| this right action of H
on X is often ergodic unless there are obvious obstructions (for instance, in
Example an obvious obstruction would be if H were a rational line);
this means there are very few Borel subsets of X which are H-invariant.
Equivalently, there are very few Borel subsets of X which are unions of H-
orbits.

We define the foliation into H-orbits to be the partition of X into the H-
orbits

Fy={zH |z e X}.

We will sometimes refer to the elements of Fy as leaves of the foliationﬂ In
a typical situation, there is no countably generated o-algebra &/ for which
the «7-atoms are precisely the leaves of %y (that is, are the H-orbits; see
Exercise 9.2.1)).

Nonetheless, we would like to have a description of a probability measure p
on X along the leaves of Z, and these are what we shall refer to as leafwise
measures. There are various ways to construct these measures; we will use
Section after lifting the measure p to a locally finite measure ug on G
(as in Example . The advantage of this transition is that in the lifted
situation the H-orbits gH (that is, the left cosets of H) on G are the atoms
of a countably-generated o-algebra g, -

We now proceed to the more general framework, describing how to do the
two steps in Example [9.3|in a more general setting.

Lemma 9.4. Let G be a o-compact, locally compact group with a left-
invariant proper metric dg defining its topology, let I' < G be discrete and
define X = I'\G. Now let p be a locally finite measure 07@ X. Then there is
a I'-left-invariant locally finite measure ug on G with the property that

[ ane= [ S r@dut

geX

T We will use this terminology for any group H, even if H is, for example, a p-adic group.

¥ For now ignore the change of notation, or see Remark
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for any continuous function f with compact support, and for any non-negative
measurable function f.

The sum dexf(g) on the right-hand side in Lemma is a function
on X, so that the integral makes sense.

PROOF. This is clear from the Riesz representation theorem, since the right-
hand side defines a positive linear functional on C.(G); I'-invariance of ug
follows from the (manifest) I'-invariance of this functional. The extension
to non-negative measurable functions follows by the monotone convergence
theorem. (]

An alternative description of the measure ug in Lemma comes from
emulating Example directly. If F' C G is a fundamental domain of X (that
is, a Borel set for which 7 restricted to F' is a Borel isomorphisnﬂ between F
and X = I'\G), we can identify p with a measure ur on F' and then define

HG = Z’Y*MF

yel’

Applying Lemma[0.4 to f = 1 for a Borel subset B C F' shows that this is
the same construction.

Lemma 9.5. Let G be a o-compact, locally compact group with a left-
mwvariant proper metric d, and let H be a closed subgroup of G. There is
a countably-generated o-algebra Bg g C Ba whose atoms are the cosets gH
for g e G.

PROOF. Since G has a left-invariant metric d, it also has a right-invariant
metric defined by

dr(glaQQ) = d(gf17g;1)

for g1,92 € G. Just as for X we can make the left coset space G/H into a
metric space by letting

de/u(g1H,92H) = hlgg dr (91, g2h).

The canonical quotient map G — G/ H is continuous and open, so G/H is a o-
compact metric space. The Borel o-algebra on G/H is countably-generated
(by the countable set of metric balls with rational radius centered at points
in a dense countable set, for example), and we identify this o-algebra with a
sub-o-algebra B g of Bc whose atoms will be the cosets gH as required.
|

Using the argument above, and the results of Section [9.1] we have for

almost every g € G a locally finite fiber measure (ug)g“’/ " supported

T Amap ¢ : Y] — Y is called a Borel isomorphism if ¢ is bijective, measurable with respect
to the Borel o-algebra, and ¢! is also measurable with respect to the Borel o-algebra.
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9.2 Leafwise Measures for Orbit Foliations of I'\G 279

on gH. By moving these fiber measures to H (using the inverse of the orbit
map ¢g(h) = h-g for h € H) we will obtain the definition and basic properties
of the leafwise measures.

9.2.2 Main Properties of the Leafwise Measures

Theorem 9.6. Let G, I',H, Bg,u, anﬂ X = I'\G be as above. Let p be a
locally finite measure on X. Then there exists a set X' C X of full p-measure,
and for every x € X' a leafwise measure pl which has the following proper-
ties.

(1) ut is a locally finite measure on H.

(2) The identity I lies in Supp p, that is plf (BE) > 0 for any § > 0.

By (1) and (2) we may normalize u! so that pf (BH) = 1. Furthermore,

(3) The map x v ull is measurable (that is, for any function f € C.(H), or
for any non-negative measurable function f on H, the map x — fH fdutt

is Borel measurable).
(4) Moreover, for x,hex € X' with h € H we have

pihch oc il

where pfl h is the push-forward of pl under right-translation by h.
(5) Write ug for the induced I'-left-invariant measure on G. Then for ug-
almost every g € G we have x = w(g) € X’ and

Be)u
g

(1) x pil g,

where we simply write pl.g for the push-forward (¢g), k' under the
map ¢g : h € H +— heg obtained by letting the varying h € H act on
a fized g € G.

The formula pfl h o pff may be interpreted as saying that the leafwise
measures define measures

:U/gx'(h'x) = (:u{z—]xh) XX Mf'x
on the H-orbit H-x which are independent of the chosen starting point
x € (Hx)NX'

apart from a factor of proportionality which may depend on x. Note, however,
that p.x may not itself be a locally finite measure on X. For this reason we

T Again ignore the strange fonts for now, or if you have to then look at Remark|9.11|right
away.
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280 9 Leafwise Measures

avoid working directly with pf’.x and instead work with the orbits in G. An
overview of the situation is given in Figure [0.2]

.
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Fig. 9.2 A close return of the H-orbit through x to x is lifted to a close visit of the H-
orbit through g to some vg. Hence a locally finite measure on the H-orbit of g may not
correspond to a locally finite measure on the H-orbit of x

Before we turn to the proof of Theorem we describe the sense in which
the leafwise measures u7 describe u along the leaves of %y (that is, along
the H-orbits).

Definition 9.7. A countably-generated o-algebra o C %y for some mea-
surable set Y C X is said to be H-subordinate if

X|or = Viex = {xh ™! | h € Vi }

for some open bounded set V;, C H and every x € Y.

Definition 9.8. We say a set P C X is an open H-plaque if P = V.x for
some x € X and some open bounded set V C H.

Corollary 9.9. In the notation and with the hypotheses of Theorem[9.6] as-
sume in addition that for almost every x € X the map H 5 h — hex is
injective, let Y C X be a measurable set of finite measure, and let of C By
be an H-subordinate o-algebra on Y. Then the conditional measures for of

are 1
o H
H =\ a0 M °y
w5 = (i)

job: VolumeIII

(9.6)
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9.2 Leafwise Measures for Orbit Foliations of I'\G 281

for almost everyy € Y with [yl = Vi ¢y and V, C H; that is they are obtained
from the corresponding restrictions of the leafwise measures.

Corollary [9.9] will be proved on p. 291] We will show in Section [0.2.4]
the existence of special H-subordinate o-algebras, which we will call (H, R)-
flowers. In fact one can use such o-algebras to define the leafwise measures(3?).

We will also be interested in the behavior of null sets with respect to the
leafwise measures as in the next corollary.

Corollary 9.10. Let X = I'\G, H, and p be as in Them“em and let N
be a null subset of X. Then

pf({h€e H|hexe N}) =0
for almost evemﬂ x € X.

Remark 9.11. The reader may have noticed that we use the notation G and X
instead of G and X in many of the above results. The reason for that is that
the above results are sometimes used in the following slightly stronger form.

Let 2 be a compact metric space, let us refer to it as the auxiliary space.
Then we define X = X x 2 and G = G x 2 (so that if {2 is a singleton we
may identify G with G and X with X). Both actions, the action of I" on the
left and the action of G on the right extend to G by letting the action be
trivially on (2. More precisely, if g = (g,w) € G, v € I', and h € G, then
we define vg = v(g,w) = (yg,w) and h-g = gh™! = (gh~!,w). In that sense
we still have X = I'\G and G (and so also its subgroup H < G) still has a
well-defined right action on X.

There are a few reasons why we simply hide the extension of the results
in the notation instead of putting the generalization full-fledged into the
above statements. First, the extension is only used in some applications of the
results here and comes basically for free, i.e. the proofs are not getting more
complicated unless we would allow the notation to become more complicated.
Second, as all standard Borel spaces are Borel isomorphic ([]) we could even
assume that the auxiliary space {2 is a compact metric group (for example,
setting it equal to T) and replace G by the group G x {2 but as we do
not want to add this theorem to our prerequisites and in our application
of the extension (2 is by definition usually not a group we have chosen the
compromise of hiding the extension in the notation.

For the discussion in this section we also note some corollaries of this
extended definition. If Fz is a fundamental domain for I" in G then Fg =
Fg x §2 is a fundamental domain for I' in G. Moreover, if %q, py is the
countably generated c-algebra in G which has the atoms gH for g € G
then o g = B/ X B is the countably generated o-algebra whose atoms
are once more the H-orbits H.g = gH = gH x {w}.

T Strictly speaking, we should say here for almost every x € X’ as pl! is not defined
for x € XNX'| but as X’ has full measure itself this amounts to the same.
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282 9 Leafwise Measures

9.2.8 Proof of Theorem — Construction of
Leafwise Measures

We start by using Proposition to construct pff for x € X'.

PROOF OF THEOREM [9.6] Given the measure y on X = I'\G as in the theo-
rem, construct v = ug using Lemma Now let & = %B¢,y be the o-algebra
on G whose atoms are the cosets gH for g € G (as in Lemma . Applying
Proposition we obtain the fiber measures l/'gQ{ for all g € G’, where G’ C G
is a set of full ug-measure. Since I' is countable and preserves the measure g
under its left-action, we may assume that I'G’ = G’. Moreover, v/ = &/ for
all v € I' (indeed, for all v € G), so by Proposition 4) we may assume
that P

y (Z/g ) o sz (9.7)

for all v € I and g € G’, where we simply write 'y(l/f ) for the push-forward
of vf under left-multiplication by . Now let F' C G be a fundamental domain
for the action of I' on G, so that we can define

e = (¢g1), ()

for x € X' = n(G’) where g € F is the unique element with m(g) = x
and ¢y : H — G is defined by ¢g(h) = h-g as in the statement of the
theorem. Notice that ng is a locally finite measure on G that is supported
on gH, which is precisely the image of ¢5. Hence, taking the push-forward
under ¢, ! makes sense and we see that pf is a locally finite measure on H.
Therefore (5) holds by definition for g € G'NF. If now g € G’ and v € I

has vg € G’ N F then, by (9.7),
i = (97g). vyg < (03¢, (1g7) = (957), %"
since
3¢ (veh™') =h =g, (gh™")

for all h € H. Therefore, (5) holds for any x € G'. It is clear from Proposi-
tion [9.2 that (1) holds.
In order to prove (2) it is enough to prove the translated statement

g € Supp Vf

for v-almost every g € G. To see this, choose a countable dense sub-
set {g1,...,8k, ...} € G. Now apply Proposition (1) and find a null set N
so that

vy (BlG/n(gk)) >0

forallg e G'N BlG/n (gx)NN, k > 1 and n > 1, which implies by density that
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ve' (BSu(9)) >0
for all g € G'~N, which means that g € Supp Vf . Recall now that
¢g: H— H-g=gH

is a homeomorphism, and hence I € Supp (¢ '), v This proves (2), and
also shows that we may modify our definition of 7 by a multiplicative scalar
as indicated in the theorem.

Assume now that x; = 7(g1), x2 = 7(g2), and that xo = h.x; as assumed
in (4). We may choose g7 and gs such that go = h.gy. Then

¢g2 (h/) = h/'gQ = h/h‘gl = ¢gl (h/h)

and so by property (5) of the theorem, Proposition (2) and since ¢!
coincides with ¢, ! followed by right multiplication with %, we have

il o (0), vel o (0), vl = ((6). vl ) b

as required for (4).
It remains to show (3). Fix a function f € C.(H). We claim that

vigr [ f(hay (hg)

is measurable. Recall that u{f is supported on H.g, and that H-.g is homeo-
morphic to H, so writing the variable in the integral as h-g makes sense. This
then implies the same property for any non-negative measurable function f
on H, and in particular for f = 1 BH (the indicator function of the open unit

ball in H which is used to normalize pf'), so (3) will follow.
To see that g — 9(g) is indeed measurable, we recall that by Proposi-
tion [9.2] the integral

W (g) = / F(g)dv? (g) (9.8)

is a measurable function of g € G whenever F' > 0 is a measurable function
on G, or alternatively whenever F' € C.(G). Note that the definition of ¢
differs from the definition of ¥ in that for ¢ the integrand f(h) depends also
on g (since h is the offset between g’ = h-g and g), whereas in ¥ only the
measure depends on g. Nonetheless the measurability extends from ¥ to 1
by the following continuity argument.

By the Tietze-Urysohn extension theorem, there exists some Fy € C.(G)
with Fy|g = f. As G is separable there exists a sequence (gx), >, in G' with

G = Bfj.(ar)
k=1
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284 9 Leafwise Measures

for every n > 1. We now deﬁnelﬂ

7e) = [ Fa ((9)'90) /(9
where we choose k = k;,(¢g) > 1 minimally with the property that

In other words, g — ¥, (g) is piecewise equal to functions defined as in .
Hence g — ¥, (g) is measurable. We claim that

Jim @, (g) = ¥(9)
for all g € G. Indeed, for g € G and k,(g) > 1 minimal as in the definition
of ¥,,(g) we have

lim g9 =9,

n—oo

and so
lim Fy ((g')flgkn(g)) = Fy ((9/)719) )

n—oo

of

where the convergence takes place in C.(G). Since vg islocally finite, we can

apply dominated convergence. Moreover, for ¢/ = h.g = gh™! € gH,

lim Fy (hg™ ‘g, (9)) = Fo(h) = f(h)

n—o0

so that lim, o ¥, (g) = ¥(g) as claimed. It follows that 1 is measurable,
and (3) follows as discussed earlier. O

PROOF OF COROLLARY [9.10L Let N C X be a null set, and let Ng = 7~ 1(N)
be its pre-image in G. Then ug(Ng) = 0 by Lemma Therefore,

16| ps (Ng) =0

and so %
(1) 2/ (No M BS) =0

for all R > 1 and pg-almost every g, so we also have

(16)g ' (Ng) = 0.

The corollary follows from Theorem [9.6{5). O

T We write g for the group component of the tuple g(g,w) =€ G.
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9.2.4 H-subordinate o-algebras

The following notion is useful for the construction of H-subordinate o-
algebras. For convenience, we introduce the notation B for B (I), the
metric open ball of radius r around the identity in H.

Definition 9.12. Let H < G be a closed subgroup, and let I' < G be dis-
crete. Let 6 € (0,1] and R > 1. A subset T C X = I'\G is an (R, d)-cross-
section for H at xg € X if

(1) Bf¥(xo) € Bff - T, and

(2) the natural map Bg xT — Bg - T is injective and bi—measurableﬂ

B1H

Fig. 9.3 As we will see later, in the case of a Lie group the cross-section 7" may be chosen
as a line transverse to the H-orbit through the center of the é-ball B?(x).

Proposition 9.13. With the assumptions of Definition[9.12], let xo be a point
in X =I'\G and let R > 1 be chosen so that

BH 3 h— hexg

is injective. Then there exists some § > 0 and some T C X = I'\G which

is an (R,0)-cross-section for H at xo. In particular, there exists an H-
subordinate o-algebra o/ = of (xo, R,8) on BH.T for which

[het] s = BH ot

for allh € BE andteT.

T This property is actually automatic under the assumed injectivity by Parthasarathy (7,
but it is often quite easy to show the measurability of the inverse map directly without
using general properties of standard Borel spaces.
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Definition 9.14. Let T C X = I'\G be an (R, §)-cross-section for H at the
point xo € X. Then the o-algebra <7 (xo, R,8) on BH.T with atoms BH.t
for t € T is called an (H, R)-flower with base Bs(xo).

We will give a proof of Proposition [0.13] for the case where G and H are
Lie groups or S-algebraic groups (see Section , and for these cases we will
show that T' can be chosen to be o-compact. For the more general setting we
refer to the notes of Einsiedler and Lindenstrauss [?]. Also see Exercise
for the case where G is a finite product of real and p-adic Lie groups and H
is an arbitrary closed subgroup.

BEGINNING OF PROOF OF PROPOSITION [9.13] Assume that R and zg are
as in the statement of the propositionm We claim that there exists some 7 > 0
so that

BfiBS 5 g — g-x0 (9.9)

is also injective.
Suppose the claim is not true. Then we can find, for every n = %, distinct

elements ggn) and gén) with

4 = WO, g = e € BB

such that ggn)-xo = gé")-mo. Passing to a subsequence, we may assume that

lim A™) = h,

i)
for : = 1,2. Then hy, hy € @ and hy-xg = hg-xo, which implies that
h1 = ho
by the assumed injectivity. However, this forces

lim g%n) = lim gén) = hyq,

n—oo n—oo
which together with the initial assumptions g%n) #* gén) and g%n)-xo = gén)-xo
gives a contradiction to the injectivity radius at hi.zg. This proves the claim
in .

PROOF OF PROPOSITION [0.13} CONSTRUCTION FOR A LIE GROUP. Now
let h = Lie H C g = Lie(G) be the Lie algebras of H and of G. Let V' C g be
a linear complement of h C g. We let T C B,]G be the image of a sufficiently
small neighborhood Uy of 0 € V under the exponential map. We will show

T As the auxiliary space §2 plays no role in the construction we construct the cross-section T'
in X and then may simply use T X 2 as the cross-section for X.
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that if Tg is sufficiently small, therﬂ T = Tg-xo satisfies property (1) of
Definition and that it also satisfies a local version of property (2).
First notice that the map

HxV —G
(h,v) — hexp(v)

is differentiable, and that its derivative at the point (I,0) is given by

hxV —g
(w,v) — w + v,

which is invertible by our choice of V. It follows that the map above is a
local diffeomorphism, and so by choosing T = exp(Uy) small enough we
may ensure that

B x Tg — BT,

is a homeomorphism. Moreover, there exists some § > 0 with
BSY ¢ BAT,.
it follows that T = T¢g-xo satisfies Definition 1), and
B xT — BH.T

is a homeomorphism.
FINISHING THE PROOF OF PROPOSITION [9.13] Suppose now that the map

BHE xT — BE.T

in (2) from Definition is not injective. Choose (hy,t1) # (ha,t2) with

hi+t1 = ha-ts
and t,t5 € Tg with ¢; = t/.x for i = 1,2 so that (hit])-zo = (hath)-x¢. By
the choice of 7, the map in is injective, and so h1t] = hath. This implies
that (hy 'hy)th = th, and so d(hy *hy, 1) > e.

Moreover, hy *hy = th(t}) =", which implies that
e <d(th(t) 1) < diam(Te Ty ') < 4.

However, if we shrink 7 then we can keep ¢ unchanged, we may replace T
and T by some smaller subsets and obtain a contradiction. This shows the
injectivity of the map in (2).

T In the case the auxiliary space §2 is not a singleton, we set T = Tg+xo X 2. The argument
trivially generalizes to this case.
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Clearly, B x T — BH.T is measurable, since it is continuous. Since
both B = o2, K, and T = J,-_, T}, are countable unions of compact
sets, this shows the same property for Bg-Tm = Umm K, -T,,. Moreover,
the inverse of the map K, x T,, — K,T,, is also continuous and hence
measurable. This implies that the map in (2) is bi-measurable.

Finally, let ./ be the image of the o-algebra

{2,Bf} x B(T) C % (B xT)

under the map from Bg x T to Bg-T. Then the o/-atom of h.t is given
by BH .t for any h € BH and t € T. (]

Notice that the proof above made use of the assumption that G is a Lie
group only in the construction part of the proof. In Section we will
generalize this construction, and the remainder of the proof will also apply
to the more general setting considered later.

9.2.5 Proposition for S-algebraic groups

Now consider a discrete subgroup I' < G and a subgroup H < Gg defined
by H = Hg with |S’] < co and with H, < G, for ¢ € S’. We will now
prove Proposition in this context (once again producing a o-compact
section T').

PROOF OF PROPOSITION FOR S-ALGEBRAIC GROUPS. As in the begin-
ning of the proof on p. the map from is injective for sufficiently
small n > 0. We now replace the construction for a Lie group on p. by a
more algebraic argument.

For every o € S’ we let b, = Lie(H,) C Lie(G,) C g!.(Q,) = Mat,(Q,)
be the Lie algebras of H,, G, and GL,(Q,). We set b, = {0} if 0 € S\S’|
and let V, C gl,.(Q,) be a linear complement of h, C gl,.(Q,) for all o € S.
We now define L

Tas = B?(;;S N H(I+V0)a
oes

where as usual I denotes the r X r identity matrix. We claim that if n > 0
and € > 0 are sufficiently small, then the map

BH x Tg, — BH -Tg, (9.10)

is a homeomorphism, and the image B - T, contains B?S for some ¢ > 0.
Since the map is continuous with compact domain, in order to prove the
claim it is enough to show injectivity and the inclusion BH - Tg, D st.
As S’ is finite, for both of these statements it is enough to consider a single
place o € 5.

So let hg € H, be a non-identity point close to the identity, so that
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ho =1+ w+ O(lho — I|2) (9.11)

for some w € b, while on the other hand if wy € b, is close to zero then
h =T +wo+ O(Jwo|?) (9.12)

for some h € H,. In fact, if hy is given, then we can define w as a power
series,

w=1loghg=(hg—1I)—%(ho—I)*+ 3(ho —I)* — -+,
and if wq is given then we can define h by the power series
h:expw0:1+wo+%w3+%w3+...7

both of which are absolutely convergent if hg — I (resp. wy) are sufficiently
small.

We now show that (9.11)) and (9.12)) together imply the injectivity of the
map in (9.10]), and that

BHe.(BS n(1+V,)) > BS-

To

for some 6 > 0. Here we may assume for convenience that o # oo as the
case 0 = 0o was discussed earlier.

Suppose therefore that hy, ho € BEH” and ty,ty € T, with hyt; = hao-to.
Set h = hy'hy € BI and t; = I+v; with v; € V, for i = 1,2. Then by (9.12)

we have

T+w+O0(w?)=h={T4v) (I 4+vy+v1 —v3) =
T4+ (I+v) Yoy —vg) =T+

Notice that we have w € by and that the the vector v on the right is in a
complementary linear subspace (which is close to the subspace V, since vy
is close to zero). We may use this to finish the proof in the following
way. Let ¢ be the linear map from gl.(Q,) to V, with the kernel b, and
whose restriction to V' is the identity. Then for sufficiently small vy we have
that |v| < |¢(v)| = |¢p(w + O(|w|?))| = O(|w|%). This implies now with the
above identity that w = O(Jw|?). Hence if we work with sufficiently small
elements we see that w = 0 and also v = 0 which gives vo = vy, h = 1
and hy = ho as required to show injectivity.

Assume now that g € Bf" for some sufficiently small § > 0. Then we can
write

g=1+wo+ vy
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with wg € h,, vg € V, of norm not exceeding ¢d for some absolute constant c.
We may now apply (9.12) to —wg to find some hg, and for this hy we have

gho = (I+w0 +’U0) ([ — wo + O(|’w0|(27)
=1+ vo + 0] (max{|w0|<27a |w0|0|U0|U})

:I+w1:v1,

with wy € b, of norm O (62) and v € b, satisfying |v; —vgls = O (62). Now
apply (9.12) to vo — w; to find some hy with

ghoh1 =1+v1+0 (max{|w1|i, |w1|a|vl|a})
=14 wy + vy

with ws € h, of norm 0(53) and ve € b, with |vg — v1|, = 0(53).
We wish to iterate this, so we have to take care of the implicit constant
in the O expressions. However, as we have assumed that the place o is
finite, the corresponding norm is non-Archimedean. Analyzing the argu-
ment above again gives |w1|, < (c6)?, [v1 — vols < (¢d)?, and (assuming
that ¢6 < 1) |vi|, < 0, |wal, < ()3, and vy — v1], < (c6)3. The same
argument produces ho, hs, ..., h, in H, for which

ghohy---h, = IT+wv

as n — oo for some v € V. Moreover, if § is sufficiently small (how small
depending on ) then the elements h,, belong to some small compact subgroup
of H,, so that we obtain

hohy -+ hy — h € BH.

This implies, for sufficiently small 6 > 0 (depending on 7), that gh € T,
and so g € Bfe.T, . Thus the map in lb is a homeomorphism onto a
neighborhood of I € Gg. Arguing now as we did in finishing the proof of
Proposition [9.13] on p. [287] completes the proof of Proposition [9.13] in the
case of S-algebraic groups. O

PROOF OF PROPOSITION FOR S-ALGEBRAIC GROUPS OF POSITIVE
CHARACTERISTIC. As mentioned in the argument above, Lemma proves
the two claims and . These claims were shown on p. using
the assumption of zero characteristic, but the remainder of the argument
(starting on p. did not use this assumption. Thus Proposition also
follows in the case where G and H are defined as S-algebraic groups of posi-
tive characteristic. (]
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9.2.6 Proof of the corollaries

We now proceed to the proof of Corollary for which we will need to
combine Proposition with the additional assumption of the corollary.

PROOF OF COROLLARY [9.9] Let &/ be an H-subordinate o-algebra on Y, and
let xg € X be chosen so that H 3 h — h-xq is injective. Let R > 1 be arbitrary.
Then there exists a 0 > 0 as in Proposition and we let Y7 = BH.T and
write 7 (xg, R, 0) for the o-algebra on Y7 as in that proposition. We will now
compare, for each y € Yj, the leafwise measures uff with the conditional

measures (p|y1)”;{(xo’R’5) and then (for y € Y NY)) the latter to (u|y)f

Assume that y = h-t € Y; with h € BE and t € T. We claim that

1
o (x0,R,6) _ 7( H L. )
o u (BER—T) \' iy

almost surely. For this, notice that (Y7,.9 (xo, R, d), pt]y, ) is isomorphic to

(Bg'TG7'%G/H7MG|Bg.TG)a

where T C G is bounded and has the property that the natural pro-
jections 7|z, to T and 7|pn.r, to BH.T are bi-measurabld'| Therefore,
ify=ht €Y and tg € T with n(te) = t, then by the argument above and
Proposition 1), we have

o (x0,R,0) __ #Ba/n Ba/H
Ko = Tx MG|B{;-TG ht X T (MG)h.tG |Bg.Tc

almost surely. By the construction of pfL, from Theorem 5), we have
moreover
G/H

B
(NG)h.tG X Ngt'(h'tG)a
which implies for y = h-t € Y3 that

1
o (x0,R0) . _  —~ ( H . ) 9.13
Hy pH(BHER-1) M siiny 1)

almost surely.

We now need to describe the relationship between the conditional measures
of &y, and of &/ (xo,R,0)|y. Define € = |y, V o (xo0, R,0)|y C A(Y2)
for Y2 =Y NY;. We will need the following lemma.

Lemma 9.15. Let (Y, %, 1) be a finite measure space with Y a Borel subset

of a compact metric space Y. Let o C € C A be countably-generated o-
algebras. Suppose that for any x € Y the &/ -atom [x]y is a countable union

T Strictly speaking we should write %G/H\BT,TG instead of just Zg, g, but the context
R

should make this clear.
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292 9 Leafwise Measures
of €-atoms [yl¢ (with y € [x]e ). Then

(g 1

e ) 1 121

~ 1 ([ee

for p-almost every x € Y.

PROOF. This is a special case of the formula (,uf);g =puf for o/ CC€C A
proved in [?, Prop. 5.20]. Alternatively, one can check the claim directly
(just as in the proof of Lemma in the case where % coincides with the
refinement of &/ with a finite partition. Then one can choose a countable
generating set {C1,Ca, ...} for € and define

o=V o({C1,...,C}).

By induction, the lemma holds for any %,,. Hence if f € £, then

1

E(f|%n)(z) = w7 (e

/[ | fy)du (y)

converges to E(f | %) (z) by the increasing martingale theorenﬂ7 respectively

to
1

1 ([2]%) Jia)e

if 4 ([x]¢) # 0. We claim that

N ={z | u ([z]¢) = 0}

F) du ()

is a null set. To see that N is measurable, notice that

pe ([2)e) = lim p ([a]e,)

n—oo

is a limit of measurable functions. Now
_ o
W) = [ 1 ) duty)

and recall that, by assumption, [z]s = U,e,),, [¥l% is a countable union.
This implies that uf(N) =0 for all y € Y, and so u(N) = 0. Using a
countable dense set of functions in C(Y), the lemma follows. O

We return to the proof of Corollary We wish to apply Lemma [9.15
to € and to #/|y,. Thus we need to show that the &|y,-atoms are countable

unions of ¢-atoms. By assumption, every «/-atom [yl for y € Y is an
open H-plaque, that is a set of the form [y, = Vj-y for V, C H an open

T See [?, Th. 5.5]; this generalizes immediately from the case of a probability space to a
finite measure space (see also the footnote on p. [269).
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9.2 Leafwise Measures for Orbit Foliations of I'\G 293

neighborhood of I € H. If y € Y, then the set {h € H | hy € Y7} is also
open. Hence [y] |y, are open H-plaques as well. Similarly, it follows that
the atoms of <7 (xp, R,0)|y and of € are open H-plaques. However, since by
assumption H is second-countable, we see that [x]o|,, (resp. [X|o(xo.r,5)]y)
must be a countable union of %-atoms. Therefore by Lemmas and
applied twice, we see that for y-almost every x € Ys,

o 2 X X
Mf{hx]cg x pi [y ‘[X]% o N:f x Mff( 0,R,5)‘Y|[X](€ o Mff( 07R75)|[X]<g_
Now let x e Y N B()S((xo) and Vi C H be chosen with [x] o = Vi-x. Then

BR_1x € Mz xg,.8) S Y1
and hence (‘/x N Bgil x C [X}g = [X}@g N [X]d(xo,R,6)~
Together with (9.13) this shows that

o o X0,
Hx |Bg71-x Xy (

R,5) H
|(VxﬂBg71)-x Oy |VunBHE_ X

for p-almost every x € Y N Bs(xo). If Vx € BH_| then the statement above is

precisely from Corollary

It remains to show that, for every R > 1 there exists a countable collection
of (H, R)-flowers with base Bs,_ (x,) such that

H <Y N U Bén (Xn)> = M(Y)

n=1
Then the argument above gives the corollary. O
Proposition 9.16. Under the assumptions of CorollaTy there exists (for

every R > 1) a countable collection {x,} C X and a sequence (6,) in (0,1]
for which the (H, R)-flowers o/ (xy, R, d,) with base Bs,_ (xy,) exist and satisfy

p (Y n U B (xn)> = u(Y).

n=1

PRrROOF. By assumption, p-almost every x € X has the property that the
map 6, : H — H-x is injective. Let

0= |J Bs(x),

(%,8x)

where the union is over all d.-balls around points x € Y for which the o-
algebra o/ (x, R, 6;) exists by Proposition[9.13] However, as X is second count-
able, Y is also, and hence O can be written as a countable union Bs_ (x,) of
a subcollection of these balls. Therefore u(ONY) = u(Y). O
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294 9 Leafwise Measures

9.2.7 Growth Rate of the Leafwise Measur&ﬂ

We have seen and used in several settings the properties of the space .#(X)
of Borel probability measures on a compact metric space X, together with
the weak*-topology. This topology is given by a metric (see [?, Th. B.11]
for the details) and in this topology .#(X) is compact. If X is a compact
metric space and p is a Borel probability measure on the Borel o-algebra %y,
then for any sub-o-algebra </ we may construct the conditional measures
for almost every x € X (see [?, Sec. 5.3]). In this case we may understand
something of the geometry of these constructed measures by noting that
they all lie in the compact metric space .# (X). This allows us to ask if, for
example, the map x ~— p has regularity properties, is measurable, and so
on.

It would be useful to find a similar compact metric space in which the
leafwise measures constructed in Section live. The discussion below is
taken from the lecture notes of Einsiedler and Lindenstrauss [?, Para. 6.29-
30], where the proof of the theorem below is given.

Recall that we assume that pff (Bff) = 1 almost surely. Unfortunately this
conceals any of the real geometric properties of the leafwise measures. For
example, this normalization does not give any insight into the size of larger
metric balls B with respect to the measure 12/, We also have to confront the
fact that the measures being constructed are locally finite rather than finite.
In particular, because we do not know a bound on the size of uf (B), after
the normalization above, the leafwise measures do not belong to a compact
subset of the space of Radon®®") measures, which may be topologized using
the weak*-topology induced by the functions in C.(H).

An alternative approach is therefore to measure the growth in uf(BH),
and use this to make an adapted normalization resulting in values in a com-
pact metric space. We will not prove or use this theorem.

Theorem. Assume, in addition to the assumptions of Theorem and
Corollary that p is a Borel probability measure on X, and that the
group H is unimodular with bi-invariant Haar measure Agy. Fix a sequence
of positive weights (b,) with >~ | b! < 0o, and an increasing sequence (r,)
with r,, — co as n — o0o. Then

H H
‘m ! (Br) =0
n—oo b, \gg (BTI'I”+5)

for p-almost every x € X.

That is, the leafwise measure of a sequence of large metric open balls BTI{L
cannot grow asymptotically much faster than the Haar measure of a sequence

T The reader may skip this section as the approach will not be used in the book.
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9.2 Measurability of Leafwise Measures as a Map 295

of slightly larger metric open balls. This allows us to deﬁneﬂ — in many
different ways — a function

f:H—>R>O

which is integrable with respect to the measure ul! for almost every x € X.
In particular, we can normalize uf so as to guarantee that

/’fawdufan::L
H

and with this normalization all of the leafwise measures pZ! lie in the com-
pact metric space of Radon measures on H with | g [ dv < 1, equipped with
the weak*-topology induced by the space of continuous functions with com-
pact support. With this understanding, it makes sense to ask if x — uff
is measurable, and this follows from the measurability referred to in Theo-
rem 3).

We will not need the theorem above, and refer to the notes of Einsiedler
and Lindenstrauss [?] for the proof. Instead we will use the set-up of the next
subsection to interpret the measurability of the map x +— ufl.

9.2.8 Measurability of Leafwise Measures as a Map

EJust as in Section our aim is to provide a compact metric space .4
so that we may interpret the leafwise measures pf’ as elements of .#, and
thereby interpret Theorem (3) by saying that the map from X to .# is
measurable with respect to the Borel o-algebras. In this section we explain a
less informative but easier approach to this.

Recall that for any compact metric space Y the weak*-topology on .Z(Y)
makes . (Y") into a compact metric space (see [?, Sec. B.5]). It follows that

=1 -#(@) (9.14)

is also a compact metric space, whenever (@) is a sequence of compact
subsets of H. Below we will also assume that I € Q¢ for all n, and

H= L_JlQ;.

T For example, we could define f(x) = 1/ (b3 Am (BY, ,5)) forx € BE ~\BI' , foreachn >
1.

t The reader may postpone reading this section, as it will be used first in Chapter
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296 9 Leafwise Measures

For example, we could use @, = @ for all n > 1.

Corollary 9.17. Under the assumptions of Theorem[9.6] we have the follow-
mg.

(1) The map

X/3X|—><M’I({|Q1 e ) (9.15)
w Q)" 1 (Qn)’

is measurable as a map from X' to the compact metric space A defined
m .

(2) (Lusin’s theorem for leafwise measures) For any € > 0 there exists a com-
pact set K C X of measure u(K) > 1 — € such that the map in is
continuous when restricted to K.

