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Abstract

We study Kakutani equivalence in the class of unipotent flows acting on finite
volume quotients of semisimple Lie groups. For every such flow we compute the Kak-
utani invariant of M. Ratner, the value of which being explicitly given by the Jordan
block structure of the unipotent element generating the flow. This, in particular, an-
swers a question of M. Ratner. Moreover, it follows that the only standard unipotent

flows are given by ((1) i) xid acting on (SL(2,R) x G')/T", where I' is an irreducible
lattice in SL(2,R) x G’ (with the possibility that G’ = {e}).

1 Introduction

Classical ergodic theory studies representations of a group G as automorphisms of measure
spaces: g — Ty. For such group actions there is a natural notion of isomorphism: two group
actions (Ty)gec on (X, p) and (Sq)geq on (Y,v) are (measure theoretically) isomorphic if
there exists a (measure preserving, invertible) map R : (X, u) — (Y, v) such that

RoTy,=S5,0R, forall gecd.

In what follows, we will consider the classical setting, where the acting group is Z or R,
corresponding to the iteration of a single automorphism, or flow along a one-parameter
measurable family of automorphisms, respectively. Classifying Z or R actions up to iso-
morphism is too difficult of a problem in full generality (see e.g. [2], [14], [13]). A much
weaker equivalence relation than isomorphism is that of orbit equivalence. We recall, that
(Ty)gec and (Sq)gec are called orbit equivalent if there exists a measure preserving, in-
vertible map R taking (Tj)scq orbits to (Sy)gec orbits (as sets). This notion is however
too weak as according to Dye’s theorem, [8], [9] it follows that for G = Z (or R), any two
ergodic measure preserving actions are orbit equivalent.

For Z and R actions, an equivalence relation weaker than isomorphism but stronger
than orbit equivalence was introduced by S. Kakutani [15]. Following [15], we say that
two Z actions T and S are Kakutani equivalent if there exist measurable sets A C X and
B C Y such that (T]4, 4, pa) and (S|, B,vp) are isomorphic, where T}4 and S|p denote
the corresponding induced isomorphisms and pa and vgp denote the induced measures.
Analogously, we say that two R-actions (T3)icr and (S;)ier are Kakutani equivalent if there
exists an L'(X, ) time change of (T})ier which is isomorphic with (S;)ier (see Definition
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2.1). Kakutani originally called this notion weak isomorphism, but as this terminology was
later used in a different context, modern treatments use Kakutani equivalence instead.

By Abramov’s formula, [1], it follows that Kakutani equivalence preserves the class of
zero-entropy, finite entropy systems and infinite entropy systems. In the present paper we
study the zero entropy case.

A. Katok, [17], showed that any two ergodic actions with discrete spectrum are Kak-
utani equivalent. In particular, we call an automorphism 7' (a flow (T})ier) standard or
loosely Bernoulli of zero entropy if it is Kakutani equivalent to an irrational rotation (to
a linear flow on T?).! Kakutani originally conjectured that all zero entropy systems were
standard (although he did not use this terminology) [15]. It turns out that the class
of standard systems is quite broad, it contains all systems of local rank one [12] and is
closed under factors, inverse limits and compact extensions, [17], [22], [5]. Hence, all distal
systems are standard, and, in particular, all nil-systems are standard.

The first non-standard system of zero entropy was constructed by J. Feldman, [11], by
the cutting and stacking method. Later, A. Katok, [17], and D. Ornstein, D. Rudolph,
and B. Weiss, [22], independently, constructed uncountably many non-Kakutani equivalent
zero entropy systems. However, these systems were manufactured to be non-standard and
were not systems of general interest. Instead, they were created via certain combinatorial
constructions which were later shown to have smooth models. In fact, until now, Kakutani
classification of smooth zero-entropy systems which were not created solely for this purpose,
has only been answered in a few special cases by M. Ratner. Namely, in 23], it is shown
that horocycle flows (hy)ier acting on finite volume quotients of SL(2,R) are standard.
Then, in [24], it was shown that h; x hs acting on SL(2,R)/T x SL(2,R)/I", the cartesian
square of these systems, is not standard, for any (hyperbolic) cocompact lattice I". Finally,
in [25], it was shown that the product of k-copies of (h;) is not Kakutani equivalent to the
product of I-copies with k& # [. The method in [25] was to introduce, for a general flow
(T}), an invariant of Kakutani equivalence, which was called the Kakutani invariant and
denoted by e((T}),log), which then was estimated to be different for (h¢)* and (hy)".

Notice that these examples come from a very specific class: unipotent flows on quotients
of semisimple Lie groups. The study of the Kakutani invariant for these flows was suggested
by M. Ratner (see Problem 1, [27]). In this class, all previous methods require the use
of certain properties of the lattice action. As a result, results were limited to the very
restricted class of products of SL(2,R) with reducible lattices. For many years, the study
of the Kakutani equivalence for unipotent flows had no progress in view of these limitations.
In fact, since the work of M. Ratner in the 1980s, no progress was made on the question
of Kakutani equivalence for any naturally defined systems. The results of the present
paper represent the first major step forward in over thirty years for our understanding of
Kakutani equivalence of algebraic actions. We show that for every unipotent flow on a
semismiple Lie group quotient, the Kakutani invariant can be explicitly computed from
the Jordan block structure of the unipotent element that generates the flow (see Definition
3.8).

There is a remarkable difference between the semisimple and nilpotent cases: for the
semisimple case, there is a nontrivial but explicit formula for the Kakutani invariant in
terms of the slow entropy. In particular, by Corollary 1.2 there are very few unipotent flows

!Notice that standardness implies ergodicity. By the above result of A. Katok, all irrational rotations
(linear flows on T?) are Kakutani equivalent.



which are standard. In the nilpotent case, the slow entropy can be arbitrarily large, but the
resulting systems are always standard. At first glance this may be quite a surprise, since
the local behavior of unipotent flows on quotients of semisimple groups and nilmanifolds
are very similar. In fact, there is a unified argument that shows that the slow entropy
of these systems does not see the global structure of these groups (see [19]). However,
in the nilmanifold case, the directions in which the maximal divergence is seen are not
mixed with the directions which cause divergence, even after recurrence. These directions
are central in the group and descend tori on the nilmanifold. But in the semisimple case,
the directions in which divergence are seen are mixed with the remaining directions which
cause divergence after they recur.

The proof we implement here is not an adaptation of Ratner’s argument in [24] and
[25], which uses specific properties of hyperbolic lattices in PSL(2,R) and their boundary
actions. Instead, we replace it by using multi-scale analysis, which controls orbits on
intermediate scales, combined with a polynomial divergence property, which generalizes
the divergence properties of horocycle flows and was first observed in [31]. This has many
advantages over previously used technology, as it works for arbitrary semisimple groups. In
particular, we use only very coarse properties of these groups such as exponential volume
growth, estimates on the number of lattice points in balls, and the existence of certain

renormalizing flows which interact in special ways with the unipotent flows (see Section
3.3.1).

1.1 Statement of Main Results

In what follows G is a semisimple linear Lie group? and I is a lattice in G (we do not
assume that I" is cocompact). Let moreover g = Lie(G) denote the Lie algebra of G. A
flow (¢) on G/T is called unipotent, if ¢, is the left translation action by exp(tU), where
U € g is such that adg® = 0 for some k, where ady € End(g) is the adjoint operator,
ady(X) = [U, X]. The flow (¢;) preserves Haar measure p on G/T'. We may also associate
a list of numbers (my,...,m,) called the chain structure of U which are the sizes of the
Jordan blocks for ady (see Definition 3.8). Then, we have the following invariant which is
the growth rate or slow entropy of (¢;):

GR(U) := %Zmi(mi—{—l). (1)
=1

As shown in [19], the number GR(U) describes the asymptotic orbit growth (both in the
topological and metric category). Moreover (see Section 3.4), it follows that GR(U) > 3.
The main theorem is the following (see Definition 2.3):

Theorem 1.1. Let G be a semisimple linear Lie group and (¢;) = Lexp(srr) @ unipotent
flow on G/I". If T" is cocompact, we have

e((¢r),log) = GR(U) — 3.
For finite volume I', we have

GR(U) —4 < e((¢r),log) < GR(U) — 3.

2We do not lose much generality in assuming that G is a linear Lie group, as any Lie group is a discrete
cover of some matrix group



Moreover, if GR(U) = 3, then (¢;) is standard.

By a direct computation, one gets 3k — 4 < e((h¢)*,log) < 3k — 3. This, in particular,
generalises M. Ratner’s result, [25] to any lattice in SL(2, R)*. If the lattice is additionally
cocompact, then e((h:)*,log) = 3k — 3. Theorem 1.1 allows one to deduce the following
immediately from Lemmas 3.9 and 3.11:

Corollary 1.2. The only ergodic unipotent flows on finite volume quotients of linear

1
t) x id acting on

semisimple Lie groups which are standard are of the form ¢; = <0 1

(SL(2,R) x G')/T", where T is irreducible.
Theorem 1.1, gives a solution to M. Ratner’s Problem 1 in [27] (see also [20]):

Corollary 1.3. Let G be a linear semisimple Lie group with dimG > 3, and G/I" be a
finite volume homogeneous space of G.

(i) There are ergodic unipotent flows on G/I" which are not standard.
(ii) If G is simple, no unipotent flow on G/I is standard.

(iii) If G has real rank at least two, there are two unipotent flows on G/I' (which are not
identity, but not necessarily ergodic) which are not Kakutani equivalent.

(iv) If G = SL(d,R), then there are at least d — 1 flows on G/I" which are pairwise
non-Kakutani equivalent.

In fact, we expect the number of pairwise non-Kakutani equivalent flows on SL(d,R)/T
to grow on the order of d* (see Remark 3.10). A proof of Corollary 1.3 is given in Section 3.4.
Moreover, our main result also allows one to construct algebraic examples which answer
negatively the following question by A. Katok, [17]: if T oS = SoT (ie. S € C(1))
and T is standard, does it follow that S is standard? The first such counterexamples were
constructed by de la Rue in [7]. However, these examples were Gaussian systems which
are not known to have smooth finite dimensional models.

Corollary 1.4. Let T = hy xid and S = hj x h; acting on SL(2,R)?/T" with T irreducible.
Then S and T are ergodic and commute, with T standard and S non-standard.

We finish the introduction with the following questions:

Question 1. When is the flow (¢1) = Leygur) acting on G/T' Kakutani equivalent
with its action on G/T"?

Notice that if I" and I' are conjugated, then the actions are isomorphic and hence
Kakutani equivalent. Therefore the interesting case is to consider question 1 for I" and I
which are not algebraically related.

The above question is a particular case of the following general question:

Question 2. Let U € gand U’ € ¢'. Is it true that if GR(U) = GR(U’) then the flows
(61) = Lexp(ry and (¢y) = Lexpury are Kakutani equivalent?

A positive answer to Question 2 would mean that the Kakutani invariant is a full
invariant in the class of unipotent flows (the same way as Kolmogorov-Sinai entropy is a
full invariant for Bernoulli shifts, [21]). Notice also that Question 1 is a special case of
Question 2.



Notice that in Theorem 1.1, we use the log function to compute the Kakutani invariant
e((¢¢),log). In general (see [28]), one may consider any u : [0,+00) — [0 4 00) such that
limy— 4 o0 % =1, for any a > 0. We have the following general problem:

Problem 1: For any function u as above construct a flow (7}) such that 0 < e((7}), u) <
+00.

Notice that it is much harder to construct systems with a prescribed Kakutani invariant
than with the Hamming one (this invariant is called slow entropy in [18]). Indeed, it follows
from [18] that (for natural systems such as unipotent flows) slow entropy behaves well under
taking products, which is not the case for the Kakutani invariant, as is demonstrated by
considering (h¢) on SL(2,R)/T" and (h; x hy), first considered in [24].
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1.2 A Reader’s Guide

We write the paper with readers from two distinct fields in mind: ergodic theory and
measurable invariants, and Lie groups and homogeneous dynamics. We therefore include
a section to describe some standard tools from each (Sections 2 and 3). In Section 4,
we combine ideas from each of these fields to make definitions which allow us to analyze
the decay rate of Kakutani balls. Section 5 contains some algebraic lemmas which are
applied in Sections 6 and 7. Since some proofs have a clear main idea but are technical,
we have included outlines of each important reduction (before its proof) to explain what
the technicalities mean intuitively.