PrRoOOF. We start with the second statement. Let n > 1 and f € C(Q,).
Then

X m/ﬂl% dpf? (9.16)

defines a function X’ — R which depends measurably on x € X’. Thus by
Lusin’s theorem (see [?, Th. A.20]) for every ¢’ > 0 there exists a compact
set K = K(¢') C X’ of measure at least 1 — &’ for which the restriction of
the map in depends continuously on x € K.

If now D,, = {fnor | k > 1} C C(Qn) is a dense countable set, then one
can apply the argument above for any f = f,, with ¢’ = 55¢ to obtain
sets Ky, ;. Let

o0
K= () Knk
n,k=1

so that u(K) > 1—e. Then the function (9.16)) depends continuously on x € K
for any f, r € D,. However, notice that (9.16) for f, » converges uniformly
to for f whenever f, j, converges uniformly to f € C(Q,). Hence we
conclude that is continuous for any f € C(Q,) when restricted to K.
As this holds for any n > 1, we see that the pre-image of any set of the form

Oz{MJe%W/fwww

<e 9.17
} (9.17)

for f € C(Qn), r € R and € > 0 intersected with K is open. The sets of the
shape (9.17)) generate the topology of .# by taking finite intersections and
countable unions, so property (2) follows by taking unions and intersections
of such sets.

For property (1), it is sufficient to consider countable unions of intersec-
tions of sets of the form since .# is compact and metric, and hence
second countable. Thus it is enough to show that the pre-image of O under
the map in is measurable. This pre-image is given by
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9.3 Characterizing Properties of 1 Along H-Orbits 297

1
{XGX/'\m/fﬂQnd“f” <5}’

which is measurable by Theorem [9.6]3). O

Exercises for Section [9.2]

Exercise 9.2.1. Let H be a o-compact, locally compact, metric, group acting continuously
on a o-compact locally compact metric space X. Assume that there is an H-invariant
ergodic probability measure on X which does not give measure one to any single H-orbit.
Show that there is no countably-generated o-algebra & with the property that the .o/-
atoms are the H-orbits.

Exercise 9.2.2. Let G =[], g
and p-adic Lie groupsﬂ Let H be a closed subgroup of G. Show that there exists an open
subgroup Ho < H which is a product ngSHO' of closed subgroups Hs < Go. Prove
Proposition (once again with a o-compact T') in this case.

G o be a product of real (corresponding as usual to o = 00)

Exercise 9.2.3. Let X = I'\G, u, and H be as in the statement of Theorem For a
measurable set B C X, show that

H H
(lB)x o< by |{heH|hxe B} -

Exercise 9.2.4. Let G, I', X and H be as in Example[0.3] and let 11 be the one-dimensional
Lebesgue measure on T x {0}. Describe the leafwise measures ul! for x € T?.

9.3 Characterizing Properties of u Along H-Orbits

We continue working under the assumptions of Theorem and, where ap-
propriate, Corollary

9.3.1 Triviality and Alignment

Definition 9.18 (H-trivial measures). Let H < G be a closed subgroup.
A locally finite measure p on X = I'\G is called H-trivial if there is a mea-
surable set X’ C X of full measure for which x, h-x € X’ for some h € H
implies that h = I, the identity of H.

H

Definition 9.19 (Trivial conditional measures). The leafwise measures pi;

associated to a locally finite measure p on X and a closed subgroup H < G

T We define a p-adic Lie group as a topological group which has an open subgroup that is
isomorphic as a topological group to a closed linear subgroup of SL, (Qy) for some n > 1.
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298 9 Leafwise Measures

are said to be trivial if uf = &7, the point mass at the identity, for almost
every x € X.

Lemma 9.20 (Characterizing H-trivial measures). A locally finite mea-
sure p on X is H-trivial if and only if the associated leafwise measures are
trivial.

PROOF. Suppose the leafwise measures are trivial, and let X’ C X be a set
of full measure such that puf = §; for x € X’ and on which Theorem 4)
holds. Then, if x1,xs € X' satisfy xg = hex;, we have

oy = ug x ughfl =6rh7t,

so h = I and p is H-trivial.

If p is H-trivial, let X’ be the set in Definition so that N = XX’
is a null set. Then by Corollary we have pff (H~{I}) = 0 for almost
every x, so il = §; almost everywhere. O

As we have seen the following property is useful in the proof of the measure
classification for unipotent flows in Chapter [6]

Definition 9.21 (Aligned measures). Let L < H < G be closed sub-
groups. A locally finite measure p on X is called (H, L)-aligned if there is a
measurable set X’ C X of full measure for which x, h-x € X’ for some h € H
implies that h € L.

Lemma 9.22 (Characterizing (H, L)-aligned measures). Let L < H <
G be closed subgroups. A locally finite measure p on X is (H, L)-aligned if and
only if the leafwise measure for H satisfy pf (L~NH) =0 for p-a.e. v € X.

The proof of Lemma extends to also give a proof of the above (see
Exercise [9.3.1)).

9.3.2 Recurrence and Transtence

Another interesting property of p with respect to the action of H (of inter-
mediate strength) that can be characterized using the leafwise measures is
recurrence. The results in this section go back to the work of Lindenstrauss
on arithmetic quantum unique ergodicity [?].

Definition 9.23. Let X be a o-compact, locally compact metric space, let i
be a locally finite measure on X, and let H be a o-compact, locally compact
metric group that acts continuously on X. Then p is said to be H-recurrent if
for every measurable set B C X of positive measure, and for almost every x €
B, the set {h € H | h-x € B} is unbounde(ﬂ in H.

T By assumption on the metric, a subset of H is unbounded if and only if its closure is not
compact.
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9.3 Characterizing Properties of 1 Along H-Orbits 299

Theorem 9.24. Let X = I'\G be as in Theorem and let v be a finite
measure on X with the property that H — H.x is injective for p-almost
every x where H < G is a closed subgroup. Then p is recurrent with respect
to the H-action on X if and only if utf (H) = co for u-almost every x € X.

PROOF. Assume that p is recurrent with respect to the right H-action.
Let Y = {z : pff(H) < oo}, and suppose that u(Y) > 0. Then, if n is
sufficiently large, we may assume that the set

Y ={zeY g/ (B)) > fuil (H)}
also has u(Y”) > 0. We claim that for y € Y’, the set of return times to Y,
{h | h'y € Y/}7

is almost surely a subset of C BZL. Since u(Y”) > 0, this then shows that p is
not H-recurrent. To see the claim, pick any return time h. By the definition of
the set Y/, we know that ,uf(Bf) > f—ouf(H) and pfy(Bf) > %uﬁy(H).
On the other hand, by Theorem (4) we know that ,ufyh x ,uf almost
surely, so

gy (Bih) > f5pil (HR) = fguil (H).

Thus the sets BY and BZh both contain more than 1% of the uf measure,
so BENBHEh £ @. Thus h € (BE)"1 B as claimed.

Now assume (for the purposes of a contradiction) that the leafwise mea-
sures satisfy puf (H) = oo for p-almost every x € X, but that yu is not H-
recurrent. Then there exists some measurable set B C X of positive measure
for which it is not true that {h € H | h-x € B} is unbounded for almost
every . We will replace the set B by subsets of B through the proof, always
retaining this property and positive measure, by adding additional properties.

If (K,) with K,, C B is a sequence of compact sets with

p| B~ K| =0,
n>=1

then it follows that there is some compact set K = K,, C B for which it is
also not true that {h € H | h-xz € K} is unbounded for almost every x € K.
Given any R € N, the set

Lr = K~ ((H~BR)-K)

is measurable (since K is compact and H \Bg is o-compact) and comprises
the set of points « € K for which {h € H | h-x € K} C BH. By assumption,
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300 9 Leafwise Measures

p| | JLr|>0
R>1

and so there exists some L = Lg with u(L) > 0and {h € H | h-x € L} C BF
for all z € L. Applying Proposition to R+ 2, we may find some zg € X
and some ¢ > 0 such that p (L N Bs(xg)) > 0, and the (H, R + 2)-flower

o = o (z0, R+ 2,0)

with base Bs(zg) exists. Changing B if necessary, we may now assume
that B C L N Bs(xg) is a compact subset with p(B) > 0.

The construction above shows that x € B, h-z € B implies h € Bg . This
is the final set B for which we will show a contradiction of the assumptions,
by showing that B is a p-null set.

Let T C X be the (R+ 2, d)-cross-section for the o-algebra 7, so that the
elements ¢t € T' are in one-to-one correspondence with the atoms

Bg+2‘t = [thzf
of the o-algebra «7. As B C B{L"-T7 we can define the subset
D =Tn (B{-B)

of all elements of T' corresponding to those o/-atoms that intersect B non-
trivially. This also implies that B C Bf.D. Indeed, if € B, then x = h-t
with h € Bff and t € T so that h™'.x =t € D and so z € BH.D.

As a first step towards the contradiction we seek, we claim that the map

HxD— H.D
(h,d) —> hed

is injective. This is a significant strengthening of the cross-section property
in Definition since we may use the same set D for all balls BY C H
with n > 1. This property, together with the fact that uf (H) = oo almost
everywhere, will imply that u(B) = 0.

Suppose therefore that h.z = h'-z’ for some h,h’ € H and 2,2’ € D.
By the construction of the set D and the inclusion B C B{{ -D, there exist
points h,, by € B with 2 = hy-x, 2/ = hy-2’ and z, 2" € B. Therefore

hhyox = h' hy -,

which implies that (h,/)~!(h')"1hh, € BH by the assumed properties of B.
This shows that (h')"'h € Bf,,, which implies that »’ = h and z = 2/
since T' D D is an (R+2, §)-cross-section. This is the injectivity claim above.

Thus we can choose any n > 1 and, since B x D — BH.D is injective, we
always obtain (just as in Proposition an H-subordinate o-algebra .27,
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defined on B .D for which
[h-2]er, = By

for h € BE and z € D. If T is a countable union of compact sets (which we
may assume if G is a Lie group or an S-algebraic group of any characteristic),
then so is D, by definition. In this case bi-measurability of the map

B? x D — BH.D

is clear. The general case follows from general properties of standard Borel o-
algebras (see Parthasarathy [?]).
Given the o-algebra o7, defined on B .D, Corollary implies that

2 ~ p({h eV, | ha e B}
w8 = SR

for p-almost every = € BX.D. Here
Via = BER?

is the shape of the atom [hd], = BX.d viewed from the point z = h.d
for h € BZ d € D. Since B C BH.D, we have BZ | CV, for all z € B, and
S0

r (Bi)
! (Bf—l) 7
which approaches zero as n — oo for almost every x € B by our assumption
on the leafwise measures pff. Let

1" (B) <

B' ={z € B | (B) = 0asn — oo},

so that p (BNB') = 0.
We now define, for each n > 1 a function f,, by

“n(B) ifye BH.D,
fuly) = {7 i
0 ify¢ B-D.

We claim that
faly) =0 (9.18)

as n — oo for almost every y. Using this claim and dominated convergence
(which we may apply since f,, <1 for all n > 1 and p(X) < oo) we obtain

u(B) = [ fudu =0

as n — 0o, giving the desired contradiction.
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302 9 Leafwise Measures

The claim in (9.18) holds trivially for any y ¢ H.D. If y € BE.D

for some ng > 1 and uf"" (B) > 0, then ,uf"o(B’) > 0 almost surely,
since p (BNB’) = 0. Therefore, there exists some x € B’ with [2]u, = [Y]w, .
so we also have

fa) = fulx) = p*(B)

for any n > ng. Since uZ»(B) — 0 as n — oo by definition of B’, we obtain

the claim ((9.18)). O

A complementary property to recurrence is transience, defined below. No-
tice that transience is not the negation of recurrence (see Exercise[9.3.4])

Definition 9.25. Let X be a o-compact, locally compact metric space, let i
be a probability measure on X, and let H be a o-compact, locally compact
metric group that acts continuously on X. Then p is said to be H-transient
if for every € > 0 there exists some set X’ C X of measure pu(X') > 1 —¢
such that for every x € X’ the set {h € H | h-x € B} is bounded in H.

Just as in the first part of the proof of Theorem [9.24] it is easy to show
that uf (H) < oo almost surely implies that p is H-transient. The converse
also holds quite generally (see Exercise[9.3.4)).

9.3.3 Invariance

The final property of p with respect to the action of H that we wish to
characterize using the leafwise measures is invariance.

Theorem 9.26. Let X = I'\G, p and H be as in Theorem . Then
is H-invariant if and only if pfl is a left Haar measure on H for almost
every x € X.

For the proof the following lemma will be helpful.
Lemma 9.27. Let X = I'\G, with I" discrete in G. Then the operator
51 Ce(G) — Ce(X)
fC)— > flr)

yerl
18 surjective.

Notice that the operator in Lemma|9.27 appeared implicitly in Lemma|9.4]

ProOF OF LEMMA [9.27] Let f € C.(X) and let > 0 be an injectivity radius
on K = Supp(f). Cover K with finitely many metric r-balls, which we write
as
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c U BX (2;)
=1

and let ¢1,...,¢, € C.(X) be a continuous partition of unityﬂ on K with
respect to B:X (x;). Then it is clear that f-¢; is in the image of S for 1 < i < n,
and therefore f is also. O

Proor or THEOREM [0.26l We first reduce the theorem to the case of G.
Indeed, we claim that p is H-invariant if and only if ¢ is H-invariant, and for
brevity we write v = pg. If p is H-invariant, then for f € C.(G) and h € H
we have

[tamar = [¥ riaghyan

yerl’

~ [ rogdu= [ ran

yerl

by the relationship between p and v and the assumed invariance of u. This
implies that v is H-invariant.

Conversely, if v is H-invariant, then we reverse the argument as follows.
If FeC.X)and h € H, then there exists some f € C.(G) with F = S(f)
by Lemma Then

/ (zh) dp(z /vaghdufg)

yel’

= /f(gh) dv(g)
= /f(g)dV(g) =/Fdﬂ’

which implies the invariance of x4 under the action of H.
Now assume that pZ is a left Haar measure on H for p-almost every .

Then by Theorem 5) the measure z/g% “/" is a right Haar measure on the
coset gH for v-almost every g € G. If now B C G is a bounded subset, h € H
and Y = B U Bh then, by Proposition 1),

)@G/H _ 1 V%’G/H
Baa g Yo

(v]y
Vg (Y)

so that
(V]y) e (B) = (v]y) e/ (Bh)

for almost every g € Y. Therefore,

T That is, the functions ¢; for ¢ = 1,...,n are continuous with 0 < ¢; < 1
and 37", ¢i(z) =1forall z € K.
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304 9 Leafwise Measures
o(B) = [ (W) (B)du
= [l () = w1,

showing the first implication.

Assume now that p and (hence also) v = g are H-invariant, and let h €
H. Then we may apply Proposition 4) to the measure-preserving map T
defined by T'(g) = gh to obtain

B B B B B
Ve G/Hp _ T*l/g G/H VTgG/H _ l/ghG/H x v G/H
almost surely. We need to show that the proportionality constant relat-
ing vz “/"h to vy °/" is equal to one almost surely. So let

% %
Boi = {g | vg “/"h = cyug “" for some ¢4 > 1}.

Assuming that v (Bs1) > 0, we can find some bounded subset B C Bs;
with v(B) > 0. Let Y = BU Bh™". Then every atom [y]z,,,, = yH inter-
sects B C Bs1 non-trivially for y € Y, and so v (Y~Bs1) = 0 by Proposi-
tion [9.22). Therefore,

v, /" (B)
v(B) = / 7:’%,7 dpu (by Proposition 1))
Yy (YY)
[ awmn
€ v, 9 (Y)

B, _
</V?/G/H(Bhl)du_,/(3h1)_
vy (Y)

However, this inequality contradicts the assumed invariance of p under right-
multiplication by h. It follows that u (Bs1) = 0. Applying the same argument
to h™! we see that

(He)g & h = (pa)y /" (9.19)

for almost every g € GG. Choosing a dense countable set D C H and applying
the argument above to each h € D shows that holds for all h € D.
Since a locally finite Borel measure on gH which is right-invariant under the
action of D must be right-invariant under the action of all of H, it follows
that (ug)f‘;/ # is a right Haar measure on gH for almost every g € G. This
implies the theorem by Theorem [0.6{5). O
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Exercises for Section [9.3

Exercise 9.3.1. Let 41 be as in the statement of Theorem [0.6] and let
L<H<LKG

be closed subgroups. Prove that u){{ is supported on L if and only if p is (H, L)-aligned for
a.e. X.

Exercise 9.3.2. Let X, H, u be as in Theorem Assume that p is H-recurrent. Prove
that for any measurable set B C X of positive measure we have

pH ({heH|hzeB}) =
for p-almost every =z € B.

Exercise 9.3.3. Let L < H < G be closed subgroups of a Lie group G, and let I' < G
be a discrete subgroup. Let p be a locally finite measure on X = I'\G. Prove that p
is L-right-invariant if and only if ,uf is almost surely invariant under left-multiplication
by L.

Exercise 9.3.4. Let X = I'\G, p, and H be as in Theorem Prove the following
statements.

(a) p is H-transient if and only if pf (H) < oo for y-almost every x.
(b) pu is a combination u = p1 + po of finite mutually singular measures such that pi
is H-recurrent and pg is H-transient.

9.4 Invariant Foliations in Various Settings

Our primary motivation for studying leafwise measures is to better under-
stand entropy in terms of leafwise measures for the action of certain sub-
groups. For this purpose, the material in this section will be useful. In Sec-
tions|9.4.2H9.4.4| we will introduce various cases within the general framework
of X = I'\G which we will allow in our later discussions of entropy. The reader
may skip some of these, and restrict attention to the cases of direct interest.

9.4.1 Behavior of Leafwise Measures

We start with a consequence of Theorem in the statement of Corol-
lary we write aptfa=! for the push-forward of X under the conjugation
by a map h — aha™!.

Corollary 9.28. Suppose that X = I'\G, H, and p are as in Theorem .
Let
a€ Ng(H)={geG|gHg ' = H}
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306 9 Leafwise Measures

be an element of the normalizer of H, and suppose that T : x — xa™' for x

in X preserves . Then

H H_ -1
Mza_l o0 a’#’x a

for p-almost every x € X.

Notice in particular that if
a€Cqg(H)={9eG|gh=hgforallhec H}

lies in the centralizer of H, then pf, = pf for p-almost every » € X.

PROOF. First notice that the assumed invariance of p implies that the mea-
sure pug on G defined as in Lemma is also invariant under T : g — a-g.
Therefore, Proposition 4) implies that

B - % gg
(G), /™" a™t =T (pa), " o (16) 0 4"

almost surely, which gives by Theorem (5) that

1

(ug) a™" oc pllga™ = (pll,a) -g

for p-almost every x € I'g. This is equivalent to
(apl) -g o< (pika) -9,

which gives the corollary. O

9.4.2 Invariant Foliations for the n-Torus

We describe here how the dynamics of a toral automorphism Ty : T — T"
associated to a matrix A € GL,.(Z) fits into the framework of Corollary

Ezample 9.29. Let A € GL,.(Z) be an invertible integer matrix giving rise
to an automorphism T4 : T" — T", and let H C R" be an A-invariant
subspace. Thus H is a direct sum of eigenspaces or generalized eigenspaces
for A restricted to H. In the study of entropy we will always assume that the
eigenvalues of A restricted to H have absolute value not equal to one. The
sum of a generalized eigenspace with eigenvalues A such that |A\| < 1 is called
stable. We define below a horospherical subgroup (denoted by G ) whose
orbits are called stable manifolds. We define a group G to be the semi-direct
product G = R" x Z with the group operation

(v,n)+(w,m) = (v+ A" (w),n + m),

and define a discrete subgroup by I' = Z" x Z < G. This gives for the
structure of the quotient space I'\G
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I'(w,m)=T0,—m)-(w,m) =T(A""w,0)
for all (w,m) € G, and hence
NG =z"\R" >~ 17,

Now define a = (0,1). Then for w € R” we have

I'(w,0)a™! = I'(w,0)(0,—1)
= I'(w,—1)
=TI (0,1)(w,—1)
= I'(A(w),0),

I corresponds to applying A

which shows that right multiplication by a~
on T". Similarly, a(w,0)a™t = (A(w),0).

Thus in this case Corollary [9.28 means that
We o< A (ug)

for p-almost every x.

9.4.3 Automorphisms Arising From Algebraic
Numbers

Example[9.29|can be generalized to solenoids. In this section we discuss a par-
ticular case of an automorphism of a solenoid constructed from an algebraic
number(32).

Ezample 9.30. Let K be a number field, and let a € K~{0}. Let s be an
order in K localized at finitely many places with the property that a € 07 is
a unit of Og. Here S = S, U Sy, where Sy is the (finite) set of Archimedean
places and Sy is a finite subset of the set of non-Archimedean places of K. We
will show that X = ag (or, more generally, X = J for any Og-ideal J), with T
the dual of multiplication by a and H being defined by some subset S’ C S of
the places, fits into the framework of Corollary In the study of entropy
properties, we will always assume that |a|, < 1 for all o € 5.

Let K, denote the completion with respect to the norm | - |, associated to
the place o € S. We refer to Weil [?] for background on the valuation theory
of algebraic number fields. If the place o is Archimedean, then either K, = R
or K, = C, and the isomorphism to R or C corresponds to one of the Galois
embeddings K < C. If the place o is non-Archimedean then K,|Q, is a finite
field extension of the field of p-adic numbers for some rational prime p, and in
this case we say that o is a place of K above the place p of Q. In either case,
the character group K, of (the additive structure of) K, is isomorphic®?) as
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a topological group to K, so the dual of the group Kg, which we define to
be HUES K, is once again isomorphic to Kg. The order g embeds into Kg
via the diagonal embedding

Os>3X—= (\...,\) € Kg,

and the image, which we identify with Og, is a uniform lattice in Kg. It
follows that .
X =0s=Ks/03,

and that the annihilator 0 is a uniform lattice as well. We define a map by
T(\) = aA

for A € Og, and
T((wo)aes) = (awa)ges

for (wo),cq € [1,c5 Ko The isomorphism I/{\S =~ Kg can be chosen so that
the dual map to T on f/(,\s >~ K is again given by T. If S' C S is any subset,

then
H=]] &
oes’

can be considered as a subgroup of K¢ with T(H) = H. Since we are assuming
that a € 0 is a unit, we have a0s = Os and (by choice of the isomorphisms

between I/(; and K,), T (ﬁé) = 5; Thus
T(z)=T(w+ 05) =T(w) + Oz
is a well-defined map on X = Kg/0%, and the leaves of the foliation
{z+H|zeX}

are sent via T" to leaves of the same foliation. If S’ = {0 € S| |a|, < 1} then
we will call the corresponding group G the stable horospherical subgroup and
its orbits the stable manifolds. Using the arguments from Example we
see once more that Corollary [0.28] also applies to any T-invariant measure g
on X.

We record two special cases of the construction above.

Ezample 9.31. f K =Q and Og = Z[% | p € Sf] then

X:@:Rxnpesf(@p/z[% | p € Sf]

where the group being quotiented out is embedded diagonally via the map

Page: 308 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



9.4 Invariant Foliations in Various Settings 309

Z[% IpeS¢glor— (r,r,...,r,r) R % H Qp
1+[Sy| terms PESy
For example, if Sy = {2,3} then(3¥

X =R x Q2 xQs3/Z[¢] (9.20)

and we can use the constructions above with H = R, Qq, or Q3, or we
may take for H the subgroup generated by any two of these subgroups, R x
Q2, R x Q3, or Q2 x Q3. Moreover, we can take a to be any element of
the (multiplicative) group 2#3%. This geometrical structure was already used
implicitly in the proof of Rudolph’s Theorem in [?].

Example 9.32. If K|Q is a non-trivial finite field extension and Sy = @, then
any unit a € 0* of K defines an R-linear map®5)

A: [ Ko 2R xC°* — R" x C°,
o€S

given by multiplication by (the corresponding Galois image of) a in each
coordinate. This case represents a special case of Example [9.29] and the
various choices of subsets S’ C S correspond (unless a € &* belongs to a
proper subfield of K') to the possible choices of the sums of the eigenspaces
of the linear map.

The setup from Example [9.30| can also be extended to allow the function
field case, that is to a finite extension K|F,(t) for some prime p. We refer to
the paper of Einsiedler and Lind [?] for the details, and will not pursue this
further here.

9.4.4 Horospherical Subgroups in General

Ezample 9.33. Let G < SL,.(R) be a closed real linear group, and let I' < G
be a discrete subgroup. We endow the Lie-algebra Lie(G) = g of G with an
inner product, which induces a left-invariant Riemannian metric on G and,
via Definition ??, a metric on X = I'\G. Fix a € G and deﬁneﬂ the stable
horospherical subgroup

G, ={9€G|a"ga™™ — easn — oo} (9.21)
and the unstable horospherical subgroup

Gl ={geG|a"ga™ — easn— —oa}. (9.22)

T These subgroups are generalizations of the horocyclic subgroups of SLa(R) to higher
dimensions, hence the name.
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The sign in the exponent of the horospherical groups indicates the sign
of log |A| for any of the eigenvalues A of Ad, restricted to the Lie algebra g
of GF.

We claim that G are closed subgroups of G. For this, we transform a
and G via conjugation by some element of SL,.(R) into Jordan normal form
(allowing 2 x 2 blocks along the diagonal for complex eigenvalues). We may
assume that the eigenvalues A1, ..., A; of a are arranged so that

A1) < |A2] < -2 <A

We claim that g = (g;;) € G belongs to G if and only if the matrix entries g;;
satisfy g;; = d;; for all pairs of indices (z,7), where i (resp. j) corresponds
to an eigenvalue Ay, (resp. Ag,) with [Ag,| = |Ax,|. This implies that G are
closed subgroups.

Indeed, assume that

ML+ U
Aolo + Uy
Asls + Us

where Iy, ..., I are identity matrices of the appropriate dimensions (if A; is
not real, then the corresponding \;1; is a block matrix of the appropriate di-
mension) and Uy, ..., Us are upper unipotent matrices. Then we may write g
as a block matrix of the same shape,

ga,1) " 9Q,s)
a=| :
9(s,1) "~ Y(s,s)

and so a”ga~" takes the form

MO +U)"gay ML +U) ™" - (ML +U1)" ga,e) AL +Us) ™"

(/\sIs + Us)n 9(s,1) ()‘111 + Ul)_n T (/\sIs + Ul)n 9(s,s) ()‘sIs + Us)_n
Therefore a™ga™"™ converges to the identity as n — oo if and only if

I, ifi=j, and

Nli + U3)" gy NI+ U;) 7" —
( +Ui)" 96,5 (N1 + Uj) {0 otherwise

as n — 0.
If |A;| = || then

ML + U3)" gy (ML +U;) ™" = 635
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_ n _ OV
= (L +A700) " (965 — 033 1) (I + A5 U;) <Z> ;
which converges to zero if and only if

(L + 27100 (909) — 603 a) (L +A;105) "

converges to zero. However, the latter expression is a polynomial in n, and
so the stated convergence can therefore only happen if this polynomial is
constant and equal to zero, hence g(; ;) = di;1;.

If [A;| > |Ai] then the convergence is guaranteed. Finally, if |\;| < ||, the
convergence can only happen if g(; ;) = 0.

Now consider the adjoint Ad,, which on sl.(R) has the eigenvalues f\‘—]
for 1 < 4,5 < s. Then the eigenvalues of Ad, restricted to g, are contained
in the set

Ai
5

Al < 3,

depending on g C sl,.(R).
Since we have shown that G, < G is closed, we may choose H = G (or
any closed a-normalized subgroup H < G ) in Corollary

There are several possible extensions of Example a few of which we
list here (cf. Section [8.1]).

(1) We can take G to be a connected, simply connected real (or complex) Lie
group. Here the horospherical subgroups G defined as in and
are closed (this may be seen in several ways; for example since G is a cover
of a closed real or complex linear group).

(2) We can take G = G X Gy where G is a closed real linear group, G is
any other locally compact o-compact group, and a € G. Here G ¢ could
be a finite product of p-adic Lie groups (for example, resulting in SL,.(R) x
SL,(Qp,) % -+ x SL,(Qp,)) or the group comprising the A;-points of an
algebraic group (for example, G = SL,(Ay)).

(3) We can drop the assumption a € G in (2), and allow any a € G x Gy,
where G is a connected, simply connected real or complex Lie group
and Gy is either a finite product of closed p-adic linear groups or the
group of Ay-points of a linear algebraic group. Here GT is again a closed
subgroup.

(4) Finally, we can take G = G(F,((t))) to be the group of F,((t))-points
of a linear algebraic group G defined over F,((¢)) (or a finite product
of such groups, or the adelic points of a linear algebraic group defined
over F,(t)), and a € G. In this setting the subgroups G are once again
closed subgroups of G.

In any of these settings we will refer to the orbit G, -z of x € X under the
action of G, as the stable manifold through x.
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Exercises for Section [9.4]

Exercise 9.4.1. Show that the quotient group in (9.20) is indeed isomorphic to the in-
vertible extension appearing in the proof of Rudolph’s Theorem.

Exercise 9.4.2. Let G be as in Example@7 and suppose that I" < G is a uniform lattice
so that X = I'\G is compact. Show that for any = € X,

Grrx={ye€ X |d(a"=z,a"y) — 0asn — oo}.
Exercise 9.4.3. Let X = SL2(Z)\ SL2(R) and a = (e e_l)' Show that

Gy xC{ye X |d(a" z,a"y) - 0asn— oo},

with equality if the forward orbit {a"+x | n € N} is bounded. Find an example of an z € X
for which equality does not hold.

Notes to Chapter 9

(28) (Page A metric space (X,d) is o-compact if every point of X has a compact
neighborhood and X is a countable union of compact sets. Similarly, a measure space is o-
finite if it is a countable union of measurable sets of finite measure. In [?, Chap. ??] we
considered compact metric spaces; the one-point compactification of a o-compact metric
space is a compact metric space, so the results there apply in the o-compact case also.
(29)(Page We restrict attention in this section to a manageable degree of generality.
Most of the results can be formulated more generally; see, for example, Lindenstrauss [?],
where a general axiomatic treatment is given.

(30) (Page See the work of Lindenstrauss [?] on quantum unique ergodicity or the
notes of Einsiedler and Lindenstrauss [?] for details of how this can be done.

CHY (Page A Radon measure is a measure on the Borel o-algebra of a Hausdorff space
that is locally finite and inner regular (that is, the measure of any measurable set can
be approximated by the measure of compact subsets). The space of Radon measures was
introduced by Radon [?] in the context of Borel measures on R™ as a way to deal with
some of the problems arising in infinite measure spaces, using the correspondence between
measures and positive linear functions on the space of compactly supported continuous
functions. We refer to Hewitt and Stromberg [?] or Schwartz [?] for complete treatments.
(32) (Page We recall from Definition 77 that a solenoid is a compact metric abelian
group of finite topological dimension d € N; equivalently a locally compact abelian group
whose character group is a subgroup of Q¢ for some d > 1. For d = 1 solenoids are easy
to classify — a straightforward description may be found in a short paper of Beaumont
and Zuckerman [?], but the results are significantly older. These solenoids are with few
exceptions and up to isomorphism, in one-to-one correspondence with subsets of the set
of rational primes. For d = 2 (and hence for any d > 2) it is well-known that there is
no effective way to describe the lattice of subgroups of Q%, by work of Kechris [?]. Thus
two natural classes of d-dimensional solenoids which do have a reasonable classification
are products H?zl X; of 1-dimensional solenoids, and those corresponding to subgroups
of Q% that are isomorphic to an algebraic number field K. Despite this, the entropy of
automorphisms of a solenoid is readily computed (see Section ?? or the paper of Lind
and Ward [?]) because the distinction between the (unknown) subgroup of Q¢ and Q¢
itself does not matter for the entropy calculation; more surprisingly work of Miles [?]
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shows that calculating the number of periodic points of an endomorphism of a solenoid
(where the distinction certainly does matter) can always be reduced to the direct product
of the number field cases. A solenoid corresponding to an algebraic number field K has a
convenient description as a quotient of the adele ring of K, K (see Weil [?, Sec. IV.2] for
an elegant and sophisticated treatment, or Ramakrishnan and Valenza [?] for an accessible
account) much as in the case of the rationals. Viewed as measure-theoretic dynamical
systems, automorphisms of solenoids are readily described: as discussed in Example 77(3)
a compact group automorphism with respect to Haar measure is measurably isomorphic
to a Bernoulli shift if it is ergodic. Despite this, the description of the quotient space of
ergodic group automorphisms by the equivalence of measurable isomorphism is not known
— in particular the question of whether this space is countable or uncountable remains
open (this is an arithmetic question; see Lind [?] or Everest and Ward [?] for an overview).
Viewed as topological dynamical systems, a rich structure emerges (see for example work
of Chothi, Everest, Miles, Stevens and Ward [?], [?] and [?]). Perhaps the most natural
notion of equivalence — finitary isomorphism, topological conjugacy after removal of a null
set — remains mysterious for group automorphisms.

(33) (Page This is an instance of a more general phenomena; convenient sources include
the monograph of Weil [?] and Tate’s thesis [?]. If k is a locally compact non-discrete field
and x : k — S! is any non-trivial character, then the map sending a to the character = —
x(ax) is an isomorphism of topological groups k +— k.

(34) (Page An extremely explicit description of this quotient group and the geometry
of the x2, x3-action of Z2 on it, may be found in the paper of Ward and Yayama [?].
(35)(Page If the field K has r embeddings into R and 2s embeddings into C, then
Dirichlet’s unit theorem (Theorem states that the multiplicative group of units O‘,X(
is isomorphic to the direct product pg x Z"™T5~1 where px is the group of roots of unity
in K.
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Chapter 10
Leafwise Measures and Entropy

In this chapter we will use the leafwise measures constructed in Chapter [9] to
obtain a better understanding of the entropy theory of algebraic maps defined
on quotients of Lie groups. This will also lead to more general and flexible
results on the uniqueness of maximal measures for such maps. Once again
the rather intricate geometric and measure-theoretic arguments ultimately
reduce to the strict convexity of the map ¢t — —logt (see p. for example)
and to understanding the way in which local geometric dilation controls the
creation of entropy. Furthermore, we will use the connection between entropy
and leafwise measures in subsequent chapters leading to partial classifications
of invariant measures for higher-rank actions.

10.1 Entropy and Leafwise Measures: the Theorems

In this section we present the main theorems concerning the relationship be-
tween entropy and leafwise measures for the horospherical subgroup G or its
closed subgroups. We allow here any of the settings described in Section
so in particular G, < G is a closed subgroup. The proof of these theorems will
occupy the rest of the chapter. The ideas behind the material in this section
come from work of Pesin [?], Furstenberg [?], Ledrappier and Young [?], [?],
Katok, Ledrappier and Strelcyn [?], [?], Margulis and Tomanov [?] and oth-
ers, and we follow the treatment of Einsiedler and Lindenstrauss [?, Sec. 7]
closely.

10.1.1 Entropy and the Horospherical Subgroups

We start by relating the volume growth of the growing sequence of sets
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(ainBijan)nm

for a closed subgroup U of G to the entropy of the map x — a-z (which
we abbreviate simply as a) with respect to the leafwise measures. By defini-
tion, G is a-invariant and is contracted by the action of a.

Definition 10.1. Let U be a closed subgroup of G that is normalized by a,
and let u be an a-invariant Borel probability measure on X = I'\G. Then the
entropy contribution of U at x € X is defined to be the asymptotic volume
growth

1
U I U — U
vol, (a)(z) = nlgr;o - log puy (a="Bf a™)
wherever the limit exists.

Recall that we write & for the o-algebra of measurable sets invariant under
the map a.