The key technique of the paper is developing new counting results for the Kakutani
invariant. The main idea is that if two points are Kakutani close (which, in general, is very
hard to control), then they are algebraically close on a long block. In particular, the first
reduction of Theorem 1.1 is in Section 6 (Theorem 6.1), which relates Kakutani balls to
“Bowen-like” balls (Definition 4.2). These are algebraically, and not dynamically, defined
and we can obtain good estimates on their decay rates. Therefore, the main purpose
of Theorem 6.1 is to relate the dynamically defined Kaktuni balls with a more algebraic
definition.

The main difficulty with the Kakutani invariant is that the dynamical criterion for being
in a Kakutani ball does not give us control over the full orbit. Therefore, the strength of
Theorem 6.1 is the guarantee that this does happen: not only for a large proportion of
time do we have closeness of orbits, but also for a very long interval.

The remainder of the paper is dedicated to the proof of Theorem 6.1. A series of further
reductions to prove Theorem 6.1 are made in Section 7. The main idea is the following:
to guarantee a long interval in which orbits are close, and not just a large proportion of
time as guaranteed by the Kakutani condition, one must show that orbits cannot align,
separate, and realign in a negligible amount of time on large scales. Proposition 7.2 is a
way to guarantee that this cannot happen: for any matching of orbits, the smaller segments
of matching times cannot take up a large portion of the matching interval.

Let us point out that our technique is different from Ratner’s methods from [24], [25].
Indeed, the methods in [24] and [25] are crucially based on the fact that the lattice is a



product of hyperbolic lattices in SL(2,R). Our method is based on controlling the algebraic
(polynomial) divergence of the unipotent flow and not on controlling the behaviour of the
return times using finer properties of the lattice. The details will be explained more in
future sections.

Remark 1.5. The only place were we use the fact that G is linear is the computation
in Appendix, where we compute products of elements from the sl(2,R)-triple in G. If
G is linear, it follows that the homomorphism ¢ : s[(2,R) — g lifts to a homomorphism
® : SL(2,R) — G (and not just its universal cover, which is all that is guaranteed from
general Lie theory), see Lemma 3.4. This allows us to make computations in SL(2,R) and
conclude things about the corresponding products in G.

2 Preliminaries on Kakutani Equivalence

In this section we will introduce some basic definitions. We first recall the definition of
Kakutani equivalence. For a flow (T3) on (X, %,v) and a function «a € Lﬁ(X,Q%, v), the
flow (T7") is called a time change of (T}) (along «) if

T’ta (CC) = Tu(t,x) (CE),

where u(t, x) is a (unique) solution to

u(t,x)
/ a(Tsz)ds = t.
0

it follows that (7)) preserves measure dv := a(-)dv.

Definition 2.1 (Kakutani equivalence, [16]). Two ergodic measure preserving flows (1)
on (X, %,v) and (S;) on (X,%,v) are Kakutani equivalent, if (S;) is isomorphic to (T{)
for some o € L (X, B,v).

Following [28|, we will introduce the Kakutani invariant for an ergodic flow (7};) acting
on a Lebesgue space (X, %, v). For a finite measurable partition P of X and an element
x € X, we denote by P(x) the atom of P containing = and let Ig(x) := {Tsx : s € [0, R]}.
Let [ denote the Lebesgue measure on [0, R].

Definition 2.2 ((e, P)-matchable, [28|). For z,y € X, ¢ >0 and R > 1, Ir(x) and Ir(y)
are called (e, P)-matchable if there exists a subset A = A(x,y) C [0, R], {(A) > (1—&)R and
an increasing absolutely continuous map h = h(x,y) from A onto A" = A'(z,y) C [0, R],
I(A") > (1—¢)R such that P(T;x) = P(Tyy) for all t € A and the derivative b’ = h'(z,y)
satisfies

|h'(t) — 1| < e for all t € A. (2)
We call h an (e, P)-matching from Ir(z) onto Ir(y).
The Kakutani invariant is defined based on the above definition.

Definition 2.3 (Kakutani invariant, [28]). Define

fr(z,y,P) =inf{e > 0: Ig(x) and Ir(y) are (e, P)-matchable}.



Then denote Bg(z,e,P) = {y € X : fr(z,y,P) < e} as (R, P)-ball of radius ¢ > 0
centered at z € X, R > 1. A family agr(e,P) of (R, P)-balls of radius ¢ > 0 is called
(e, R, P)-cover of X if v(Uag(e, P)) > 1 —¢. Denote Kg(e,P) = inf |ar(e, P)| where |A|
denotes the cardinality of A and infimum is taken over all (g, R, P)-covers of X. Let F
denote the family of all nondecreasing functions from R onto itself, converging to -+oo.
For u € F, we denote,

e ) = gt RS
e(u, P) = limsup fS(u,e, P); 3)
e—0
e((Ty),u) = supe(u,P).
P

We also recall the following theorems, the first one is the generator theorem.

Theorem 2.4 (Generator theorem, [28|). Let (7;) be an ergodic measure-preserving flow
on (X, 4,v) and let P; < Py < ... be an increasing sequence of finite measurable partitions
of X such that V22 P, generates the o—algebra . Then e((1}),u) = sup,, e(u, Py,) for
all u € F.

The following theorem shows that the above quantity is an invariant of Kakutani equi-
valence.

Theorem 2.5 ([28]). Let (73) and (S;) be two ergodic Kakutani equivalent measure pre-
serving flows on (X, %,v) and (X, %4,7). Then

e((Tt)v u) = 6((5,5), u)

for all v € F with

lim ulat) =1foralla > 0.
t—00 u(t)
Moreover, we have the following theorem (see e.g. [28]):

Theorem 2.6. A zero-entropy ergodic measure preserving flow (7}) is standard if and
only if e((73),u) = 0 for all u € F.

We will also use the following definition of matching balls:

Definition 2.7. Fix € > 0, let x,y € M be (¢, P)-matchable (see Definition 2.2) and let
h:A(z,y) — A'(z,y) be an (g, P)-matching. For u € A(x,y) and L > 0 let

B(u,L) :={r e A(z,y) : r>u, r—u < L}.
denote the matching ball around (u, h(u)).

Finally, we give a simple general remark, which we will use in the proof of Theorem
1.1.

Remark 2.8. If there exists a set D C X, such that for every y € D, we have

M(BR(y,E,P) N D) < a(R7 8)7



for e < u(D), then Kr(e/5,P) > ;-

On the other hand if for every y € D, u(D;) > 1 — ¢, we have
AUJ(BR(ya €, P)) > b(Ra 8)’

then Kgr(5e,P) < W.
We recall also that fi(-,-,P) does not define a metric (triangle inequality fails), however
it is close to a metric: if x € Br(y,e,P) and y € Bg(z,&,P), then x € Br(z,5¢,P).

3 Preliminaries on Homogeneous Spaces

In this section, we recall some basic facts from the theory of Lie groups and homogeneous
spaces. Throughout the paper G will denote a semisimple Lie group with Lie algebra
g. Given g € G, let Ly,R; : G — G denote the left and right translations on G. Let
exp : g — G denote the exponential mapping of the Lie algebra g onto G. Then exp has a
local inverse log sending a neighborhood of e € G to a neighborhood of 0 € g.

3.1 Metrics and Measures on Homogeneous Spaces

Let I' C G be a (discrete) subgroup. We introduce a metric on a the homogeneous space
G/TI' by first introducing a right invariant metric on G. Fix an inner product (-,-), on g,
and define for v,w € T,G:

(v,w) = (dRy-1v,dR;— w>0

By construction, (-,-) is right invariant, so it induces a Riemannian metric on the space

G/T'. The Riemannian metric also has an associated exponential mapping €XPgeom : § = G,
which is C'*° and satisfies

do eXPgeom = id. (4)

Like the algebraic exponential, there is a local inverse of expgeoy, Which we will denote
by 10ggeom- The following is immediate from the definition of the inner product.

Lemma 3.1. The Riemannian volume is a (right) Haar measure on G. In particular, it is
independent of the metric (-, -), when determining a probability measure on a homogeneous
space.

3.2 The Adjoint Representation

G acts on itself by conjugation Cj : h — g~'hg, and taking the derivative at the identity
in the coordinate h gives the adjoint representation of G on g = T.G, Ad : G — GL(g).
Taking the derivative of this map in the g coordinate yields the Adjoint representation of
the Lie algebra g, ad : ¢ — End(g), which coincides with the Lie bracket: ad(X)Y = [X,Y].
The following are standard tools from the theory of Lie groups, which we write as a Lemma
to reference.



Lemma 3.2. If X, Y € g,

expalg(_X) expalg(y) eXpalg(X) = eXpalg (Ad(expalg(X))Y)

< . k
exp(ad (X)) = 3 O Ad(expy (X))
k=0

3.3 Decompositions and Subgroups of Semisimple Groups

3.3.1 sl(2,R) triples

0 0 1 0 01
Let V = <1 0), X = <0 _1> and U = <O O> be the standard generators of s[(2,R).

Let G be a simply-connected semisimple Lie group of rank r, and g = Lie(G). We abusively
let U € g denote an arbitrary unipotent element (i.e., an element such that 0 is the only
eigenvalue of U). This is because given any unipotent element, there exists a homomorph-
ism ¢ : sl(2,R) — g such that ¢(U) is this given element. While this homomorphism is
not unique, it is unique up to automorphism of g fixing U. We therefore identify s((2,R)
with its image under .

Given a subalgebra isomorphic to s[(2,R) of g, we may consider the action ad :
s[(2,R) — End(g) which maps X +— adx. Since it is a subalgebra, this is a repres-
entation of s[(2,R). Since sl(2,R) is a semisimple algebra, this representation splits as a
sum of irreducible representations. The irreducible representations of s[(2,R) classified up
to isomorphism, with classes indexed by N. Let E, be an (n + 1)-dimensional real vector

space generated by vectors Xoi_p, k = 0,...,n. Then there exist nonzero constants a,, j
such that:

Wn(U)XQk—n = XZk—n-l—Q (5)

Wn(X)XQk—n = (2k - n)XZk—n (6)

Wn(V)XZk—n = an,kXZk—n—Q (7)

where we assume U sends X,, to 0 and V sends X_,, to 0. Note that the first three
are special cases: mg is the trivial representation, 7 is the standard representation and 7o
is the adjoint representation. Given elements Yi,...,Y, € g, let C(Y1,...,Y,) denote the
common centralizer of the Y;. That is:

C(Y1,....Y,)={Heg:ady,(H)=0forali=1,...,n}

The following is a straightforward finite-dimensional version of the Howe-Moore the-
orem:

Lemma 3.3. If A € C(U, X), then A € C(U,V, X).

Proof. Pick a basis {Xj

2im, - t=0,...mjand j=1,... ,n} of g such that ng‘—mj span
a representation 7, of sl(2,R) with relations determined by (5)-(7). We may write A =
Zangi_mj, and notice that adx (A) = > a;;(2i — m;j)Xoi m, ;. If adx(A4) = 0, then

aij = 0 unless 27 = m;. Furthermore, ady(A) = > a;;Xoi—m;+2;. This implies that
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a;j = 0 unless 2i — m; = m;. If a;; # 0, the first condition implies i = m;/2 and the
second implies ¢ = m;. The only way this occurs is when ¢ = m; = 0. That is, A must be
a sum of vectors spanning trivial representations, and V' must act trivially as well. U

The following lemma allows us to make computations in SL(2,R) directly for the
corresponding elements of G:

Lemma 3.4. Let H C GL(N,R) be a Lie group and ¢ : sl(2,R) — Lie(H) be a homo-
morphism. Then there exists a unique ¢ : SL(2,R) — H such that d¢ = ¢

Proof. Notice that ¢ induces a representation of s[(2,R) on RY which we denote by the
same name, since ¢(X) is a matrix in Lie(H) C gl(N,R) by definition. Then we may
decompose RY as a direct sum of irreducible subrepresentations RY = @, E;. But it
is known that each of the irreducible finite-dimensional represenations of s[(2,R) lifts to a
unique representation of SL(2,R). Therefore, we may lift ¢ by lifting in each subspace FEj,
and taking the corresponding direct sum of representations. U

3.3.2 SL(2,R) and Hyperbolic Geometry

Recall that the group PSL(2,R) = SL(2,R)/{=£id} is isomorphic to Isom(H?), which
gives a canonical action of SL(2,R) on H?.

Lemma 3.5. There exists C' > 0 with the following property: If 0 < ¢ < 1 and S C
SL(2,R) has S C B(e, R), then the minimal number of e-balls in SL(2,R) required to
cover S is less than Ce™3e2CF,

Proof. Notice that p(B(z,¢€)) = u(B(y,e)) > C1e3 for the standard hyperbolic measure
p and all z,y € H?, since ¢ is sufficiently small. Notice also that u(B(zo, R)) < Cyela®,
where hg is larger the exponential volume growth rate for balls in G. Therefore, one has
at most Coe?"e /1 (B(e,e/2)) = C7'Cy(e/2) 3e?he R disjoint balls in B(e, R). Any such
set which is maximally chosen will also cover B(e, R) when taking e-balls, so the result
holds. O

The following Lemma gives estimates on distances of the horocycle flow on SL(2,R):

Lemma 3.6. There exists C' > 0, ¢ty > 1 such that d(e,exp(tU)) < C'logt if t > tg.

Proof. Write exp(tU) = as exp(tU) = kjaks, where ki,ky € SO(2,R) are ro-

1 ¢
0 1)
tation matrices, and a = exp(sX) is a diagonal matrix. Observe that d(e,exp(tU)) <
d(e,krake) < d(e, k1) + d(k1,k1a) + d(kia, kiaks) < 2D + d(e,a), since the metric on
SL(2,R) is right-invariant, and left-invariant under SO(2,R). But d(e,a) = s, and we
may compute s by finding the eigenvalues of exp(tU) exp(tU)? = kyakokd aT ki = klazkfl.
Notice that:

2
exp(tU) exp(tU)T = <1 _;t i)

which has top eigenvalue % (t2 + V2 + 4t + 2). Therefore, the distance from e to

exp(sX) is %log (% (t2 + V2 + 4t + 2)) < 2logt. Therefore, by choosing t( large enough
we get that d(exp(tU),e) < 2logt+ 2D < C'logt. O
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3.3.3 Presentation of Group Elements

Let G be a Lie group, g = Lie(G), and g = ¢; @ ea & --- @ ¢, be a vector subspace
decomposition of g. We do not require that the subspaces ¢; are subalgebras or that they
commute with one another. The following is an easy adaptation of the classical lemma
that exp : g — G is a local diffeomorphism at 0.

Lemma 3.7. If g € G is sufficiently close to e € GG, then there exists unique X; € ¢; close
to 0 such that g = exp(X1)exp(X2)...exp(Xy)

Proof. Let ¢ : g — G be the map defined via p(X) = exp(X1) exp(X2)...exp(X,,), where
X = > X; and X; € ¢;. One can easily check that ¢’(0) = id, and hence ¢ has a local
inverse at e = ¢(0) by the inverse function theorem. O

3.4 Properties of unipotent flows

The following definition is important for describing the orbit growth of a unipotent flow
(see [19]).

Definition 3.8. Let g be a Lie algebra and U € g be a unipotent element. A chain in g
with respect to U of depth m is a linearly independent set {X; : 0 < 7 < m} such that X
is in the centralizer of U and:

ady(X;) = X1 for all 1 <7 < m.

A chain basis of g with respect to U is a basis of chains. The sequence of depths
(mq,...,my) of chains is called the chain structure of U. We will denote the chain basis
by { X} {X2Y02, ... {X}m . We will often denote chains using the notation:

Xn— X == X1 = X

While every unipotent element U has a chain basis, we will use special structures
associated to semisimple groups to construct a canonical one. In particular, notice that
the weight spaces for the representations of the s[(2,R) triple can be taken as the chain
basis by (5). We reindex them replacing the index n — 2k by i for convenience. Therefore,
the basis element X7 is an eigenvector for adx with eigenvalue m; — 2i. The elements
V +— X +— U may be taken as a chain, so there is always at least one chain of depth 2. We
call this the Jacobson-Morozov chain. This implies that any unipotent flow in a semisimple
homogeneous space has GR(U) > 3. Call any chain of depth 0 a t¢rivial chain. Note that
trivial chains span trivial subrepresentations of ad.

Lemma 3.9. Let ¢:(gI') = exp(tU)gI" act on G/T" ergodically. The following are equival-
ent:

1. GR(U) = 3.
2. The only nontrivial subrepresentation of ad is the Jacobson-Morozov representation

3. dimG —dimC(X) <3
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4. g =sl(2,R) @ ¢/, T is irreducible and under this isomorphism, U = <<8 (1)> ,O> €
sl(2,R) @ g

Proof. We show that 1. =— 2. = 3. and3. = 2. =— 4. = 1. That 1. =
2. is a direct consequence of the definition of GR and the fact that the Jacobson-Morozov
representation has depth 2. Now assume 2. As discussed in Section 3.3.1, the trivial chains
span trivial subrepresentations for ad |52 r) and therefore adx also acts trivially. That is,
the remaining chain basis elements are in C'(X).

Now suppose 3. We claim that this implies dim G — dim C'(X) = 2. Notice that we
have the lower inequality since U,V € g, but neither U nor V commute with X. We
must therefore rule out the case of 3. This implies that there exists exactly one more
linearly independent element which fails to commute with X. But by considering each
representation m, as described in Section 3.3.1, we see that there are always an even
number of linearly independent elements which fail to commute with X in each chain
basis. In particular, we have 2.

Now assume 2. We claim that in this case s[(2,R) is an ideal in g. Indeed, all basis
elements which are not from the Jacobson-Morozov representation act trivially on V, X
and U (since the Lie bracket is anti-commutative), and V', X and U act on each other by
the standard s[(2,R) relations. Since g is semisimple and s[(2,R) is an ideal, there exists
a complementary subalgebra g’. Since the flow must be ergodic, I must be irreducible.
That is, we have 4.

One can see 4. = 1. by direct computation. O

Proof of Corollary 1.3. Let G be a semisimple Lie group of dimension at least 4. Then
g = Lie(G) #sl(2,R). If g # sl(2,R)@® g, by Lemma 3.9, any unipotent U has GR(U) > 3.
In particular, any ergodic unipotent flow on the quotient of a simple Lie group other than
covers of SL(2,R) are non-standard (this proves (ii)). If g = sl(2,R) @ ¢’ , then g’ is also
semisimple (since g is semisimple). Therefore, each simple factor has a Cartan subalgebra,
with associated roots, and in particular, has unipotent elements of the root spaces. Take
U =U+ > U,,, where U,, is an element from a root space in each simple factor of g'.
By the Howe-Moore ergodicity theorem, the action of U’ is ergodic, and GR(U’) > 3 since
each Uy, has its own sl(2,R) triple in its semisimple factor (the sl(2,R) triple for g will
be the sum of the elements from each factor). Therefore, we have produced an ergodic
unipotent flow which is non-standard (this proves (i)).

Finally, assume that rankg(G) > 2, and let a denote a Cartan subalgebra of g. We
have shown G carries an ergodic unipotent flow, so if there is one which is not ergodic,
we produce two flows which are not Kakutani equivalent. Therefore, we need to produce
elements U and U’ such that GR(U) # GR(U’). If G is not simple, we take some U in one
factor and V' in another, and set U’ = U + V. This clearly yields two flows with different
values for GR. If G is simple and has rank at least 2, we may decompose g = go®P,c da
into a root space decomposition for some a C go C g. Here, go is the centralizer of a, a
split Cartan subalgebra of g, and A is a set of R-valued functionals on a such that if
X €aand Y € g,, then [X,Y] = a(X)Y. Now take any two roots a,as € A which are
non-proportional, and let U,, € g, be elements of the root spaces. We set U = U,, and
U =U,, + U,,.

Let X,, — -+ — Xj — Xy — 0 be any chain for U’. We will show that from this we
may produce chains for U, hence we may choose a chain for U as chains smaller than that
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of U’'. If we show that there is at least one chain that is broken up into two smaller ones,
then we get strict inequality, as desired. Write X; as a sum of root spaces X; = > 3 Xlﬁ ,
then ady,, (Xi) = > 4 adUal(Xf) =25 XiﬁJro“. We may choose a; and ay as simple
roots, and since all roots are integral linear combinations of the simple roots, every 5 € A
has uniquely determined integer coefficients for a; and «w, call them 1;(8) and l2(5). Let
g = @ gs. Then ady and adys both map g to gryi. Hence we may choose
Bil1(8)+12(8)=Fk
chain bases for both so that Xg € g for some k. Notice that any chain for U’ which starts
at gx can be decomposed into chains for U, by starting a new chain for U at ady,, (Xij),

if Xf we a chain basis element for U’). In particular, the Jordan blocks for U are shorter
than the corresponding ones for U’. Finally, we need to find at least one chain for U’ which
is broken into shorter ones for U. Consider the sl(2,R)-triple for U,,, giving Vi, € g_a,
and X,, € go. Since o and «ay are both simple, a; — g € A (the integral coefficients for
the simple roots are either all positive or all negative). In particular, ady(V,,) = 0. But
ady/(Va,) = Xa,, showing that at least one chain is shorter for U than for U’. This proves
(ii).

If G = SL(d,R), an explicit formula for GR(U) can be found. If U; € sl(d,R) has one
Jordan block of size [, then:

GR(U)) = %z(u S =D +Ud =1 —1)

Since it acts via the representation m;_; on the off-diagonal blocks, with the main term
coming from Corollary 1.13 of [19]. One easily confirms that these are distinct numbers for
l=2,...,d by computing GR(Uj1+1) —GR(U;) = l(2d —1), giving d — 1 flows with different
Kakutani invariant. This proves (iv).

O

Remark 3.10. In fact, the leading term of the general formula for GR(U) obtained in [19]
is cubic, and GR(U,,) (in the notation above) grows linearly in d. We expect most numbers
interpolating the cubic and linear growth to be possible by taking more involved Jordan

block structures, and therefore expect the number of pairwise non-Kakutani equivalent
flows on SL(d,R) to grow like d?.

3.5 Minimal Growth Rates

Lemma 3.11. If G is a semisimple group, and U is a unipotent element such that GR(U) >
3, then GR(U) > 5.

Proof. Let {V,X,U} C g be an sl(2,R) triple for U. For contradiction, assume that
GR(U) = 4. Since there is always one Jordan block of ady of size 3 (corresponding to
V — X — U), there must be only one other Jordan block of length 2, and all other Jordan
blocks are trivial. In particular, the eigenvalues of adx are £2, =1 and 0, with each of the
nonzero eigenspaces being simple.

Since adyx acts R-semisimply on g, and is contained in a split Cartan subalgebra a.
Since each of the eigenspaces of ad x are simple, they must be roots of g. We may therefore
choose a Cartan involution 6 : g — g such that g = ¢ @ p, with £ = Fix(f) a maximal
compact subgroup of g and p is a vector subspace of g containing a such that every element
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is ad-semisimple (the —1 eigenspace of #). Furthermore, if A, is a set of positive roots
for a, for each aw € A, there exists X, and X_, := 6(X,) such that X, + X_, generates
p. In particular, X, is not fixed by 6, and the sl(2,R)-triple is invariant under 6. Let
V1 — V5 be the Jordan block for adx of length 2. Then V; and V5 generate root spaces,
and since ady (V1) = Vo, we know that if «v is the root corresponding to U and 3 is the root
for V1, then a + (3 is the root for V5. However, 8(V3) — (V1) is also a nontrivial block,
and since there are only two blocks for ady, it must coincide with Vi — V5. Therefore,
a+p = —p and a = —28. Any semisimple group which has resonance of the form o = —283
must also have the corresponding [-subspace with dimension greater than 2 (this can be
checked case-by-case for the non-split real forms). This contradicts the simplicity of the
root spaces for « and (3, and we arrive at a contradiction. ]

Remark 3.12. This lower bound is sharp, and can appear in two ways. Given a matrix
group or algebra, we let E;; denote the matrix with 1 in the (4, j) position and 0 in every
other entry. First, if one takes the flow generated by E15 in SL(3,R)/I', one can see that
other than the s[(2, R)-triple, there are exactly two nontrivial Jordan blocks for the action:
FEo3 — E13 — 0 and F39 — FE31 — 0. In this case the Cartan involution does not reverse
the direction of the Jordan block, and in fact these Jordan blocks are permuted by the
Cartan involution. If the Jordan blocks are not fixed by this involution, then there must
be more than one.
The other example is that of SU(2, 1), with Lie algebra

z it w1
su(2,1) = is -z wo cz,wyp,we € C tys €R
—wy —wy; —2Im (Z)

Then consider the flow generated by iFo, with corresponding Cartan subalgebra a =
{diag(t,—t,0) : t € R}. Notice that there is an s[(2,R) triple which is the usual sl(2,R)
triple in the top left 2 x 2 block, with the unipotent elements scaled by i. The diagonal
matrix diag(if,i0, —2if) commutes with the flow, and is a trivial block of size one. Since
wy can take values in C, there are two blocks coming from this root space (which is two
dimensional):

FEo3 — E31 — i(Elg + E32) —0 1Fo3 +i1F31 — —F13+ FE39 — 0

Notice that in this case, while there is still more than one such Jordan block, the Cartan
involution fixes each one, so in the proof we must use the fact that every algebra for which
a and 2« are roots has dim(g,) > 1. In both examples, the growth rate is equal to 5.