Theorem 10.2. Let G be a connected, simply connected Lie group, or an S-
algebraic group as described in Section and let I' < G be a discrete
subgroup. Let p be an a-invariant probability measure on I'\G, and let U be
a closed subgroup of G normalized by a. Then

(1) The sequence defining the entropy contribution volg(a)(x) of U at x con-

verges for almost every x € X, and the function © — volg(a)(x) is a-

wnvariant. Moreover, volg(a)(x) also measures the volume decay at I in
the sense that

1
U R T U/ npU _—n
vol, (a)(x) = nhm - log p, (a" By a™™).

(2) For almost every x € X,

vol, (a)(z) < hys (a),

with equality if U = G .
(3) For almost every x € X the following statements are equivalent:
o volg(a)(x) =0;

° ,u;] is a finite measure;
o 1Y is a trivial measure (in the sense of Definition .

Combining Theorem[10.2{2) and (3) with Theorem gives the following
corollary.

Corollary 10.3. The measure y is G -recurrent if and only if h,e(a) > 0
for almost every x € X. If u is also assumed to be ergodic for the map a,
then p is G -recurrent if and only if h,(a) > 0.
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Some remarks are in order.

(1) If the stable horospherical subgroup G is trivial, then Theorem shows
that the entropy must vanish for all a-invariant measures. For example, the
horocycle flow (see [?, Sec. 9.2]), or any flow under a unipotent element,
has vanishing entropy.

(2) The opposite extreme to (1) occurs when a € G is diagonalizable. For
example, the time-one map of the geodesic flow corresponding to the action

of
_ €
a = e_l

on SL(Z)\ SL2(R) (see [?, Ch. 9] for the details) has stable horospherical
subgroup given by the horocyclic subgroup

U—={<1j>|seR},

so Theorem shows that the entropy of the geodesic flow is determined
by the leafwise measures for the horocyclic subgroup.

(3) Since hy(a) = hy(a™'), Theorem also holds for closed a-normalized
subgroups U < G

10.1.2 Entropy and G_ -Invariance

Before stating the second main theorem concerning entropy and leafwise mea-
sures, notice that in the case X = I'\G, where I' is a lattice in G, we can
describe the leafwise measures of the measure myx inherited from the Haar
measure on G. Since mx is certainly invariant under the action of G, the
leafwise measures must be the Haar measure on G . It follows that the en-
tropy contribution of Definition [10.1] can be computed easily, giving

volnt; (a) = —logmod(a, G ),

where mod(a, G ) is the scalar determining how the action of a on G scales
the Haar measure on G :

meg- (aBa™') = mod(a, G;)mgg (B)

for all measurable B C G (see [?, Cor. 8.8]).

We record two special cases to illustrate how these quantities arise in
simple situations (see [?] for the relationship between the quantities and
entropy).

(1) G =R"and I' =7Z" and a € GL.(Z) is a toral automorphism, then
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mod(a, G, ) = H [Al

[Al<1

is the product of all the eigenvalues with absolute value less than one,
counted with their algebraic multiplicity.
(2) If G is a connected, simply-connected Lie group, then

mod(a, G, ) = |det (Ad, |-)]|,

where g is the Lie algebra of G, and Ad, is the adjoint action of a on
the Lie algebra of G.

The second main theorem of this section gives a characterization in terms
of the entropy h,(a) (or in terms of the entropy contribution of a closed
subgroup U < G, ) for a measure p to be invariant under G, (resp. under
the subgroup U). To formalize this, we extend the pointwise Definition m
by averaging across the space as follows.

Definition 10.4. Let U be a closed subgroup of G that is normalized by a,
and let u be an a-invariant Borel probability measure on I'\G. Then the
entropy contribution of U is

hu(a,U) = / vol!, (a)(z) dp.
In particular, applying this with U = G, we have h,(a,G,) = h,(a) (by
Theorem [10.2]).

Theorem 10.5. Let X = I'\G be as in Theorem [10.2, Let U be a closed
subgroup of G that is normalized by a, and let p be an a-invariant Borel
probability measure on I'\G. Then the entropy contribution of U salisfies

hu(a,U) < —logmod(a,U),
and equality holds if and only if u is U-invariant.

From one point of view this result — and in particular the last part — is
a continuation of one of our major themes, characterizing measures via their
entropy properties. If I is a uniform lattice and Ad, is diagonalizable, then we
have already seen in [?, Th. ??] that the Haar measure is the unique measure
of maximal entropy. Theorem [10.5] contains many significant generalizations
of this result, as shown in the next example.

Ezample 10.6. Let X = SLo(Z)\ SL2(R) and a € SLy(R). Since the stable
horospherical subgroup is the upper unipotent subgroup

U™ = {(1 f) |56R} C SLy(R),
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it follows by Theorem that an a-invariant measure p with
hyu(a) = h ()

must be invariant under the upper unipotent subgroup. Notice that this does
not follow from [?, Th. ??], since X is not compact.

On the other hand h,(a) = h,(a™'), so the same argument shows that
an a-invariant measure p with hy(a) = hy,, (@) must be invariant under the
lower unipotent subgroup

Ut — {C 1) seR} C SLy(R).

However, the upper and lower unipotent subgroups together generate all
of SLy(R), so that h,(a) = hpy,(a) implies that p is invariant under all
of SLo(R), and therefore n = mx. Thus the Haar measure mx is the unique
measure of maximal entropy for a.

The argument in Examplegeneralizes to more general situations (sub-
ject to the condition that the stable and unstable horospherical groups to-
gether generate G, or at least generate a subgroup whose action is uniquely
ergodic). Recall that a single continuous map on a compact metric space is
said to be uniquely ergodic if there is only one invariant measure (see [?,
Sec. 4.3]); we extend this to a group action on a o-compact space by say-
ing that the group action is uniquely ergodic if there is only one invariant
probability measure for the whole action.

Corollary 10.7. Let G be a Lie group with I' < G a lattice, and let X =
I'\G. If a € G has the property that the action of the subgroup generated
by G, and G} is uniquely ergodic on X, then mx is the unique measure of
mazimal entropy for the action of a on X.

The proofs of Theorems [10.2] and [I0.5] will take up several sections.

10.1.3 Some Initial Observations

We begin by proving the technical assumption in Corollary

Lemma 10.8. Let o be an a-invariant probability measure on X = I'\G.
Then for p-almost every x € X the map G, 3 u — u-x is injective.

PROOF. Suppose that x = u-x for some non-trivial element v € G . Then

0=d(a"-x,a"u-x) =d(a"-z,a"ua""-(a"x)) (10.1)
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for all n > 1. However, by definition of the stable horospherical sub-
group, a"ua~" — e as n — 00, so the injectivity radius at a™-x must converge
to 0 as n — oo. This shows that the point « does not satisfy Poincaré re-
currence. By the Poincaré recurrence theorem (Theorem , it follows that
there is some null set that contains all such points z, giving the lemma. [

As we will now show, Corollary [9.28] already gives the first part of Theo-
rem [10.2

PrROOF OF THEOREM [10.2{(1). Consider the measurable function
£(0) = log Y (™ BYa) > 0,

which is non-negative since a ' BYa 2 BY and pY (BY) =1 by the normal-

ization used in Theorem By Corollary we have, for every k € Z,
f(a*x) = log pigr.. (o~ BY a)

fiar (@~ Bf a)

= log ¥ (a_(kH)B{]ak“) —log ¥ (a_kaak) (10.2)

= log

for almost every x. This implies that

n—1

> flaba) =logull (e "B a™)
k=0

for every n > 0 since the sum is telescoping, and hence
1
—log u;] (a_"Bija") - F (f}za@) (x) = volg(a)(m)
n

almost surely as n — oo by the pointwise ergodic theorem, where & is the o-
algebra of a-invariant Borel sets in X.

It remains to consider the limit as n — —oo. In this case we may use ((10.2))
again to see that

zn:f(a_k-x) = z": (logqu (a(k_l)Bija_(k_l)) —log ¥ (akBija_k))
k=0

k=0
= log Y (ailB?al) —log ¥ (a"B{Ja*") .

Dividing by n and applying the pointwise ergodic theorem again gives

—log ,u;] (a”BYa_")

— E(f|#)
n
almost surely, completing the proof of Theorem ). O
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Lemma 10.9. Under the assumptions of Theorem[10.2], we have

log Y (a‘”BUa”)
U : x T
vol, (a)(x) = nlglgo -

for any r > 0.

PROOF. Given r > 0, there exists some ng such that
a™BYqa ™ c BY C ¢ BYa™,

which implies that

ptl (avomBYa= o=} < (a7 BYa") < pll (0= B ),

and the lemma follows since Lﬂ"" — 1 asn — oo. O

Exercises for Section [10.1]

Exercise 10.1.1. Show that for any Lie group G and any a € G, the Lie algebra generated
by g, and g[f is a Lie ideal in g. Deduce that the assumption regarding a in Corollary
is satisfied whenever G is a simple real Lie group and g, is non-trivial.

10.2 Reduction to the Ergodic Cases

In this section we will show how the general statements in Theorems [10.2
and [10.5] follow from their counterparts with the additional hypothesis that u
is assumed to be ergodic for the action of a. The reader who is willing to
assume this ergodicityﬂ of the action of a, may continue reading with the
next section.

Recall from [?, Th. 6.2] that for any a-invariant measure p there is the

ergodic decomposition
p= [t auo)

Also recall from [?, Th. ??] that the entropy h,(a) may be obtained by
integrating the entropies h s (a) over the ergodic decomposition.

An important observation (the Hopf argument(%)) is that we can choose
the elements of & to be not only a-invariant, but in fact invariant under the
larger group (G, , a). We will write

T This assumption should not be confused with A-ergodicity, which we will assume in later
chapters, but which in general does not imply ergodicity of the action of a.
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—

A(a) = 15 flaba)

k=0

S|

for the ergodic average of f of length n at x.

Proposition 10.10. If C' is an a-invariant measurable subset of X, then
there is a (G, a)-invariant set C such that p (CA&) = 0. Therefore, the o-

algebra & comprising the a-invariant measurable subsets of X is equivalent
modulo p to a countably generated o-algebra & that consists of (G, a)-
imwvariant measurable subsets of X.

PROOF (USING THE HOPF ARGUMENT). Fix € > 0 and choose a continuous
function with compact support f € C.(X) for which

[f—1clh <e. (10.3)

By the pointwise ergodic theorem we have

n—1

=3 flat) — ()

k=0

for all x € XN, where N is a p-null set and g is some a-invariant function.
As C is a-invariant, we have

lg = 1cls = lim [|A] = Tclh <IIf — Lol <e.
n—oo
We define C: = g~ ((3,00)) and obtain

CAC.CNU{zeC|glx)<3tu{z g Clglz)>1}.

E

Clearly
EC{z||g(z) - Le(z) = 3}
and so
sH(E) <|lg = 1clh <e.

For any h € G, we have
a"+(h.x) = a"ha " (a"x),
so that a™-(h-z) and a™.x are asymptotic to one another as n — oo (see (|10.1)

on p.[319). Since we have chosen f to have compact support, it is uniformly
continuous. Hence
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as n — 0o, uniformly in z. It follows that C, is G -invariant.
To finish the proof we choose €,, = 27" and run through the construction
above for each n > 1. Then

C= limsup Co—n = ﬂ U Co—x

n—o00
n kzn

is the set claimed in the proposition. To see the final claim, notice that & is
equivalent modulo p to a countably generated o-algebra & (since L'(X, &, i)
is a separable subspace of L} (X, %, 1)), which by the argument above we may
assume to be generated by (G, a)-invariant measurable sets. g

Corollary 10.11. Let p be an a-invariant Borel probability measure, and
let U < Gy be a closed subgroup. Then for p-almost every x, and for pé -
almost every y, we have pf = (uf)g

In other words, by changing the leafwise measures for pé at most on
a pu&-null set, we may consistently define (uf)g to be equal to M;] . With
this definition in place, we also have (u&)¥ = pU. In the statement of Corol-
lary we did not state this formula because {z} is a null set for u¢,
so making claims for the leafwise measure at x would seem irrelevant in the

almost-everywhere statement.

Proor or COROLLARY [10.11} By Proposition [10.10, we may replace & by a
countably generated o-algebra & consisting of (U, a)-invariant sets. Let

o = of (20, R, 0)

be a (U, R)-flower with base Bs(xq) for some zg € X, 6 € (0,1], and R > 1.
Let T be the corresponding cross-section and define Y = BY.T. We now
study the relationship between & |y and 7. Notice first that the atoms of &
are unions of atoms of o7 (since the sets in & are U-invariant and the atoms
of &7 are, by definition, open U-plaques). However, using conditional mea-
sures for &7 it is easy to see that a measurable function that is constant
on «/-atoms is in fact 7-measurable modulo p (see [?, Sec. 5.3]). Therefore,
we have &|y C & modulo u. However, this inclusion of o-algebras implies
that

B(B(1)|8l) = B (1|81

for any f € LY(Y). In turn, using the defining properties of conditional
measures (in terms of conditional expectations) this gives the following re-
lation between the conditional measures: for p-almost every x € Y we have,

for ug |y-almost every y,

(/Jf Y)j = (MlY)f
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(see [?, Prop. 5.20] and Proposition [9.2(1)). We are now going to translate
this to a property of leafwise measures. In fact, by (in order) Corollary

for u, the argument above, and Corollaryfor pe , we have for y = het € Y,

N4 U
U of & &
i lagnorow o (b )y = (u€ly) - oc (uS) gy
for p-almost every x and uf—almost everyy € Y. Fory € B(‘SX (x0) this implies
that

NU
M5|Bg71 X (Nf)y |B%71'
Applying Proposition for R € N, the corollary follows. O

PROOF OF REDUCTION TO ERGODIC CASE IN THEOREMS [10.2] AND 0.5
Working with double conditional measures as in Corollary may be con-
fusing, but is useful for the following reason. In the proofs of Theorems [10.2]
and [10.5] we compare the entropy of the ergodic components with the entropy
contribution arising from the subgroup U < G, . By [?, entropyoverergodic-
components] we know that

h(a) = / e (a) d

We would like to make use of a similar relationship between volg(a)(z)

and volf{f (a)(x). Using the identity (u&)V = u¥ as in the discussion im-
mediately after Corollary [10.11] we get

volgf (a)(z) = volg(a)(x).

Since u¢ is a-invariant and ergodic for p-almost every z, if we assume the
statements of Theorem [10.2] in the ergodic case, the general case follows
quickly. Indeed, we have already shown Theorem 1) in general, and The-
orem 2) and (3) state relationships between voI (a)(x), hys (a), and u,
which with the argument above generalizes from the ergodic to the general
case. To see that the ergodic case of Theorem [10.5| also implies its general
case, notice that
volg(a)(x) = hye(a,U)

so that
volg(a)(x) < —log| mod(a, U)|,

which implies that
hu(a,U) < —log|mod(a,U)]|.

If we have equality here, then we have

volg(a)(x) = hys(a,U) = —log | mod(a,U))|
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almost everywhere with respect to p. By the assumed ergodic case, this im-
plies that uf is U-invariant for almost every z, which implies that p is U-
invariant (by Theorem for example). If, on the other hand, u is U-
invariant, then pY is almost surely a Haar measure on U, and it follows from
the definition that

volg(a)(w) = —log|mod(a,U)],

which implies equality. O

10.3 Entropy Contribution and the Proof of
Theorem [10.2]

In this section we will prove Theorem [10.2] under the assumption of Proposi-
tion [10.21] which will be proved in Section [10.5

10.3.1 Descending Subordinate o-algebras

Let X = I'\G, a € G and p be as in Theorem Then by the Kolmogorov—
Sinal Theorem we have

h#(a) = h#(a,g) =H, (f‘ffo)

if ¢ is a generator for the map a, that is if

=V aTme=2x

neZ

For the proof of Theorem[10.2] we will need a generator with good geometrical
properties with respect to the horospherical subgroup G .

Definition 10.12. Let U < G be a closed subgroup, let Y C X be mea-
surable, and let @ C HABx be a countably-generated c-algebra. Then &7 is
subordinate to U on Y modulo p if for p-almost every x € Y there exists
some 0 > 0 with

BY.x C [z], C B{J/J-x,

and 7 is subordinate to U modulo p if <7 is subordinate to U on X modulo p.
Finally we say that .7 is a-descending if a='-o/ C .

While we have already seen some o-algebras that are subordinate to U
(see Proposition [9.13) and it is easy to find a-descending o-algebras (of the
form \/;7, a~"-</ for any given o-algebra &), it is a priori not clear how to
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find a-descending o-algebras that are also subordinate to U modulo u. As-
suming ergodicity of i, we will construct such a generator in Proposition[I0.2]]
This result, whose lengthy proof will occupy Section [10.5] will be needed for
the proof of Theorem [10.2(2) linking the entropy contribution for G to the
entropy.

The construction of o-algebras ¢V for which

o = §7 a .Y
n=0

is U-subordinate is somewhat easier.

Proposition 10.13. Let X = I'\G, a € G, U < G, and u be as in the
statement of Theorem [10.2] Then there exists, for every e > 0, a countably-
generated o-algebra </ which is both a-descending and subordinate to U on
a set of measure exceeding 1 — € modulo . If X is compact or p is ergodic,
then & can be chosen to be subordinate to U modulo  on the whole space.

In order to prove Proposition [10.13] we will need some preparatory ma-
terial. In any metric space (X,d) we define the §-boundary of B to be the
set

OsB={ye X | infd inf d(y,z) <6
5B = {y | inf d(y, 2) + i (y,2) <0}

for any subset B C X. Notice that 0sB is not the d-neighborhood of the
boundary 0B of B: it may very well happen that 0B is empty while 0sB is
non-empty for § > 0.

Lemma 10.14. Let X be a locally compact metric space, and let p be a Radon
measure on X. Then, for every © € X and Lebesgue almost every r > 0,
there exists a constant ¢ = ¢y, such that (9sB,(x)) < ¢d for all sufficiently
small § > 0.

PRrROOF. Let f(r) = p(By(x)). Then f :[0,00) — R is monotone, and hence
differentiable Lebesgue almost everywhere(3”). Suppose that f is differen-
tiable at 7, and let ¢ = 2 (f'(r) + 1). Then we have

05 By (%) C Brys(x) Br—s(z)

and so
p@5B,(@)) _ flr+8)— f(r—)
1) = )
S48~ f0)  f) - fr =)
1 1
for sufficiently small 6 > 0. O
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Definition 10.15. We say that a set B in a metric space X equipped with a
measure u has thin boundary if there is some constant ¢ > 0 with p(9sB) < ¢
for all § > 0. Furthermore, we say that a partition & of X has u-thin boundary
if there is a constant ¢ with

1 (056) < 5 (10.4)
for all § > 0, where
056 = | 05 P.
Pecg

Notice that if 4(X) < oo then Lemma [10.14] provides many sets with thin
boundaries.

Lemma 10.16. Let X = I'\G and let . be a probability measure on X. Then
for any € > 0 and p > 0, there exists a finite partition & of X with p-thin
boundary containing only one unbounded set Py with u(Py) < € and with the
property that all other elements P € &N{ Py} have diameter less than PT X~ Py
where 1 p, 15 an injectivity radius on the bounded set X\Fy.

PROOF. First apply Lemma to find some set
2= BT (ﬁo)

with thin boundary and with p(£2) > 1 —e. Since u is a finite measure, we
can adjust the constant ¢ to remove the assumption that § should be suffi-
ciently small in Lemma |10.14} Now cover (2 with balls of the form B, (z)
with € (2 and r < prp as in Lemma |10.16) Choose a finite sub-
cover By, (21),..., By, (x,) and then define

Py = X1,

P1 = Brl ($1) n Q,

P, = BT-Q(ZEQ) n Q\Pl,

P,=B, (zp,) NO2N(PLU---UP,_1),

which implies the lemma. O

Lemma 10.17. There ezists some a > 0 and d > 0 depending on a and G
such that for every r € (0,1] we have
n Goy\ —n G
a"(Br*)a™" C Bj, e, (10.5)

for alln > 1.
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PROOF. First consider the case where G is a real connected Lie group (SL, (R),
for example). In this case we are using a left-invariant Riemannian metric
on G, and we have

d(gia ", g2a™™) < || Ad;" [|d(g1, g2).

In that case the real Jordan normal form (cf. Example of the ad-
joint Ad, : g = LieG — g proves the lemma. If G is not connected but
is linear then we may argue as in the proof of Lemma [8.1] and use the metric
arising from the inclusion G < SL,.(R) for some r > 1, and the lemma follows
in that case also. If G is a real Lie group which is not connected or linear,
then we may define the metric

d%(e,h) . _ .
d(g1,92) = 2ty if 92 = g1h and h € G
7 2 if go ¢ ‘C]1GO7

where d° is the left-invariant Riemannian metric on the connected compo-
nent G < G. In this case BY(I) and BlGO (I) together with their metrics d
and d° respectively, are Lipschitz equivalent, and the case of the lemma for
connected Lie groups also implies the general case of any Lie group as a
result.

Now assume that G < SL,(k) is a linear group over the local field k = Q,
or =F,((s)) (as in Section [8.1.3). In these cases we defined the left-invariant
metric on G using . After applying a conjugation (which is a bi-Lipschitz
map) we may assume that a is in Jordan normal form over k (cf. Exam-
ple . Once again, the lemma follows since the non-zero off-diagonal ma-
trix entries of a"ga™"™ are of the form

A"
(/\j> Pij (n)gi;

with ||k < |Aj|k for some polynomial p;; € kl[t].
If G is a restricted product, then G, is a finite product, and the cases
considered above put together prove this case also. O

We now show how to combine Lemmas [10.16| and to give a lower
bound for the size of atoms for £5°.

Lemma 10.18. Suppose that £ is a finite partition of X = I'\G with p-thin
boundary. Then for almost every x € X there is some 6 > 0 such that

By x C [2]es. (10.6)
PROOF. Let ¢ be a constant with (10.4), and let « and d be constants sat-

isfying (|10.5)), which we will be applying with » = 1. Fix some ¢ > 0, and

write
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En = a,in'adcfnaéf

for n > 0. By construction,

,u( UEn)Scd(Ze_"o‘>6,

n=0 n=>0

which shows that for almost every x € X there is some 0 with = ¢ {J,,5 o En.
We claim that (10.6)) holds for any such z and the corresponding 4.

To see this, let h € Bg“ and suppose that h-r ¢ [z]¢ee. Then there is
some n > 0 for which a™-x and a™-(h-z) belong to different elements of &.

However, conjugation by a contracts the horospherical subgroup G, and
indeed

a

d(a"ha™",I) < de™ "¢

by Lemma [10.17] Thus a™-(h-z) = a™ha"-(a"-z) and a"-z are no more
than de™™%¢ apart and belong to different elements of £, showing that both
belong to d.-nas&. This contradicts the definition of F,, and the choice of x

and ¢ above, showing ((10.6)). O

Ezample 10.19. If X = I'\G is a torus or a solenoid and a is a hyperbolic
automorphism of X, then Lemmas and together already imply
Proposition For this we also refer to the argument in [?, Th. ??]. In
order to remove the hyperbolicity hypothesis one has to refine the partition
further.

PrROOF OF PROPOSITION [10.13| Let & = {P, P1,..., Py} be a partition

chosen as in Lemma [10.16] for p = 1, and let r be an injectivity radius
on X\Py. Then P, = w(B,) for a set B, C G with diam(B,,) < r for n =
1,..., f. We define

V=0 ({Py,m(B,NA) In=1,....f, A€ Bau}),

which is clearly subordinate to U on X\F.
By construction the o-algebra & = (fU)go is a-descending. Moreover, it
is clear that
[#]er C []ev € BY e

for x € X~\Py, by the construction of £€Y. We now apply Lemma [10.18| and
assume that B
By .z C []es (10.7)

for some z € X and 6 € (0,d"'r) with d as in Lemma [10.17 We claim we
must then also have
Bf.x C [2]u, (10.8)

which with the observations above will imply the first part of the proposition.
Assume therefore that y = u-z with v € BY. Then, for n > 0, a"-y and a™-x
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belong to the same partition element P, € & by (10.7). If k& = 0, then it is
clear from the definition of £V that a™-z and a™-y lie in the same atom of £U.
If £ > 1, then notice that a normalizes and contracts U, so we have

a"x,a"y = up-(a"-x) € P, = n(By)

with u,, = a"ua™" € BY by Lemma This once more implies that a™-x
and a"+y lie in the same atom of £V, and so (10.8) follows.

If X is compact, then we may choose Py = @ and obtain the final claim
of the proposition in this case. Assume now that p is ergodic for the action
of a. In this case we claim that 7 is subordinate to U modulo p on all of X.
The proof of the lower bound was general, so we only have to consider
the upper bound

%) C By (10.9)

for x € Fy. We claim that holds for every « € Py (for some R depending
on n) for which there exists some n > 1 with a"-z ¢ Py. In fact, a "/ C &,
and so

(2] C [2]g-ney = @~ " [a"2]r € (a"BYa") .

By ergodicity, (10.9) holds for almost every « € Py and the final claim of the
proposition follows. O

10.3.2 Proof of Theorem [10.2

Proposition 10.20. Let X = I'\G and a € G be as in Theorem [10.2] As-
sume in addition that p is an a-invariant ergodic probability measure on X.
Let

U'<U<G;

be closed a-normalized subgroups, and let o/ be an a-descending U -subordinate o -
algebra. Then

H, (o|a™ o) = hu(a,U) = vol', (a)(x)
for p-almost every x € X. Moreover,
hyu(a,U") < hy(a,U).
ProOF. We start by showing that
1 n
—logus ([a]er) = Hu(Ja™" 7).

Notice first that by Lemma [9.15| we have
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10.3 Entropy Contribution 331

g‘fl. ail.
x d‘[m]d = Ky d([x]ﬂ):u'z

7
for almost every z, since (after removing a null set from X) [z]4-1.. is a
countable union of .&7-atoms. More generally, by repeating the same argument
we obtain

ps " ([eler) =TT (i)

Also notice that u, = a*ug_l"” (

taking logarithms gives

see Exercise ?77). Combining these and

1 -n " log u® T g—ci-1.
—Zlog put " ([x]y) = Z g Ky ([#]g=G-1)oer)
" i=1 n
n—1
1 - i
= gZIMW\a Lot )(a'ex)
i=0
= Hy(/|a™! o) (10.10)

by the pointwise ergodic theorem (since p is assumed to be ergodic for the
action of a).
We may also obtain in a similar manner that

log pg/ (a~" BY a"

n

)%/logug(ale{]a) dp(z), (10.11)

where we assume the normalization Y (BY) = 1, by applying the argument
in the proof of Theorem 1) on p. [320

We outline the remainder of the proof. The limits and
measure the growth rate of a dynamically expanded set in relation to a fixed
set. By Corollary the fact that in (10.10}) we are using the conditional
measure p% ¥ while in (10.11) the leafwise measure uY seems irrelevant.
What is unclear is the precise relationship between the shape V;, , € U of the
atoms [x],-n.,s = V. z+@ and the set a="BY a™. We will show below that the
influence of the shape is negligible as n — oo, thereby completing the proof.

Fix 6 > 0 such that

Y:={reX|BY.xCz]y CBL.a} (10.12)
has positive measure. By Lemma [10.9

U(,—nRU_ n
i (8 Ha (a”" By a™)

n—00 n

is independent of r for almost every x. Moreover, for almost every z € X
there exists a sequence (nj)j% of integers for which a™i.x € Y. For any j we
therefore have
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332 10 Leafwise Measures and Entropy
(€] ,-nj. 0y =@ [0 ex]y Ca” " By 1a"x

and similarly,
—n; RU n;
[#],-nj.y 2 a " By a"-x.

Thus a=™ Bga"f CVpjeCSa™ Bg,la"f. Also recall that

w7 o, L
by Corollary Hence
Tl c(x)
pe N oler) =
* H’g(vn]7z)

where c(z) = pY (Vo). With this notation, the inclusions above imply that
WU BYa™) < g (Vo) = @)t ([alor) ™ < ¥ (0™ BL ,a™)

for almost every z. Taking logarithms, letting j — oo, and using the inde-
pendence of the limit in Lemma [10.9) completes the proof.

Assume now that U and U’ are closed a-normalized subgroups of G
with U < U’ as in the statement of the proposition. From the construction of
the o-algebra in Proposition we see that there exist two o-algebras o/
and &7’ which are a-descending and subordinate to U and to U’ respectively,
such that additionally &/ D .&/’. In order to obtain these, one may use the
same finite partition £ and then carry the construction through with both
groups.

We claim that

'V a ot m .

We already know one inclusion. To see the other, we describe the atoms for
the o-algebra ¥ = &/’ V a~'-«/. Suppose that y and x are equivalent with
respect to . Then almost surely there exists some v € U with y = u.z.
Notice that we have no initial control over the size of u, since the a='.a/-
atoms are in general bigger than the o/-atoms. To make this more precise,
assume that y, z belong to the set Y which was used in the constructions of
the o-algebras. We cannot assume that d(e, u) is smaller than the injectivity
radius of Y. However, we do know that y = u'-z for some v’ € U’ since
the points x and y are by assumption <7’-equivalent, and that d(e, ') is less
than the injectivity radius. Since for almost every x the G -leaf (that is, the
set G -x) is embedded by Lemma we must have v = «’. This implies
that x and y = u-x are &7-equivalent, first under the assumption that z,y € Y
and then the general case follows by the same argument and ergodicity after
using the minimal n > 1 for which a"-x,a™-y € Y, which must exist almost
surely by Poincaré recurrence. As the atoms of the o-algebra determine the o-
algebra modulo p, the claim follows.
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10.3 Entropy Contribution 333
The claim implies the inequality sought, since

hu(a,U) = H, (|a " o) = H, (o'la o) < H, ('|a" ") = hu(a,U)

by monotonicity of the entropy function with respect to the o-algebra condi-

tioned on (see [?, Prop. 77]). O

PrOOF OF THEOREM [10.2(2). By the argument in Section we may
assume that g is ergodic for the action of a. By Proposition (to be
proved in Section there exists a generator ¢ for which &/ = £5° is G -
subordinate. By the Kolmogorov—Sinai Theorem we have

hu(a) = hy(a, &) = H, (65°]a™1+€5°) = vol', (a)(x)

for almost every z € X.
If U < G is a closed a-normalized subgroup, then we also have

volll (a)(z) < vol§e (a)(z) = hy.(a)

by Proposition [10.20] O

PROOF OF THEOREM [10.2](3). Recall that we wish to show the equivalence
of the three statements

° volg(a)(x) =0;

e 1Y is a finite measure;

e 1Y is a trivial measure (in the sense of Definition [9.19).

It is clear that triviality implies finiteness. Also, if uU is finite, then the
entropy contribution voIU(a) vanishes because it measures a growth rate (see

o
Lemma [10.9)).
Now assume that volg(a) = 0. By Proposition [10.13| (and the assumed

ergodicity) there exists a o-algebra & which is a-descending and subordinate
to U modulo p. Then

H, (o |a™ o) 2/(—logu271'd([ﬂc]m)) dp =0,

which implies that p? ¥ ([z],) = 1 almost everywhere, so

o =a o
o

Iterating the same argument shows that

amed =a "o
m

and therefore 2 " ([x]4m.y) = 1 almost everywhere, for all m > 1. By
Proposition this implies that uY (V_p, . Vi) = 0 almost everywhere,
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334 10 Leafwise Measures and Entropy

where V,,, , denotes the shape of the a™.&/-atom of = (cf. p. [331). Using
again the set Y in , we see that the precise shapes do not matter
since V_p o /U and Vp, o N\, {I} as m — oo for almost every z. It follows
that uY o d;. O

Exercises for Section [10.3l

Exercise 10.3.1. (This will be a construction of a good generator for a specific? quasihy-
perbolic toral automorphism)

10.4 Establishing Invariance using Entropy, Proof of
Theorem [10.5]

We will see that the proof of Theorem [10.5] rests on convexity of the
map t — —logt for t € R. However, we will have to use this convexity on
every atom [x],-1.. for an a-descending o-algebra which is subordinate to U.
We refer to the second proof of [?, theorem:maximalityfortoralgoldenmean]
on [?, page:secondproofofmaximalityfortoralgoldenmean| for a simpler case
of this kind of argument.

PROOF OF THEOREM . Let U < G be a closed a-normalized subgroup,
and let u be an a-invariant ergodic probability measure on X = I'\G. By
Proposition there exists an a-descending o-algebra <7 which is subor-
dinate to U modulo u. By Proposition the entropy contribution of U
is given by

hu(a,U) = H, (/|a" el .

We wish to show that hy(a,U) < J, where J = —log|mod(a,U)| is the
negative logarithm of the modular character of a restricted to U.
We fix a Haar measure my on U, and note that

my(a~'Ba) = e’my(B) (10.13)

for any measurable B C U. For z € X recall that we write V, C U for the

shape of the &/-atom so V,-x = [z], almost everywhere. Recall that ugfl‘d
is a probability measure on
[2]a-ty = @ Haez] oy = a Vypae
satisfying
Hy(of | ct) = = [logpt ™ (o].r) duo) (10.14)
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10.4 Establishing Invariance using Entropy 335

We wish to compare this to a similar expression where we will use (in a careful
manner) the Haar measure my on U instead of the conditional measures.
Notice however that we will always work with the given measure p on X,
and in particular the notion of almost everywhere will always mean with
respect to p. Define 71122% to be the normalized push forward of my| a-Vma
under the orbit map, so

THaar _ 1 my |

x
z my(a=1Vaza) ’

.
a " Via

which once again is a probability measure on [z],-1 4.
We define

pla) = u& " ([a]w),

the measure used in (|10.14) to define Hu(d|a’1-sz%). We also define the
analogous function

mU(Vg;) _ mU(Vz) e/
my (a_IVa.gcCL) mU(wa)

P () = 789 [a] ) =

where we used (|10.13]). We now take logarithms and average over the orbit
to obtain the telescoping sum

n—1
1 X 1
- E log p™a* (ak.z) = = (logmy (Vi) — log my (Van.g)) —J. (10.15)
n n

k=0

2

We claim that this implies the identity
— /longaar(x) dup(z) = J. (10.16)

For this we need to show that z +— p'#*(z) is measurable. Since <7 is count-
ably generated, the equivalence relation

Ry={(z,y) eXx X |[a]lw =lylwt=() J PxPCXxX,
n=1 Pe¢,,

where the intersection on the right-hand side is taken over countable parti-
tions &,| of X, and is a measurable subset of X x X. This shows that

my (Vz)=my {ueU| (z,ux) € Rey})
= nlgrgo my {u €U | (z,u-x) € Re, })

is a measurable function of z. Together with the the same argument for R,-1..,
this shows that z — pt2a*(z) is measurable.
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336 10 Leafwise Measures and Entropy

Next notice that a priori we do not know whether log p** (z) is integrable,
but we do have
log p™2@r () < 0

almost surely, so we may still apply the pointwise ergodic theorem to this
function. Moreover, for almost every x there is a sequence (ny)g>1 for which

log my (V) — logmy (Vang)

is bounded as a function of n. It follows that X, — 0 as k — oo in ,
giving .

Recall that the o-algebras 7 and a~!.&/ are both subordinate to U mod-
ulo 1, which implies (after removing a null set) that the a~!.o/-atoms are
countable unions of .&/-atoms.