4 Some additional definitions

Let G be a semisimple Lie group and I' C G be a finite volume lattice as considered in
Section 3, with projection = : G — G/T". We fix a fundamental domain F C G for G/T.
Then every point of G/T" has at least one lift to F', and there is a unique lift on an open,
dense subset of G/T" (corresponding to the interior of F').

Notice that 7 : FF — G/T" is a measurable isomorphism, so we can think of the left
action G on G/T" equivalently as an action on F. In particular, if z,y € G/T", then they
are cosets x = ZI' and y = yI' for some unique (except for points on the boundary of
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F) &,y € F. Then gxr = y is equivalent to g = g~ for some v € I'. This allows us
to consider the homogeneous flow (¢;) on F instead on G/I', as we shall in Section 7.
which preserves the Haar measure pp. We may lift the metric on G/I" to F'/ ~ by setting
dp(Z,9) = infyer dg(Z,7y), where F// ~ is the topological quotient space of F' by the
usual relation.

For a point y € G/T" let inj(y) denote the injectivity radius of y, i.e.

inj(y) :=sup{r > 0: Bg(y,r) N Bg(y,r)y =0 for all v # e}.

For a set K C G/I" let inj(K) = inf ek inj(y). We have the following classical lemma
which we state here for reference.

Lemma 4.1. For every ¢ > 0 there exists a compact set K. C F, u(K.) > 1 — e and such
that

k(e) = inj(K,) = yeiFn\f{e} zienlgs dg(zyz71,e) > 0.

4.1 Kakutani-Bowen Balls

Given a unipotent element U € g, we may use the results of Sections 3.3.1 and 3.4 to
obtain a basis {V, X, U} U {XZ] ci=1,...,my,5=1,... ,n}, where {V, X, U} generates a
subalgebra of g and satisfy the standard relations for the sl(2, R)-triple, and the remaining

elements are chains for U. We may therefore apply Lemma 3.7 to write elements of G
sufficiently close to e as

g = explay(9)V) exp(ax(9)X) exp (av(9)U + > ay(9) X7 ) (8)

Let 7(g) = exp (aU(g)U + Zaij(g)Xij) be the standard chain component of g. The

following definition combines dynamical and algebraic features, which is critical to our
analysis of the Kakutani balls Br(z,e,P) (see Theorem 6.1).

Definition 4.2 (Kakutani-Bowen Balls). For ¢ > 0, R > 0 let
Bow(R,¢e,e) :={g € G : dg(exp(rU)gexp(—rU),e) < ¢, for every r € [0, R]}.

be the Bowen ball of e € G for U. If z,y € G/T" we say that z € Kak(R,¢,y) if and
only if x = gy and

(a) lav(g)| <e/R

(b) lax(g)l <e

(c) 7(g) € Bow(R, ¢, e)

where ay(-), ax(-) and 7(-) are as in (8).

We will often consider Kakutani balls as subsets of I, since points in F' are in one-
to-one correspondence with points in a compact subset K C G/I' (except for those on
the boundary). Furthermore, if ¢ is sufficiently small, depending only on inj(K), if ¢ is
any point of G such that gI' = y, Kak(R, ¢, y) lifts uniquely to a neighborhood of §. The
definition of Kak(R, ¢, y) has the following explanation. We will see that points that differ
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in the direction Xik will see polynomial divergence in the direction X Jk with degree ¢ — j for
j <. Since {V, X, U} is taken as a chain for U, points that differ in V' direction split with
quadratic speed in the direction of U and with linear speed in the direction of X. Such
points can be easily matched with the fi-metric (even though they can not by d-Bowen
metric) as long as we don’t see divergence in X direction, since we are allowed to correct
by the flow. This is the reason why in the definition of Kak we take [ay| < . Similarly,
points differences in X direction yield linear divergence, but only in the U direction and
hence the control required on the X coefficient does not grow.

Since the condition for being in a Kakutani ball does not tell us the direction of di-
vergence, we make the following additional definitions which allow us to distinguish points
whose divergence is first seen in the sl(2, R)-triple components, and those which see diver-
gence in the other chains first.

Fix § > 0, and set

Kak'’(R,e,y) := Kak(R, e,y) N {x € G/T : |ay(g)| < R~+199) in Definition 4.2} 9)

and

Kak®* (R, e,y) := Kak(R, ¢, y) \ Kak"*(R,¢, ). (10)

For sufficiently large R, Kak'? are exactly points in which the divergence is guaranteed
to be seen first in the other chains (due to the increased control on ay). Kak?? is therefore
the points in which we are guaranteed to see some divergence in the X direction, since in
this case |ay| € [R-(1F19) ¢/R].

Definition 4.3 (Splitting time). For x,y € G/T" define the splitting time of x,y
S(z,y,e) :==sup{R >0 : z € Kak(R,¢e,y)}. (11)

The following observation is a straightforward consequence of continuity of (¢;): there
exists a function f : R — R such that f(m) — 400 as m — +oo and

S(z,y,€) > f(m) as dg/r(z,y) < m~ L (12)

We also have the following general definition which establishes a useful notation when
dealing with matching of x,y. A priori, given a matching between x and y, the points may
have long periods of matching, diverge for a small amount of time, and realign to have
another long period of matching. This is exactly what happens for the classical horocycle
flow. The following definition identifies that maximal interval on which the matching could
be extended before seeing divergence and waiting for another realignment.

Definition 4.4. Fix a partition P of G/T" and z,y € G/I" which are (7, P)-matchable
(with matching function h). For u € A(x,y) denote v, = ¢ € G/T, yu = ¢pyy € G/T
and let for € > 0

S(u,e) = S(Tu, Yu, €)-



4.2 Summary of notations

G A fixed semisimple linear Lie group

g The Lie algebra of G

r A lattice in G

T,Y, 2 Points of G/T°

T,19, 2 Lifts of z,y,2z to G

g,h Elements of G

inj(G/I") The largest number such that if dg/r(z,y) < inj(G/T),
x = gy for a unique g € Bg(e,inj(G/T))

{V,X,U} Fixed generators of a subalgebra isomorphic to sl(2,R)

o The left translation action by exp(tU)

GR(U) The polynomial slow entropy of ¢; (ie, the growth rate
for the number of Bowen balls to cover M)

{Xij}fnjl, j=1,...,n | Vectors generating g together with {V, X, U}, having

Z certain relations with {V, X, U} (see Section 3.3.1)

Bow(R,¢,y) The Bowen ball around y of radius € up to time R

Br(y,e,P) The Kakutani ball around y, ie the set of all points
x which are (e, P)-matchable with y

Kak(R,¢,y) Intuitively, points which stay e-close to y after lifting to
G, allowing correction of x by the flow (see Section 4.1)

Kak' (R, e, Y) A set of points in Kak(R, e,y) which see non-orbit
divergence in directions other than X first

Kak>(R,e,y) The remaining points of Kak(R, e, y)

S(z,y,¢) The first time z, y split and cannot be made close
by applying ¢; to y in the universal cover

S(u,e) With a fixed matching of x and y, S(zy, yu, €),
where z,, and ¥, is the matching at time u

5 Orbit divergence estimates
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In this section we state results on orbit divergence for unipotent flows. These results play
an important role in the proofs of Theorem 1.1 and 6.1.
We recall that following lemmas, which will be used in the proof:

Lemma 5.1. Let p(t) = ZZ:O apt® be a polynomial of degree d. There exists C(d) such

that if [p(t)| < € for all t € [0, T}, then |ax| < C(d)T*c for all k =0, ...,d. Conversely, if

lar| < C(d)~'T~*¢ for all k, then |p(t)| < e for all t € [0,T].

Let g = exp (aU(g)U + Z?Zl Z;‘ijo aij(g)Xij).The following formulas are important

for computing divergence rates:

exp(sX) exp(tU)g exp(—tU) exp(—sX)

n m;j m;—1i

i— istk ]
= exp BQSQU(Q)U+ZZ Z e(mj 2i) Ea(kﬁ-i)](g) XZ]

j=11i=0 \ k=0

(13)
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exp(tU) exp(sX)gexp(—sX) exp(—tU)
n  Mmj mj—i

s m;— 7 stk ]
=exp | Fap(@U+D_ Y | > ™ ag),) | X (14)
j=11i=0 \ k=0 ’

Equations (13) and (14) follow from Lemma 3.2 and the choice of chain basis made
in section 3.3.1. The proof of the following lemma is almost identical to that of [19,
Proposition 3.7], so we provide only a sketch.

Lemma 5.2. There exists ¢ such that for every y € G/T and every ¢ € (0, min(eg, inj(y)/3)),
we have
C(eo) R > (Kak(R,e,y)) > C(eo) R HOF2, (15)

Sketch of Proof. Since € < inj(y)/3, it follows that the projection 7 : G — G/T" is inject-
ive on Kak(R,¢,y) C B(y,3¢). Write z = gy, and note that the coefficients of X¥ for
log(exp(tU)7(g) exp(—tU)) are all polynomials of degree ¢ by (13). Therefore, by Lemma
5.1 and (13) with s = 0, a sufficient condition for 7(g) is that |a;| < C'()R™%, and a ne-
cessary one is that |a;z| < C'(e)"* R~ (by shrinking ¢ if necessary to absorb the constant

C(d). Let L: U -RVORX @ [RU® EBRXf be the inverse function provided by
ik
Lemma 3.7. Then we have shown that

()R’ C'(e)R?

[—e/R,e/R] x [—¢,e] x | [—&,¢] X H [_C/

i7

] C  L(Kak(R,e,y))

C [-¢/R,e/R| X [—¢,e] x | [—&,¢] x H [

I —C'(e)e c'(;)a]

Rt ' R

Notice that the hypercubes which contain and are contained in L(Kak(R,e,y)) de-
cay with the rate prescribed. Since the Jacobian of L is bounded above and below in a
neighborhood of e in G, we get the desired decay rate.

O

In the study of slow entropy, ie the covering rate for G/I" via Bowen balls, the result
analogous to Lemma 5.2 is sufficient to estimate the number of Bowen balls to cover the
space. However, Kakutani balls have a more complicated behavior, since we only insist
that the points are close for a large proportion of times. The remaining lemmas help to
show that if points stay together for a certain interval, then that amount of time can be
quantified, and that each such interval has a long interval afterwards in which the points
diverge, but in a controlled way as to avoid recurrence.

The following lemma allows us to explictly describe an optimal matching function when
x and y are sufficiently close.
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Lemma 5.3. There exists €1 > 0 such that if we let h = exp(ayV)exp(axX) € G and
P(t) := te? /(e7%X — aye¥t) with |ax| < e1, then for every |t| € [0,e1a;,'], we have

exp(¢Y(t)U)hexp(—tU) = exp(ou V') exp(5: X), (16)
with |o¢| < 2|ay| and |B¢| < 2(|lax |+ |av]|t]).

Proof. By Lemma 3.4, we may make computations in SL(2,R) and conclude the relevant
relations in G. Abusing the notation in this proof slightly, we let V, X, U € sl(2,R) denote
the generators of the opposite horocycle flow, geodesic flow, and horocycle flow respectively.
By a direction computation and the definition of ¢ (-), we have

e?X + (t)ay e’ 0 >

ayex e X —aye?Xt

exp((H)U) explay V) explax X) exp(—tU) = (

(17)
Let oy and 3; be defined so that

exp(ay V) exp(B: X) = exp(¢(t)U) exp(ay'V) exp(ax X ) exp(—tU).
Direct computation shows that

e’ = ay e,

e Pt = emax _ ayetXt. (18)
Thus we have ox (oo expy
ap = aye®X (e —aye ,
tﬁt = ‘:log(e_ax - a\‘je“xt). (19)
Since |ax| < €1 and |t| € [0,£1a3,'], we have
el < 2lav ], [Bi] < 2(lax]| + |av[[E]).
This finishes the proof. U

Remark 5.4. We will use the following property of ¢ (-) which follows by a direct compu-
tation: under the above assumptions if additionally ax| < 2, then for every ¢ € [0, £2a;,']
we have

P(t) e (1l —e1+¢).