Thus there is a null set N such that for z ¢ N the «7-atom of x contains an
open neighborhood of z in the U-orbit. We may also assume that for z ¢ N
there are infinitely many positive and negative integers n for which a"-x € Y,
where Y is the set defined in . Since U is second countable, this implies
that

o0
[2]a-1.0 N = | |[zi]a~N,

i=1
where the union is disjoint. For almost every z it is safe to ignore the po-
tentially rather subtle distinction between the set IV being a null set for the
original measure p and it being a null set for the conditional measure Mg”'ﬂ ,
since it will almost surely also be a null set for the conditional measure.
However, it may not be a null set for the measure 7123, To deal with this

possibility we write
o0

(@la1.er = i) U N,
i=1
where N, is a null set for ,ugfl'” (but is possibly not a null set for 712ar)
for each 2 € X. We may assume that 2 % ([z;],7) > 0, because if [2;]
is a null set for M;’W then we could simply remove it from the list and
increase IV, to compensate. Thus

> -1
> ous I ([wila) = 1,
i=1

but a priori we only know that

St (o) < 1.
i=1

Haar

We now integrate log p —log p over the atom [z],-1..,s to get
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10.4 Establishing Invariance using Entropy 337

K(x) = / log pHear dpua " — / log pdut (10.17)

but since both func‘gions are constant on the «/-atoms and N, is a null set
for the measure 2 ¥ this integral is simply the sum

> 7_Hauar x; 1
5 (g ),

S\ T ([wile

By convexity of the map ¢ — —logt for t € R, with ugfl'd([xi]d) as the

Haar
weights at the points ¢; = —=(Zila)

T (] BCE

K(r) = glogai)u;l“(w%)
< log (2 tiuil'd([%]m)) (10.18)
- log@ 2 (o) )
- logTEa"“<G[$i}gg> <0.

=1

Integrating this inequality over all of X and recalling the relation between
the function p and the entropy contribution hy,(a,U) = H,(#|a™'-o/), and
the relation between the function p"#*" and J, gives the inequality sought.
In the case of equality, we use strict convexity of the map ¢ — —logt as
follows. If hy,(a, U) = J, then the integral of the function K in (10.17)), which
is non-positive by (10.18)), vanishes. It follows that for almost every x € X,
both sides of ish. Thus ri287(N,) = 0 for almost every x, and
moreover t; = 1 for all ¢ by strict convexity of the map ¢t — —logt. Notice
that the condition ¢; = 1 for all ¢ means that the conditional measure ugfl"d
gives the same weight to the o/-atoms [z;], as does the normalized Haar

measure 71 on the a~!..o/-atomgl]

Now H,(a* o |a~* o) = (k + O)hy(a,U) = (k + €)J for any k, £ > 0,
so we may apply the same argument to deduce that the conditional mea-
sure pg_ﬂ'd gives the same weight to the a*..o7-atoms as does the normalized
Haar measure on the a~‘-.o7-atoms.

For almost every x the a~‘.o/-atom can be made arbitrarily large, as we
may find a sequence £, — oo for which a’".2 € Y. For each ¢ the vari-
ous a®.a7-atoms for k > 0 generate the Borel o-algebra on the a~¢..o7-atoms,

T A similar argument is used in [?, Sec. 2.3] in rather heavy disguise. The fundamental
phenomena goes back to [?, Prop. ?77?], and we have now seen it in several contexts and in
several guises (see, for example, [?, Sec. ?7?7; Ch. 77]).
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338 10 Leafwise Measures and Entropy

at least on the complement of NV which is a null set for /QL‘;‘,%'”‘Z{ and for the nor-
malized Haar measure on the atom. This may be seen as follows. For ugfl'd -
almost every y, the a®.o7-atom of y can be made to have arbitrarily small
diameter, since for y ¢ N there is a sequence k, — oo with a F».y € Y.
This shows that ug“'@" coincides with the normalized Haar measure on the
atom [x],-r..,. Using this for all £ > 1, we see that the leafwise measure pY
is the Haar measure on U, and so p is U-invariant by Theorem This

concludes the proof of Theorem [10.5 O

Exercises for Section [10.4]

Exercise 10.4.1. Find the places in the proof of Theorem where the fact that 722"
is indeed defined using the Haar measure my on U (and not, for example, by the Haar
measure on a subgroup of U) is used.

10.5 Construction of a Generator

In proving Theorem [10.2| we made essential use of the existence of a generator
with good properties adapted to the geometry of the action of a.

Proposition 10.21. Let X = I'\G be a quotient of a simply-connected Lie
group or S-algebraic group by a discrete subgroup, let a € G, and let p be an a-
invariant ergodic probability measure on X. Then there exists a generator &
for the action of a with finite entropy, for which o/ = £§° is a-descending
and G -subordinate.

In addition to the existence of sets and partitions with thin boundary as
in Lemma [10.16] we will also need the following lemma which is more closely
adapted to the setup of Theorem [10.2] and which relies on the Lipschitz
property of the a-action together with the finite-dimensionality of G.

Lemma 10.22. Let G be a real Lie group or an S-algebraic group, and let a
be an element of G. Then, for any r € (0,1), there exists some k = k(G, a,T)
such that for any compact set 2 C G there exists a constant ¢ = ¢(§2,a,r)
with the property that for any n > 1 the set {2 can be covered by ce™" sets of
the form

n

g ﬂ a~*BE ¥
k=0
with g € £2.

Proor orF LEMMA [10.22] FOR A LIE GROUP. Let G be a real Lie group
equipped with a left-invariant Riemannian metric. Then by [?, Sec. 9.3.2] we
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have
d(gra™", g2a7") < || Adq [|d(g1, 92),

which implies that
kpG —k G
a BHAda anra g B,,,

forallm >0 and k£ =0,...,n. It follows that

n
G —k pG k
Bfsa - € (o B,
k=0

so it is sufficient to show that {2 can be covered by no more than ce"™ balls
with radius || Ad, || ~"r.

To see this, notice first that it is enough to consider the case where {2 = BEG
is a small ball around the identity. This case will imply the general case by
covering {2 with a bounded number of left-translates of B

Finally, if € > 0 is sufficiently small, then the logarithm map log : BS — g
is bi-Lipschitz (see, for example [?, Sec. 9.3.2]). However, this linearizes the
problem, reducing it to the claim that a compact set in R? can be covered
by < e"" balls of radius < || Ad, || 7", which is clear. O

Proor oF LEMMA [[0.22] FOR AN S-ALGEBRAIC GROUP. We first consider
the case S = {o}. If 0 = 0o, then we may apply the case of a real Lie group
considered above to SL,,(R), which implies the lemma for G, C SL,,(R).
Suppose now that o = p. As in the real case, it is sufficient to prove the
lemma for a fixed neighborhood, for example (2 = BlG” (I) = G, NSL(Zy),

of the identity. Notice that B1G ? is an open compact subgroup of G, and
hence that
B{"na 'BYa < BY?

is of finite index which we denote by I. Then
a_lBlc”a N (1_2Bla”a2 < a_lBla”a

also has index I, which implies that

Ble N aile”a N cfZBlG"a2 < Blc”
has index I2. Repeating this, we conclude by induction that

Blcp ﬁa_lepaﬂ-uﬂa_"Blea" < Blg’“

has index I™. This implies the lemma for G, and r = 1. For a general r €
(0,1), notice that
Gp

BS» < B

r

has finite index, denoted ¢ = ¢(r). This implies that
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n

_ G
ﬂa kngak < By
k=0

has index no more than ¢"I™ as required.

Now assume that |S| < co. As the lemma already holds by the argu-
ment above for each individual o € S, the definition of the metric on Gg in
Lemma shows that the lemma also holds for a finite set of places.

To extend the argument above to an arbitrary set S, notice first that
it § = {p} and a € GNSL,,(Z,), then right-multiplication by a is an isometry
on GNSL,,(Z,) for the metric constructed in Lemma By left-invariance
of the metric, this extends to all of G.

Assume now that |S| = co and a € G. Then a, € G, N SL,,(Z,) for all
but finitely many p € S. Let

So=({oc}NS)U{p€S|a,&GyNSL(Z,) or G, NSL,(Z,) € BE}.

Then |Sy| < 0o, and

ﬁ a *B%a* D H m (a;ka"a(’ﬁ) X H Gp NSLy,(Zy),

k=0 o€Sy i=0 pESNSo

by the definition of the metric. On the other hand, Gg g, is open in Gg, so
that {2 can be covered by finitely many Gg s,-orbits. Therefore, the lemma
for Sy discussed above implies the lemma for S. O

We are now ready to start the proof of Proposition [I0.21] However, before
we do this we would like to point out the main difficulty that will arise in the
argument.

For some small parameter p, apply Lemma[I0.16] to find a partition £ of X.
If now

z,az,...,d%x e N

and z,y = g-x are equivalent to each other with respect to £5° (that is, atex
and a’.y lie in the same partition element of ¢ for all £ > 0), then we readily
see that

d(a‘ga™" 1) < p

for i = 0,...,k. However, if z € 2 but a-x,a®x,...,a* 1z ¢ 2, while
finally a*.x € £2 then this argument will fail unless we choose at the outset
a value of p adapted to k. However, since the return time k is in general
not known at the outset, we cannot choose p small enough to cope with all
eventualities in this sense. Thus we will have to control the partition more
carefully, taking into account all possible return times to (2.

PrROOF OF PROPOSITION [10.21} In this proof we will construct four parti-
tions, n,7,(, and &, where at every step we refine the previous partitions
in some particular way. We will be concerned in particular with their en-
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tropies H,,(n), H, (1), H,(¢) and H,(§) and with lower bounds on the sizes
of the atoms of the o-algebras ng°, 7%, (5° and £5°. For the last two parti-
tions ¢ and ¢ we will also prove various upper bounds on the atoms, eventually
showing that £3° is subordinate to G .

For clarity the proof will be broken into paragraphs.

CONSTRUCTION OF THE FINITE PARTITION 7. Let 29 € Suppu € X be an
arbitrary starting point, and let r,, be the injectivity radius of X = I'\G

at zg. Applying Lemma [10.16] we see that there exists some positive r <

15Ta, such that 2 = B¥ () has p-thin boundary. Below we will impose an

additional requirement on how small r should be. We define
n = {02, X N}

Clearly H,(n) <log2 < oo.

LOWER BOUND ON ATOMS FOR 73°. By Lemma [10.18] for almost every z
there exists some § > 0 with

By x C [a]nee.
CONSTRUCTION OF THE PARTITION 7). We define
n={X 02, 021,8,...},
where

D =0na '
Qs = (a ' 2)Na 2.0

2, = (Q\ (ail-(} Ua2.QU---U a*”H-Q)) Na "0

for any n > 1. In other words, in constructing the partition 7 we split {2
into countably many sets according to when a given point in {2 next visits {2
(under forward iteration of the action of a). Notice that a consequence of
Poincaré recurrence is that

p{zeR2]ax ¢ 2 foralln>0})=0.

It follows that 7 is a partition of X modulo p.

LOWER BOUND ON ATOMS OF 7j3°. Notice that 17 < n§°, which implies once
more that for almost every x € X there exists some § > 0 with

By .z C [2]5. (10.19)
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FINITE ENTROPY OF 7;. We claim that the countable partition 77 has finite
entropy,

HIL (m < oo,

where we will use a convenient decomposition of the infinite sum. Notice first
that the sets

()
QQaa'QQ
.(23, a-Qg, a2-93

a2, ..., a" 02,

are all pairwise disjoint, and that (by ergodicity) their union is a co-null set
in X, so

inu(ﬂn) =1. (10.20)

It follows that

H,,(7]) = —p(X02) log n(XN2) = > p(2,) log (62,
n=1
< —p(XN02)log (X N12) + nu($2,) + Z ne” " + Cy
nip(2,)>en n:p(2y)<e™

< 00,

where we have used monotonicity of the function ¢ — —logt for those n
with u(£2,) > e ™, and monotonicity of the function ¢t — —tlogt for small
values of t for those n with p(f2,) < e ™. The constant C; accommodates
the finitely many cases for which the monotonicity of ¢ — —tlogt does not
apply.

CONSTRUCTION OF THE PARTITION (. We now apply Lemma [10.22] with the
assumption that r < 1%”0 to the set (2. Thus, each (2, may be covered
by fn. < ce™” sets of the form

n
(n) —kpG _k
x; ﬂa B a
k=0

with a:l(") €, fori=1,..., f,. We could use these sets to refine (2,,, but in
order to preserve the same lower bound we instead define sets that are larger
in the direction of G, and then use these to construct a refinement of §2,,.
Define sets by
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B = 0, Nz (ﬂ a_kBTGak> BS«,
k=0

B — 0B 1l (m a—kBg;ak) BEs
k=0

B = g (B U U B ) el (ﬂ akBg'ak> B
k=0

With these sets we define the partition
C={X2.B" |n>1i=1,.. fu}

Notice that, by construction, ¢ refines 77. Roughly speaking, since {2 has

diameter less than 2r < é%o, and we apply Bﬁ“ to all the sets used above,
we should think of the partition of 2, into the sets above as being transverse
to the G -orbits, and this observation will be used below to prove the lower
bound.

LOWER BOUND FOR THE ATOMS OF (§°. We will show that
o
Bi'*wx C [x]¢ee (10.21)

whenever 0d < r and (10.19) holds for x € X, where d is chosen as in

Lemma [10.17 so that B B
a"BSea™" C By« (10.22)

for all n > 0. Suppose therefore that y = u-x with u € Bfg and with
[2]ige = [Wlee-

Let m > 0 be fixed, and notice that ™.z and o™y = (a™ua™™)-(a™-x)
belong to the same element of 7. If this element is X\{2, then a"".x and o™y
also belong to the same element of ¢ (specifically, to X\{2). So suppose now
that

a™ex,amy € 2,

for some n > 1, and that
¥ =amx € N, N xén) (ﬂ a_kBTGak> Bg‘; (10.23)
k=0

for some ¢ € {1,..., f,,}. We claim that in this case
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344 10 Leafwise Measures and Entropy
n
— G,
y =a™y € 2, ﬂx;) <ﬂ a kB?a'“) B, (10.24)
k=0

also. By the symmetry between x and y and the construction of the sets, this
then implies that 2, y" € Bé") € ( for the same ¢. Applying this for all n > 1,

we obtain the lower bound in ((10.21]).

So let o’ = xén)gux with

n
g€ ﬂ a *BYd"
k=0

and u, € Bﬁ’: as in (10.23]). This implies that gu, € BE)GT and x',xén) S
2 = B,(x¢), while the injectivity radius at x¢ is ry, > 16r by choice of r.
Therefore, gu, € BS. and so u, € BS.. However, 3 = a™ua~™.2' with

a™ua™™ € BS*
by (10.22)). Together this gives
Y = xy)g ( uga™u " taT™ )
—_——
eBSa

as claimed in (|10.24)), completing the proof of (10.21)).

PROOF OF FINITE ENTROPY FOR (. For each n > 1 we define

1
fin = ——=—pla,
(e

to be the normalized restriction of u to £2,,. Then
Hy,,,(¢) <log fn <logc+ rin,

since the partition ( when restricted to {2, contains only f, elements mod-
ulo p,. Moreover

HM(C) = H/L(ﬁ) + H/L(C|ﬁ)
by [?, Prop. ??], and so by
H, (¢ =Y w(20)Hy, (C)
n=1
Sloget > nu(2,) < oo,

n=1

which together with the fact that H,(7) < oo implies that H,({) < oco.

Page: 344 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



10.5 Construction of a Generator 345

UPPER BOUND FOR THE ATOMS OF (§°. We claim that for almost every z
in {2 we have

[x]g(())o < <ﬂ akBﬁl—&-d)ra’k) *Z, (1025)
k=0

which implies for almost every x € X\{2 that

[*]ee= © <ﬂ akBﬁHd)rak) T,

k=n

where n > 1 is chosen so that a”.x € 2. To see ({10.25)), note first that
if z € (2, then

[z]¢ C xEn) (ﬂ a_kaak> Bﬁg.

k=0
By Lemma we also have

so that

ole €2 () B
k=0

On the other hand, we have
ny
[a™-z]¢ € (a™z) () a "B 11 40"
k=0

almost surely, where nqy > 1 is such that a"-x € {2,,. This implies that
ni+n

—k pG k
[x]%’" Czx n a B4(1+d)ra :
k=0

Repeating this argument successively, starting with

a"tMez € 02,

gives (|10.25|).
UNDERSTANDING THE UPPER BOUND. We now examine the intersection

oo

D = m a_kBﬁHd)rak
k=0
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346 10 Leafwise Measures and Entropy

more carefully. Suppose that g € D. We claim that if r is sufficiently small
then either g € G (the desired case) or there exists some s = s(g) > 0 for
which

d(a"ga™",G;) = s (10.26)

for all n > 0.

PRrOOF OF ([10.26) FOR A LIE GROUP. If r is sufficiently small, then we may
write
w=logg € g,

which by assumption has the property that
{Ad;(w) [n >0}

is bounded. This implies that (in the complexification of the Lie algebra) w
is a sum of generalized eigenvectors of Ad, for eigenvalues of absolute value
less than one and of (non-generalized) eigenvectors of Ad, with eigenvalues
of absolute value equal to one. If the latter eigenvalues appear in w (that
is, if the projection of w onto the corresponding sum of eigenspaces is non-
zero) then || Ad (w)]| is bounded from below. Moreover, we also see that the
distance from Ad;(w) to the Lie algebra of G is bounded from below. Since
the logarithm and exponential maps are locally Lipschitz, the claim
follows.

PrOOF OF (|10.26) FOR AN S-ALGEBRAIC GROUP. As above, we know by
assumption that
w=g—1c¢ H Matq(Q,)
oc€eS

has the property that
{a"wa™ | n >0}

is bounded. Arguing as before using linear algebra over Q, for all o € S, we
deduce that either w is a sum of generalized eigenvectors for the conjugation
by a with eigenvalues all of absolute value less than one, or that for some o
the distance from aywa," to (G,), —I has alower bound. This gives
once again.

CONSTRUCTION OF THE PARTITION . To obtain the generator ¢ we need
to refine the partition ¢ so as to ensure that for every § > 0 there exists an
element Ps € £ which satisfies

Ps Cys B By (10.27)

for some ys € (2. This will allow us to improve the upper bound for (§° to
the statement that £5° is subordinate to G, modulo .

So let @ € ¢ be any of the partition elements with @ C 2 and u(Q) > 0.
If there exists some yg € () with
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10.5 Construction of a Generator 347
Gy
u(QnuBi:) >0,
Gy

then we simply replace the set @) by the two sets @ N yOBg:: and Q~yo B, ,
obtaining a partition ¢ satisfying ((10.27]). So we may assume that

Jz (meOBg";> =0

for all yg € Q. Then we can inductively find points y, € @ and values dy,
in (0, 1) with
o
12 (Q N leéGlB4Ta ) € (07 %M(Q)) )

1 (Q\leﬁBﬁf ﬂyzBSBﬁ?) € (0,1(@),

G, G, G,
(@ (mBSBG: U Uyt B Bo ) NunBEBIE ) € (0, %:0(Q)

Qk

for k > 1. We define
oo
¢=cv{x~J@uQulken}
=1

FINITE ENTROPY OF £. Monotonicity of the map ¢t — —tlogt for small values
of t implies that

1) = @) (5 A v 5

(@R Q) log " (@~ UR, Qk))
1(Q) Q)

=1 1
< Q) (—ZwlogTﬂrC) < 00,

n=1

so H,(§) < oco. Here C is some constant added to handle the finitely many
terms for which the monotonicity cannot be used.

LOWER BOUND FOR THE ATOMS OF £3°. Our definition of £ as a refinement
of ¢ shares an essential feature of the definition of ¢ as a refinement of 7.

Once again we applied Bg:: on the right to each of the sets that we used in
the refinement. Using this feature, the proof of the lower bound for the atoms
of (§° also goes through for the atoms of £§°.
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348 10 Leafwise Measures and Entropy

UPPER BOUND FOR THE ATOMS OF £5°. By the upper bound for the atoms
of (§°, we already know that

[@]ege © (ﬂ a_kBﬁler)rak) T

k=0

for almost every x € 2. Now suppose that y = g-x € [] ¢go for some
o0
—k RG k G
g€ m a B4(1+d)ra N B,,.
k=0

We claim that this implies almost surely that g € B2GT;. Suppose this is not
so, in which case
d(a"ga " G;) > s (10.28)

a

for some s > 0 by (10.26]). However, £ contains a set Pjs of positive measure
with o
Ps Cy,BS By

for some y; € 2. By ergodicity and the assumption regarding y, there
exists some n > 1 with a".x,a"-y € Pjs almost surely. We have a".xz =
YsgzUy and a™y = ysgyuy, or equivalently a”-y = (gyu,) '-zs and z, =

(gouz)-(a™-x) with g,, g, € BS and u,,u, € BSE. It follows that

"y = (a"g)-x = [(gyuy) " (gous)a"] -z
However, since
d(a"ga " €) <4(1+d)r
and
d((gyuy)flgxuz,e) < 26,

we have

anga—n — (gyuy)—lgqu
for sufficiently small 6 and r. This shows that

d(aga™" 1y "u,) = d{uya"ga ")

=d(g, ' g,u,,u,)
<[|Ad, ! [[d(g; " g.-€)
< | Ad;} 129,

which is smaller than s for sufficiently small § > 0. This contradiction
of ((10.28]) shows that for almost every x € {2 we must have

a-
[x]igc g B2ra &
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NOTES TO CHAPTER 10 349
If x € X\{2 and a".x € {2 then we have
[2]ege C (a_"BQGT‘:a")-x.

In other words, ¢ is a finite entropy partition for which £§° is subordinate
to G modulo p.

£ 1S A GENERATOR. It remains to show that £ is a generator with respect
to a. Let n < 0 be chosen with a™.x € 2. Then by the argument above we
have B

la"a]ez C Byt - ("),

or equivalently that the atom [z]¢= has a much smaller upper bound of the

form B
wlex € (a7 BG ") .

This shows that

[#]e= = {x}
almost surely, which implies that £ is a generator under the action of a as
required. O

Exercises for Section [10.5

Exercise 10.5.1. Show that in the case of a non-Archimedean group G,, the con-
stant x(G, a,r) from Lemma [10.22| can be chosen to be independent of 7.

Notes to Chapter 10

(36) (Page This argument is due to Hopf [?]; see [?, Sec. 9.5] for an account of how
this idea may be used to prove ergodicity of the geodesic flow on the modular surface.
&7 (Page This important result was one of the crowning achievements of Lebesgue’s
development of measure theory, and appears at the end of his monograph [?] of 1904.
Lebesgue also required the function to be continuous, and showed that the set of points
where the derivative does not exist has the property that for any € > 0 it can be covered
by a countable sequence of intervals of total length no more than e. Faber [?] showed that
the theory of Lebesgue integration is not really required for this result. We refer to Hewitt
and Stromberg [?, Th. 17.12] for a modern proof.
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Chapter 11

Measure Rigidity for Higher-Rank
Torus Actions

In Chapters [5] and [6] we introduced unipotent dynamics and showed some
cases of the striking rigidity results of the following shape: every invariant
probability measure if algebraic, every orbit closure is algebraic, and so on.
We also mentioned in passing that the action of a one-parameter split torus
subgroup (that is, a one-parameter R-diagonalizable flow), much like the
geodesic flow, cannot have any such rigidity properties (see p. and [?,
Ch. 9]). However, Furstenberg, Margulis, Katok and Spatzier conjectured in
various forms that the action of a split two-parameter torus subgroup on a
homogeneous space should behave differently, and in particular should exhibit
rigidity. The first glimpse of this transition from the extreme flexibility, with
a vast diversity of possible invariant measures and invariant subsets for rank
one actions to the highly structured situation for rank two actions, with
severe restrictions on the possible invariant measures and invariant subsets,
was found by Furstenberg in 1967 (see his paper [?], and [?] for a discussion
and additional references).
We write T, : T — T for the map x +— ra (mod 1) on the circle.

Theorem. If p and q are distinct prime numbers, then the only closed infinite
subset of T = R/Z invariant under the maps T}, and T, is T itself.

Furstenberg also raised the question of whether this topological rigidity
had a measure-theoretic analog.

[Furstenberg] Is the Lebesgue measure mr on T = R/Z the only non-
atomic T}, Ty-invariant probability measure if p and ¢ are multiplicatively
independentﬂq integers?

This question remains open. The strongest partial result towards it was
obtained by Rudolph [?] for p and ¢ relatively prime, and this was later
generalized by Johnson [?] to the multiplicatively independent case (also
see [?] for a treatment and additional references).

t That is, with the property that p™ = ¢™ for integers n, m requires m = n = 0.
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352 11 Measure Rigidity for Higher-Rank Torus Actions

Theorem 11.1 (Rudolph—Johnson). Let p and q be multiplicatively inde-
pendent integers. A probability measure p on T that is invariant and ergodic
under the action of the semigroup generated by T,, and Ty and has h,,(T,) > 0
must be Lebesgue measure.

This result motivated Margulis, Katok, and Spatzier to consider higher-
dimensional (that is, toral) and homogeneous space analogs. For toral au-
tomorphisms the topological case was dealt with by Berend [?], and the
Rudolph—Johnson theorem was generalized, following some more restricted
results by Katok and Spatzier [?] resp. Kalinin and Katok [?], by Einsiedler
and Lindenstrauss [?].

In the homogeneous setting we have the following important conjecture.

Conjecture 11.2 (Margulis). Let

t1

A= etz |t1+t2+t3:0
t3

be the positive diagonal subgrou;ﬂ in SL3(R), and let 3 = SL3(Z)\ SL3(R) be
the homogeneous space of unimodular lattices in R3. Then every bounded A-
orbit in 3 is a compact periodic orbit.

This conjecture can also be phrased in other similar homogeneous spaces

(which we will discuss later), but it remains open in all of them. Somewhat

surprisingly, for the analogous question regarding invariant measures our un-

derstanding of T}, T,-invariant measures on T and of A-invariant measures

on 3 is more or less the same. After some more restricted results by Katok,

need to sort out ref- Spatzier, Kalinin and Einsiedler the following result was proved by Einsiedler,
erences Katok and Lindenstrauss in 2006 in [?].

Theorem 11.3 (Einsiedler—Katok—Lindenstrauss). Let u be an A-invariant
ergodic probability measure on 3. If hy(a) > 0 for some a € A, then p = ms
is the Haar measure.

We will prove this and some more general results of the same flavor in
Section 7?7, but will not prove the most general form obtained by Einsiedler
and Lindenstrauss, referring instead to their papers [?] and [?].

As we will discuss in Section 77 in greater detail, the partial measure
classification above makes use of the special nature of the lattice SL3(Z) <
SL3(R). It also holds for some other natural lattices, but not for all lattices.
This is quite different to the case of unipotent dynamics, where the lattice
(or discrete subgroup) does not play any role in the statement.

T Strictly speaking A is not the complete group of R-points of the torus given by the
diagonal subgroup but the compact group of possibilities for the signs of the diagonal
entries that is missing does not make any difference for the problems considered here, so
we will still describe this as a torus action.
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11.1 Product Structure of Leafwise Measures; First Version 353

11.1 Product Structure of Leafwise Measures; First
Version

We start our discussion of higher-rank torus actions with the following result
on leafwise measures. We note that even though this only needs a single semi-
simple element, the theorem is most useful in the discussion of the dynamics
of higher-rank torus subgroups. The theorem goes back to work of Einsiedler
and Katok [?] and was generalized by Lindenstrauss [?]. We will return to
this phenomenon in the higher-rank setting in the next section.

Theorem 11.4 (Product structure of leafwise measures). Let G be
an S-algebraic group, I' < G a discrete subgroup, and let X = I'\G. Leta € G
be a Qg-diagonalizable element, let U < G, and M < Cg(a) be two closed a-
normalized subgroups with the property that M also normalizes U. Suppose
that @ is an a-invariant probability measure on X such that for p-almost
every X € X the orbit map M > m — mex is injective. Then the same is true
for the subgroup MU = M x U, and the leafwise measures satisfy

e oc gt o
for p-almost every x € X.

As we will see, the proof combines two ideas, both of which we have used
before. First notice that a probability measure v on a product space Y x Z
is a product measure if and only if the conditional measures for the alge-
bra & = {Y'} x %z almost surely have the form v | = vy x §, for some
measure vy that can almost surely be chosen indef)endently of z. If this
holds then v = vy x mz(v). Second, we will use Hopf’s argument to show
that puM = p? for p-almost every x,u-x € X with u € U, and more gener-
ally u o (un]\fwx) m for p-almost every x, mu-x € X with uw € U and m € M.
Due to Proposition[0.13] this gives precisely the analog of the characterization
above of product measures for leafwise measures.

Proposition 11.5 (Key invariance property). Let X,a, M,U and u be
as in Theorem m Then there exists a set of full measure X' C X such
that x, (mu)«x € X' implies that p2! o ,ué\fnu)'xm.

PROOF. By Corollary 9.17, x + uM is a measurable map. Fix some £ > 0,
and let Xy C X be a set of full measure chosen so that all the almost sure
properties of the leafwise measure from Chapter [0 hold for x € X. By Lusin’s
theorem (Corollary [9.17) there exists a compact set K. C X with pu(K:) >
1 — ¢ such that K. > x +— p is continuous. Using the maximal ergodic
theorem for the set

1= 1
X, = {x € Xo | EZHKE(CL"-X) > 3 for all n > 1}
k=0
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354 11 Measure Rigidity for Higher-Rank Torus Actions

we see that pu(X.) > 1 — 2e. Now suppose that x, mu-x € X.. Then there
exists a sequence (ng) with ny " oo as k — oo with a™ .x,a™mu-x € K,
and a"*.-x — z € K, as k — oo. This implies that

a™mu-x = ma™*ua”"*-(a"*x) — ml.z = mz
as k — oo. Using Proposition this shows that

/j‘tjzv’{k-x = N’i\/[a
since conjugation by a acts trivially on M. Similarly,

_ M
Harkmux = Hmux:

By continuity of the leafwise measure on K., we also get
M M M
My = Hgnix — My

and
M M M
Homux = Pa™k mux Moz

as k — oo. Using Proposition we also have

(M%u-z) m X inv

which gives
M

M
Homuex T Xy

1

Now choose ¢ = 7, assume that

K1 CKyp CKyp3C---

so that
X' =] Xim

n>=1

is an increasing union of sets with p(X’) = 1. If now x, mu-x € X’ then there
exists some n with x, mu-x € X, and the proposition follows. O

PROOF OF THEOREM [11.4] (to come) O

11.2 The High Entropy Method

The main argument of [?] has subsequently been described as the high entropy
method, as it allows one to prove a quite general measure classification for
invariant measures that have high entropy in the sense that it is close to the
maximal entropy possible (see Einsiedler and Katok [?]). We will follow the
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11.2 The High Entropy Method 355

argument as it is presented in the notes of Einsiedler and Lindenstrauss [?],
and will prove the following result.

Theorem 11.6 (High entropy theorem). Let X = I'\G be the quotient
of an S-algebraic semi-simple group by a discrete subgroup. Let o € S and
let A, be a Q,-diagonalizable subgroup contained in a simple subgroup H
of G, with dim A, > 2. Then there exists some ¢ € (0,1) such that if p is
an Aq-invariant ergodic probability measure on X, and a € AsN{I} satisfies

hu(a) > ¢|log mod(a, Gy )|,

then p is an H-invariant algebraic measure.

Notice that by Section |10.1.2] if ;1 was known to be invariant under G
then |logmod(a, G, )| would be the entropy of a with respect to p. In the
case X = I'\ SL3(R) and the action of the full diagonal subgroup A, we can

take ¢ = 1 (see Exercise[11.2.1)).

11.2.1 The Supporting and the Invariance Subgroup

Our goal is once more to start with the given a-invariance and to deduce
additional invariance for pu. More precisely, we wish to show that invariance
of p under some subgroup of G for some a that preserves u. To this end

we will study the leafwise measures ug; or p¥ for an a-normalized U < G,

more carefully. With an eye on future applications, we will do this in greater
generalityﬂ than is needed for the proof of Theorem m

Definition 11.7. Let G be an S-algebraic group. An element a € G is called
p—semi—simpleﬂ ifa = (ag)oes with a, = I for all o € SN\{op} for some og € S
and a,, is R-diagonalizable with positive eigenvalues if g = oo and Q-
diagonalizable with eigenvalues in p? if o9 = p < oc.

Lemma 11.8 (Supporting Subgroup). Let X = I'\G be the quotient of
an S-algebraic by a discrete subgroup. Let a € G be a p-semi-simple element.
Suppose that i is an a-invariant probability measure, and let PV be the closed
subgroup generated by Supp uY. Then for p-almost every x, PY is an a-
normalized Zariski closed and Zariski connected subgroup of U. If o9 = o0,
then PY is also connected as a Lie group.

PROOF OF LEMMA [11.8] FOR 09 = oo. Let X’ C X be a subset of full
measure on which all the almost sure properties of Chapter [9 hold. Fix ¢ > 0

T As usual, we will not however attempt maximal generality in order to avoid unnecessary
complications.

¥ Here we are using p to denote an arbitrary place of Q with p = oo corresponding to the
usual absolute value.
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356 11 Measure Rigidity for Higher-Rank Torus Actions

and let K C X' be a Lusin set with measure exceeding (1 — ¢) for the
map z — pY (that is, a set on which the map is continuous).

Suppose now that = € K satisfies Poincaré recurrence for a™*, meaning
that there is a sequence np — —oo as k — oo such that a™*.x € K for
all k > 1 and @z — x as k — oo. Recall from Theorem that

1

WO o (O2%), 17, (11.1)
where ©, : U — U denotes conjugation by a on U. It follows that
Pl =0 (PY).

By Lemma we know that the Lie algebra of PY., = converges to an a-
normalized Lie algebra. Moreover, if PY is not connected then PY., . has
all other connected components for large k far from the identity component.
Since Supp pn,., € PY,., forall k > 1 and pl,, — p¥ as bk — oo, it
follows that Supp p¥ is contained in a connected a-normalized Lie subgroup
of U whose dimension equals the dimension of the Lie algebra of PY. This
implies that PV is a connected a-normalized Lie subgroup of U. This shows
the lemma for almost every € K. Since u(K) > 1 —¢ and ¢ > 0 was

arbitrary, the lemma follows. O

PROOF OF LEMMA [11.8/ FOR 0y = p < co. (to come) O

Lemma 11.9 (Invariance subgroup). Let X = I'\G be the quotient of
an S-algebraic group by a discrete subgroup. Let a € G be a p-semi-simple
element, and suppose that p is an a-invariant probability measure on X.
Let IV = {u € U | wupll o p¥}. Then, for p-almost every z, IV is an a-
normalized Zariski closed and Zariski connected subgroup of U, and IV =
{ue Ul upl =ul}. If oo = 0o, then IV is also connected as a Lie group.

PROOF FOR 09 = 00. Let X’ C X, e > 0, and K C X’ be as in the beginning
of the proof of Lemmal[I1.8] Suppose that z € K satisfies Poincaré recurrence
for a, so there is a sequence ny — 0o as k — oo such that a™.x € K for
all k > 1 and a™.x — x as k — 0o. Suppose in addition that u.ul = cul
for some v € U and ¢ > 0. Applying we see that

n —n U o U
(a e k)* Kark.g = CHank.g-
Notice that since K 3 u > pY is continuous, there exists some M > 0 such

that p¥ (BY) < M for all z € K. If now £ € Z is arbitrary, then there exists
some k > 1 such that a™ufa""* € BY | and since a™.x € K, we have

¢ = (@ uta™™) plhny (BY) = gl ((@ufa™) " BY)

< #g'Lk~I (Bg) g M.
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Since ¢ € Z is arbitrary, we deduce that ¢ = 1. Thus
I ={ueUluwpd ocp}y ={u €U | uupg = i}

for p-almost every x € K. It remains to show that IV is a-invariant and

connected.
Let hY be the Lie algebra of IV. By (11.1)) we have

AdR*(67) = b

and by Lemma we also see that h¥, . converges as k — oo to an Ad,-
normalized Lie algebra .
Since pY, ., is invariant under exp(vy) for all vy € Y., ., and since

U U
Hark.g — g

as k — oo it follows that pU is invariant under exp(v) for all v € h. In
other words, h < h¥. Since both algebras have the same dimension it follows
that b = h¥ is Ad,-normalized. Since exp : h — IV is a polynomial isomor-
phism into the connected component of IY with a polynomial inverse, the
lemma will follow once we have shown that IV is connected.

We may split g; and b into eigenspaces for Ad,, writing

9, = (9 )1+ + (8, )e

and
h="b1+--+by,

where b; < (g, ); are the respective eigenspaces for Ad, with eigenvalue \;.
We may suppose without loss of generality that 1 > Ay > -+ > Ap.

Now choose a subspace V; < (g, ); transverse to b;, so that (g, ); = h; +V;,
foreachi=1,...,¢. Thus g, = h+V where V=V +---+V,.

We claim that for any u € IV there exists some w € b such that

log(uexp(w)) € V.

If G, is abelian, this may be seen by a straightforward linear algebra ar-
gument. In general we show this using the following inductive procedure.
Suppose that

logueVi+---+Viei+ (9, )i +---+ (8, )e
for some ¢ < £. Notice that for ¢ = 1 the claim is trivially satisfied, so assume

that ¢ > 1. Then .
D= (g);

j>i
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358 11 Measure Rigidity for Higher-Rank Torus Actions

is a Lie ideal of g, modulo which (g, ); is in the center, by Section m
Hence we may split the ¢th component of log u in the eigenspace decomposi-
tion above into a component in V; and a component w; € h;. We replace u
by uexp(—w;) which gives

log(uexp(—w;)) € Vi + -+ + Vi 4 g,

since log g1g92 = log g1 + log g2 if g1 and go commute and exp(w;) belongs to
the center of U°/exp(g, ).

By induction we may therefore assume for uwexp(—w;) that there exists
some w; € h such that

wexp(—w;) exp(w}) = uexp(w)) € V

for some w!’ € h. For i = 1 this gives the claim.
If IUN(IV)° is non-empty, we may apply the claim and find some

€ LN

with v = logu € V. In this case we will find a one-parameter subgroup of IV
of the form {exp(tw) | ¢ € R} with w € V. By definition of § and of V
this gives a contradiction, and thus shows that Ig is connected. So suppose
that exp(v) € IYN(IY)°. Then

exp (m Ad™ (v)) = @™ exp(v)™a™"™ € I%, .

a

and m Ad] (v) € V for all m,n € Z. By Lemma the limit

1
lim ———— Ad}*(v) =w eV
A TRa oy A )

exists.
We claim that exp(tw) € IV for all ¢t € R. Indeed, given t € R we may
choose an integer sequence (my) such that

my|| Adg* (v)|| —
as k — oo (since || A" (v)|| = 0 as k — 00) to obtain

I Adg* (v)]l

eIy,

akex

exp(tw) = leII;O exp (mk| Adj*(v) Adyx (v)> er?

as required. O
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Problems for Section 11.2.1]

Exercise 11.2.1. (a) Show that for X = I'\ SL3(R) and the action of the full diagonal
subgroup A, we can take ¢ = % in Theorem

(b) Let
L= {(g (detg)_l) | g e GL?(R)}

A
C= A [A>0
)\72
Suppose that I" < SL3(R) is a discrete subgroup with the property that the orbits I'L
and I'C have finite volume. Deduce that the conclusion of Theorem cannot hold for
any ¢ < % (including not the conclusion that p is algebraic).

and
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(discussion and relation to first volume?)
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Chapter 12
Mixing and Counting

In this chapter we will briefly mention some classical questions going back to
work of Gauss, and then discuss in greater detail more recent developments
due primarily to Duke, Rudnick, Sarnak, Eskin and McMullen. We will not
aim for maximal generality as we only want to expose the striking connection
between equidistribution problems and asymptotic counting problems. Using
this connection we will also be able to calculate the co-volume of some natural
lattices, including that of SL3(Z) in SL3(R).

12.1 Equidistribution and the Gauss Circle Problem

In this section we will outline a connection between an equidistribution result
and a lattice-point counting problem in the classical setting of the Gauss circle
problem. This problem asks for estimates of the number of integral points in
the disk of radius R. The basic observation here is that the first estimate is
given by the area of the disk, so the emphasis concerns controlling the error
term. Write || - || for the Euclidean norm on R2.

Proposition 12.1. For any R > 0 let
N(R)=|{n € Z” | |n| < R}|. (12.1)

Then
N(R) = nR* + O(R).

The proof is geometric, and does not require an equidistribution result.
Indeed, the main term 7R? is the area of the 2-dimensional ball of radius R,
and the error term is related to the area of an annulus, as indicated in Fig-

ure [[2.11
1 1 1 1

ProOF. Consider the unit square S = [~3,35) X [~3,3), which is a funda-

mental domain for Z2 < R2. Then, as indicated in Figure we have

365



366 12 Mixing and Counting

Fig. 12.1 Containing the error term for N(R) inside an annulus.

B 1 (0) €S+ {n€Z?||nll <R} C Bpy o (0).
By taking areas, we conclude that

1

(o) e )

as required.

It is conjectured that (%)

N(R) = 7R* + O, (R%+f)

(12.2)

for all € > 0. We refer to the paper of Ivié, Krétzel, Kiihleitner and Nowak [?]

for a survey of the many partial results towards this conjecture.

To motivate later arguments, we want to sketch an argument giving a
connection between the error term in N(R) and equidistribution properties
of large circles in R? modulo Z2. It seems unlikely that this would help in
proving the conjecture, but with some effort such an equidistribution result

could give
N(R) =7R*+ 0O (R'™)

for some 6 > 0 (see Exercise [12.1.4).
e T'R? = {(z,v) |z € R, v € R?, |jv]| = 1} = R? x S*
be the unit tangent bundle of R2, and let
T'T? = {(z,v) | 2 € T?,v € R?, ||v|| = 1} = T? x S$*
be the unit tangent bundle of T?. Also write

(z,v) (mod Z)* = (z (mod Z)?,v)
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12.1 Equidistribution and the Gauss Circle Problem 367

for the canonical map from T'R? to T'T2. We also write d(z,v) for the
canonical volume form in T1T?2.

Proposition 12.2. Let

vr : [0,1] — T'R?

t —> (ReQWit, eQﬂ'it)

be the constant speed parametrization of the outward tangent vectors on the
circle of radius R. Then

/0 f (fy(t) (mod Z)Q) dt — f(z,v)d(z,v)

T1T2
as R — oo, for every f € C (Tl’]I‘z) .

The idea of proof for this proposition is that a piece of a circle equidis-
tributes on the torus when expanded (which can be proven using Fourier
series). Since this is true for any piece of the circle, this gives the equidis-
tribution result on the unit tangent bundle of the torus. We refer to [?] for
more details.

We are now ready to present a modest improvement to the error term in
Proposition [12.1] using the equidistribution from Proposition As before
we write N(R) = |{n € Z? | |n|| < R}|.

Theorem 12.3. N(R) = mR? + o(R).

Once again we only sketch the argument and refer to [?] for more details.
In order to take advantage of the equidistribution result, one needs to find
a function defined on the unit tangent bundle with the property that the
integral along a line segment relates to the difference between an area calcu-
lation and a lattice point count. To this end, first define the function A on
the fundamental domain

TlS = [_%7 %) X [_%a %) X Sl

using Figure (recall that S is the unit square [—1,1) x [-1,1)).
In other words, h(z,v) is the difference between an area calculation and
the simple lattice count of whether or not 0 belongs to the polygon. Using

this function we also define f: S x S! = R by

h(z,v)

fl@,v) = length of L(z,v)’

where L(x,v) is the line segment in S going through x and normal to v, as
illustrated in Figure [12:2]

One then needs to show that f is Riemann integrable (so that the equidis-
tribution result from Propositioncan be used) and that the integral along
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Fig. 12.2 The value h(z,v) is the area of the polygon determined by S and the half-
space with x on its boundary and v as outward normal, minus 1 if and only if 0 lies in the
polygon.

a piecewise linear version of the circle (defined by the various translates of
the fundamental domain) and the circle are very close to each other.

Exercises for Section [12.1]

Exercise 12.1.1. Let d > 2. Prove that
N*(R) = |{n € Z% | n is primitive and ||n|| < R}|

satisfies N*(R) = (¢(d) ™'V + 0o(1))R? as R — oo. Here Vj is the volume of the unit ball
in R and ¢(s) = 322, n~¢ denotes the Riemann zeta function.

Exercise 12.1.2. Prove Propositionm and Theorem @

Exercise 12.1.3. Generalize Proposition mto an effective statement in the form

1
‘ [ 1 6r0) oaz2) a- [ s o] < mo),
0 T

172
for some fixed §;1 > 0, (f) denotes some Sobolev norm, and f € C* (TITQ) is arbitrary.
Exercise 12.1.4. Using Exercisem sharpen Theorem@ to the form

N(R) = nR* + O (R'~%2)

for some d2 > 0.

12.2 Counting Points in I' -i C H

In this section we outline a lattice point count on the hyperbolic plane. For
any lattice I' in PSLy(R) we define
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12.2 Counting Points in I"-i C H 369

N(R) = {r(i) [d(~(i),1) < R,y € I'}].

volume (B} (i)

Theorem 12.4 (Selberg). N(R) = volume (T'VH) | Stabr (0]

4o (volume (B;I%(i)) )

as R — oo.

Selberg [?] uses a completely different spectral method to prove this the-
orem®? | and obtains additional information about the error term. We will
present an approach following Eskin and McMullen [?] that uses mixing and
equidistribution following the set-up of Duke, Rudnick and Sarnak [?] (which
we will discuss in Section . As we saw in Section the simple ar-
gument for counting problems connected to the lattice Z? < R? that simply
tiles the ball of radius R using translates of a fundamental domain will give
a heuristic rationale for the main term, but the following lemma describes
a crucial but well-known difference between the Euclidean and hyperbolic
plane (the details may be found in [?] or any hyperbolic geometry textbook).

Lemma 12.5. volume (B3(i)) = 27 (cosh(R) — 1) for all R > 0.

This complicates the study of the lattice since volume (Bg(i)) is asymp-
R, and so the volume volume (B}, (i)»B3(i)) of an annulus is
comparable in size to the volume volume (Bg(i)) of the ball. In other words,
the error term produced by the annulus has the same order of magnitude as
the main term.

Another complication arises in the case I' = SLy(Z), where the fundamen-
tal domains are unbounded with respect to the metric, so in order to use an
annulus to capture all of them we should use ¢ = co (or at least some large
value to capture most of the translates of the fundamental domain).

Because of this — a manifestation of the hyperbolic geometry at work
here — the study of the boundary effects is much more important than it is
in the case of Z2 < R?, where the volume of the annulus is asymptotically
negligible in comparison with the volume of the ball.

To estimate these boundary effects we will also need the following equidis-
tribution result concerning large circles as illustrated in Figure m (which
will be a consequence of mixing). Below we will work with PSLy(R) but will
still use the matrix notation for the elements of PSLy(R), for example writing

totic to mwe

ky = (COS¢ —sin¢’) € K =80(2)/{£1} = {ky | 6 €[0,1)}.

sing cos ¢

Theorem 12.6 (Equidistribution of Large Circles). For any point z
in H, the circles obtained by following geodesics from z in all directions for
time t equidistribute in PSLo(Z)\T H. Indeed, for any finite volume quotient

X = I'\PSLy(R)
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we havdl]
1 (" 1
;/0 f(gkyex) dp —> m/xfdmx (12.3)

as g — oo in PSLa(R).

We note that the proof of the theorem uses the same argument as in
Chapter [f] and leave the details as an exercise.

-

v

Fig. 12.3 Equidistribution of large circles in the modular surface becomes visible after
the circle is moved into the fundamental domain using the isometries in I.

Theorem now follows from the discussion in the next section by set-
ting H = K.

12.3 The Counting Method of Duke—Rudnick—Sarnak
and Eskin—McMullen

Eskin and McMullen [?] use mixing to establish asymptotic counting results
in a more general context. For this (and in preparation for other special cases
to be considered later) we describe in this section the general set-up for the
work of Duke, Rudnick and Sarnak [?] (which is also used in the work of Eskin
and McMullen [?]) on how to relate a counting problem for points in I'-orbits
on V = G/H to the equidistribution problem for ‘translated” H-orbits of the
form

gHIM C X =G/T.

In many cases (for example, in the context of affine symmetric spaces), the
methods of this chapter can be used to give the asymptotic of the counting for
the number of integer points on varieties. In fact, suppose G and H consist of

T In this section we will not normalize the Haar measures on the quotient spaces to be
probability measures, and instead will assume that they are compatible with a canonically
chosen Haar measure on the group.
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the R-points of algebraic groups defined over Q, V' = G/H can be identified
with a variety defined over Q, and V(Z) is non-empty. Then we get that V(Z)
is a disjoint union

V(Z) = |_| G(Z)v;

of different I' = G(Z)-orbits. Frequently this is a finite union, and then
one gets the asymptotic for |V(Z) N B;| by assembling the results for the
individual counts |G(Z)v; N By|. We will discuss the details of such integer
point counting problems in special cases in the remaining sections of this
chapter, and we refer to the papers of Duke, Rudnick and Sarnak and of
Eskin and McMullen [?, ?] for a detailed discussion of the general problem
of counting lattice points in affine symmetric spaces.

12.3.1 Compatibility of all Haar measures involved

In order to state the result, we have to briefly describe the necessary com-
patibility of all the Haar measures involved. Let mg be a Haar measure on
a unimodular group G, and let I' < G be a lattice, on which we choose
counting measure as the Haar measure. As we know m¢ induces in a natural
way a Haar measure mx on X = G/I, giving total mass mx(X) = mg(F)
where ' C G is a Borel fundamental domain for (the right action of) I'.

Assume that H < G is a closed unimodular subgroup with Haar mea-
sure my. Then (see Appendix B) we may define a measure mg /g with
the following compatibility property which is analogous to Fubini’s theorem.
If f€ L (G) then the function F defined by the relation

mag

F(gH) = /H F(gh) dm (k) (12.4)

exists for almost every g € G, and the measure mg,y satisfies

/ F(gH)dmg/H:/ fdmg. (12.5)
G/H G
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12.3.2 First step: Dynamics gives an Averaged
Counting Result

12.3.2.1 Dynamical Assumptions on X

Let I' < G be a lattice, and assume that H < G is a closed subgroup with
the property that I' N H < H is also a lattice. We make the followingﬂ
equidistribution assumption

the translated H-orbits gH I equidistribute in X = G/I" (12.6)

as gH — oo in G/H.

12.3.2.2 Averaged Counting Result

The assumptions above already imply a weak™ version of our desired counting
result in the following sense. We let {B; | t € R} be a collection of subsets
of G/H each with finite Haar measure, and define a modified orbit-counting
function F; : X — R3¢ by

me,u(By)

which counts elements within the I™-orbit of H € G/H translated by g be-
longing to the set By. If m¢g/p(B;) — oo as t — oo, then we have the
weak*-convergence

my/rag(H/T' N H)
mx(X)

Fidmx — dmx (127)

as t — oo.

12.3.3 Second step: Additional Geometric Assumptions
imply the Counting Result

12.3.3.1 Geometric Assumption on B;

In order to be able to obtain from the averaged counting result above the
desired counting result, we need to assume that the sets B; are well behaved
in a geometric manner. We say that a monotonically increasing family

T Alternatively, we may just assume some equidistribution on average — in a sense to be
made clear in the proof.
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{B: |t € R}
of subsets of G/H is well-rounded if
meg,a(By) — 00

as t — oo, and for every J > 0 there exists a neighborhood U of I € G with

Bis € () 9B € B C | 9B € Biys,
gel gelu

and furthermore for every € > 0 there exists § > 0 with

ma/a(Bits)

<l+e
me,u(Bt)

forallt >0

12.3.3.2 Asymptotic Counting Result

If the translated H-orbits equidistribute as assumed in (12.6)), and the family

of sets {B;} is well-rounded as above, then we have the asymptotic

myrag(H/T'NH)
mx (X)

1
lim ——— [PTHNBy| =

12.8
t—oo me /g (Bi) (12.8)

for the orbit-point counting problem.

12.3.4 Proofs

We now turn to considering the components of the outlined argument in
greater detail.

PROOF OF WEAK*-CONVERGENCE IN ([12.7). For simplicity of notation we
set Y = H/I' N H and accordingly let my denote the Haar measure induced
by my on Y. We assume ([12.6]), or more precisely that the normalized trans-

lation
1

my (Y) G« Mimy
of the Haar measure my on
Y=H/TnHCX=G/Ir

translated by gH € G/H converges to the normalized Haar measure
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1
mx (X)

mx

in the following averaged sense. For « € C.(X) we require that

1
mY(Y)mG/H(Bt)/Bt/ya (ghl) de(hF)de/H(gH)
1
Hm/admx (12.9)

as t — oo. This is certainly satisfied if both

1 1
my(y)/yoz(ghf) dmy—>mX(X)/ade

as Hg — oo in G/H and

mg/H(Bt) — 00
as t — oo, but (12.9) is a weaker requirement because of the additional
averaging.
We wish to deduce from this assumption that

my(Y)
/XFt(x)a(x)deHmX(X)/Xade

as t — oo.
The proof is relatively short, and consists of an application of the fold-
ing/unfolding trick using the spaces

G/TNH

N

G/I G/H.

By definition,
A = / Fi(x)a(z)dmx =
X

1 /
]]‘Bt, (g’yH)O&(g[‘) de(gF)7
mern B Josr Bt

in which the sum over v € I'/I" N H denotes the sum over a list of represen-
tatives of the cosets of I' N H in I'. Thus by using the compatibility of the

Haar measures in (12.4)—(12.5]) we get

Page: 374 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58



12.3 The Counting Method of Duke-Rudnick—Sarnak and Eskin-McMullen 375

1
" meu(Be) Joyran B,(gH)a(gl") dmayran(9( ))
1

B mG/H(Bt)/G/H 1, (9H) /H/rnH a(ghI’) dmy (hI") dme g (gH)

1
~ mayn(By) /B /Y a(ghl") dmy (hI") dme, i (Hg),

which converges (by assumption) to

my(Y)
mx(X) /X admy

as t — oo. O

PROOF OF THE POINTWISE COUNT IN ([12.8). We now suppose that the
weak*-convergence discussed above holds, and that the family of sets By is
well-rounded as defined in Section [12.3.3l From this we wish to derive the
asymptotic
1 my (Y)
— |('H)N By| — ,
mG/H(Bt) |( ) t‘ mx(X)

using the same argument as was used for the counting problem on H.
Let € > 0 be arbitrary, and choose § > 0 so that

B
mG/H( ) <146
me,u(Bt)
for all ¢, and choose a symmetric neighborhood U = U~! C G of I € G with
UB; C Biys

for all ¢t. Further let o € C.(X) be an approximate identity at the identity
coset, in the sense that o > 0

/ admy =1,
X

and Supp(a) C UI'. Then we have for any g € B that
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Fiys(g) = lgI"H N By 5l

mG/H(Bt+5)

1
=————\'HNg 'Byys
mG/H(Bt+6) ——
2By
me,w(Bt) 1
= mayu(Bigs) mayu(Br)
1 1

> P
1+e mG/H(Bt)

|lH N By

|I'H N By|.
Multiplying by «, integrating with respect to mx and letting ¢t — oo gives

lim sup

my (Y)
T'HNBy| <(1+¢e)——=%
t—00 mG/H(Bt)| tl < )m

x(X)

The second inequality is derived in the same way. (]

12.4 Counting Integer Points on Quadratic
Hypersurfaces

|f|[n this section we study our first class of examples of affine symmetric
varieties, namely the case of quadratic hypersurfaces. Let ) be any non-
degenerate indefinite quadratic form with integer coefficients in d > 3 vari-
ables and a € Z~{0}. Then V(R) = {v € R? | Q(v) = a} can be identified
with G(R)/H(R) for G = SO(Q) and H = Stabg(vg) for some vy € V as
the G(R)-action is transitiv by Witt’s theorem*?). Let us assume that V(Z)
is non-empty and that vy € V(Z). If now H(Z) is a lattice in H(R) (which
is always the case for d > 4 and in many cases also for d = 3) then we can
derive from the methods of the last section the asymptotics for the counting
problem of V(Z).

We wish to discuss this now in greater detail. For the following calculations
it is not really necessary but convenient to fix a particular quadratic form.
Sowe set Q(T1,... T, Y1seveyYn) =22+ -+ a2 —y? —- - —y2 withm > 1
and n > 1.

Corollary 12.7 (Counting on quadratic hypersurfaces). Let a € Z~{0},
let V.={v]| QW) = a}, and assume that V(Z) is non-empty. Suppose fur-

T The counting problem in this section requires more algebraic background, and in partic-
ular more of the language of algebraic groups. We note that the application in the next
section is easier in that respect.

¥ We will see throughout this section enough elements of G(R) to derive this transitivity
directly.
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thermore that either m +n > 4 or that m = 2, n =1, and a is not a square
in Z. Define BY, = {v € V(R) | ||v|]| < R}. Then there ezists constantﬂc >0
and ¢’ > 0 such

V(Z)N B%\ ~ CVOlumeV(Bl‘é) ~ ¢ RMF2,
where volumey denotes the G-invariant Haar measure on V(R).

We note that we define (and normalize) the Haar measure volumey
on V(R) by the Lebesgue measure in R™*" using the formula

volumey (B) = mgm+n ({tv | t € [0,1],v € B}) (12.10)

for any measurable B C V(R).
For the following proof we further define G = SO(Q)(R)° to be the con-
nected component of the associated orthogonal group and I' = SO(Q)(Z)NG.

12.4.1 Reduction to orbit counting problems

Recall from the beginning of the section that V(R) is a single G(R)-orbit and
so every connected component V° of V' can be identified with a quotient G/H
where H = Stabg(vg) for some vg € V°. By a theorem of Borel the integer
points

V(z) =] |G@)v
are a finite union of different G(Z)-orbits. As the connected component
G =G(R)°
has finite index in G(R), the same also holds for
I'=G(Z)NnG.

Hence it suffices to derive the desired result for each individual orbit I'vg for
some vg € V(Z) (and add the corresponding asymptotic formulas together).
Hence we choose one vy € V(Z) and set H = Stabg(vo).

T As we will see the constants can be expressed using the volumes of the associated homo-
geneous spaces that arise in the proof.
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12.4.2 Finite volume assumptions

The standing assumptions in Section[12.3|were that I' < G and I'NH < H are
both lattices. We now check these assumptions in the setting of Corollary [12.7]

Since G = SO(Q) is a semi-simple algebraic group defined over Q it follows
by Theorem [7.7 that I" is a lattice in G.

If m+n > 4 then H = Stabg(vg) is again a semi-simple algebraic group
(since a # 0 it is simply the orthogonal group of the quadratic form on
the orthogonal complement) defined over Q. Hence in that case H(Z) is a
lattice in H(R) which once more implies that I' N H = H(Z) N G is a lattice
in H=HR)NG.

In the remaining case where m = 2, n = 1, we see that H is a one-
dimensional torus subgroup. We claim that H is Q-anisotropic if a € Z~{0}
is a not a square. Assuming this, our assumptions in Corollary and
Theorem|7.7)imply that H(Z) is a lattice in H(R). As above, this gives that I'N
H is a lattice in H.

So assume indirectly that the one-dimensional Q-torus H is Q-split. It fol-
lows that H is diagonalizable over Q, meaning that there exists a rational
basis w1, ws of the orthogonal complement W of vy consisting of eigenvectors
of H. This implies that the quadratic form on W with respect to this basis has
the form Q(ujwy 4+ ugws) = cujug, which in turn implies that the discrim-
inantm of @ on W equals —c?. Therefore the discriminant of @ on Q3 with
respect to the basis vy, w;, ws equals —ac?. Since it equals —4 with respect
to the standard basis, it follows that a must be a square.

12.4.3 Proving the Equidistribution

The main dynamical assumption in Section (and Section in par-
ticular) is the equidistribution of gHI' in X = G/I" as gH — oo in G/H.
We claim that this follows in the context of this section once again from the
same ‘mixing argument’ that was used in Chapter [5|and also in Section [12.2]
We will not repeat this argument here, but will provide the technical input
that reduces this repetition of the mixing argument into a straightforward
exercise.

What is needed in order to do this is an analog of the local co-ordinate
system P,G, from Section and NAK from Section m For this, we
start by defining a one-parameter diagonalizable subgroup

T We recall that the discriminant is defined to be 4 times the determinant of the companion
matrix of the quadratic form. Allowing rational coordinate changes the discriminant stays
well-defined up to scalar multiples by a square.
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coshs 0 sinhs 0
0 I,-1 O 0
sinhs 0 coshs 0
0 0 0 I,

A=<as= |seR,,
and the compact subgroup
K = (SO(m)(R) x SO(n)(R)) N G.

The next lemma is not yet the analogous decomposition we are seeking, but
is needed nonetheless.

Lemma 12.8. G = KAH.

PRrROOF. Let g € G be an arbitrary element, and define

w
V= gvy = (w2>

for wy € R™ and wy € R™. Then
Q(v) = Q(vo) = |wr|* — [Jwe|* = 1.
Since m > 1 and n > 1 there exists some k € K such that
kv = [lwiller + [lwzlem+1.
Let s € R be chosen so that cosh s = ||w;]|| and sinh s = #||ws||. Then
kv = kgvy = asvo,
equivalently a_skg = h € H, or
g=k lash e KAH

as required. O

As K is compact, the requirement that g, H — oo in G/H is equivalent
to gn = knas, hy, with as, — 00 as n — co. Furthermore, one can show (and
we have done this before, in the beginning of the proof of Theorem that
the sequence (k) has no effect on the desired equidistribution claim. Thus
we can simply assume that g, = a,, with s, = 0o or s,, = —00 as n — oo.
Below we will assume that s, — 0o as n — oo (the other case is similar).
We now define the local coordinate system that is needed in the proof of the
equidistribution statement.

Lemma 12.9. The stable horospherical subgroup G, has the property that

G, AH
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contains an open neighborhood of the identity.

PROOF. For the proof it is convenient to again assume that v = e, and to
switch to the Lie algebra. The Lie algebra element corresponding to A is

0010
0000
1000
0000

where (for example) the second 0 represents (m — 1) zeros in a row. We claim
that the Lie algebra of G contains all vectors of the form

0 —w}y 0 w
w1 0 w1 0

0 wi 0 —wl
wa 0 wa 0

W= (12.11)

for all w; € R™~! and wy € R®~!. This requires two calculations, as follows.
Since WJ 4+ JW* = 0 for the companion matrix

I,
7= ("),

all elements W of the form ([12.11)) belong to the Lie algebra of G. Moreover,

since

[h, W] =hW — Wh

0010\ /0 —wt 0 wh 0 —wt 0 wh\ /0010
~]10000 w; 0 w; O w0 wp O 0000
“l1000f[]| 0 w 0 —ws 0 wi 0 —wh||1000

0000 wy 0 wy O wy 0 w2 O 0000

0wl 0—w 0000
oo o0 0| [wowo
T 10 —wt 0w 0000

0 0 0 O U)QOU)QO
=-W,

it follows that W belongs to the Lie algebra of G .

If now P = G; A and p = Lie P is its Lie algebra, then we see from the
inverse function theorem that Pvy must contain a neighborhood of vy € V,
since pvg contains {0} x R™*+"~! (which coincides with the tangent space

at vg € V)
It follows that if g is sufficiently close to the identity, then gvy = pvy € Py
for some p € P, which gives p~'g = h € H and g = ph as required. O
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Theorem 12.10. gHI equidistributes in X = G/I" as gH — oo in G/H.

SKETCH OF PROOF. We may assume that g = as with s — co. We set
P=G, A

and deduce from Lemmal[12.9)and Lemma [T.22] that the Haar measure on mg
restricted to PH equals the direct product of the Haar measures on P and
on H respectively.

Assume at first that HI" C X is compact. Then there exists some uniform
injectivity radius § > 0 for all points in HI'. Let B = Bg be the correspond-
ing neighborhood of the identity in P, and set T'= BHI', which we should
think of as a tubular neighborhood of HI' C X.

Fig. 12.4 The shaded region depicts the tubular neighborhood T of the orbit HI" in the
‘center of 1.

Now pick some f € C.(X), some ¢ > 0, ensuring that § > 0 is sufficiently
small to work for f and e, and apply mixing (Theorem to obtain the
desired contradiction for f, up to a precision controlled by e.

If HI" is not compact, then the outline above needs to be adjusted (for
otherwise, the failure of injectivity in a cusp makes the proof break down).
Fortunately this case is not difficult either. Let x > 0 be arbitrarily small
and let K C HI be a compact set of measure

1

———mpyr(K) >1—-k.
me(HF) HF( )

Now apply the argument for the compact case above, with BHI replaced
by BK to obtain the desired conclusion up to a precision € + O¢ (k). 0
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12.4.4 The Asymptotics of volumey (BY,) and
Well-Roundedness

Recall from Section [12.3.1] that we can define the Haar measure on V using
the (G-invariant) Lebesgue measure on R™*". Using this, we get the following
result.

1 R m+n—2
Lemma 12.11. volumey (B})) ~ R Crer— |a)(mFm)/2 (2) )

ProOOF. We will assume that a = 1 (which by a scaling argument allows
the case a > 0 to be deduced; the case a < 0 then follows by swapping m
and n) and in any case that R > y/[a|. Choose S > 0 with R? = cosh2S.
Let U € R™ ! be open and Jordan measurable and let ¢ : U — S™~1 be
a smooth parameterizationlﬂ of ™1 up to a set of measure 0. Similarly,
let VC R* ! and ¢ : V — S"! be a smooth paramaterization of S*~1
By 7?7 we have

volumey (Bf) = mgm+n ({ (Z?SE((;) E ;) |te0,1],s€[0,Sl,ueUve V})

[ <(nﬁ s (tsmmerot)y
<tCOSh() > (tslnh > ) dvdudsdt
/ / / / " cosh(s)™ ! sinh(s)" !

s (e (1) () (o, V)
dvdudsdt,

where D,, ¢ and D,, ¢ are the total derivatives of ¢ and of 1) respectively. Now
notice that every column of
Dy ¢(u)
0

is orthogonal to all the other columns in the matrix above, and similarly for

(0.40):

This allows us to split the determinant above into three factors, giving

T For example, using generalized spherical co-ordinates.
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S
volumey, (B‘}/%) = 1 / / / (COSh S)m71 (sinh S)nil
0 uJv

m-+n

e (%) (0) (2. (5. %)

cosh s sinh s
det | sinh s cosh s dvduds
Im+n—2

_ % /Udet (6(u), Dy 6(u)) du /Vdet (¥(v), Dy (v)) dv

m

s
/ cosh(s)™ ! sinh(s)" ! ds
0

= ! volume (qu) volume (S”fl)

S
/ (2m+1n2 es(7n+n—2) + O(es(m+n—4))) ds
0

-1 volume (Sm_l) volume (S”_l) : 1 o(m+n—2)s
+n

amAn=2m 4 — 2
+0 (e(m+n—4)5') )

Recall that 1
R? = cosh 25 ~ 5625,
so that e® ~ v/2R. This gives

1
(m4+n)(m+n-—2)

volumey (Bf) ~ volume (S™~!) volume (S™ ) (\/§R>

O

Lemma 12.12. The sets B, = BY, = {v € V | |v|| < R = €'} are well-
rounded in the sense of Section [12.3]

PROOF. Let § > 0 and choose a neighborhood U of I € G such that
max (||g]l, llg~*]) <’

for all g € G. Let v € B;_s, so that |[v]| < €79, [|g”'v| < e, and there-
fore g='v € By for g € U. This gives

By_s C ﬂ 9B;.
gev

Similarly we see that
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U 9B: € Biys.
gelU

Finally, we have

volumey (Byys)  elmtn=2)(t+9)

~ — o(m+n—2)3 1
volumey (By) e(m+n—2)t e <l+e

for small enough §. Therefore

volumey (Biys)
—— <1 12.12
volumey (By) <lte ( )

for all t > T. From the proof of Lemma [12.11] we also see that volumey (B;)
depends continuously on ¢, so we can make § even smaller if necessary to

ensure that [12.12] also holds for all ¢ € [0,T]. O

Exercises for Section [12.4]

Exercise 12.4.1. a) Upgrade the sketch of proof of Theorem to a real proof.

b) The previous exercise notwithstanding, notice that the sketch proof applies a result
without the right hypotheses. If m = n = 2, then G is not simple but only semi-simple,
and so the Howe—Moore theorem in the form of Theorem cannot be applied. However,
Theorem [2.7] does apply in this case. Decide whether or not this makes a difference to

Theorem [12.101

12.5 Counting Integer Matrices with Given Determinant
In this section we want to apply the results of Section to proveﬂ the
following corollary.

Theorem 12.13. Let d > 2 and a € Z~{0}. Then there exists a positive
constant c, such that

{{M € Mataq(Z) | det M = a and | M| < R}| ~ ¢, R4,

We note that this contains in particular the asymptotic counting result of
the lattice elements of SL4(Z).

T The cases d = 2,3 will be self-contained, but we will not prove here the needed asymp-
totics of the measure of the ball, nor the well-roundedness for d > 4.
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12.5 Counting Integer Matrices with Given Determinant 385

12.5.1 Reduction to orbit counting problems

We note that the asymptotic counting problem in Theorem[12.13|for ¢ and —a
are equivalent (by simply changing the sign of one column). So let us as-
sume a > 0. We define the set

V = {M € Maty(R) | det(M) = a} = SLa(R) x SLa(R)/Agy,, (),

where Agr,,r) = {(9,9) | g € SLg(R}. In fact G = SL4(R) x SLq(R) acts on
matrices M € V via
(91,92)-M = g1 M g5 "

Then, if My = &al,
Sta,bg(Mo) = ASLd(R)

and transitivity is easy.
Next we outline the proof that

V(Z) = {M € Mat(Z) | det M = a}

is a finite union of I" = SL4(Z) x SL4(Z)-orbits. Let M € V(Z) be arbitrary.
Applying elements of G(Z) to M correspond to certain types of row and
column operations on M. Indeed using the elementary unipotent matrices
of SL4(Z) we can add any multiple of a row (or column) to any other row (or
column). Similarly we may permute rows and columns (potentially switching
the sign of one of them).

These steps allow a type of Euclidean algorithm: Assuming that the top
left corner is already the smallest nonzero entry of absolute value we may
either reduce the remaining entries on the first row and column to zero or
produce a smaller entry. Hence eventually we create a block matrix with a
nonzero entry in the top left corner, zeroes on the remainder of the first row
and column, and some matrix in the lower right block. We may repeat this
procedure and arrive at a diagonal integer matrix. As there are only finitely
many integer diagonal matrices with determinant equal to a the result follows.

As V(Z) is a finite union of I'-orbits it suffices to establish the counting
result for each individual I'-orbit.

12.5.2 Finite volume assumptions

We now check the standing assumptions of Section [[2.3] that both homoge-
neous spaces appearing there have finite volume.
By Theorem I' is a lattice in G, i.e. X = G/I has finite volume as

required.
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By the argument in the previous section it suffices to study the counting
problem for I'M where M € V(Z) is a diagonal matrix. This defines our
second group

H = Stabg(M) = {(g9,h) | g,h € SLq(R) and h = M~ *gM},

which clearly is isomorphic to SL4(R). In this isomorphism I'NH corresponds
to {g € SL4(Z) | M—tgM € SL4(Z)}. The latter is a finite index subgroup
of SL4(Z) (one way to see this is to note that it contains the congruence
subgroup {g € SL4(Z) | a divides g — I'}), which implies that H/(I' N H) has
finite volume as required.