Lemma 5.5. There exists €1 > 0 such that for every ¢ € (0,¢1] and for every x,y € G/T
if z € Kak(R,e3,y), then for every |L| € [0, R/3] there exists |¢| < R such that

¢e(x) € Kak(R/2,¢,¢Ly).
Proof. By Definition 4.2, it follows that we may write
z = exp(ayV) exp(bX)gy

where |ay| < e3R7!, |b] < &3 and g € Bow(R, €3, e), with g having no V or X component.
Therefore, for every £ > 0

exp(fU)z = (exp(tU) exp(ay'V) exp(bX) exp(—LU)) (exp(LU)g exp(—LU)) exp(LU()y )
20
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Moreover by Lemma 5.3 if we define ¢ := ¢(L) (by the bound on ay this is well defined),
then [¢] < R/2 (see Remark 5.4), and we have

exp(LU) exp(ay'V') exp(bX) exp(—LU) = exp(br V') exp(cr, X),

where |by| < eR™!, and |cz| < . Notice also that if m, = exp(LU)gexp(—LU) then for
every t € [0, R — L], we have

da(exp(tU)myexp(—tU), e) = dg(exp((t + L)U)gexp(—(t + L)U),e) < & (21)

the last inequality since g € Bow (R, &3, e). Therefore m; € Bow(R/2,¢3,¢) and the V and
X coordinates of m; are zero since the spaces generated by each chain are invariant for
ad(tU) (see Definition 4.2). Therefore

¢dex = exp(lU)x = exp(lU) exp(ay V) exp(bX ) gy = exp(br,V) exp(cr X )meory

which by Definition 4.2 and (21) implies that ¢yx € Kak(R/2,¢,¢ry). This finishes
the proof.
]

The following Lemma quantifies the renormalization phenomenon related to the relation
[X,U] = 2U. Recall Definition 4.2 and equation (8).

Lemma 5.6. Let g € Bow(R,¢,e) be such that ay(g) = ax(g) = 0.There exists C > 0
(independent of ) such that for every ¢ € (0,e1], every & € [0,C~2), every R > 0 and
every s € [0, (1 + &) log(R)], we have

exp(—sX)gexp(sX) € Bow(RY?7CY £1/3 ¢)

and ay (exp(—sX)gexp(sX)) = ax(exp(—sX)gexp(sX)) = 0.
Proof. Since ay(g) = ax(g) = 0, we can write g = exp (aU(g)U +20 al-j(g)Xf), where

{X2ymo ... {XP} are standard chains, each of which span a finite-dimensional repres-
entation of s[(2,R) (see Definition 3.8). Note that the claims that

ay (exp(—sX)gexp(sX)) = ax(exp(—sX)gexp(sX)) =0

follow from the fact that each chain {XZ] } spans a finite-dimensional representation of
s[(2,R) and that U is an eigenvector for both adx and ady. Since g € Bow (R, ¢, e) it follows
that for 0 <t < R, dg(exp(tU)gexp(—tU),e) < €. Since dg(exp(tU)gexp(—tU),e) < €
for 0 < ¢ < R it follows by Lemma 5.1 applied to the X} terms of (13) with s = 0 that
C(d,e)e
laij(g)] < T (22)

for all j, where C'(d,¢) is determined by Lemma 5.1 and the norm of d(logge,, ©exp) on
B(e,e1) (since d(e,exp(Y)) = Hloggeom(exp(Y))H).

Let Ry(g) = exp(—sX)gexp(sX). We need to show that Ry(g) € Bow(RY2-CY £1/3 ¢).
Hence we only need to show that for every 0 < ¢t < RY/ 2-0¥

de (exp(tU)Rs(g) exp(—tU), e) < e'/3.
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Notice that by (14),

aij(s,t) Z 7(mj72(i+k))sa(i+k)j (9)
= k!

denotes the coeflicient of XZ-J for exp(tU)Rs(g) exp(—tU) at time ¢t. We will control
each coefficient o1, = %e*(mﬂ'”(k”)s) Akti)5(9)-
Our bound on a;j(g), (22), and the condition that 0 < s < 1(1+ §’) log(R) gives:

C(d 61)

SR 2 (mj =2(k+i)(1+6) ~(k+0) < (g, g1 )e R 2™+ (kFi=3m;)d

loviji] <

Therefore, by Lemma 5.1, since k+i < m; and since the maximal power of ¢ by a;;(s,t)
is m; — i (and therefore t* < R(/2=C3")(m; 1) ' \ye have

sup aij(S, t) S m]Cl(d’el)eR(l/Q_C(sl)(mJ_Z)_%mj(l_él) =
te[0,R1/2-C4")
mjcl (d, 6I)R—l/Zi—C'(S’(mj —i)+1/2m; ¢’
Notice that —1/2i — C¢'(m; — i) +1/2m;é’ <0
Therefore, if € is sufficiently small, we can guarantee that SUD 10 g1/2-Co'] al-j(s, t) can

be made less than €'/3/C” for arbitrary C”. So by choosing ¢ sufficiently small, we may
guarantee R,(g) € Bow(RY/2=C% £1/3 ¢). O

Lemma 5.7. There exist constants Cy,e1, Ry > 0 such that for every ¢ < &1, every
R > Ry, s < 3log(R), and for every g = exp(Y) € Bow(R,¢,e),

exp(—sX)gexp(sX) € exp(Yo)Bg(e, CQER_%)_
for some Yo € C(U). Moreover, for s = 3 log(R), the same holds for some Yo € C(U, X).

Proof. Recall, (see (13) and (22)) that if g = exp <Z -ai;(g )Xf) € Bow(R,¢,¢€), then

C(dyile
.. < . ,
|a’l] (9)] Ri
and
n Mmj
exp(—sX)gexp(sX) = exp Z Z e~smi=2%)q,. (9)X] |, (23)
j=1i=0

Therefore, if s < %log R, we get the following bound on the Xg coefficient of
exp(—sX)gexp(sX) (denoting s = ¢slog(R), so that ¢, < 1)

|e=*m 20 g5 (g)] < C(d)ile R~ o (mi =20,

Moreover, if m; — 2i > 0, then —i — cs(m; — 2i) < —i and if m; — 2i < 0, then —i —
cs(mj—2i) < —i—1(m;j—2i) = —3m; and recall that m; > i. Therefore, if i > 0, then for
every j, the coefficient by X7 in (23) is at most C(d)i!leR~'/2. Notice that by Definition
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3.8, Xg € C(U). Let Yo =377, aoj(g)Xg. Pulling Y¢ out of the expression for g does
not cost much, since all expressions given by Lemma 3.7 are tangent to the identity. In
particular, exp(A + B) = exp(A + O(|A| - |B])) exp(B). Therefore,

exp(—sX)g exp(sX) exp(—Zc) € Ba(e, CaeR™7).

1

Moreover, for s = Zlog R it follows that —i — $(m; — 2i) = —im; < unless

1

2 2 P

m; = 0, but chains of length 0 correspond to vectors in C'(U, X) (they must span trivial

representations, see Section 3.3.1) and are absorbed in Y. This finishes the proof of the
second part.

O

Before we state next lemmas, we need the following general lemma about polynomials.
We use the following technical tool in the proof:

Lemma 5.8 (Brudnyi-Ganzburg inequality [6]). Let V' C R be an interval, and w C V' a
measurable subset. Then for any polynomial p of degree at most d:

4|V

d
sup|p < (—) sup g
1% ‘w’ w

Lemma 5.9. Let p be a polynomial with deg(p) < d. There exists C1(d) > 0 such that
for every n > 0 if N > 0 satisfies [p(N)| = € (for € < g9) and |p(0)| < C(d)~'e (recall C(d)
is defined in Lemma 5.1), then

lw € [0, N'*1] : |p(w)| < 10e| < Cy(d)NIHn=1/D),

Proof. Notice that since p(N) > ¢ it follows that for some t € [0, N1*7], we have |p(t)| >
C(d)~2eN". Indeed, if [p(t)| < C(d)~2eN" on [0, N'*7], then by Lemma 5.1 above, the
coefficients of p(-) satisfy |ax| < C(d)~'eN"N~(+mF  Using this to control coefficients
k > 0 and the assumption on p(0) for k¥ = 0 we may apply the converse of Lemma 5.1, it
follows that p(N) < e. Then let w := {t € [0, N'™7] : |p(t)| < 10e}. By the Brudnyi-
Ganzburg inequality, and the above estimate, it follows that

4sup, |p(t)|"/|V|
supy [p(t)['/4

wl <

So
(é(d))2€N77)1/d < 4OC(d)2N1+7] 77/d.

Setting O (d) = 40C(d)? finishes the proof.

wl < 4

The above lemma and the orbit divergence estimate yields the following corollary:

Corollary 5.10. There exists Co(d) > 0 and e3 > 0 such that for every n > 0 and
g3 > ¢ > 0if g ¢ Bow(R,¢,e) and dg(g,e) < C(d) e (recall C(d) is defined in Lemma
5.1) then

‘w S [O,RH"] i dg(exp(wU)gexp(—wU),e) < 10€| < Cg(d)R(H"*"/d).
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Proof. Recall that if g = exp(3_, ; al-inj), then exp(wU)g exp(—wU) will have the coeffi-
cients of Xij as polynomials in w by (13). Let p;;(w) denote the polynomial for Xij and let
R > w > 0 be the largest number such that g € Bow(w, ¢, e), then analogously to (22) it
follows that there exists j such that

[poj(w)| = €.

Indeed, this follows from the fact that if € is small enough (depending only on U), then

Ipij(w)] < |poj(w)]-
Therefore using Lemma 5.9, we have

lw € [0, R*) : |po;(w)| < 10¢] < Cy(d)RIT1=1/D,

Since dg(exp(wU)gexp(—wU), e) < 10e implies in particular that every coordinate is less
than 10e (by taking log and since Jacobian is close to 1 around e). Let Ca(d) = C1(d).
This finishes the proof. U

Denote Ly = max{m; : j =1,...,n} to be the depth of the longest chain for U.

1 / :
o > > 0, every € € [0,€0] there exist R., such

that for every R > R, every g € Bow(R,¢,e) such that ay(g) = ax(g) = 0 and
da(g,e) < e/C(d) and every t € [0, R'*"] for which

Lemma 5.11. For every 57
U

da(exp(tU)gexp(—tU),e) > 10e,

there exists |s| € [0,2(Ly + 1)n'log R] and Cy = ay()U + 327, cj(t)Xg such that
max; [cj(t)] > e/n and

de(exp(—sX) exp(tU)g exp(—tU) exp(sX),exp(Cy)) < R,

Proof. Write g = exp (aU(g)U + Z;‘L:1 Z;‘ijo al-j(g)Xij), and let

ms;—1 k

—(m;—2i)

pij(t,s) = " (ki)

—e

|
Pt k!
be the coefficient of Xij for exp(—sX)exp(tU)gexp(—tU) exp(sX) as determined by (13).
The condition that g € Bow(R, e, e) implies that |ax;| < C(d)ek!/R* by Lemma 5.1. Thus,
if t < RV

k1. R(1+77,)k | kn'—i | 1/2—i

if R is sufficiently large.

Thus, if i > 1, |p;;(t,0)] < R™'/2¢. Similarly for sufficiently large R, |po;(t,0)| <
(mj +1)C(d)2eR™" < O(d)2eRM7 < 2REv+DT ¢ I for every j

By assumption, ¢ is such that dg(exp(tU)gexp(—tU),e) > 10e. Therefore, there exists
some j such that py;(¢,0) > 8¢/n. Let D = 2(Ly + 1), and consider the function ¢ :
s = (poi(t,s),...,pon(t,s)) € R™ Since pgj(t,0) > 8/n for some j, it follows that
¢(0) ¢ [0,7e/n]™. But since |po;(t,0)] < 2REUVTVT ¢ /n we get
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‘poj(t, D1’ log R)‘ — R—mi D’ Ipo,;(t,0)] < o RLu+)(A=2m;)n’ <2/n

for every j, provided m; > 1. If m; = 0, the only term appearing is Xg which is
constant in both ¢ and s. Therefore its coefficient is bounded by £/C(d) by the assumption
that d(z,e) < e/C(d). Therefore, ||((Dn'log R)|| < 2e.