12.5.3 Proving the Equidistribution

The main dynamical assumption in Section (see Section is the
equidistribution of gHI' in X = G/I" as gH goes to infinity in G/H. The
argument is similarm to that used in Section (and hence also to the
arguments in Section and in Section. We will not repeat the ‘mixing
argument’, but will instead discuss the technical requirements that make it
work.

For these preparations we set Hy = Agp,, (r)-

Lemma 12.14. Let A < SLy4(R) denote the full positive diagonal subgroup,
and define B
A={(a,a™t)|ac A},
K =8S0(d)(R) x SO(d)(R).

Then G = K AH,.

PrOOF. Multiplying (g1, g2) € G on the right by (g5 ', 95 ') € Hy we see that
it is enough to study elements of the form (g, I) for g = g1g5 * € SLq(R).

Let g = kyaks be a K AK decomposition of g, and let a; € A be a square
root of a. Then

(91,92) € (9, 1) Ho = (k1a2k3 ) Ho = (k1, k3 V) (ar, a7 ) Hy € K AH,

as required. O

If we now consider a sequence (g,Hp) going to infinity in G/Hp, then it

is clear that we may replace g, by kpa, € KA. As K is compact, we may
suppress the elements k,, € K (see the beginning of the proof of Theorem
on p.|369) and consider simply the case

T This is not a coincidence, as both are special cases of the class of affine symmetric spaces.
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a\,:HO —r 0

in G/Hy, with a, € A.

Moreover, we may assume that a,, = (a,,a, ') is chosen so that the diag-
onal entries of a, are monotonically increasing. To see that this is possible,
notice that if some @ = (a,a™') does not have this property, then we may
find a permutatiorﬂ matrix g € SLg(R) so that gag~! has increasing diagonal
entries. With this matrix we may then consider

aHo =a(g~', 97" )Ho = (97", 9~ )9, 9)alg", 9" ) Ho € KbHy,
where b € A now has the required property. As before, we may treat
(g hg ek

as part of the test function in the desired equidistribution result and simply
continue working with bHy. We will write A* for the set of pairs (a,a™!)
where a has increasing diagonal entries.

Lemma 12.15. Let N < SL4(R) be the upper-triangular unipotent subgroup,
and let _
N = {(nin}) | n1,ns € N}.

Then NEHO contains the identity in its interior.
Proor. We have
Lie Hy = {(v,v) | v € s14(R)},
Lic A = {(h,—h) | h diagonal , tr(h) = 0},

and Lie N is the direct product of the upper and lower nilpotent triangular Lie
subalgebras of sl4(R). It is easy to see that these subspaces are transversal,
and their dimension sums to the dimension of the Lie algebra of G. The
lemma follows by the inverse function theorem. O

Theorem 12.16. gHI equidistributes in X = G/I" as gH — oo in G/H.

SKETCH OF PROOF. Here H = Stabg (M) for a general (or diagonal) ma-
trix M € V(Z). As we may assume that a > 0, we see that a'/¢M € SL4(R)
which shows that H is conjugate to Ho = Agy,,(r) via the element

g=(I,aYM).

It follows that
HI'= gHgI,

T In which we will allow one entry to be —1 in order to ensure that det(g) = 1.
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and it is enough to show that gHygI" equidistributes as gHy — oo in G/Hy.
By Lemma we may safely assume that g = ka with @ € A, and even
that g =a € A™T.

Let x > 0 be arbitrarily small, and choose K C HygI" such that

muygr(K) > (1 — k)mugr(HogD).

Fix f € C.(X) and & > 0, and choose ¢ > 0 smaller than the injectivity
radius on K and small enough to ensure that

d(z1,22) <6 = |f(z1) — f(z2)] < e

Set P = NA and let B = BF be the d-neighborhood of I € P. Now
replace HoglI first by K and then by BK, use the mixing property (Theo-

rem , use the fact that g, = a,, € AT contracts N, and deduce the proof
of the theorem. O

12.5.4 The Asymptotics of volumey (BY,) and
Well-Roundedness
Clearly for any a > 0 there is a bijection
V= {M € Matdd(R) ‘ det M = a} — SLd(R),

obtained by multiplying by a~'/¢. Thus it is sufficient to study the volume
of ‘balls’ in SL4(R).

Proposition 12.17 (Asymptotics of balls in SL;(R)). The asymptotic
growth in the volume of balls in SLq(R) has the form

mgr,w) ({9 € SLa(R) | [lg]l < R}) ~ caRM=Y for some cq > 0.

Corollary 12.18. The set By = {g € SL4(R) | ||g]| < €'} are well-rounded
in the send of Section [12.3.3

The proof of Corollary [12.18]is very similar to that of Lemma [12.12] and
is therefore left to the reader.
We normalize the Haar measure on SLy(R) by giving the definition

mSLd(R)(B) = Mpa2 ({tb | t e [0, 1],b S B})

for any measurable B C SL4(R).

PROOF OF PROPOSITION FOR d = 2. Strictly speaking, we do not
need to give a new proof of the result as it is essentially also contained
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in Lemma (and the connection between the Haar measures on SLy(R)
and H). However, as the proof of Proposition [12.17| for d = 3 below uses a
more complicated version of the following calculation, we include the d = 2

case here.
We define B = {g € SLa(R) | ||g]| < R}. As mentioned above,

o) (4o

dvp dep dr dt,

mste) (Br) = mas ({tg | 9 € Br.t € 0.1)= | 1 / " / - / | det <k¢ (

(o) (1)

Ay dep dr dt,

where we used the K AK decomposition to parameterize
r
kg ( rl) ky € SLa(R),

the parameter Ry > 1 is chosen so that y/R3 + REQ = R, and the 2 x 2

matrices in the determinant above are the partial derivatives of this parame-
terization, and these should be converted into ordinary 4-dimensional vectors
before the determinant is taken. This calculation leads to

1 2 T Ro r 1 —_r —7“71
mSLZ(R) (BR) :/(; t3 dt/ov d(ZS/(; d'l,[)/l det <’I°_1 7’_2> det <7’_2 r ) dr

by taking the factor ¢ out of the determinant, noticing that the matrices kg, ky
on the left (respectively, right) appear in each matrix and hence do not affect
the total determinant, and by splitting the resulting determinant into the
determinant of the diagonal (respectively, the determinant of the off-diagonal)
entries. Thus

msr,®)(Br) /RO 2r~! (7“2 — 7’72) dr
o<(1R371)+(R5271)~R3~R,
which shows the proposition. O
PROOF OF PROPOSITION FOR d = 3. We set K = SO(3)(R) and let

Usopr—kye K

Page: 389 job: VolumeIII macro: svmono.cls date/time: 15-Dec-2016/17:58

1
’f'_1> k¢,tk¢ < —7"_2) k»¢,, 1 -

Need to check order
of variables in inte-
gral; should pair up
in layers

Surely Ry can’t be
allowed to be small?



390 12 Mixing and Counting
be a piecewise smooth parameterization, and write

1
Qryry = T2
1/’/"17“2

As in the case d = 2, we have
msLy(r) (Br) = mro ({tg | g € Br,t € [0,1]})

/ /(T2,T2 €SRr ~/¢EU /z/;eU

det (/ﬂ¢arl T k’/’ s tk¢5r1 arl R kw s tk¢5r2 arl T k‘w s
t(5¢.1 I{Z(z,arl T2 k‘:}p, tk‘d,an T2 6¢I€fp) d’l/J d(b d’l"l dTQ dt,

where

SRZ{(T17T2)€R2|7‘12T22 >0and /7% + 12 + 12§R}_

172 rfrz
The integration with respect to ¢ produces the factor %.

Just as in the case d = 2, the main interest arises from the integration
over (ri,72) € Sg. There are, however, some differences between the two
cases. Firstly, the domain Sg is more complicated, and for part of the calcu-
lation we will slightly simplify this domain by using the set

S’;:{(rl,rg)eR | > 7"2/”7,2 >0 and /7% + 73 < }

Secondly, the paramaterization of K does not have a constant Jacobian

de

(@) d(k-)«(mg)’

and as we do not care about scale factors like my (K) we instead concentrate
on the distortion of measure in moving from [0,1] x K x Sg x K to R%. We
do this by working with the left-invariant vector fields

010 001 000
Kyt = -100|,k = 000] k" =(001
000 ~100 0-10

for ¢ € U instead of the partial derivatives with respect to ¢1, ¢2, ¢35 (and
similarly 11, %2,3). This makes the determinant function invariant under ¢
(respectively, under 1) since each of the matrices in the determinant again
has k4 on the left and £, on the right. This gives
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mSL3 (R) = / | det (a”f’l sT20 6’!’1 a7-1 ,T2 57'2 aT‘l ,T2 ua’!'l ,T2
Sr
VQry,ryy Whry g Qry ry Uy Ay ry U,y arlﬂ“Qw) | drqdrs.

As before, each matrix a,, ,, and so on should be thought of as a 9-
dimensional vector, so that we can take the determinant of the resulting 9 x 9
matrix. The matrix has block form, with

0 1 0
Ary,ry = T2 76T1 Ary,ry = 0 76T2aT1>T2 = 1
1/rire —1/rfrs ~1/rir3

forming one 3 x 3 block, and

] 0 0
Uy, .y = | —T1 yOry b= =72 0 0|,
0 00 0 00
respectively
0 0 1/7‘17‘2 0 0 1
Vpy ry = 00 0 y Ay rp U = 0 00],
—T1 0 0 —1/’/‘17“2 00
respectively
00 0 0 0 0
Wy, =0 0 1/rire | ,ap r,w=10 0 T
0-ry 0 0—1/rir 0

the other three 2 x 2 blocks. This allows us to calculate the determinant
without too much pain, giving

3 1 1
B V@2 (22— ) (12— ) dr i
msLa®)( R)O(/SR (mrg) (1 T2)<T1 r2r3 2 r2rs rar
—_————

~r?

. 1 2 1 2 3
Notice that 75 0 as rp — 00, S0 we may replace r{ — 2 by r{ without

affecting the asymptotic behavior.
As mentioned earlier, the original domain of integration is difficult to work
with, so we instead consider the set Sg (which is only slightly less annoying).

Denote by B; D Bpg the set corresponding to SA’I;, and calculate

—~ r 1
msL,(®)(Br) ~ /N = (r} —13) (7“5 - 22) drydry
Sr T2 rir3
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by splitting Sg into the triangle-like region

1
{(7“1,7”2) |11 =219 > —— >0and r <
ri7r2

Sil=
——

and the region

1 R
{(7’1,7“2)|7‘1 >ro > . > 0,71 > ﬁ’ and \/r? + 73 gR}.

This gives

ML, (R) (E;g) ~ (acalculation)R®.

Recall that Br C B}. However, for any x > 0 we also have ER_K C Bg for
all sufficiently large R. Therefore, mgy,r)(Br) has the same asymptotics,
giving the proposition. O

12.6 Computing the Volume of 2 and 3

In this section we will describe a method for calculating volume(d) without
actually finding a fundamental domain for SL4(Z) < SL4(R). Of course the
answer depends on a normalization of the Haar measure on SL4(R). Both the
normalization and the method to find the volume work inductively.

Theorem 12.19 (Volume of 2). Normalize the Haar measure on SLa(R)
by setting mgsr,r) = mna X mg in the NAK coordinates, where my (K) is
the Haar measure on K = SO(2)(R) with myg (K) = 27 and my 4 s the left

Haar measure on NA = H discussed in Section (1.2l Then volume(2) = %2

Theorem [[2.19] can also be deduced from the Gauss—Bonnet formula in
hyperbolic geometry (see [?] for the details), but we will give an independent
proof based on Section Using the same kind of argument in higher
dimensions gives the following result.

Theorem 12.20 (Volume of d 4+ 1). For d > 1 define the subgroup

H= {(é;’) ggSLd(R)weRd}.

Assume by induction on d that mgy,,r) has been defined. Using the Lebesgue
measure on R? (and Lemma this defines a mormalization of the Haar
measure My = Mgy, (r) X Mgd. Using the identification

V =SLi(R)/H = RIN{0},
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normalize mgy,, ,(r) to be compatible with the Lebesgue measure on R+,
Then we have volume(d + 1) = {(d 4 1) volume(d).

The standing assumption in Section were that
volume(G/I')

and
volume(H /"N H)

were both finite. This follows in the case at hand from Theorem [[.1§ and the
fact that the unipotent radical

() eemy

intersects SLy(Z) in a lattice.
The dynamical assumption of equidistribution of gH I in

X=d+1=G/r

for G = SLg11(R), I' = SLg11(Z) and gH — oo in G/H is easy to estab-
lish — where it is true. In order to do this, we again need to exploit two
decompositions of G.

Lemma 12.21. Write
K =S0(d+1)(R)

()

e
a/1:< el/dI> GA
Ga{<1 )UERd}.
1 vl

Then G, AH contains I in its interior.

and

Then G = KAH.

Lemma 12.22. Let

and

Theorem 12.23. gHI' equidistributes on average as gH — oo in G/H.

OUTLINE OF PROOF. (1) By Lemma [12.21] it is sufficient to consider the

case gH = a;H where
et
ay = ( et/dl) EA
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with [¢| — oo.

(2) Notice that taking ¢ < 0 in a; corresponds to non-zero elements in the

unit ball of R?*!, and that the unit ball has finite Haar measure on

G/H = R¥™!\{0}

(since the Haar measure coincides with the Lebesgue measure). As a result
we may ignore the case t - —oo in the equidistribution claim sought.
(3) The remaining case t — co may be carried out as in Theorem [12.16, O

The geometric hypothesis that the sets
B; = B(Dﬁd ={ve R | |lv|| < e'}

are well-rounded is easy to check (see Exercise [12.6.4]).
Proor or THEOREM [12.20l For d = 2 we have

a={("})}

and volume(H/I' N H) = 1. Furthermore, notice that

SLy(Z) (é) =(2*)" ={neZ?|ged(n) =1}.

Hence '
(@) BY

I =
R 1R? ma(2)

by (12.8). By Exercise [12.1.1| we also know that
(@) BY

lim =

R—o0 7TR2 4(2) ’

which implies that m2(2) = {(2).
For d > 2 we have

volume (H/I' N H) = volume(d)

and i
SLa(Z)e1 = (Z%)" = {n € Z* | ged(n) = 1} .

Combining and Exercise [12.1.1| we get once more

* d
‘ (z%)" N By 1 volume(d)

1' = =
RSs  ViRy C(d) ~ volume(d + 1)

(12.13)

(12.14)
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which gives the theorem. O

We leave the details of the arguments above to the exercises below.

Problems for Section [12.6

Exercise 12.6.1. Prove Lemma [[2.21]
Exercise 12.6.2. Prove Lemma [[2.22]
Exercise 12.6.3. Prove Theorem [[2:231
Exercise 12.6.4. Prove that the sets
By = B% = {veR?| o] <ot}

are well-rounded (see )
Exercise 12.6.5. Prove for d > 2.
Exercise 12.6.6. Prove that

Ngr = |{W < R? | dim(W) = m, W is rational, and (W NZ%) < R}|
has an asymptotic of the form Np ~ cR<.

Query: An asymptotic count where mixing is not sufficient, then some
other applications: Jens Marklof ? McMullen on v/n mod 1

Notes to Chapter 12

(38) (Page The error term N(R) —mR? was shown to be bounded above by 2v/27R by
Gauss. Hardy [?] and Landau [?] found a lower bound for the error by showing that the
error is not o(RY/2(log R)1/4). Tt is conjectured that the upper bound is OS(R%""?). The
power of R must be at least % by the lower bound of Hardy and Landau, and has been
shown to be less than or equal to % by Huxley [?].

(39) (Page For the history and primary references of these developments we refer to
the paper of Phillips and Rudnick [?].

(40) (Page This was shown by Witt [?], and a modern treatment may be found in the
monograph of Elman, Karpenko and Merkurjev [?].
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Chapter 13
Diophantine Approximation

In this chapter we want to explore the rich interaction between homogeneous
dynamics and Diophantine approximation. We will start by proving some
relatively old and quite easy theorems using this connection (which is known
as the Dani correspondence), and work our way up to more recent and more
difficult theorems. As usual we will not attempt to be exhaustive, but will
try to give a flavor of the methods and the type of results.

13.1 Dirichlet’s Theorem and Dani’s Correspondence

We start with a classical result on simultaneous Diophantine approximation.
In stating this we will write 2 for the vector (B2); if p = (p;); is a vector

and ¢ € N. !

Theorem 13.1 (Dirichlet’s Theorem [?]). For any v € R? and any inte-
ger Q there exist an integer ¢ with 1 < ¢ < Q, and an integer vector p € 74
with

P

4IRS

1
v — -,
H qQ

THE CLASSICAL PROOF OF THEOREM [13.1} Consider the (Q? 4 1) points
0,v,...,Q% (mod Z%) (13.1)
as elements of T¢ 2 [0, 1)%. Now partition [0, 1) into the Q intervals
—1
)a [éa %)a ety [%7 1)7

and correspondingly divide [0,1)¢ into Q% cubes with sides chosen from the
partition of each of the d axes. By the pigeonhole principle (which is for this
reason sometimes called Dirichlet’s principle(41)) there exist two integers k, £

[0,

Q=

397

Maybe we should
also mention
Artin and Cassels
Swinnerton-Dyer
who probably used
this connection to a
lesser extend before
Dani



398 13 Diophantine Approximation

with 0 < k < ¢ < Q¢ such that the points kv and fv considered modulo Z?
from (|13.1)) belong to the same subcube. Letting ¢ = £ — k gives

lgv —pll < &

for some p € Z? as required. O

Our first connection between Diophantine analysis and homogeneous dy-
namics concerns the following notion.

Definition 13.2. Fix A € (0,1]. A vector v € R? is called \-Dirichlet im-
provable if for every large enough ) there exists an integer ¢ satisfying

1
<A—
o0 qQ

for some p € Z%. A vector is simply called Dirichlet-improvable if it is -
improvable for some A < 1.

1< qg<AQ? and Hv—%

(13.2)

In order to describe the correspondence between this notion and homoge-
neous dynamics, we Writeﬂ Ay = uy, Z4t! where

_ 1
Uy = <U Id) )
- (Q
”( wﬁ'

Proposition 13.3 (Dani correspondence). Let v € R4, Q > 1, and A
be given with 0 < A < 1. Then there exists an integer q satisfying if
and only if the lattice in R corresponding to g/, intersects [—A, P\
non-trivially.

and

PROOF. Suppose that the integer ¢ satisfies (13.2)) for some p € Z¢. Then the

vector
( : >:<10)(Q)GAU
qu —p vl —p

belongs to the lattice corresponding to v, and

q
9qQ <qv _p) S gQAv

satisfies

T Most of the research papers concerning the interaction between homogeneous dynamics
and Diophantine approximation use the description X = G/I" instead of X = I'\G, so we
will adhere to this tradition here.
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13.1 Dirichlet’s Theorem and Dani’s Correspondence 399

HgQ (qvq_p> HOO = max (|¢Q "], Qllqv — plle) < . (13.3)

Now suppose on the other hand that there is a non-trivial vector

( 4 )eAU
qu —p

satisfying (13.3). We claim that ¢ # 0. Assuming this for the moment, we

may also assume that g is positiveﬁl7 and then ([13.3) is equivalent to ([13.2)).
To prove the claim, suppose that ¢ = 0. However, in this case (|13.3))
becomes

0
o (7)| =t <a <

which forces p = 0 since Q > 1. This contradicts our assumption that (q (i )

is non-trivial, which proves the claim and completes the proof.

This correspondence allows Dirichlet’s theorem to be proved using homo-
geneous dynamics.

PrROOF OF THEOREM [13.1| USING DYNAMICS. Set A = 1 in Proposition [13.3

and notice that any unimodular lattice in R?*! has to intersect [—1,1]%+! by
Theorem [L14 t

Using ergodicity of the dynamics of

e—dt
@ = etId

on d+1 = SLg41(R)/SLg41(Z) we can prove the following, recovering a
result of Davenport and Schmidt [?].

Corollary 13.4. Almost no vector v € R? is Dirichlet-improvable.
PROOF. Let A € (0,1) and define the open neighborhood
Or={Aed+1|AN[-\A"" = {0}}

of Z3*1. Furthermore, let O), € Oy be a non-trivial open subset with 073\ -
O,, so that in particular the Hausdorff distance

e =d( S\,dJr 1NO,y)

from O} to the complement of Oy is positive. By Exercise [2.3.7, almost
every v € R? has the property that the a;-orbit of A, = u,Z% " is dense.

T For otherwise we may replace q b; 4 .
v rep qu — p Y —qu+p
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Now let ¢ > 0 be very large and such that a;-A4, € Of. We set Q = |e'| and

deduce that i
_ Q%™
9Qay b= ( Q- letI,

is very close to I4y1, in particular d(gQa;l,I) < ¢ for sufficiently large t.
From this we conclude that

9oy = gQat_latAv € O,.

By Proposition there is no integer ¢ satisfying (13.2)) for Q. It follows
that v is not A-Dirichlet improvable.
Applying thisto A =1 — % gives the corollary. O

A general theme in the theory of Diophantine approximation is to try and
show inheritance of Diophantine properties on R? to submanifolds, or even
more generally to fractals(*?). We will simply prove a few sample results in
this direction. The following is a corollary of the quantitative non-divergence
result Theorem and is a special case of a more recent result of Weiss.

Corollary 13.5. For d > 2 there exists some Ao € (0,1) such that almost
no t € R has the property that

is Ao-Dirichlet improvable.

For the proof we will need the following geometric input regarding the
dynamics of gg on R4HL.

Lemma 13.6. Let W C R4t be a k-dimensional subspace, and let
c=d(er, W) = inf fler —wl| >
If wy,...,wg € W is an orthonormal basis of W then
lgQui A+ A gquil| > Q"

PROOF. Let w; = g;e1 + w} with g; € R for ¢ = 1,...,d. Clearly

k
wl/\---/\wk:wi/\~--/\w§€+25iw’1/\---/\61/\---/\w§€. (13.4)
=1 with e in place of w)
We calculate the norm using the fact that e; is normal to wi,...,w), the

identity (13.4), the fact that [Jwy A --- A wy|| =1 to obtain
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[wh A= Awp |l = ller Awy A Awi]

=llesAwi A~ Awg||=c-1
since the distance from e; to W is c. We now apply the map gg to get

lgowi A+ A gouel® = llgowi A -+ A goui ||

2

k
+ H Zsngwll A--rgger A gouy,
i=1
> Qe
where we have used the fact that
9oy A+ A goui = Qwy A+ Awj,
is orthogonal to the sum. O

PROOF OF COROLLARY [I3:5] We set n = 1 and wish to apply Theorem [£.9]
on d+ 1. We will define the precise polynomial for the application of Theo-
rem below, but for now let us agree that this will be a modified version
of the polynomial

1

mo= (b )= |
td 1

so that the parameter D in Theorem [£.9] is already determined. By that
theorem, and the equivalence of the norms || - || and || - ||, on R¥+!, there
exists some € > 0 so that for any polynomial p(t) (with the same D as pg)
satisfying
sup (V,T) > 1 (13.5)
te[0,T]

for all rational subspaces V C R< has

St e 0,71 | p()z* ¢ 0.)] < (136)

1
5
Now assume that the corollary is false for \j = . Then

DT, = {t € R| v(t) is e-Dirichlet improvable}

must have a Lebesgue density point. In particular, there exists an inter-
val [a, 8] C R such that

1 9
1 Ty : 9
i a I{t € o, B] | v(t) is e-Dirichlet improvable}| > 10
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Using the definition of e-Dirichlet improvable (and the basic property of mea-
sures), we find some (o such that

] w

1
7 a [{t € [o, B] | v(t) satisfies (13.2]) with A = ¢ for every Q > Qo}| >

. . 1 . .
Using the matrix po(t) = (v(t) I ) and Dani’s correspondence (Proposi-
d
tion [13.3)), we can also phrase this as

(13.7)

>

o [{ € [0 8] gomolZ ¢ Q. for every Q > Qo}| >

To get a contradiction to (13.6)), we have to show the assumption (13.5)) for

p(t) = gopo(a +1)

and T =0 —a.
Now assume that (13.5)) does not hold, meaning that for every Q > Qo
there is a rational subspace Vi C R? with

sup (Vo,t) <1,

where we are using gop(t) for the definition of (Vg,t). This implies that

sup (Vo,t) <a,p L.
t€(0,1]

We set t = £, W = p (%) V and obtain
d(e1, W) < llgqui A+ A gouill = (Vo, §) <ap 1
from Lemma Applying po (é)fl, this gives
-1 _
d(po (3) " e1.Ve) <as Q! (13.8)

for i = 1,...,d. However, the vectors pg (%)71 e; for i =0,1,...,d are lin-
early independent (see Exercise [13.1.2)), and for large enough @ the condi-
tion (13.8)) forces Vi = R4+ (see Exercise [13.1.3)). Since

(RdJrl’ t) =1

this contradicts our choice of Vi, which proves ([13.5)) for large enough @ and
gives a contradiction between (13.6]) and (13.7). O
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Using unipotent dynamics (Ratner’s measure classification and the full
force of the linearization technique) Shah significantly strengthened Corol-
lary [13.5] giving in particular the following result.

Theorem (Shah [?]). Let d > 2. Then almost no ¢ € R has the property
that

is Dirichlet improvable.

This result is a consequence of a more general equidistribution theorem, a
special case of which is the following.

Theorem (Shah [?]). Let d > 2,let I C R be a non-trivial compact interval,
and let u; be the image of the Lebesgue measure under the map

I>t—s (U(lt) Id) AR

Then
(9@)* Hr — Mg41

in the weak * topology as Q — oo.

Exercises for Section [13.1]

Exercise 13.1.1. Show that there exists some Ag € (0, 1) such that if v € R is Ap-Dirichlet
improvable, then v € Q.

Exercise 13.1.2. We let v; = p(i/d)"les for i = 0,...,d. Show that these vectors are
linearly independent in R%+1,

Exercise 13.1.3. Let W C R9t! be a subspace and let v; for i = 0,...,d be a basis

of R4t1. Show there there exists some € such that if d(v;, W) < e fori =0,...,d then W =
R4+1,

Exercise 13.1.4. A vector v € R? is called singular if v is A-Dirichlet improvable for
all A € (0,1). Prove that v is singular if and only if

1 d+1
at (’U Id) Z

Exercise 13.1.5. Show that Shah’s equidistribution result implies the result on Dirichlet
improvability, where in fact it would suffice to know that

diverges to oo as t — oo.

1 T
7/ (at)* prdt — mgqq.
T 0
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Exercise 13.1.6. In this exercise we discuss one idea in the work of Shah, revealing the
connection to unipotent dynamics which is not immediately apparent. We assume that the

derivative of
t

u(t) =
td
is non-zero on I, and choose a continuous map

I>t— k(t) € SLa(R)

such that e1 k(t) = v/(t). We now modify the measure p; and define 117 to be the normalized
image of the Lebesgue measure under the map

1 1
e (M) (b ) 2

(a) Prove that any weak*-limit of (a¢), us as t — oo is invariant under the action of

(;iza)'

b) Show that if (at), 7 converges along a subsequence to mgy1, then (at), ur also con-
* *
verges to mq41.-

Exercise 13.1.7. Show that ms3 is the only probability measure that is simultaneously
invariant under the action of {a; | ¢ € R} and the action of
U= 11
1

Combine this with the result in Exercises 113.1.6| to obtain the special case d = 3 in
the Theorem of Shah on Dirichlet improvability on page |403]

13.2 Well and Badly Approximable Vectors

Let us note an immediate corollary of Dirichlet’s theorem (Theorem [13.1)).

Corollary 13.7. For any v € R? there are infinitely many p € Z¢ and inte-
gers q = 1 with

AR

Definition 13.8. A vector v € R? is called well-approzimable if, for every e >
0, the inequality

uH <o (13.9)
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13.2 Well and Badly Approximable Vectors 405

has infinitely many solutions p € Z¢, ¢ > 1. A vector v € R? is called badly
approximable or BA if there exists some € > 0 such that the inequality (13.9)
has no solution.

Recall from Section [I[3.1] the notation

e—dt
G = etId

_ (1 d+1
e ()

Proposition 13.9 (Dani’s correspondence). A wvector v € RY is well-
approximable if and only if the forward orbit

1
{at (v Id) z > 0}

is unbounded (that is, has non-compact closure in d+ 1), and is badly ap-
proximable if and only if the forward orbit is bounded (that is, has compact
closure).

and

PROOF. Suppose that v is well-approximable, € > 0, and p € Z%, ¢ > 1 have
the property (13.9)). Then

q 6/1 — 1 ZdJrl
qu—p Yoo\v g

is a non-trivial vector, and we may choose ¢t > 0 with
etdg — £1/2
and so we also have

€ _1
llgv = pllo < 7 =< e

ety
(et(qv - p))
of length < £'/2. As ¢ > 0 was arbitrary, Mahler’s compactness criterion
(Theorem [1.17)) shows the orbit is unbounded.

Now suppose that the orbit is unbounded, let ¢ € (0,1) and suppose
that a; A, for t > 0 contains a non-trivial e-short vector, say

<et(il_vt?p)>
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H (et (eq;td—qp)>

Notice that if ¢ = 0 then we would also have p = 0. Hence ¢ # 0 and we may
therefore suppose that ¢ > 1. We have e t¢'/¢ < /¢ and e!||quv — p|| < €, so
by taking the product we show (with e replaced by elta).

The argument above also implies the Dani correspondence for badly ap-
proximable vectors. O

with

L e

’ (o9}

The following is immediate from Dani’s correspondence and Exercise [2.3.7]
(but see also Exercise [13.2.1] for a deeper result in this direction).

Corollary 13.10. Almost every v € R? is well-approzimable.

W. Schmidt proved in [?] proved that the set of badly approximable vectors
has full Hausdorff dimension in R?. For this purpose he invented a type of
game, now known as a Schmidt game. We refer to the more recent papers
of Kleinbock and Weiss [?] and McMullen [?] on the details for this game,
more recent modifications and connections to dynamics, and Diophantine
approximation.

Exercises for Section [13.2]

Exercise 13.2.1. Show that the equidistribution theorem of Shah on page [403] implies

that the vector
t

4

is well-approximable for almost every t € R.

Notes to Chapter 13

(41)(Page While this principle — in this finite form particularly — must date from
antiquity, Dirichlet [?] seems to have been one of the first to use it in a formal way with
this kind of application in mind, calling it the Schubfachprinzip (drawer or shelf principle).
(42) (Page We will not discuss this more general framework concerning the inheritance
of Diophantine properties to ‘sufficiently curved smooth manifolds’ and simply mention
here some of the key developments. Davenport and Schmidt [?] showed that almost every
point of R? is not Dirichlet-improvable and later showed in [?] that almost every point on
the curve (t,t%) is not (1/4)-improvable. Baker [?] extended this to the same statement
for almost every point on a sufficiently smooth curve in R?, and to almost every point
on a sufficiently smooth curved manifold by Dodson, Rynne, and Vickers [?]. Bugeaud [?]
extended the result to the specific curve (¢,t2,...,t%). Kleinbock and Weiss [?] used the
correspondence introduced by Dani [?], [?] and the machinery of Kleinbock and Margulis [?]
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to formulate some of these questions in homogeneous dynamics, and the argument used
for the proof of Corollary is the argument used in [?]. We refer to a paper of Shah [?]
for more details on the background and for another direction of similar results for curves
that do not lie in translates of proper subspaces.
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13.3 Khintchin’s Theorem and Homogeneous Dynamics

definition and discussion of Diophantine exponent

13.4 Higher-rank Phenomena

Littlewood’s conjecture, almost every point on the middle third Cantor set is
well-approximable but not Dirichlet improvable

13.5 Diophantine Approximation on Quadratic Surfaces

new work of Kleinbock et al.
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Chapter 14
Oppenheim’s Conjecture

Conjecture 14.1. Let @ be a non—degenerateﬂ indefinite quadratic from in d >
3 variables. Then either

e \Q € Zxy,...,xq] for some A € R — in which case @ is said to be rational
— and Q(Z%) is discrete in R; or

e \Q ¢ Zxy,...,xq) for all A € R — in which case @ is said to be irrational
— and Q(Z?) is dense in R.

Remark 14.2. (a) Conjecture should be compared to the case of a linear
form L : RY — R, where a similar dichotomy holds (and is easy to show; see

Exercise [14.0.1)).

(b) It is clearly necessary that Q be indefinite, since otherwise Q(Z9) is always
discret

(¢) The assumptions that d > 3 and @ is non-degenerate are also necessary
because of badly approximable numbers. For example,

Q(z.y) = (z+ V2y)(z +y)
is irrational and satisfies
Q(Z*) N (0,e) =@
for some € > 0. To see this, notice that
(@ + V2y) (& = V2y)| = [2° = 2% > 1

unless x = y = 0. If Q(z, y) is small but non-zero for integral =, y, then z+y #
0 and so again |z 4+ y| > 1, and hence z + v/2y must be small. In that

T This will be defined precisely later, but for now take it to mean that Q really involves
all d variables in an essential way.

¥ Though in the positive-definite case it is conjectured that Q(Z?) should become more
and more dense as the values it takes on become large, but this is unknown.

409
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case |& —+/2y| and |x +y| are both approximately || (Zj) I, which proves the
claim.

(d) As the rational case is easy, we will assume that @ is irrational.

Raghunathan’s conjecture (Theorem was motivated by Oppenheim’s
conjecture and the following connection between the two. Suppose that
the SO(Q)(R)°-orbit of the point SL4(Z) (corresponding to the lattice Z9)
in X = SL4(Z)\ SL4(R) is dense in X, then Q(Z%) C R is dense also by the
following argument. Notice that

Q(Z7) = Q(hZ?)

for any h € H = SO(Q)(R)® and so this closure must contain Q(v) for any v €
R?, because any v € R? can be extended to some unimodular lattice I", and
then there is a sequence (hy)r>1 in H with hyZ% — I' as k — oo. This shows
that there is an integral sequence (ng)g>1 in 7% with hgne — v as k — o0
and hence with Q(nx) — Q(v). In particular, this argument shows that

Q({n = (n1,n2,n3) € Z3 | ged(ny,na,n3) = 1}) =R (14.1)

(see Exercise [14.0.2)).

Another reduction will be useful for us.

Lemma 14.3. If Q is a non-degenerate, indefinite, irrational quadratic form
in d > 3 variables, then there exists a rational 3-dimensional subspace V C R?
such that Q|v, once expressed in a rational basis of V, is non-degenerate,
indefinite, and irrational.

OUTLINE PROOF. Since @ is non-degenerate and indefinite, we can find 3
vectors vy, ve, v3 with |Q(v;)] = 1 for ¢ = 1,2,3 but with Q(v1), Q(v2), Q(vs)
not all of the same sign. Moreover, we can also require them to be orthogonal
in the sense that

(vi,v5) = 3 (Qvi +v;) — Q(v;) — Q(v;)) = 0

if i # j. This implies that Q|(y, v,,04) is non-degenerate and indefinite. How-
ever, as both non-degenerate and indefinite are open conditions (that is,
expressible using strict inequalities on values of continuous functions) the
same must hold for any 3-dimensional subspace with a basis {w1,we, w3}
that can be chosen close to {v1,v2,v3}. We indicate now how to find such a
basis w1, ws, w3 € Q3 so as to ensure that the restricted quadratic form is
irrational when expressed in the basis w1, wo, w3.

Choose initially w1, ws, wy € Q3 close to vi,v2,v3, and let a € Q(wy).
If Qws) ¢ Qa let ws = wj and we are done. Otherwise, notice that by
the assumed irrationality there exists some z € Q3 with Q(z) ¢ Qa. Now
define w3 = w§ + ax with « € Q small enough to ensure that ws is still close
to v3 and chosen to ensure that
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Q(ws) = Q(w}) + a2Q(x) + 20 (uh, ) ¢ Qa.
To see that this is always possible, assume that
?Q(x) + 2 (wh, z) € Qa

for all small choices of « € Q. However this assumption implies that Q(x) €
Qa (which contradicts the choice of ) because

a2 2
det (a% 2@;) =2ajan(a; —ag) #0

for distinct non-zero oy, . O

Thus we may (and will) assume from now on that @ is a non-degenerate,
indefinite, irrational quadratic form in d = 3 variables. By Sylvester’s iner-
tia theorem [?] (see Lang [?, XV, Sec. 4] for a modern treatment) there is
some g € SL3(R) for which

Q=XAQoy
with A € R~{0} (a negative choice of A may be used to switch from signa-
ture (2,1) to signature (1,2) if needed) and with

T

Qo(z) =Qo | z2 | =2z123 — x%
T3

Now recall that SO(Q)(R) is locally isomorphicﬂ to SL2(R). For this,
notice that the adjoint action of SLa(R) on sly(R) preserves the quadratic
form det on sla(R). Now choose the basis of sla(R) so that the coordi-
nates x1, T2, x3 correspond to the matrix

i) —2$1
T3 —T2
with determinant 2123 — x3. Using this basis we calculate that
Ad To —211 _ 1s To —211 1-—s
<1 S) T3 —To 1 xr3 —I2 1
1
_ (xg + sz3 —2(71 + T25 + 5223:3))

T3 —(z9 + sx3)

corresponds to the 3 x 3 matrix

T Notice that there are two different finite-index phenomena at work here: SO(Qo)(R)®
has index two in SO(Qo)(R) and SO(Qo)(R)® = PSL2(R), as will be shown later.
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— ®
— o l%

preserving Qo(z) = 2x123 — 22 on R3. Similarly we calculate that
— To + 18 —2x
Ad X To —2T1 _ 2 1 P 1 7
(S 1) T3 —T2 T3+ r28 + 1% —(22 + 215)
2

which corresponds to

% »
P

preserving Qg once again. Moreover,

also preserves @Jg, and this matrix corresponds in the same way to

(et et) € SLy(R).

Let us now prove the earlier claim.

Lemma 14.4. SO(2,1)(R)° is isomorphic to PSLa(R) and is a mazimal con-
nected subgroup of SL3(R).

PrOOF. Sending g € SL2(R) to the matrix representation ¢(g) of the
map Ad, (described above) defines a map from SLs(R) into SO(2,1)(R)°.
For g = —e, we have Ad, = I, so we a homomorphism

¢ : PSLy(R) — SO(2,1)(R)°.

It is easy to check that the map ¢ is proper. Since PSLy(R) has no non-trival
normal subgroup (see Exercise ?7), and the homomorphism is non-trivial,
we deduce that the homomorphism is injective. To show that the image is
indeed SO(2,1)(R)®, it is enough to check that the image is a maximal con-
nected subgroup.

To achieve this, we analyze the finite-dimensional representation

Ady(g) : s13(R) — sl3(R)

of SLy(R). The algebra sl3(R) contains the Lie algebra b of the image H of ¢,
which is generated by the matrices
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14 Oppenheim’s Conjecture 413
010 000 20 0
001],{100],[00 0
000 010 00-2

These have weight 2, —2 and 0 respectively for the Cartan subgroup of SLa(R).
The Lie algebra sl3(R) also contains

001
000],
000

which has weight 4. However, by the finite-dimensional representation theory
of SLy(R), this forces there to be a decomposition

sl3(R) =h o Vs,

where V5 is an irreducible 5-dimensional representation of SLy(R). It follows
that every closed connected subgroup containing H must either be equal to H
or to SL3(R). In particular, we deduce that H = SO(2,1)(R)°. O

Since we have already classified all measures that are invariant under the
action of subgroups locally isomorphic to SL2(R), one might now hope that
we are not far from a proof of Oppenheim’s conjecture (Conjecture [14.1)).
This hope is misplaced. For example, it is not clear how to find even one H-
invariant measure on the closure of an H-orbit

H-z < SL3(2)\SLs(R)

since H is not amenable (see [?, Sec. 8.4] for background on amenability).

Instead...

one should work with a unipotent subgroup of H using rational maps and
entropy arguments along the same lines as used in Section

(Need to return to this)

Alternatively, one can also prove Oppenheim’s conjecture by arguments in
topological dynamics, and this was done by Margulis [?].

Theorem 14.5 (Margulis). Oppenheim’s conjecture holds in d > 3 vari-
ables.

Dani and Margulis [?] then improved the argument to obtain the special
case of Raghunathan’s conjecture.

Theorem 14.6 (Dani and Margulis). With the notation from p.|410, for
any x© € X, either Hr = Hx or H-x = X, and in particular we have (14.1)).

There is one more connection to explain, namely why does the non-dense
possibility H.x = H-.z really correspond to () being a rational form? This
will be discussed in Section 77.
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414 14 Oppenheim’s Conjecture

Exercises for Section [14]

Exercise 14.0.1. Show that every orbit of the map

Ro:T—T

rT— T+

with @ ¢ Q is dense. Deduce that if L is an irrational linear form, then L(Z?) is dense
in R.

Exercise 14.0.2. Give the details of the argument sketched on p. 410} and deduce (14.1)).

14.1 Temporary: SLs(Z) is a maximal lattice

Proposition 14.7. SLy(Z) is a maximal lattice in SLa(R). Moreover, any
subgroup H < SLy(R) that contains SLa(Z) properly is dense.

PROOF OF PROPOSITION Let

ab
go = (C d) S SLQ(R),
and write
r= <SL2(Z)39>

for the subgroup generated by go € SL2(R) and SLa(Z). In the following we
will multiply g = go several times on the left or on the right by elements
of SLy(Z). Modifying ¢ in this way does not change I', and we will abuse
notation slightly by using the letter g = (g;;) for the matrix obtained by
these successive modifications.

Below we will frequently apply ‘division with remainder’ to go; and gos.
Indeed, if n € Z then the calculation

g 1 _ (911 +1ng12 g12
n 1 g21 + ng22 g22

shows that we may apply division with remainder to replace g with

/
r_ (911 9121} _ 1
! (gél 922) ! (n 1)
with the property that [g5,| < 3|g22|. If in this new matrix we have go; # 0
then we may use a similar calculation for

(")
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14.1 Temporary: SL2(Z) is a maximal lattice 415

to similarly reduce go2 in size. There are two possibilities to consider.

CASE 1: If the initial entries ¢ and d in g are incommensumbl(ﬂ then the
division with remainder argument above may be applied indefinitely, with
the size of the go1 and goo entries being rendered smaller than half of the goo
and g9 entries at each stage respectively. In particular, after finitely many
steps we may assume that ||(g21, ga2)| < 1.

CASE 2: If ¢ and d are commensurable, then the procedure stops when one
of the entries vanishes. We may assume without loss of generality that go;
vanishes. If |goo| < 1 we continue to the next step of the proof. Suppose
therefore that go; = 0 and |gaa2| > 1, which forces |g11| = \9521 < 1. Now

notice that
=1\ (911912 _ [ 0 —g2
1 0 go2 g1 g1z )’

If goo = g11 = +1 and g12 € Z then g € SLy(Z) and hence also gy € SLa(Z)
(since all the steps taken involve multiplication on left or right by elements
of SLa(Z) and so are invertible). If |g11] < 1 or |g11] = 1 but g12 ¢ Z, then
the division by remainder argument again leads (after renaming the resulting
matrix) to the situation with [|(ge1, g22)|| < 1.

So now suppose that

g= (g” 912) € SLy(R)\SLy(Z)
921 922

with [|(g21, ge2|| < 1. Applying the M&bius transformation corresponding to g
to i gives
1

S(gl) = ——F——5 >1

() |go1i + g22[?

Let z = iy with y > 1 chosen close to 1. Then $(gz) is close to $(gi) and we
may assume that

S(gz) > S(gi). (14.2)

Now recall that for any discrete subgroup I' C PSLo(R) and point z in the
upper-half plane which is not fixed by any nontrivial element v € I" we can
define the Dirichlet domain (or Dirichlet region)

D, ={ eH|d(7,z) =min{d(z',v(z)) |y € I'}}

which (apart from the boundary) is then a fundamental domain for I" (see [?,
Sec. 11.1]).

Assume now that I" = (go,SL2(Z)) = (g,SL2(Z) is still discrete even
though g ¢ SLy(Z). Then I'; D SLy(Z) is a lattice (since its covolume is
bounded above by the co-volume of SLy(Z), which we know to be finite), and
we may apply the Dirichlet domain construction to the point z as above. As

t That is, linearly independent over Q.
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illustrated in Figure the inequality (14.2]) shows that D, has compact

closure.

N 27

1 2 3N

/—o\ \

5

1
\

|
|
| \
|
|
I

Fig. 14.1 The lines drawn are the boundaries of the usual fundamental domain, and are
also the geodesics consisting of the set of points equidistant from z and ~(z) for various vy €
SL2(Z). The dotted line is the set of points that are equidistant from z and g(z). The
Dirichlet domain D, is contained in the shaded region.

Since I is assumed to be discrete, it is therefore a lattice, and so the
index [I'y : SLy(Z)] must be finite (since this quantity is also the ratio of the
volume of SLy(Z)\H and of I';\H. However, if

I =|JSLy(Z)h;
=1

then

would be a fundamental domain for SL(Z) in H with compact closure.
As SLy(Z)\H is not compact, this is a contradiction.

It follows that L = Fg is closed and not discrete, and so has a non-trivial
Lie algebra [. Since SLy(Z) C Iy, the Lie algebra [ is preserved by Ad,, for v
in SLy(Z). By Borel density (Theorem this implies that [ < sl;(R) and
hence [ = slp(R). This implies that L = SLo(R) since SLy(R) is connected. O
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Lemma 14.8 (Tangent space for non-Archimedean fields). Let k =
F,((s)) be a completion of a global field K|F,(t) with positive characteristic
at a place o, and let V- C K™ be the set of k-points of a variety defined over K,
and suppose that e € V is a smooth point of V.. Then every vy € V sufficiently
close to e is of the form

vo=e+w+ O (jvg—e|s) (14.3)

for some w in the k-tangent space of V' at e. Similarly, for any sufficiently
small wg in the tangent space there exists some v € V with

v=e+wy~+ O (Jwylsy) - (14.4)

PrROOF. We may assume (by translation) that e = 0 and (by applying a
linear map) that the tangent space is given by k? x {0}"~%. By definition of
the tangent space(*3) of a variety, this implies that the ideal # defining the
variety contains polynomials of the form

Ty + (T, ..., Ty) (14.5)

for j = d+1,...,n where f; is a polynomial with no constant or linear terms.
This already implies that any vector

T

Zq
Vo =
Ta+1

Tn

close to 0 must satisfy |z;|, = O (|vo|2) for j = d+1,...,n, which is pre-

cisely (|14.3)).
Localizing the ring R = k|x1, ..., z,] at the ideal (0), we obtain the local
ring

Ry = {5 | f,9 € R,9(0) ;Ao}.

Then the ideal ¢ Ry C Ry is generated by the polynomials in (14.5)).
Therefore, for any vector
T

Tq
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belonging to the tangent space of V' at 0 and sufficiently close to 0, we can

use the relations in (14.5)) to find a vector

x

Zq
Ld+1

Tn

as needed for (14.4).
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Chapter 15
Some Homeless Fragments

15.1 Kazdan’s Property (T)

Property (T), introduced®*? by Kazdan in 1967, is a versatile notion from
the representation theory of locally compact groups that has found applica-
tions in many branches of mathematics. It has a formulation(*®) as a fixed
point property, but we describe only a characterization in terms of unitary
representations. It turns out — though we do not show this — that many Lie
groups with rank at least two (and lattice inside them) have Kazdan’s prop-
erty (T). Thus, for example, SL,, (R) and SL,(Z) have Kazdan’s property (T)
for n > 3.

In ergodic theory, property (T) is related to the notion of strong ergodic-
ity®) | where it seems complementary to amenability. Despite this, amenabil-
ity and property (T) are not complementary; there are important groups that
fall between the two definitions, an example being SL2(Z); on the other hand
compact groups have both properties.

Definition 15.1. Let G be a locally compact group with a countable basis
for its topology, and let 7 : G — U(4) be a continuous homomorphism
from G to the group of unitary operators on some Hilbert space . (such a
homomorphism is called a unitary representation). Given € > 0 and K C G
a compact set, a vector v € . with ||v|| =1 is called (e, K)-invariant if

lm(g)v —v| < e forall g € K.

The unitary representation 7 almost has invariant vectors if there is an (e, K)-
invariant vector for each ¢ > 0 and K compact.

An extreme way in which G could almost have invariant vectors is to have
an invariant vector: if there is some non-trivial vector v with the property
that m(g)v = v for all g € G, then clearly v is (¢, K)-invariant for all € and K.
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422 15 Some Homeless Fragments

Definition 15.2. Let G be a locally compact group with a countable basis
for its topology. Then G has property (T) or the KaZdan property if any
unitary representation of G which almost has invariant vectors has non-trivial
invariant vectors.

Ezample 15.3. The regular representation 7 : Z — U(L2(Z)) is defined
by (7(n)f), = fr+n for f = (fx) € L*(Z). Given any £ > 0 and finite
set F' C Z, let E be a finite set with |E| > 2|F|. Define f by

o= 1/|E| ifkeE,
b 0 if not.

Then for any n € F, ||7(n)f — f|| < 2|F|/|E| < &, showing that 7 almost has
invariant vectors. However, it is clear that 7 has no invariant vectors: if f is
invariant, then the sequence fj is constant. Thus Z does not have Kazdan’s

property (T).
Kazdan [?] explored some algebraic consequences of property (T), the
simplest of which is the following.

Proposition 15.4. If G is a discrete group with Property (T), then G is
finitely generated.

PROOF. Enumerate the elements of G as {g1, go, . . . }, and write

Gn = <<glvg2>- 7g7l>>

for the subgroup generated by the first n elements. Let
Tt G = U (L*(G/G,))
be the translation representation

this is the representation induced by the identity representation on the
subgroup G,,. Finally, let 7 = @ 7, be the direct sum of the representa-
tions {m, }. For each n > 1, the function 1;,¢,, is an invariant vector for m,,,
so 7 almost has invariant vectors — and therefore has non-trivial invariant
vectors. Let f € @ L?(G/G,,) be such a vector. Each of the projections f;,
of f onto L*(G/G,,) will also be invariant, and for some n the projection f;,
must be non-trivial. It follows that some 7,, has non-trivial invariant vectors,
which can only happen if G/G,, is a finite group. Thus G is a finite extension
of a group generated by n elements, so is finitely generated. U

PROBLEMS FOR SECTION [I5.1]

Exercise 15.1.1. Extend Example to show that R¢ and Z% do not have Kazdan’s
property (T) for any d > 1.
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15.2 Ideas and Questions; Things to Include

Completely positive entropy implies mixing of all orders for a single trans-
formation? For a Z%-action (Kaminski/Conze)? For amenable group actions
(Rudolph—Weiss; very difficult result)?

15.2.1 Some comments from Anish

Since Minkowski’s theorems are followed by adelic Mahler’s compactness, it
may be helpful to mention in passing that the adelic analogue of Minkowski’s
theorems have been proved by Bombieri-Vaaler (http://www.ams.org/mathscinet-
getitem?mr=707346) and have found use in number theoretic contexts. Ac-
tually, they were proved earlier by Mcfeat (http://www.ams.org/mathscinet-
getitem?mr=318104) unbeknownst to B-V, but Mcfeat’s paper is hard to find
and his result has weaker constants.

I look forward to the spectral gap section in particular. Some audience
requests

1) How about a section/chapter on SL(2, R)? I mean a quick discussion
of principal/complementary/discrete followed by the explicit calculation of
decay, for example Howe-Tan style.

2) How about a discussion of (a baby case of) Einsiedler-Margulis-Venkatesh?
It is very closely related to spectral gap and property tau after all?

Notes to Chapter 15

(43)(Page For background in algebraic geometry used here, we refer to Reid [?] for
an introduction and to Hartshorne [?] for a sophisticated account. Some of the language
needed is reviewed in Chapter

(44) (Page This property was introduced by Kazdan [?], who showed that many semi-
simple Lie groups have the property. The theory was developed significantly by Delaroche
and Kirillov [?]; see also Zimmer [?, Chap. 7].

(45)(Page A locally compact group G with a countable basis for its topology has
Kazdan’s property (T) if every continuous action of G by isometries of a Hilbert space has
a fixed point.

(46)(Page Let T be an action of a locally compact second countable group G on
the Lebesgue space (X, %, u). A sequence of measurable sets (Ay) is called asumptot-
ically invariant if for every g € G, limp oo pt (AnAT4(Ar)) = 0, and is called trivial
if limp 00 (An) (1 — p(Ay)) = 0. The action is called strongly ergodic if the only asymp-
totically invariant sequences are the trivial ones. This notion gives a characterization of
Kazdan’s property (T) as follows. K. Schmidt [?] showed that if every ergodic action of G is
strongly ergodic, then G has property (T); Connes and Weiss [?] showed that the converse
holds. The proof of the converse requires methods from probability; a convenient place for
both results is the book by Glasner [?, Chap. 13]. A striking result of Glasner and Weiss [?]
gives another characterization of property (T). For a countable group G their results are
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as follows. If G has property (T), then for any action of G by homeomorphisms of a com-
pact metric space (X, d), if the space .#F (X) of G-invariant probability measures on X is
non-empty, then the extreme points (the ergodic measures) are a closed subset of .#ZC (X);
such a simplex is called a Bauer simplex. In the reverse direction, they show that G does
not have property (T) if and only if . (X) is the Poulsen simplex, characterized by the

property that the extreme points (the ergodic measures) are dense.
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Appendix A: Topological Groups

Definition A.1. A collection % of neighborhoods of a point « in a topolog-
ical space is a neighborhood basis if for any open neighborhood V' > z there
is some neighborhood U € % with U C V.

A topological space is first countable if every point has a countable neigh-
borhood basis.

A metric space (X, d) is automatically first countable, since the open neigh-
borhoods By, (z) for n € N form a countable neighborhood basis at (47,

Recall that a topological group is a group G together with a Hausdorff
topology 7 with respect to which the maps g — ¢g~! and (g,h) — gh are
continuous. This means that

e if U is a neighborhood of a product gh € G, then there are neighbor-
hoods U; 5 g and Us 3 h with U;U; C U,

e if U is an open neighborhood of g € G, then there is an open neighbor-
hood V of g~ ! with V-1 C U.

Lemma A.2 (Birkhoff-Kakutani [?], [?]). The following properties of a
topological group G are equivalent.(*®)

(1) G has a left-invariant metric, that is a metric d giving the topology which
additionally has d(ghy, gha) = d(hy, ha) for all g,h1,ha € G.

(2) Fach g € G has a countable basis of open neighborhoods.

(3) The identity 1 € G has a countable basis of open neighborhoods.

PROOF. It is clear that (1) = (2) < (3) since the rotation g — gh is a home-
omorphism of G for any h € G. So we will assume (2). Let % = {V1,V5,...}
be a countable neighborhood basis at the identity I consisting of open sets.
Without loss of generality we may assume that

Vi2Ve 22 {I}, (A.1)

and since G is Hausdorff we have
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() Ve =A{I}.

n>1

We wish to construct sets that mimic the behavior of nested metric open sets.
To that end we use the continuity properties of the two group operations to
construct from the sequence of sets (V,,) another nested sequence of open
neighborhoods of the identity

Ui=G2Uyp 22Uy 92 2---2{1} (A.2)

with the property that Ul_/12n = Uy an (each set is symmetric), Uy on C Vi,
and Uy jgn+1Uy jon+1 C Uy jon for each n > 1. It follows that

m Uijan C ﬂ Vo ={1}. (A.3)

n=0 n>1

For any rational of the form g with a € {1,...,2" —1} and n € N we define

Ua/gn == U]_/2n1 e U]_/Qnr

where “
gn =2 AT
a

is the binary expansion of 5 arranged in the natural order with

1<n < - <n,.

By constructiorﬂ
Ua/gnUl/Qn g U(a+1)/2n (A4)

forn>1and 1 <a < 2™ — 1. Hence the sets Ua/zn are nested in the sense

tha@

0<a<b<2n:>Ua/2n gUb/gn.

Using this neighborhood basis we can define a function f on G by
Fla) = inf{ &

We claim that f has the following propertie&ﬂ

S Ua/Qn}.

T If there is no carry in the binary addition of a/2™ and 1/2" this is just the definition, if
there is a carry one uses the defining properties of Uy jon.

t Suppose @ = 271 4 .. 427 If b = a+ ﬁ for an integer ¢ > 1 this follows

simply from the definition of Up. If b = a + 2% this follows from 1} Ifb>a-+ 2,% the
conclusion follows from the latter case and induction on n,..

§ Notice that the existence of such a function would follow easily from the conclusion we
seek. If G has a left-invariant metric d defining its topology, then the function f defined
by f(g) = d(e, g) has the three properties claimed.
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(a) f(g) >0for g e GN{I} and f(I) =0;

(b) the collection {{g € G| f(g) < 1} | n € N} form a neighborhood base at
the identity I € G; and

(c) for any € > 0 there is an open neighborhood U > e such that

|f(hg) — f(h)| < e
for all g € U and h € G.

Property (b) holds since the collection of sets {U, /o~ } form a neighborhood
basis at the identity, and (a) follows from . The uniform continuity prop-
erty (c) is a consequence of . Indeed if € > 0 is arbitrary we may choose
some n with 2%, < e and set U = Uy gn+1. We let h € G and g € U be arbi-
trary. If f(h) € [5%T, 2“%11) then h € Uigy1y/ont1, and so hg € Uigyay/antt
which implies f(hg) < 22 < f(h) + 52+ < f(h) + . Using U~ = U the
inequality f(h) < f(hg) + ¢ follows from the former.
We now define a metric-like function d/ : G x G — [0, 00) by

df (g1, 92) = sup |f(hgr) — f(hga)l. (A.5)

Clearly
df(gla 92) = df(927 gl)

and
d’ (hg1,hg2) = d¥ (g1, g2)

for all g1,g2,h € G, d(g,9) = 0, and d/ obeys the triangle inequality. That
is, d is a left-invariant pseudometric on G. Now assume that d/ (g1, g2) = 0.
Then f(g; "g2) < df(I, 97 g2) = 0 implies that g; = g by (a). Hence we see
that d is a metric on G.

It remains to show that the metric topology induced from d7 is the orig-
inal group topology. As both topologies make G into a topological group it
is sufficient to study the neighborhoods of I with respect to both topolo-
gies. Any h € G with df(h,I) < Qi satisfies h € Uy /on, which shows that
a neighborhood in the original topology is also a neighborhood in the the
metric topology. Now let € > 0 and let U be a neighborhood as in the uni-
form continuity property (c). Then d/(h,I) < ¢ for all h € U, which shows
that a metric neighborhood is also a neighborhood in the original topology.

O

Notice in particular that this means the groups encountered in this vol-
ume, like GL4(R) and SL4(R), have left-invariant metrics that give the group
topology.
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428 NOTES TO APPENDIX A

Exercises for Appendix A

Let d > 2. Show that G = SL4(R) cannot be equipped with a metric that
gives the standard topology and is bi-invariant, that is, satisfies d(ghy, ghs) =
d(hl,hg) = d(hlg,hgg) for all g,hl,hz € G.

Notes to Appendix A

S (Page First countable topological spaces are not automatically metrizable. An
example to see this is the Sorgenfrey line [?], the space R with the topology formed by
using the half-open intervals [a, b) with a < b as basis. It is clear that this is first countable,
since the sets [a,a + %) for n € N form a countable neighborhood basis at a. Much less
clear is the fact that it is not metrizable, and we refer to Kelley [?] for the details.

(48) (Page If dy is a left-invariant metric then d,(x,y) = dp(z~!,y~!) is a right-
invariant metric defining the same topology. A bi-invariant metric with

d(zgy, zhy) = d(g, h)

for all z,y,g,h € G only exists in special cases: we refer to [?, Lem. C.2] for the simple
case that a compact metrizable group has a bi-invariant metric, and [?, Ex. C.3] for an
explanation of why GL2(C) has no bi-invariant metric. A striking result of Milnor [?] is
that a connected Lie group admits a bi-invariant metric if and only if it is isomorphic
to K x R™ for some compact Lie group K. The proof of Lemmam given here is taken
from the monograph of Montgomery and Zippin [?, Sec. 1.22] and Tao’s blog [?].
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Appendix B: Haar Measure on
Quotients of Groups

ElLet G be a unimodular group with Haar measure m¢, and let I' < G be a
discrete subgroup (which is also unimodular, and has the counting measure
as its Haar measure). Then, as we have discussed in Section the mea-
sure m¢ induces a G-invariant measure mpq\ g on I'\G which we also call
Haar measure. Moreover,

mpr\g (I'\G) = mg(F)

for a Borel fundamental domain F' C G for I'. We will generalize this con-
struction in this section to allow quotients H\G by certain closed unimodular
subgroups H < G. We refer to the work of Knapp [?] or Raghunathan [?] for
a more general treatment of the existence of Haar measure on quotients. No-
tice that we may also define the quotient topology on H\G by constructing a
quotient metric d g\ ¢ along the lines of on p. 8] (see also Exercise|1.1.2]).

B.1 Compact Subgroups

As a first case, assume that G is o-compact, locally compact and unimodular,
equipped with a left-invariant metric, and assume that H < G is a compact
subgroup with Haar measure my. Then mg and mpy together induce a G-
invariant measure m g\, which we will again call Haar measure on H\G. In
fact, if B C H\G is a Borel subset then we can deﬁneﬂ

T The material in this chapter will only be used in Chapter It extends the results of
Section E

¥ The normalization is compatible with the more general one presented in Section
Also notice that the construction from Section [[I]will not work here if H is not discrete. A
fundamental domain for H, called a cross-section in this context, has Haar measure zero,
as seen for example in the case
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430 Appendix B: Haar Measure on Quotients of Groups

ma(r—(B))

mu(H) (B.6)

mmpa(B) =

where 7 : G — H\G is the canonical right G-equivariantﬂ projection map

m:g— Hg.

B.1.1 Subgroups with Uniform Lattices

Once again let G be a o-compact and locally compact unimodular group
equipped with a left-invariant metric. The case we will be interested in later
is the case where the closed unimodular subgroup H < G contains a uniform
lattice I'y < H. We can use this lattice as a tool for generalizing as
follows. For a Borel subset B C H\G, define its measure by

mr\c(mH(B))

mpg\a(La\H) (B1)

mma(B) =

where 7 : I'y\G — H\G is the canonical right G-equivariant projection map
m:I'ygg— Hg.

First notice that generalizes (B.6)), since one can take I'y = {I} if H
is compact. Next notice that the right-hand side of seemingly depends
on the choice of a lattice I'y < H, but we will see below that this is not
the case. As a first indication of this phenomenon, one may quickly check
that mp\ g defined by does not change if I'y is replaced by a finite-
index subgroup I';; < I'y (by unfolding the definitions on the right-hand side
of using (1.5))). This would not be the case without the normalization
from the denominator.
The induced Haar measure m g\ is right G-invariant since

mrc(m~(Bg)) _ mrne(n(B)g)
m Bg) = = =m B
ma(B9) mp\g(Ta\H) mp g 'e\H) i\¢(B)
for a Borel subset B C H\G and any g € G.
We summarize and extend the ideas above in the following lemmas.

Lemma B.1 (Haar measure on H\G). Suppose that G is a o-compact, lo-
cally compact, unimodular group equipped with a left-invariant metric. Let H

H =SO(2,R) < G = SLy(R),

and the definition in also does not work if mg (H) = oco.

T That is, intertwining the natural G-actions.
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B.1 Compact Subgroups 431

be a closed subgroup of G, and let I'y < H be a uniform lattice in H.
Then mpy\g as defined in is a locally finite G-invariant Borel mea-
sure on H\G, also called a Haar measure.

Lemma B.2 (Continuous folding and unfolding). Let H < G be as
above. The Haar measures ma, myg, and mp\ g have the following compat-
wbility relation, which may be viewed as an analog of the Fubini theorem for
product measures. If f € Ly, (G), then the function F on H\G defined by
the relation

F(Hg) = /H F(hg) dm (h) (B.5)

exists for mg-almost every g € G (or equivalently for mp\g-almost ev-
ery Hg), and

/ F(Hg)dmmp = / fdmg. (B.9)
H\G G

Moreover, holds (up to a multiplicative scalar constant) for any non-
zero locally finite G-invariant Borel measure on H\G.

PROOF OF LEMMA AND LEMMA Let mp\¢ be as in (B.7). Using

the measure we define a measure v on G by

v(B) = / mu ({h € H | hg € BY) dmp o (Hg)
H\G

for any Borel set B C G (so that v(B) is the left-hand side of applied
to f = 1p). We will show that v is locally finite, positive on open sets, and
right G-equivariant (which will imply that v = e¢mg for some ¢ € (0,00) by
the uniqueness of Haar measure). To see that p is locally finite, it is enough
to show that 7 is proper.

Since I'y < H is assumed to be a uniform lattice, we have

7' (Hg) = {I'yhg |h € H} = 'nKpug

for some compact set Ky C H. Now any compact set in H\G is of the
form HK for some compact set K C G. In fact, if L C H\G is compact,
and U C G is an open neighborhood of I € G with compact closure, then

Lc |J HoU
HgelL

is an open cover, so there is a finite subcover

Lg HgiU

-

=1

and hence
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432 Appendix B: Haar Measure on Quotients of Groups

K = (UgiU> N{geG|HgeL}
i=1
satisfies the claim. Furthermore, we have
7T71(HK) =IyHK =T'yKyK,

which means that the pre-image of any compact subset of H\G is compact
in I'y\G. This implies that m g\ is finite on compact subsets, and that v is
locally finite.

If B C G is measurable and g; € G, then

v(Bgy) = /H\GmH ({h€ H | hg € Bg1}) dmm\a(Hg)

= / my ({h € H | hgg;'' € B}) dmp\c(Hg)
H\G
=v(B)

by the right-invariance of mg\g. Now let O C G be open and non-empty.
If v(O) = 0, then we can cover any compact K < G by finitely many trans-

lates

n

K= U Ogi

i=1
of O, which implies that v(K) = 0. Since G is o-compact, this forces v = 0
which contradicts the definition. It follows that v is a Haar measure on G,
and so v = emg for some ¢ € (0,00). Notice that the argument thus far
would have worked equally well for any non-zero locally finite Haar measure
on H\G.

Finally, let ' C G be a fundamental domain for I'y, where I'y is viewed
as a discrete subgroup of G, let K C G be compact with non-empty interior,
and define

B=HKnNF.

The set HK is closed (because K is compact and H is closed), so B is
measurable. By definition of v, mm\ ¢ and mp,\ g, we have

V(B) = / mu ({h € H| hg € HK N F}) dmp (Hg)
H\G
=mrp \ug(Ta\H)1 gk (Hg)

=mp¢ (7T (HK)) = mg(B).

It follows that ¢ = 1, and so and hold for characteristic func-
tions f = 1p of Borel subsets B C G. Using linearity and monotone conver-
gence, this extends first to simple functions, then to all non-negative measur-
able functions, and finally to all integrable functions. O
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B.1 Compact Subgroups 433

B.1.2 Other Lattices of H

We wish to extend the discussion above in two ways. Firstly, the mea-
sure m\ g defined in using a uniform lattice I'y < H is independent
of the chosen lattice, in the sense that it only depends on the choice of Haar
measures my and mg. Secondly, the formula also holds for non-uniform
lattices in H.

Lemma B.3. Let G, H, 'y, and my\¢ be as in Lemma and assume
that Ag < H is another lattice. Then

maga(m'(B))
ma\m(Ag\H)

mH\G(B) =

PRrROOF. Let B C G be a measurable set. Then f = 1p is a measurable
function on G, and by applying 1} to the function f we get

mG(B)_/H\G/HILB(hg)de(h)dH\G(Hg)'

Let us write
7 Ag\G — H\G

and
7o : G — H\G

for the canonical projections. Now let ' C G be a fundamental domain
for Ay, let B C H\G be a measurable set, and apply the identity above
to 771(B) N F to get
maN\G (ﬂfl(B)) =mg (7‘(51(3) N F)
_ / / 1,1 sy (hg) dmis (h) dmip o (Hyg). (B.10)
H\GJH
We claim that

/H ]]'ﬂal(B)ﬂF(hg) dmp(h) = 1p(Hg)ma,\u (Au\H).

Indeed, if Hg ¢ B, then hg ¢ Wal(B) for all h € H. On the other hand,
if Hg € B, then Hg C 7' (B) and

/]‘ﬂal(B)ﬁF(hg) de(h) :\/]]-Fgfl(h)deUL)
=mpy(Fg~' N H)
=MAy\H (AH\H)
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434 Appendix B: Haar Measure on Quotients of Groups

since Fg~' N H is a fundamental domain for Ay in H. Together with -
this proves the lemma.

B.1.3 Sketch of the General Case

As not all unimodular groups (indeed, not even all unimodular Lie groups)
admit compact quotients by lattices, the discussion above does not handle
all possible cases. A more general defimtlon of m ¢ with similar properties
can be obtained by using and more directly. For any f € C.(G)
the function F' defined as in has F € C.(H\G). One can now show
that for any F € C.(H\G) there exists some f € C,(G) satisfying (B.8)), and
that can be used as a definition of [ F dmg\¢ (but for this one has to
show that the definition is independent of the function f € C.(G) that gives
rise to F).

For a general closed subgroup H of a locally compact o-compact group G
the existence of a Haar measure mp\g on the quotient is equivalent to a
compatibility condition of the Haar measures my and mg with respect to the
respective modular characters. We refer to Raghunathan [?] for a complete
treatment.

Fig. B.1 For quotients H\G that can be realized in terms of hyperplanes in R¢, the
Lebesgue measure of cones can often be used to describe the Haar measure on H\G.

Exercises for Appendix B

Show that the Haar measure mp\ ¢ (that is, the G-invariant locally finite,
non-zero measure on H\G) is unique up to a scalar multiple.
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B.1 Compact Subgroups 435

a) Let G = SLa(R) and H = U. Find an explicit description of the elements
of U\G, and in terms of this description describe my\ g,
(b) Let G = SL2(R) and

H_B_{<aaf1> |a;£0,s€]R}.

Show that there is no G-invariant locally finite measure on B\G.
Let Q(z,y) = 7 + --- + 22 —y} —--- — y2 be a quadratic form with
signature (p, ¢), and let

G =S0(p,q)(R) = {g € SL,4+4(R) | g preserves Q}
={9€8L,14(R) | 91p 9" = Ipq}

. (1
where I, 4 is the matrix | 7 I
g

Let vo = (1,0,...,0) € RPT? and

H = Stabg(vo) = {9 € G | vog = vo}.

Show that
G/H%UOG:{U;ERP""’|w%+~-~+wg—w§+1—~-~—w12,+q:1}
and that

mayu(B) = mpr+a ({Mog | A € [0,1],9 € BY})

defines a Haar measure on G/H.
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Appendix C: Something Algebraic
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Appendix D: Adeles and Local Fields?
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Appendix E: Modular Characters on
Lie Groups?

cf. page ?77.
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Appendix F: General Case of
Proposition

If we include this, to contain proof from Pisa notes of the general case to
make this volume more self-contained.
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Hints for Selected Exercises

Exercise (p. [20): Treat the case of a unipotent matrix separate from
the case of a scalar matrix and show that these cases suffice.