By continuity of ¢, we may therefore choose s € [0, D/ log R] such that [|((s)|] = 2e.
Then, since |p;;(t,0)] < R~'/%¢, we get that |p;(t,s)| < R™(m=20P0'=1/2¢ < R=21" for
i > 1 if ' is sufficiently small. Setting C; = e 2%ay(2)U + > j—1Poj(t, s)Xg gives that:

da(exp(—sX) exp(tU)z exp(—tU) exp(sX),exp(Cy)) <

n mj

¢ Z Zpij(t’ S)ij < ER*277/ Z m; < Rin/

j=1i=1

Here, ¢ is the Lipshitz constant for log : Bg(e, 100ne) — g and the last inequality holds
if R is chosen sufficiently large. Finally, notice that since ((s) = 2, there exists some j
such that p;;(t,s) > ¢/n. O

6 Proof of Theorem 1.1

In this section we will prove Theorem 1.1. The proof is rather technical and consists of
several steps, which we will divide into subsections to improve readability. The following
Theorem is a crucial step in the proof of Theorem 1.1 since it shows that for most points,
being Kakutani close implies that there exists a long block on which they are close in the
metric on G/I' (see Definition 4.2).

Sequence of Partitions. Let (K,,)meny C G/T be a family of compact sets such that
w((G/T)\ Kp,) — 0. Let Py, be a partition of G/I' such that K¢, is one atom of P, and
the atoms of Pp, N Ky, are sets with diameter in [515, -1;] (with smooth boundaries). It is
clear that V,,>1P,, generates the o-algebra (and we can use Theorem 2.4). Fix a compact
set Ko, with u(Kp) = 1 —1073. Let ¢/ > 0 be a small constant fixed from now on, in
particular ¢’ < min(eq,e9). We have the following theorem:

Theorem 6.1. Let (¢;) be the flow generated by U with GR(U) > 3. There exists dy > 0
such that for every 0 < § < §p there exists a set E = E5 C G/T', u(Es) > 99/100
and mg, Rs € N such that for every m > mg, R > Rs and every z,y € E which are
(755> Pm)-matchable there exists u € A(z,y) such that (see Definition 4.4)

S(u,e') = R,
and moreover T, = ¢y, Yu = Ppw)y € Ko.

The proof of Theorem 1.1 can be deduced from Theorem 6.1. We will first give a con-
ditional proof of Theorem 1.1 (assuming that Theorem 6.1 holds) and then prove Theorem
6.1 in a separate section. The proof of Theorem 1.1 is divided into two parts: (i) the upper
bound on the number of balls and (ii) lower bound on the number of balls. It follows that
we only need Theorem 6.1 for (ii). In the proof we will use Remark 2.8.
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Outline of the proof: The proof shows first that e((¢;),log) < GR(U) — 3 and
then that e((¢:),log) > GR(U) — 3. For the proof of the upper bound, we will apply
Lemma 5.2. To do so, we need to relate Kak(R,e,y) and Bg(y,e,P). The key idea is
this: Kak(R,¢,y) is defined in such a way that all coordinates are controlled in such a way
that if © € Kak(R,e,y), for each u € [0, R], we can apply ¢; to bring ¢, (x) close to ¢y (y),
with ¢ well-controlled. The decay rate of Kak, however, is 1 away from the claimed decay
rate for Br(y,e,P). This is because the definition of Kak assumes that x and y are close
initially, while for Br(y,e,P), we only require a forward orbit of = (which is small relative
to R, but can depend linearly on R) to be close to y. This accounts for the slower decay
rate of Br versus Kak.

Claim A is the relationship between Kak and Bpr: if z € U;i}?) d_p(Kak(R, &5, y)),
then they are in one Kakutani ball, i.e. x € Bgr(y,&,Pp,). Then Claim B shows that the
forward orbits of Kak(R,e®,y) do not overlap giving the desired rate with Lemma 5.2.

For the lower bound we use Theorem 6.1 to show that if € Bgr(y,e, P, ), then (30)
holds. This together with the upper bound in Lemma 5.2 implies the lower bound.

Proof of Theorem 1.1. We will separately prove the upper bound which will follow from
general estimates on asymptotic divergence of orbits and the lower bound which is a con-
sequence of Theorem 6.1. Fix m € N (this also fixes the partition P,,) and let ¢ > 0,
e<m™3. Let K;s C F, with u(K_) > 1—¢° be as in Lemma 4.1 and let x = min(x(e?),e%).

Upper bound on the number of balls. Let V3' be the €2 neighborhood of the bound-
ary of Pp,. Since the boundaries are smooth, it follows that u(V2%') = O(m 2¢2). Applying
the ergodlc theorem to (¢;) and the set xym, we obtain a set D, such that u(D.) > 1— g2
and a number N, > 0 such that for every P > N, and every y € D., we have

eR

[{t € [0,R] : éuly) € VY < - (24)

The upper bound will follow from the following two claims:
Claim A. For every y € D, N gfllog(egR)(Kes), every R > N, and every z € G/T" if
2

there exists p € [0, k3R] such that if
ppx € Kak(R, K, Y)

then x € Br(y, €, Pn) (see Definition 2.3).
Claim B. For every y € D.Ng_1 log(ezR)(Kes) and every p, q € [0, k3R], with |[p—q| > 1
2
we have

o_p(Kak(R, £°,7)) N _q(Kak(R, K>,y)) = 0.

Before we prove the claims, let us show how they imply the upper bound.
Takeye D-NKsNg_1 10g(SQR)(Kas). By Claim A it follows that
2

U  ¢-p(Kak(R, <% y)) C Br(y,e, Pm)-
p€[0,k3R)
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Therefore by Claim B. and Lemma 5.2 (since y € K_s, we have inj(y) > k see Lemma
4.1), we have

M(BR(yagapm)) 2 1% U (b Kak R K ,y)) 2
pE[0,x3R)

/<;3Ru(Kak(R, I€5, y)) > Kd+3R7GR(U)+3

Since this holds for every y € D.NK s NY_110g(c2R) (K.5) and pu(D:-NK_5 N9_110g(c2R) (Ks5)) >
1 — e(since (gs) preserves p) it follows that for some C(e) > 0 depending on € only and by
Remark 2.8, we have
Kg(5e, Py) < C(e) REFU)=3, (25)

Therefore 5(log, 5¢,Pp,) < GR(U) — 3 and so by Theorem 2.4, e((¢;),log) < GR(U) —

Notice moreover, that if GR(U) = 3, then by (25) it follows that the number of balls
does not depend on R. Therefore e((¢;),u) = 0 for every function u € F. By Theorem 2.6
it follows that if GR(U) = 3, then (¢;) is standard.

So it remains to prove Claim A and Claim B.

Proof of Claim A. Take y € D. N g_%log(egR)(K&-S) and let p € [0, x*R] be such that
exp(pU)z € Kak(R, k°,y).

This by Definition 4.2 implies that for some |b| < %, |a| < R_RS’ and g € Bow(R, k%, ¢)
satisfying ay (¢) = ax(g) = 0, we have

x = exp(—pU) exp(aV') exp(bX)gy. (26)

Let ¥(t) := e,bt%l;ebt be as in Lemma 5.3, h(t) = ¢¥(t) + p, A(x,y) = {t € [0, R]
¢i(y) ¢ VZ2'} (notice that by (24), we have |A(x,y)| > (1 — ¢)R). Moreover (see Remark
5.4), |W(t) — 1] < € for every t € [0, R] and hence h satisfies the condition to be a (g, Py,)-
matching function. We will show that for every ¢ € [0, R], we have

de (o, dnz) < &°. (27)
This by right invariance, the definition of h(-) and (26) follows by showing
da(e,exp((t)U) exp(aV) exp(bX) exp(—tU) exp(tU) g exp(—tU)) < &°

Since g € Bow(R, k°, e) it follows that dg(exp(tU)gexp(—tU),e) < k® < &° for t € [0, R].
Moreover, by Lemma 5.3, we have

dg(exp(¥(t)U) exp(aV) exp(bX) exp(—tU), e) < &*

The two above inequalities finish the proof of (27). By (27), for every t € A(x,y) (see
(24)), we have Py (¢1y) = Pm(Pnex). Since |(A(z, y)] > (1 — e)R, it follows that = €
Br(y,&, Pn). This finishes the proof of Claim A.

Proof of Claim B. We will argue by contradiction assuming that there exists x €
Gq—p(Kak(R, k%, y)) NKak(R, k°,y), with k®R > [p—q| > 1and y € DEﬂgfélog(‘sQR) (K.s).
This, by the Definition 4.2 in particular means (denoting r = p — ¢) that

x = exp(aV) exp(bX)gy,
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and,

exp(—rU)z = exp(a’'V) exp(b' X)g'y,
where g,¢g' € Bow(R, k%, e) satisfy ay(-) = ax(-) = 0, |a|,|d'| < % and |b], [b'| < K°.
Choose lifts Z,7 € G of z,y € G/T minimizing dg(Z, 7). In particular since k < inj(K,s),

z = exp(aV)exp(vX)gy exp(—rU)z = exp(a'V) exp(b' X) g iy (28)

for some v € I'. Therefore using the second equality to express gy and the first to
express § !, we get

gt =gt exp(—b'X) exp(—a'V) exp(rU) exp(aV) exp(bX)g.
Notice that since |r| > 1 and all the other terms on the RHS are x small, it follows

that v # e. Multiplying on the left by exp(—sX) and on the right by exp(sX) with
s = %log e2R gives

(exp(—sX))y(exp(—sX)7) " = exp(—sX)g' " exp(sX) exp(~b'X)-
exp(e®*a'V) exp(e”%rU) exp(e**aV) exp(bX ) exp(—sX)gexp(sX). (29)

By the definition of s it follows that max(|e2*d’|, |V'|,|e 27|, |€**al, |b|]) < 3. Moreover,
by Lemma 5.6 (with & = 0) it follows that for w € {g,¢'"'} (since each such w €
Bow (R, k%, ¢))

da(exp(—sX)wexp(sX),e) < k.

Therefore, the RHS of (29) is k2 close to e. However by definition, gsy € K. and
hence, by Lemma 4.1, it follows that dg((exp(—sX)7)y(exp(—sX7))~t,e) > k. This
contradiction finishes the proof of the upper bound.

Lower bound on the number of balls. Notice that from the upper bound estimates (in
particular, (25)), it follows that if GR(U) = 3, then (¢;) is standard. Hence in what follows
we assume that GR(U) > 3, which, by Lemma 3.9 is equivalent to dim G—dim(C(X))—3 >
0 and we can use Theorem 6.1.

Fix § > 0, 0 < & < 1/100, and m > my satisfying 1/m? < ¢//C(d) and R > Rs and
assume that x,y € Ej are (e, Py, )-matchable. Using Theorem 6.1 and Definition 4.4 it
follows that there exists p,q € [0, R] (in fact p = w and ¢ = h(u) where h is the matching
function) such that

Ppx € Kak(le‘s, ', dqy).

This implies that

z€ ¢y (Kak(R'™, < 4y) )
Therefore,
Br(y,e,Pn) N By C | J6-p (Kak(R' ™,/ 6,) ) .
2

Since ¢4y € Ko (by Theorem 6.1), we have inj(¢,y) > ¢o = inj(Kp). Therefore, since ¢’ is
small enough (in particular €’ < ¢g), it follows by Lemma 5.2 that

1(Br(y,1/100,P,,) N Es) < R? mas p(Kak(R'™0, ¢, ggy) < () RP -NCRO)=2),
qe b
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So the number of balls needed to cover 1 — ¢ of space is at least R1I—)(GRU)=2)=2  There-
fore S(log,e, Pp) = (1 — §)(GR(U) — 2) — 2 and since the sequence (P,,) is generating
e((¢r),log) = (1 —6)(GR(U) — 2) — 2. The proof for general I is finished by taking limit
as § goes to 0.

Now assume that I' is cocompact and let (Rz)ffi be given by R; = iR, We will
show that any z,y € Es which are (1/100, Py, )-matchable have to satisfy

R26
ve |J oo | UKak(RH 13 6 y) (30)
pE[—2R,2R] i=1

Before we give the proof of (30), let us show how it implies the lower bound. By (30), we

have
R26
Bry,e,Pm)NEsC ) o | [JKak(R"™,e"3 ¢p,y)
p€[—2R,2R] i=1

Since ¢’ < inj(G/T"), by Lemma 5.2, for some c¢(¢’) > 0 (depending on &’ only)

p(BR(Y,, Pm) N Bs) < AR max(p(Kak(R'™, ", 6p,9))) <

C(a/)R1+25R7(1745)(GR(U)72) )

This gives
w(Br(y,e, Pp) N Es) < ¢(e" )RV,

where U(d) = 14+26—(1—46)(GR(U)—2). Hence the number of balls needed to cover 1—¢
of space, i.e. Kg(g,Pp) is at least C'(m)R~Y®) (for some constant depending on m only).
Therefore (log, e, Pp,) = —U(6) and since the sequence (Pp,) is generating e((¢;),log) >
—U(6). The proof is finished by taking limit as ¢ goes to 0, since —U(0) = GR(U) — 3. So
it remains to show (30).