Exercise m (p. : Apply the standard version of Poincaré recurrence
to every element of a countable basis of the topology of X.

Exercise [1.1.10| (p. : Assuming the opposite consider the characteristic
polynomial of the matrix in G N SL4(Z) which is responsible for a small
injectivity radius.

Exercise [1.1.11] (p. : Let F' C G be a fundamental domain for I" in G

such that F' is compact (and hence bounded). Let d = diam(F'), let 6 > 0,
and show that
S={yeTrl|dg(F,vF) < §}

generates I" because (S)F C G is (“uniformly”) open and (therefore) closed.
(See also Exercise for the same argument in a more concrete case.)

Exercise [1.1.12] (p. : Let y € z(H1NHy) C (xHy) N (zHz). Apply-
ing Proposition [I.I3] we find some § > 0 smaller than the injectivity radius
with yBY Nz H; = nyi (if we use the same metric on G and H;) for i = 1, 2.

Exercise (p. 28): For (2) prove and use a formula relating S(v(z))
and $(z) for z € H and v € SLy(R).

Exercise (p.[28)): Show that the characteristic polynomial of the lattice
element corresponding to the period is irreducible over Q. See also Section|3.3
where this correspondence is considered in greater generality.

Exercise m (p.[42)): Applying Exercise[1.1.11| (which in this case is much
easier to understand geometrically) one sees that A = Zvy + ... + Zuvy, for

finitely many vectors vg,...,vr € RZ By the structure theory of finitely
generated abelian torsion-free groups (that is, torsion-free modules over the
principal ideal domain Z) we may assume that vy, ..., v are linearly inde-
pendent over Q. Show that if vy, ..., v, do not span R? over R, then R?/A
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446 Hints for Selected Exercises

cannot have finite volume. Finally show that if vy,...,v; are not linearly
independent over R, then A cannot be discrete.

Alternatively, go through the proof of Theorem to extract a proof of
this fact.

Exercise (p- [A2)): Apply Theorem to each ANW < W for each
subspace W with (AN W) close to inf{(ANV) |V C R? is a subspace of

rank k}.

Alternatively consider the vectors in the lattice in /\IC R? obtained by tak-
ing exterior products of elements of A.

Exercise (p. [42)): Notice that the map
ai
— (logg—;,log%,...,log%)
ad

is an isomorphism A — R?~1. For

1U12...U1d
U= oot lu eRy,
1

show that the Haar measure is given by integration with respect to

duyg -+ - duygdugs - - du(d—l)d~

Exercise (p. [42): Show that the first step of the algorithm does not
change the function 6 but the third step of the algorithm decreases its value

by a fixed amount (depending on ¢t < ?) Conclude by showing that there
is a lower bound on the values of # that can be attained for a given lattice.

Exercise (p.[A3): For (1) and (2) generalize the calculations in the proof
of Lemma For (3) use the fact that Haar measures on any quotient H\G
are unique up to scalars (if one exists).

Exercise m (p- [62)): Study the abelian subalgebra

a1
h= € sly(R)

add

and its eigenspaces (corresponding to b and its roots). Then study a Lie
ideal f <1 s14(R), which automatically is a sum of eigenspaces.

Exercise m (p. [p2)): Show that the complexification is isomorphic to
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sla(C) x slq(C),

and that g corresponds to the real subalgebra {(u,@) | u € sl(R)}.

Exercise (p. : Start by showing that Ady(f) C § for g € G. Then
set g(t) = exp(tu) and compute the derivative at t = 0.

Exercise (p. : Let F < SL4(R) be a non-central normal subgroup,
and let g € F be any non-central element. Consider some v € sl;(R)
such that exp(tv) and ¢ do not commute for some ¢t € R. Then ~(t) =
exp(tv)g exp(—tv) defines a smooth curve taking values in F. For a suit-
able to the curve yo(t) = (t + to)y(to) ! takes values in F' and has a non-
trivial derivative at ¢ = 0. Now consider conjugates of 7y to obtain many
such curves whose derivatives form a basis of the Lie algebra of G and apply
the inverse function theorem.

Exercise (p. [p3): Notice that the left and the right action of SLa(R)
on Matagsg (R) preserves the quadratic form det on Matgo (R).

Exercise 1| (p. [56)): For (a) consider the space
x= J[ z%r

r<zd;

124 /| < oo

For (b) use the spectral theory of R? (see Lemma .

Exercise 2| (p. [6)): Show that g'g is symmetric and positive, and so
there is a posmve dlagonal matrix D with ¢*q = k2®Dks; take the positive

diagonal square root a of D and show that gko'a™! = k; € K is orthogonal.

Exercise (p.62): Consider the left regular unitary action on ¢2(SLq(Q,)/H)
and conclude that H has finite index. Now study H N U for the unipotent

one-parameter subgroups and apply Lemma

Exercise (p. [65)): Notice first that if # has an equidistributed orbit,
then so does u™-x for any u~ € G since these two points have asymptotical
orbits. In the case of x and g-x with g € C(a) the orbits are not asymptotic
but parallel, but this leads to the same conclusion. Combining these two cases
the statement follows.

Exercise (p- 83): Write u? — wqus — u3 = (u1 — puz)(us + p~tus)
with p = 1+‘f

Exercise “ (p. [84 . ) If wq, ..., wg is a basis of V, define

v=wi A ANwg GARd,
so that Ly = Stabsr, (v). (2) Apply (1) to the rational subspace V = Vg '.

(3) Either check that the proof of Proposition extends to that statement
or apply Exercise[1.1.12
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Exercise m (p- [120): Show first that the quadratic form @ (or equiva-
lently the symmetric matrix Ag) is up to a scalar multiple uniquely deter-
mined by the orthogonal group. Then use the Borel density theorem to see
that rational equations define the one-dimensional line RA¢ in the space of
symmetric matrices.

Exercise (p. [124): For (b) generalize the reduction theory presented
in Section Here the A part in the NAK (or Iwasawa) decomposition
for SLo(R) x SLa(R) comprises the product of the diagonal subgroups of the
two factors. Use the non-trivial unit in Z[v/D] to find a subset of A that is
infinite in only one of the two directions of A and suffices in the definition of
a Siegel domain for I

Exercise m (p. : See Corollary

Exercise (p. : Combine Theorem and Exercise m
Exercise (p. : Combine Proposition with Theorem
Exercise (p. [157): For (a), let

o= ) e

be the expanding horocycle. Set z = u} .z and
ar-z = ucTs'(aT'x) = U:ng'y

where g € SLy(R) is the displacement of ar-x = g-y and y with d(g,I) < e.
Show that g = u;" asu for some r, 6 with |r| < e, [§] < e, u € U withd(u, I) <
€.

For (b), start for example with two nearby points z,y that are periodic
with different periods and that satisfy the requirements in Figure Now
use part (a) infinitely often to find an orbit that (approximately) alternates
between the two periodic orbits in a non-periodic fashion.

Exercise (p. |158): Write ap-x = g-z for some g € G with d(g,]) < e.

Try to replace = by u}-x and calculate
ar-(uf -x) = uly gul-(uf-x) = g’ (uf -x).

Now choose s close to zero such that

Repeat with
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Exercise (p-|158): See the hints for Exercise

Exercise [5.1.4] (p. [I58)): For (a) notice that G has near the identity a local
coordinate system of the form g = utu~c with u™ € GF, v~ € G, ¢ €
Cc(a). If ez = g-v we may write g = u;‘ug_cg and replace =z by z; =
a N (ut)"taV.x. Then

-, —-N,_+ N

— -1 _
a™ ez = (uy )" ger =ugcga” T ugat «xy.

U1

Now write g1 = wujujc; and prove the estimate d(uj,I) < e\V for
some A < 1 that only depends on a. Iterate the construction and show that
the sequence (z,,) found converges to y with a™.y = hey with d(h,I) < ¢
and h = u,, c,. Now replace y by 2 = u™-y for a suitable ™ € U~ to conclude
the proof.

For (b), show that for sufficiently large N the point o’ € A is generic.
Therefore z = I'g, ga’ = ~g for some generic v € I'. Show that I'C(y) is
closed (and compact), therefore I'C(vy)g = I'gA is compact too.

For (c), show that the characteristic polynomial of ~ is irreducible over Q
(see also the paper of Shapira and Weiss [?]).

For (d) use Poincaré recurrence to produce points as in (b) or (c).

For (e) additional ideas are needed, particularly if X is not compact.

Exercise (p-|161): Conjugate again and study mq- (BoA((a"Ka™")By))
instead.

Exercise (p. [161)): Show that any limit point of the left hand side
defines a G -invariant probability measure.

Exercise m (p. : For (a) simply iterate Theorem for Uy, Uy, ...
(using 6,682,683, ..., for example). In this case o(1) = 0.

For (b) choose a one-parameter subgroup U’ < U that does not fix any A,-
rational subspaces V of covolume < nd™V . Apply Theorem to find
some u’ € U’ such that u'.z belongs to a compact subset that only depends
on 7. Now use the assumption that Fj, is a Fglner sequence to show that (a)
implies (b).

Exercise (p-[174): Let u, be the normalized measure on F,-z induced
by the Haar measure on U = G . Suppose 4 is a weak* limit of a subsequence

of u,. By Exercise a) p is a U-invariant probability measure on X. Now
combine Exercise b) and the argument in the proof of Theorem

01

is compact for any © € X. For (2) repeat the matrix calculations and the
appropriate argument giving Theorem For (3) use Proposition [6.9]if the
measure is not supported on the orbit of the centralizer.

Exercise [6.6.1| (p. : For (1) notice that the orbit zU for U = { (I *> }
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Exercise[6.7.1] (p.[225)): Start as in Exercise[6.6.1](2) with arguments similar
to the proof of Theorem [6.1§| leading in the interesting case to invariance
under the geodesic flow (possibly conjugated). Consider the factor map = :
X — 2 and the conditional measures for the o-algebra 7~ '%, in X. Now
treat the case where these conditional measures are atomic similar to the
arguments in this section.

Exercise m (p. [275): Suppose first that p is finite and show for the
conditional measures that

© [ fduf

almost surely.

Exercise [9.2.3] (p.297): Let Bg = 7~ 1(B) C G, and apply Lemmal9.1]to a
compact set Y C G and Y/ =Y N Bg.

Exercise (p. [312): It may be helpful to consult a simpler case in [?,
Exercise 2.1.9] or the material in Appendix D.

Exercise [12.6.6| (p. [395]): Here is a guide to the problem in a series of steps.
(a) Identify the space W as in the counting problem (up to sign) with

wl/\wg/\-~~/\wm,

where wq, ws, . .., w,y, form a Z-basis of W N Z2.
(b) Show that

V= {(w1 Awa A -+ AWy, wi, wa, wi Awag A -+ Awy,) € RYY

is a single SLy(R)-orbit (if m < d) in the space \"' R = R(n). In the
case d =4, m = 2, and

wy N\ wy = (aij = det(mjwlﬂriij | 1< j),
the space
V ={(as; | i < j)| a12a34 — a13a24 4 arsaz3 = 0}

is a hypersurface.

(d) Let H = Stabgr,, (r)(e1 Awa A+ - - Aw,y,), and prove that gH SLq(Z) equidis-
tributes as gH — oo in SL4(R)/H.

(e) Show that balls in SL4(R)/H = V(R) are well-rounded. To do this, de-
scribe the Haar measure on

et/mJ,. I,
() () 15 07 € dmtm).
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notice that L - ey Aeg--- A e is an open subset of V', and so the Haar
measure on L needs to coincide with the restriction of the Haar measure
on V to the L-orbit. As the Haar measure on V is smooth and SO(d)(R)-
invariant we conclude that

dmy « f(r)drdo,
where o denotes the natural surface area measure on
Sv ={veV||v|=1}

and we describe V in generalized polar coordinates rvy with r > 0 and v; €
Sy. Comparing my and my, calculate f(r) and then integrate.
(f) Combine parts (a)—(e) with Section to give the result.

Exercise [11.2.1] (p. [359): For (b) recall the fact that the geodesic flow on
a finite volume quotient of SLy(R) has many invariant measures of positive
entropy.

Exercise [13.1.2| (p. : Show that vgl) = v;11 — v; has (as a polynomial

o : 2 1 1 dy .
in i) degree one less in each entry, v§ ) = UZ( +)1 - vg ) also. Hence v(() ) is a
linear combination of vy, ..., vg and is a nonzero multiple of e 1. This shows

that egy1 is in the linear hull.

Exercise [13.1.3| (p. 403)): If € is sufficiently small, then the determinant
of the matrix obtained from the best approximation w; € W of the basis
vectors v; is close to the determinant of the matrix obtained from v;.

Exercise [13.1.5| (p. 403)): Modify the proof of Corollary accordingly.

Exercise [13.1.7| (p. |404): Apply Ratner’s measure classification theorem to
the U-ergodic component of such a measure. Show that the resulting subgroup
is normalized by a;, and study the various cases.

Exercise [13.2.1] (p. [406)): Assume the opposite and use a Lebesgue density
point similar to the proof of Corollary

Exercise [14.0.1| (p. [414): Reduce to the case L(z1,x2) = ax; + z2 with «

irrational.
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Index of Notation

N, natural numbers, 2

Np, non-negative integers, 2

Z, integers, 2

Q, rational numbers, 2

R, real numbers, 2

C, complex numbers, 2

S!, multiplicative circle, 2

T, additive circle, 2

R(-), 3(+), real and imaginary parts,
2

O(+), order of growth, 2

o(+), order of growth, 2

~, similar growth, 2

&, relation between growth in func-
tions, 2

C(X), real-valued continuous func-
tions on X, 2

Cc(X), complex-valued continuous
functions on X, 2

C.(X), compactly supported con-
tinuous functions on X, 2

ANB, difference of two sets, 3

d, quotient space SL4(Z)\ SLq(R),
7

BY, metric ball in a group, 7

g+, action x — xg~! of G on I'\G,

11

mg), right-invariant Haar measure,
12

Staby (), stabilizer of z under an H-
action, 17

GL4(R), general linear group, 20
SL4(R), special linear group, 20
H, hyperbolic plane, 21

SO(2), orthogonal group, 21
T'H, unit tangent bundle, 22

D, derivative, 22

mg), left Haar measure, 23

o, proportionality, 23

2, the space SLy(Z)\ SL2(R), 24
(A), co-volume of lattice A, 29
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(A), height of the lattice A, 33
Matgy, d x d matrices, 38

E;;, elementary matrix, 38

Ad, adjoint representation of a Lie
group, 47

[-,], Lie bracket, 47

ad,,, map defined by ad,, (v) = [u, v],
48

(g), algebra of endomorphisms of
a Lie algebra, 48

G™, product of the non-compact
almost direct factors G,
52

Cq, center of GG, 57

m(texp(v))w = w, v in a Lie alge-
bra acting unitarily via w
on a Hilbert space fixes a
vector w, 59

SO(Q), special orthogonal group
of Q, 73

SO(p, q), special orthogonal group
of signature (p, q), 77

degp, signed degree, 80

K[SLg], ring of regular functions
on SL; with coefficients
in K, 81

K|, restriction of scalars, 89

Gy, multiplicative group, 89

Jss, semi-simple matrix, 114

Ju, unipotent matrix, 114

Jpos, Positive semi-simple matrix,
114

Jeomp, compact semi-simple ma-
trix, 114

A, alternating tensor product, 131

M (X), space of Borel probability
measures on X, 189

, Grassmannian, 189

G, algebraic group, 250

d, p, p-adic extension of d, 252

d, Ag, adelic extension of d, 252

o, proportionality, 268
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G, group extended by an auxiliary
space, 277

X, homogeneous space extended by
an auxiliary space, 277

V., shape of an atom, 296

Ng(H), normalizer of H in G, 300

Cq(H), centralizer of H in G, 300

G, horospherical subgroup, 301

Og, order in a number field lo-
calized at finitely many
places, 302

Ay, finite product of p-adic fields,
305

volg(a) (x), entropy contribution of U

at z, 310

hu(a,U), entropy contribution of
U, 312

Af (z), ergodic average of f of length n
at x, 315

0s(B), 6-boundary of B, 320

Vi,z, shape of an atom, 325

R/, equivalence relation associated
to o-algebra o, 329

N(R), number of integral points in
disk of radius R, 357

BA, badly approximable, 394
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General Index

adele, 249, 307
describes solenoid, 307
group structure, 254
rational, 254
topology, 257

adelic
cover of d, 256
extension, 252

Mahler compactness criterion,

257, 413
moduli space, 252
quotient, 253
adjoint, 312
representation, 47, 48, 180
Ad
unipotent, 55
Ad
diagonalizable, 66
normalized, 349
unipotent, 57
Ado’s theorem, 50, 84
affine
space, 107
symmetric space, 363, 377
variety, 78, 109
K-point, 80
K-regular function, 80
Nullstellensatz, 78
regular function, 78
algebraic
group, 108
anisotropic torus, 233
isogeny, 240
K-character, 227
lattice, 237
reductive, 226
semi-simple, 226
split torus, 233
torus, 226
unipotent, 226
unipotent radical, 226
integer, 87
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lattice, 243
number field
adele, 307
diagonal embedding, 302
order, 302
place, 302
type, 93
orbit closure, 174
representation, 81, 112
torus, 89, 226, 227, 233
almost
algebraic, 245
direct factor, 52
direct product, 226, 227, 242—
244
alternating tensor product, 131
amenable, 403
group, 227, 403
anisotropic, 233
torus, 156, 233
anisotropic over Q, 75, 89
annihilator, 302
Anosov
closing, 155, 156, 439
shadowing, 155, 156
arithmeticity, 125, 223
atom, 267, 271-273, 277, 283, 295
as orbit, 292
cosets, 274
leaves, 273
plaques, 317
shape, 328
Auslander ideal, 63, 64, 69, 71

badly approximable
number, 399
vector, 394, 396
bounded orbit, 395
Hausdorff dimension, 396
Bauer simplex, 414
Besicovitch covering lemma, 136
Borel
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density theorem, 73, 116, 151,
177, 191, 228, 243, 260,
438

fundamental domain, 419

Harish-Chandra theorem, 236

isomorphism, 274

(C, a)-good, 133
Cantor set, 253
Cartan
decomposition, 1, 54
subgroup, 25, 54, 403
weight, 403
center, 51, 52, 68
infinite, 53
centralizer, 57, 300
character
K-character, 227
modular, 12
Chevalley
representation, 115
theorem, 112
circle, 2
closing
Anosov, 155, 156, 439
co-compact
lattice, 253
co-compact lattice, 15
commensurable, 242, 405
lattice, 122
commutator
series, 49
compact
factor, 243
complete
flag, 139, 141, 144, 146
conditional
measure, 164, 186, 265, 266
compatibility condition, 268
locally finite measure, 267
congruence, 76
quotient, 256, 257
connected, 39
group, 21
Lie group, 43, 251
simply, 48
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convex combination, 211
coordinate system
local, 157
core, 243
countably equivalent, 271
covering
lemma, 136, 139
Besicovitch, 136
intervals, 136
space, adelic, 256
co-volume, 28, 29, 130, 132, 136,
168, 170, 171, 256, 357,
405
cross-section, 280, 295, 317, 419
existence, 280
strengthening, 295
cusp, 33, 126, 130, 160

horospherical invariant mea-

sure, 159
cyclic
vector, 67
Dani

conjecture, 173
correspondence, 387, 388, 392,
395, 396
defined over F, 105
d-boundary of a set, 320
dense, 183
orbit, 27
projection of irreducible lat-
tice, 120
subgroup, 259, 260
trajectory, 25, 27
Zariski, 96, 98, 100, 102, 110,
117, 121, 234, 243
diagonal
embedded element, 252
embedding, 123, 302, 303
subgroup, 24, 344, 347, 350,
438
Diophantine
approximation
inheritance, 390
simultaneous, 387
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Dirichlet
domain, 405
domain, region, 405
improvable, 388
A-improvable, 388
principle, 387
unit theorem, 87, 92, 247, 307
discrete
subgroup, 7
fundamental domain, 9, 11
induced metric, 8

lattice, 12
discriminant, 95
divergent

geodesic trajectory, 25
trajectory, 28, 75
division with remainder, 99, 404,
405
domain
Borel, 419
Dirichlet, 405
fundamental, 9, 11, 12, 18, 22,
28, 419
existence, 10
Mal’cev basis, 84
principal ideal, 96, 435
Siegel, 35, 37, 438
unique factorization, 101
double-dipping, 216

effective
Gauss circle problem, 360
embedded, 18
Engel’s theorem, 50, 84, 151
entropy
as volume growth, 310
contribution, 310, 312
high, 346
Kolmogorov—Sinal theorem (The-
orem ?7), 319
maximal, 346
equidistribution, 357
counting problems, 357
Gauss circle problem, 357

of large circle, 361
equivalence relation, 329
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ergodic
average, 315
decomposition, 163, 315
horocycle, 154
strongly, 411
unique, 313
ergodicity
restricts to some hyperplane,
163
escape of mass, 125
exponential map, 114, 339
absence in positive character-
istic, 259
extending scalars, 88

F-closed, 105
fiber measure, 268
field
extension, 106
finite measure
conditional measures, 265
first countable, 415
flag, 135
complete, 139, 141, 144, 146
partial, 142
flower, 276, 281, 288, 294, 317
folding, 14, 421
foliation, 303
into orbits, 273
leaf, 303
leaves, 273
folklore, 95
Fglner sequence, 159, 166, 169, 170,
188
Fubini, 41
Fubini’s theorem, 41, 363
folding and unfolding, 421
fundamental domain, 9, 11, 12, 18,
22, 28
existence, 10
Mal’cev basis, 84
on the upper half-plane, 22
Furstenberg question, 343

Galois
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action, 177
automorphism, 106, 107, 109,
225, 234, 243

conjugate, 123
embedding, 93, 94, 235, 302
extension, 106
group, 242
image, 230
Gauss
circle problem
effective, 360
Gauss—Bonnet formula, 383
generalized polar coordinates, 441
generic
point, 153, 178
uniformly, 180, 194
geodesic
compact trajectory, 25
divergent trajectory, 25
flow, 110
horospherical subgroup, 26
global field, 259
completion, 409
uniformizer, 259
Gram—Schmidt procedure, 35-37,
43
Grassmannian, 189
group
action, 7
ergodic, 45
Mautner phenomenon, 53
measure-preserving, 45
spectral property, 45
unitary, 45
algebraic
anisotropic torus, 233
K-character, 227
split torus, 233
amenable, 227, 403
center, 57
commutator series, 49
Fglner sequence, 159
lower central series, 49
matrix, 56
nilpotent, 49
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of signs, 92
one-parameter, 173
orbit, 7
semi-simple, 54
solvable, 49
topological, 415
unipotent, 84

Haar measure, 11, 20
decomposition, 38
fundamental domain, 12
homogeneous space, 14
hyperbolic area, 23
in coordinates, 23
Iwasawa decomposition, 38
modular character, 12
on homogeneous space, 11
quotient space, 14
unimodular, 12
volume of an orbit, 17
Hausdorff
distance, 389
space, 307
topology, 96, 106, 111, 112
Hausdorff dimension, 396
height
of a lattice, 33
Heisenberg group, 231
high entropy method, 346
(H, L)-measure, 293
homogeneous
measure, 173
orbit closure, 174
horocycle
ergodic, 154
flow, 110
compact trajectory, 27
non-escape of mass, 126, 129
topological non-divergence,
125

uniquely ergodic, 154
vanishing entropy, 311

joining, 210

minimal, 154

periodic orbit, 174

stable, 26
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uniquely ergodic, 154
horosphere, 207
horospherical
stable subgroup, 304
subalgebra
stable, unstable, 63

subgroup, 26, 156, 203
abelian, 167
opposite, 208
stable, 303

unstable subgroup, 304
Howe—-Moore theorem, 53

semi-simple, 54
H-plaque, 275
H-subordinate o-algebra

flower, 276
H-trivial measure, 292
hyperbolic

partially, 153

plane, 21
hypersurface, 97, 101, 440

ideal
class, 93
equivalent, 93
radical, 79
implicit function theorem, 124
incommensurable, 405
inheritance
Diophantine approximation, 390
injectivity radius, 8, 9, 334
invariant
measure, 12, 14
characterized using leafwise
measure, 297
on SL3(R), 222
one-parameter subgroup, 222
unique ergodicity, 313
metric, 17
vectors (almost), 411
irreducible
lattice, 243
isogeny, 240
isomorphic
locally, 48
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isomorphism

Borel, 274

finitary, 307

measurable, 307

polynomial, 349

topological group, 249, 307
Iwasawa decomposition, 35, 38, 43

Jacobi identity, 48, 63, 64
Jacobian, 381
Jacobson—Morozov theorem, 1, 65
joining, 210
Jordan
decomposition, 114, 115
representations, 115
subgroups, 115
normal form, 60, 304
Jordan measurable, 373

Kazdan’s property (T), 411, 412
and finitely generated groups,
412
and strong ergodicity, 413
characterized in terms of ge-
ometry of invariant mea-
sures, 414
K-character
algebraic group, 227
Killing form, 241
Kolmogorov—Sinal theorem (The-
orem 77), 319
K-point
affine variety, 80
K-regular function, 80

lattice, 12, 247, 253
algebraic, 243
co-compact, 15, 253
commensurable, 122
free group, 242
height function, 33
irreducible, 243
Minkowski’s first theorem, 29
moduli space, 29
reducible, 242
uniform, 15, 237, 247
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finitely generated, 21
unimodular, 29, 252
leaf, 326
foliation, 303
leafwise
foliation, 273
measure, 265, 271
entropy, 300
growth rate, 289
invariance, 297
Lusin theorem, 291
product structure, 345
recurrence, 293
stable manifold, 303
toral automorphism, 272
transience, 296
trivial, 292
leaves, 273
stable, 265
Lebesgue
measure, 20
level, 256
Levi
factor, 71
Levi decomposition, 1, 51, 67, 69,
226, 229, 236
for Lie groups, 225
Lie
algebra, 108, 282
abelian, 49
classification, 177
complex, 48
complexification, 50
connected, 51
Levi decomposition, 51
linear, 50
nilpotent, 49, 85
radical, 50
semi-simple, 50, 226
simple but complexification
not simple, 52
simply connected, 51
solvable, 49
bracket, 47
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complexified, 50
Jacobi identity, 48

group, 281
almost direct factor, 52
Cartan decomposition, 54
connected, 251
p-adic, 292
semi-simple, 51, 54, 225
simple, 51
simply connected, 48
solvable, 225
solvable radical, 225
torus, 226
unipotent radical, 226
universal cover, 53
ideal, 49, 64, 315
subalgebra
algebraic, 245
subgroup
almost algebraic, 245
theorem, 50
linear
algebraic group
examples, 110
algebraic group, 108, 109
almost simple, 242
simple, 242
smooth points, 108
strong approximation, 260
Lie algebra, 50
Lipschitz
equivalent, 321
locally, 339
property, 332
local
coordinate system, 157, 369,
370
diffeomorphism, 282
field, 259, 322
ring, 104, 105, 409
localization, 104
localize, 409
locally
compact abelian group
spectral theory, 162
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finite measure, 265, 267, 271—
273, 280, 300
conditional measures, 267,
268
fiber, 274
growth rate, 289
H-transient, 297
leafwise, 274
left-invariant, 273
Radon measure, 307
recurrent, 293
right-invariant, 299
homogeneous space, 7, 9
isomorphic, 48, 401
logarithm map, 114, 339
absence in positive character-
istic, 259
bi-Lipschitz, 332
polynomial, 151
polynomial inverse, 85
lower central series, 49, 85
Lusin
set, 347
theorem, 216, 291, 345
for leafwise measures, 291

Mahler compactness criterion, 33,
75, 234, 235, 257, 395
adelic, 257, 413
Mal’cev basis
fundamental domain, 84
Mal’cev basis, 84
Margulis
arithmeticity theorem, 223
conjecture, 344
Margulis—Dani—Kleinbock
non-divergence, 161
matrix
coefficients
vanishing, 53, 54
group, H6
R-diagonal, 57
unipotent, 57
Mautner
ideal, 62
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phenomenon, 53, 56, 148, 150,
194
Auslander ideal, 63, 64
for SLy(R), 57
Mautner phenomenon, 193
measurable
Jordan, 373
measure
algebraic, 173, 193
fiber, 268
finite
conditional measures, 265
Haar, 20
(H, L)-aligned, 293
H-trivial, 292
leafwise, 265, 271
growth rate, 289
trivial, 292
locally finite, 265, 271
Radon, 307
restriction, 266
rigidity, 343
torus action, 343
space
o-finite, 306
method of summation, 14
metric
Riemannian, 321
minimal, 154
Minkowski
first theorem, 29
mixing
argument, 369
modular
character, function, 12
moduli space
finite volume, 35
of lattices, 29
monotone
functions differentiable almost
everywhere, 320

NAK decomposition, 247

N AK-decomposition, 35
SL2(R), 23

Nakayama’s lemma, 105

date/time: 15-Dec-2016/17:58



464

nearly disjoint, 136
neighborhood
basis, 415
countable, 415
nilmanifold, 184
nilpotent, 49, 65
degree, 185
group, 49
Lie algebra, 49
Noetherian, 101
non-containment, 140
non-divergence, 125, 217
Margulis—Dani-Kleinbock, 161
quantitative, 142, 390
topological, 125
unipotent orbit, 125
non-escape of mass
horocycle flow, 126, 129
polynomial orbit, 130
unipotent subgroup, 147
norm form, 89
normalizer, 300
Nullstellensatz, 78, 103

one-parameter subgroup, 153, 162,
165, 166, 168, 184, 193,
197, 222, 223, 350, 439
unbounded, 153
unipotent, 148, 171, 173-175,
180
open
Zariski, 100
Oppenheim
conjecture, 399
badly approximable, 399
orbifold, 24
orbit, 16
finite volume implies closed,
17
orbit closure
algebraic, 174
homogeneous, 174
order, 28, 87, 302
orthogonal

group
Zariski connected, 237
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Lie group, 292
parallelepiped, 31
partial flag, 142-144, 146
partially hyperbolic, 153
partition

of unity, 297
perfect set, 19
pigeonhole principle, 387, 396
place, 302

above, 302

Archimedean, 302

non-Archimedean, 302
plaque, 287
Poincaré, 14

recurrence, 1, 14, 313, 326, 334
polynomial

isomorphism, 349

like, 133

orbit, 130

non-escape of mass, 130

Poulsen simplex, 414
principal

ideal domain, 435
principal ideal domain, 96
product

structure

leafwise measure, 345

projective limit, 253, 256
proper, 268

map, 28, 402

metric, 272
property (T)

also seeKazdan’s property (T),

412
protecting intervals, 127, 135
protection from a flag, 135, 138,
139

p-semi-simple, 347
pseudometric, 417
push-forward, 272, 277

quadratic
form, 399
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basic theory, 76
indefinite, 76
irrational, rational, 399
non-degenerate, 76
positive-definite, 76
rational, 73
signature, 77, 401
unit, 28
quantitative
non-divergence, 142, 390
quantitative non-divergence, 125
quotient
finite volume, 12

radical, 79
of a Lie algebra, 50
Radon measure, 307, 320
Raghunathan
conjecture, 174, 400
rational
adele, 254
quadratic form, 73
reasons, 130
Ratner
equidistribution theorem, 174
measure classification, 173, 193
theorem, 173
unipotent dynamics, 173
real
Lie group
logarithm map, 332
Riemannian metric, 332
recurrence, 293
reduction theory, 41
reductive
algebraic group, 226
regular
function, 78
representation
algebraic, 81, 112
irreducible, 226
semi-simple, 226
restricted
direct product, 249

S-algebraic group, 250
product, 250, 322
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restriction, 266
of scalars, 89, 229
return time, 294
Riemann zeta function, 360
Riemannian
metric, 251, 321
real Lie group, 332
right action, 273
rigidity
measure
torus action, 343
Rudolph—Johnson theorem, 344

S-algebraic group, 249, 250, 281
Schmidt

game, 396
semi-simple

Lie algebra, 50

Lie group, 51, 225
shadowing

Anosov, 155, 156
shape, 327, 328
Siegel

domain, 35, 37, 438

surjective, 37

Siegel transform, 42
o-algebra

countably equivalent, 271
o-algebra

subordinate, 275
o-compact, 306
o-compact

group, 272

metric space, 267
o-finite, 306
signature, 124

quadratic form, 77, 401
simple

Lie group, 51
simplex

Bauer, 414

Poulsen, 414
singular

vector, 393
slo-triple, 65
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smooth
point, 98

point on a variety, 97, 102, 409

variety, 98
Sobolev
norm, 360
solenoid, 254, 272, 302
adelic description, 307
solvable
group, 49
Lie algebra, 49
Lie group, 225
radical, 225
spectral
property, 45
theory, 162
spherical co-ordinates, 373
split
torus, 233
stabilizer subgroup, 17
stable
horospherical
subalgebra, 63
subgroup, 303, 304
vanishing entropy, 311
manifold, 301, 303, 306
strong
approximation, 255, 260
subconvexity of L-functions, 95
subordinate o-algebra, 275, 319
supporting subgroup, 347
Sylvester inertia theorem, 401

thin boundary, 320
partition, 320
topological
group, 415
metrizable, 415
topology
Zariski, 96
closure, 105
torus, 25, 226
algebraic, 89, 226, 227, 233
anisotropic, 156, 233
total derivative, 373
transcendence degree, 96
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transform

Siegel, 42
transience

leafwise measure, 296
transversal, 378
transverse, 336
tubular neighborhood, 371
type

algebraic number field, 93

unfolding, 14, 421
uniform
lattice, 15, 247
finitely generated, 21
uniformizer, 259
uniformly
discrete, 33
generic, 180, 194, 204
open, 27
unimodular, 12, 38, 289
lattice, 29, 252
unipotent
algebraic group, 226
dynamics, 343
flow, 174
vanishing entropy, 311
group, 84
one-parameter subgroup, 173
orbit
no escape of mass, 125
non-divergence, 125
radical, 226
subgroup, 147
unique
ergodicity, 313
horocycle, 154
factorization domain, 101
unit, 28, 303
unitary
representation, 53, 411
unstable
horospherical
subalgebra, 63
horospherical subgroup, 304
upper half-plane, 21
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variety, 96
affine, 78, 109
K-point, 80

K-regular function, 80
connected component, 100
connected, irreducible, 96
dimension, 96
hypersurface, 97
regular function, 96
smooth, 98
smooth point, 97, 102, 409
tangent space, 97
transcendence degree, 96

volume

cusp, 34

finite, 12, 15

form, 358

measure, 18

moduli space, 35

of an orbit, 17, 18, 73, 95, 116,
119

parallelepiped, 31

quotient, 12

wedge

power, 113

product representation, 115
wedge product, 113
weight, 289, 403

lattice, 260
well-approximable
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almost everywhere property,
396
equidistribution, 396
vector, 394
unbounded orbit, 395
well-rounded, 374
well-roundedness, 372

Zariski
closed, 96
closure, 105, 117, 243, 245, 246
group, 113
connected, 96, 229, 237, 241
connected algebraic group, 110,

225, 228
connected component, 108

connected components, 100

dense, 85, 96, 98, 100, 102,
110, 117, 121, 234, 243

dense and open, 98, 102

K-closed, 96

open, 99, 100

simply connected algebraic group,

255
topology, 96

connection to usual topol-
ogy, 112

over Qp, 112

relation to usual topology,
96

smooth points, 98
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