Using Theorem 6.1 and Definition 4.4 it follows that there exists p,q € [0, R] (in fact
p =wu and g = h(u) where h is the matching function) such that

dpx € Kak(R'™%, ¢/, bqy)

Let R; be the number minimizing |¢ — R;| (over all 7). To finish the proof of (30) it is
enough to show that there exists ¢ = ¢(p,q), |¢| < R such that (since |p+ ¢| < 2R)

Gprex C Kak(R'72 3 g (y)).

This however follows by Lemma 5.5 with &3 = ¢/, z = Opr, Yy = ¢qy, L = R; — q. This
finishes the proof of Theorem 1.1.
O

So it remains to prove Theorem 6.1
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7 Proof of Theorem 6.1

Outline of the proof: Assume that z,y € G/I' are (1/100, P, )-matchable. Then every
matching arrow (of ¢,x and ¢, y) can be parametrized by j = j(u) € N and w € {1, 2}:
J € N measures the splitting time of ¢,z and ¢,y in exponential scale (see the set
Cj.rm(z,y) below). Moreover w € {1,2} gives the direction which is responsible for the
splitting, i.e. if w = 1 then the splitting is definitely produced by directions different than
V and if w = 2 then the splitting might be (but not necesarilly has to be) produced by
V (see (31) and (32)). Propositions 7.2 and 7.3 are purely of combinatorial nature (no
dynamics involved, just a counting argument). Proposition 7.2 states, that if for every j
(sufficiently large) the measure of arrows with label j,w, for w € {1,2} is exponentially
small (see b.) than the total measure of the matching is also small (since the series is
summable over ;). Proposition 7.3 states that if in every window of size 2 (14 for ¢ =2
(in (A)) and ¢ = 40 (in (B)) the relative measure of arrows with label j is exponentially
small, then the total measure of arrows with label j has to be small.

Fix 6 >0, m > 0 and R,j € R;. Assume that z,y € G/I" are (1/100, P,, )-matchable.
Let A(x,y) C [0, R] denote the matching set and h : A(z,y) — [0, R] the matching function.
We define two sets which will play a crucial role in the proof. Recalling Definitions and
4.4 and 4.3, we define

Cjrm(®,y) = {u € A(z,y) : dg(wy,yu) < 2m~? and 2 < S(u,e’) < 2771}
Let (see Definition 4.4 and (9), (10))

C}7R7m(x,y) =CjpmN{uecAlz,y) : z, € Kak1’5(2j,5',yu)} (31)

and

C? o (@, y) == Cjrm N {u € Az, y) : x4 € Kak™ (27 &, y,)}. (32)

By definition, Cj p.m(z,y) = C}7R7m(x, y) U 0]27R7m(x, Y).

Remark 7.1. Recall that the partition (P,,) is given by a compact set K,, C G/T" (and
we divide K, into sets of diameter € [ﬁ, #]) It follows that for u € A(x,y, ) satisfying
Ty = ¢y € Ky and yy = dpyy € K, we have dg/r(zu,yu) < 7z and hence x, €
Kak(R,,, ', yu), where the R, grows to +o0o with m. Therefore, relatively on the compact

set K, the sets {Cj rm(,y)}j>R,, partition the matching.
Let d and be as in Lemma 5.9. The following proposition implies Theorem 6.1:

Proposition 7.2. There exists ¢(d) > 0 and dyp > 0 such that for every dy > § > 0 there
exists a set Es C G/, u(Es) > % and mg, Rs € N such that for every m > mg, R > Rj
and every x,y € Ej there exist Wgr(x,y) C A(z,y) satisfying:

(a). [Wr(z,y)| > 5R;

(b). for every p € Wg(x,y), we have ¢pz, dpp)y € Ko (recall that Ko C Ky, is a fixed
compact set and K, is the compact part of Pp,);
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(c). for every j € N satisfying 2/ < R any (1/100, P,,)-matching of = and y (with
matching function h), we have for w = 1,2

|Cpm(@,y) O Wr(z,y) N (Wg(z,y))| < 226_125]..

=

We will prove Proposition 7.2 in a separate subsection. Let us now show how the above
proposition implies Theorem 6.1.

Proof of Theorem 6.1. Fix 6 > 0, R > Rs, m > mg, z,y € E5 and a (Wlo,Pm)—good
matching of z and y with the set A(x,y) and the matching function h. Notice that by
(b), the definition of K,, (the atoms of P,, N K,, have diameter less that m~2) and the
definition of Cj rm(z,y), we have

A(z,y) " Wg(x,y) C UC]Rmﬂ:y)

JEN
Moreover, by (12) and the definition of C} g (z,y), for j < log, f(m) (See Remark 7.1),
Cjrm(z,y) = 0. (33)

Hence, by (a), (b) and the definition of C} r.m(x,y), we have (recall also that h is the
matching function, hence it is absolutely continuous)

% > me(x’ y)
[(Wr(z,))°U b~ (Wr(2,))?) N[0, R]|

=2 1-
R
1 34
Tt 2 Ctn(e) O Wilass) 0™ (Wit ) @
=
9
2107 & Z Cram (2, y) O Wr(z,y) N h™ (Wr(z,y))]
]>0
Let jr be such that,
2JR < R17406 ~ 9jr+1 (35)
By (33), (c) and Cj gm(z,y) = C}Rm( y) U CJQRm(x,y), we have
1 _
= > 1Ci (@, y) N Wa(z,y) N h™ (Wr(z,y))| <
J<JR (36)

247165 71000
log f(m)<j<jr—1
by enlarging m if necessary (since f(m) goes to o). Therefore and by (34) there exists
J1 = jJr such that

le,R,m(ma y) N WR('%'7 y) N hil(WR('%H y)) 7& 0. (37)
By definition of C}, rm(z,y) and (35) it follows that there exists u € A(x,y) such that
S(u’el) > 2_7R > %R17405 > R17415‘ (38)

Since ¢ > 0 is arbitrary (changing § = 410), this finishes the proof of Theorem 6.1. O
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7.1 Proof of Proposition 7.2

We will formulate a proposition which will imply Proposition 7.2.

Proposition 7.3. There exists ¢/(d) > 0 and §y > 0 such that for every §y > 6 > 0 there
exists a set Es C G/, u(Es) > % and mg, Rs € N such that for every m > mg, R > Rj
and every z,y € Es there exist Wg(z,y) C [0, R] such that (a) and (b) holds for every
(1/100, Py, )-matching of x, y (with matching function h) and for every j € N satisfying

27 < R'7499 we have
(A) for every u € Wr(x,y) (see Definition 2.7)
C} g (@, y) N B(u, 20727 A Wr(2,y) N (Wa(z,y))| < ¢/(d)20H20-20/4)5;

(B) for every u € Wg(z,y)
|CfR,m(x,y) N B(u, 2(1+405)j) N Wg(z,y) N~ (Wg(z,y))| < 9(1+209)j,

Before we prove Proposition 7.3 let us show how it implies Proposition 7.2.

Proof of Proposition 7.2. Notice that by assumptions of Proposition 7.3 it follows that we
only need to prove (c) in Proposition 7.2 (with w = 1,2 in (c¢)). The proof for w = 1 uses
(A) and the proof for w = 2 uses (B). Since the proofs in both cases follow the same lines,
we will give the proof in case w = 1. Fix j as in (c). Divide the interval [0, R] into disjoint
intervals I, ..., I, of length 207297 in the following way. Fix the smallest element

uy € C_},R,m(x’y) N WR('Iay) a hil(WR(xay))‘

Let I; be an interval with right endpoint u; and length ljl- := 20420  Now inductively for
u > 1, we pick wu,, to be the smallest element in CJ{R,m(w, y) N Wr(z,y) "h=*(Wg(z,y)) \
(IhU...UI,—1). As u, satisfies (A), we let I,, be the interval with right endpoint w,, and
length l]l. We continue until we cover C’%R’m(x, y) N Wr(z,y) N h= Y (Wr(z,y)).
Since 27 < R0 we have 2014207 < R'-9 « R and hence k > 1. Moreover by
definition, we have
R
71
lj
Notice that by Definition 2.7, the fact that C]{R’m(x, y) C A(z,y) and the definition of
(1;) it follows that

k< +2. (39)

C]{R,m(x, y) N I; N Wgr(x,y) N h_l(WR(x, y)) C
C C}Rm(aﬂ, y) N B(u;, 2(1+25)j) NWr(z,y) N h_l(WR(x, Y))
Therefore and by (A), we have
€ rm (@, y) N L NV Wr(a,y) NETH (We(z,y))| < ¢(d)2020720/07, (40)
Summing over i € {1,...,k} by (40) and (39), we get

c(d)R
9d—165°

_ R _ ;
O e (,9) OV W(, ) OV (Win(a, )| < (57 + 20 (@)20420729/03
J

the last inequality by the definition of ljl- and defining ¢(d) = 2¢/(d). This finishes the proof.
]
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7.2 Proof of Proposition 7.3

In this section we will prove Proposition 7.3. It is the most technical part of the paper.
We will start by giving an outline of the proof:

Outline of the proof of Proposition 7.3: The arguments are very different in
proving (A) and (B). All the difficulty in proving (B) is transferred to Lemma 7.4. Indeed,
Lemma 7.4 directly implies Corollary 7.5 which implies (B). We will give the outline of
proof of Lemma 7.4 in the next section. The method in proving (A) is based on the fact
that if x € Kak1’5(2j ,&',y) then the first non-orbit divergence occurs in a direction other
than V', X or U (the V coordinate is too small by definition of Kakl"s) and consequently
the direction in which x,y split belongs to the centralizer C'(U) but is different than
the flow direction. Since f- metric allows one to “slide” along the orbits of points (ie,
U direction) only, there is no way to correct the splitting in the C(U) direction if it is
different than the flow (which is the case for (A)). Let us also stress out that the condition
dim G — dim(C(X)) — 3 > 0 is only used in the proof of Lemma 7.4.

We divide the proof in several subsections. For j € N let (see (9))

G(6,4,y) = Kak™* (27, &', y) N U ¢—p(Kak™ (27, ¢0y)) | . (41)

p,qE[29(14200) 25(1+408)+1]
We have the following lemma:
Lemma 7.4. For j € N let
EG(5,j) ={y € G/T : G(6,j,y) = 0}
There exists js > 0 such that for j > js,
WEGS,5) =1-572

By the above lemma it follows that if we define

Ej = () EG(,j), (42)

>3

then p(Ej) > 1 — 106 if j; := max(js, 1019).
We will prove Lemma 7.4 in the last section, let us first state the following immediate
corollary:

Corollary 7.5. For y € Ej and x € Kak™*(27,/,y) with j > js, we have
(bpx ¢ Ka‘k2,5(2j7 €I7 (bqy)a
for any p,q € [21(1+205)7 2j(1+405)+1].

Proof. This just follows by the definition of Ef, since for y € Ej, we have G(9,j,y) = 0 for
J = Js- ]

We can now prove Proposition 7.3:
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Proof of Proposition 7.3. Let Ky be a fixed compact set of positive measure (see (4.1)).
By ergodic theorem for xg, there exists a set ERs; and N, 51 such that for every y € ERg
and every |N| > N}, we have

{gsy : s € [N,(1+1000)N]} N Ky # 0. (43)

Let Ef = E(; N Ko N ERs. By ergodic theorem for y B it follows that there exists a
set E5 C E5 C F, u(Es) > 999/1000 and N5 > 0 such that for every x,y € Es and every
R > Nj, we have

[Wgr(z,y) == Wg(x) N Wgr(y)| = 99/100,

where, for z € Ej,
Wr(2) :={t €[0,R]: ¢z € E5N Ky}

Notice also that if u € h™'(Wg(z,y)), then for every |N| > max(Ns, N}), we have
Yu = Spw)y € Ej and, by (43), that
(g 5 € [N, (1+ 100)N]} 1 Ko £ 0, (14)

If s¢ is in the intersection, then by Lemma 4.1, it follows that
;2? dG(gsoyu'Y(gsoyu)_la 6) > CQ. (45)

Notice that by the definition of Wr(x,y) and the set Ej it follows that (a) and (b)
hold. Hence we only need to show that (A) and (B) in Proposition 7.3 hold. The methods
of proof are different for (A) and (B), (B) being a simple consequence of Corollary 7.5.

Proof of (B): Notice that by the definition of C’J2R m(2,y) (see also Definition 4.4) it

follows that if u € C2Rm N Wg(x,y) Vh™ (Wg(z,y)), then y, = ¢py € E5 C Es and
z, € Kak®2 (27, ¢ ).

Notice that since h is an (1/100, Py, )-matching function it follows that for every v —u €
[20(14200) 97(1+409)] and v € A(x,y), we have

|h(v) = h(u)] < 2|v — ul.

Therefore and by Corollary 7.5 for y = y, and x = z, it follows that for any v € [u +
21 (14200) 'y 4 27(14409)] (notice that |h(v) — h(u)| < 27(1+400)+1)

Dy u(xu) ¢ Kak26(2j e ¢h u)(yu))

Note that ¢y (7y) = Ty and @p)—nw)(Yu) = Ph)Y = Yo-
Therefore | |
C2 ) 1 (B, 20H0) | Bu, 2004200} =,
So | |
|C]2,R,m(x’ y) N B(u, 2](1+405)) N WR(x, y) N hil(WR(x, y))| < 2](1+205)‘

and this finishes the proof of (B).
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Proof of (A): Let u be the smallest element in C']{R’m(x, y)NB(u, 272N Wr (2, )N
h='(Wgr(z,y)) (if such u doesn’t exist, then the intersection is empty and the proof is
finished).

We will show that there exists a set A/, € [h(u), h(u)421(1H20)] | Al | < C'(d)27(1+20-20/d)
such that for every h(v) € [h(u), h(u) + 270+2)]\ A’ |

v ¢ Cj (@) N B(u, 27020 O Wh(z,y) 0 b~ (We(z,y)). (46)

This will finish the proof of (A) since |h' — 1| < e on A(z,y).

Assume for contradiction that (46) does not hold and let v belong to the RHS of (46).
By the definition of C}’Rm(x, y) and Definition 4.4 and 4.3 it follows that for w = u, v, we
have

Ty = exp(ay V) exp(bywX)guwYuw, (47)
where |a,,| < 2770+109) | < m~2 and g, € Bow(2,¢,¢) and ay(gy) = ax(gw) = 0
with dg(gw,e) < m~2. Moreover, since |a,| < 27704109 by Definition 4.4, Definition 4.3
and Definition 4.2, it follows that3

guw ¢ BOW(2j+1, ' e) (48)

Notice that ¢’ is fixed, so we may choose m sufficiently large so that the condition
dc(gw,e) < m~2 will imply that dg(gw,e) < C(d)~'e’, where C(d) is as in Corollary
5.10. Applying this Corollary with R = 2/*! and ¢ = &’ it follows that there exists
Ay € [0,200429] | A,| < C(d)270+20-20/d) and such that for every r € [0,270420)]\ A,
we have

de(exp(rU) gy, exp(—rU),e) > 10¢’.
Hence, by Lemma 5.11, with R = 27, and 1/ = 28 we have that for every r € [0, 27020\ 4,,
there exists s, € [0,4(Ly + 1)j0],

de(exp(—s, X) exp(rU) gy exp(—rU) exp(s, X ), exp(Cy)) < 2%, (49)

where C,. € C'(U) is as in the statement of Lemma 5.11.

Notice that x, = exp((v — u)U)z, and y, = exp((h(v) — h(u))U)y,. Therefore and by

(47) (setting p = v —u and ¢ = h(v) — h(u)) it follows that if Z and g are lifts of x and y,
for some v € I,

exp(pU) exp(a, V') exp(by,X)gy exp(h(u)U)y (50)

= exp(a, V') exp(by X ) gy exp(qU) exp(h(u)U) gy

We will consider two cases:
Case I. 7 = e in (50). In this case we get

exp(pU) exp(a, V') exp(byX)gy exp(—qU) = exp(a, V') exp(by X ) gy (51)

By Lemma 5.3 and since |a,| < 2770+109) it follows that there exists I = I(p) with
p/2 < |l| < 2p, such that

exp(pU) exp(a, V') exp(b,X) = exp(b,V') exp(cp, X ) exp(IU),

3The splitting time is defined through the V coefficient and dynamical control on g,. Since we are
in the set C* (see the definition of Kak'?®) it follows that the V coefficient is of lower order, hence the
splitting has to be produced by g.,.
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and |by| < 2|ay|, |cp| < 4m~2. Therefore, using (51), we have

exp((l — q)U) exp(qU)gy exp(—qU) = exp(—c, X ) exp(—b,V') exp(a, V) exp(by X )gy,. (52)

If ¢ € [0,270+29)]\ A, then by (49), we have, that there exists s € [0,4(Ly + 1)56] such
that '
dg(exp(—sX) exp(qU) gy exp(—qU) exp(sX), exp(C)) < 2779 (53)

Conjugate (52) by exp(sX). Since s < 4(Ly + 1) < 1log27 (since § is of lower order
than L), by Lemma 5.7, we have

dg(exp(—sX)g, exp(sX),e) <m™,
since ||(z0)c|| < do(zv,e) < m™2. Moreover since |a,|, |bp| < 270+10Iand |b,], |c,| <
4m~2 and since s < 4(Ly + 1)j8, the RHS of (52) after conjugating by exp(sX) (term by
term) is 40m~2 close to e. Hence and by (53), we get

dg(exp(ef%(l —q)U),exp(—C)) < 40m=2,

this however contradicts the properties of C' (see Lemma 5.11), if m is chosen so that
e > m~1/10 Consequently, for ¢ € [0,27020]\ A, it follows that (53) does not hold.
Recall that ¢ = h(v) — h(u). This shows that for v € h=1([0,27/0+20)]\ A,), (46) holds. Tt
remains to define A/, = h=1(A,) and notice that |A! | < (1 + €)|A,| (since h is a matching
function).

Case II. v # e in (50). In this case (50) is equivalent to

exp(—qU)(gy)_1 exp(—by X) exp(—a,V) exp(pU) exp(a, V') exp(by X ) gy, =
exp(h(w)U)gvg exp(—h(u)U) (54)

Notice that for s € [% log 27 (1436) 1 log 21(1499)] " we have

8

dg(exp(—sX) exp(pU) exp(a, V) exp(by X ) gy exp(sX), e) < vl

(55)

Indeed, this follows from applying the conjugation term-wise and by |p| < 270420) |q,| <
2-7(1+109) 1, | < m~2 and dg(exp(—sX)gy exp(sX),e) < # (see Lemma 5.6 with
8" = 35). By an analogous reasoning, (55) holds also for v (and g, ! and —gq instead of g,

and p). So by (54), for every s € [§1og2/(1+39) 11og 2/(1499)]  we have

_ 16
de((9-syu)Y (9-s1) "' €) < —75,
m

and this contradicts (44) (since y, € ER;) with N = 11og2/(1439) if m and j are large
enough (see also (45)). O

7.3 Proof of Lemma 7.4

Let us start by giving outline of the proof:
Outline of the proof: We start by (56), which is the definition of G(j,y) not being
empty. Next, we transform (56) (using the bounds on coefficients) to (62). Then using
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the properties P1 and P2 (which we prove in the appendix) we further transform it to
(66). We then have Lemma 7.6, which tells us that the set of solutions to (66) is ﬁ
small. Then using theorems on the cardinality of lattice points in balls in semisimple Lie
groups, it follows that Lemma 7.6 follows by Lemma 7.7 (in Lemma 7.6 we are summing
over v € I' and in Lemma 7.7 the element v € I is fixed). The crucial result here is Lemma
7.8. It allows to show that there are (sufficiently many) small translations of the set .S; ,
which are disjoint. Therefore the measure of the set cannot be too large (this is made
precise in the proof of Lemma 7.7). The crucial condition dim G — dim(C(X)) —3 > 0
is used to show that the "sufficiently many" translates is enough to get the estimates
since the cardinality of translates which are pairwise disjoint is strongly related to the
number dim G — dim(C (X)) — 3 (see the statement of Lemma 7.8)%. In fact this is the only
place in the whole proof of Theorem 1.1 in which we need this assumption. The method
of proving Lemma 7.8 goes by a straightforward calculation using the properties of the
adjoint representation of the si(2,R) triple.

Proof of Lemma 7.4. Fix § > 0 and j € N. If G(4,7,y) # 0, there exists x € G/T
such that = € Kak*®(2/,¢',y) and ¢,z € Kak®? (27, ¢/, ¢,y). By (10) this implies that

x € exp(aV) exp(bX)gy, where g € Bow(27,¢,e). (56)
with |a| € [279(1+109) 2-3] |p| < &’ and ay(g) = ax(g) = 0. Analogously,
exp(pU)z € exp(cV) exp(dX)7(g') exp(qU)y, where ¢’ € Bow(27,€' e)

with ¢, d satisfy the same estimates as a,b and ay(¢') = ax(¢’) = 0. We may lift = and
y to Z and § so that the first equation holds for the lifts as well. We may without loss of
generality assume that g is in a fixed fundamental domain F'. Combining the two above
equations and denoting y, = ¢4y and g, = exp(qU)y, yields for some v € I':

(exp(pU) exp(aV) exp(bX)) Bow (27,¢/, e) exp(—qU)) N
(exp(cV) exp(dX) Bow(2, &', €)1 () 1) # 0.

In what follows below, we will conjugate equations by exp(sX) and exp(rU) and use the
fact that they preserve measure, hence the measure of the set of y for which the above
holds will be equal to that of the conjugated equation.

Conjugating the above equation by exp(—sX), with s = 11log(27) and using [X,U] =
2U and [X,V] = —2V, implies that for ¢’ = exp(—sX)y, and some v € I', we have

(exp(p'U) exp(a'V) exp(bX) exp(—sX) Bow(27/2, &' €) exp(s X) exp(—q'U)) N
(exp(c’V) exp(dX) exp(—sX) Bow(2//2 ¢ e) exp(sX)g]'*y(g/)ﬂ) £ 0, (57)

where ' ‘ '
p,q € [22%7°, 22990 |a/|, || € [271%9° 1] and |b], |d| < €'. (58)

Moreover by Lemma 5.7 it follows that
exp(—sX)Bow(27/2 ¢ e) exp(sX) C exp(C(U, X)e)Ba(e,279/2).

Tt follows that Lemma 7.8 is one of the main new tools which allows to generalize Ratner’s results from
[25].
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where C(U, X).r = By4(0,e) N C(U, X). Denote
h = exp(—dX) exp(—c'V) exp(p'U) exp(a’'V) exp(bX) and B = hBg(e,277/2)hL.

Notice that for w € {d,—c,d’,b} and W € {U,V, X} (since all the numbers are small),
we have for every small enought r > 0, exp(wW)Bg(e,r) exp(—wW) C Bg(e,Cr) (with a
global constant C'). Moreover, by the bound on p’ (see (58)) it follows that
exp(p'U)Bg(e, C279/?) exp(—p'U) C Bg(e,279/>Kvid) for some global constant K.
Therefore, (by enlarging Ky if necessary), we have

B C Bg(e, 2~ EHKuid), (59)
Therefore (57), (59) and Lemma 3.3 imply that
7y € Bgle, 2_j(%_KU5))m(p’,q',a',b, d,d)exp(C(U, X).ns3) (60)

where m(p', ¢, a’,b, ¢, d) = exp(—dX) exp(—c'V) exp(p'U) exp(a’V) exp(bX) exp(—¢'U).

From now, instead of the previous equation, we consider the square of the previous
equation. The reason is that in the Appendix we do the computations in SL(2,R) (and
then transfer to G) and this allows to deal with —id € SL(2,R). Notice that considering
the adjoint action of components of m(p’,q’,a’,b,c’,d) one by one (see e.g. (13) and (14)
) on the ball Bg(e, 27j(%7KU5)) and since the elements in C(U, X)_1/s are small, we have
iftm=m(p,q,d, b, d), then

(mexp(C(U, X).ns5)) " Bale, 2_j(%_KU6))meXp(C(U,X)Eu/g) C Bg(e, 2_j(%_2KU6)).
(61)

Then our new equation is:
721t € Bgle, 27j(%72KU5))m2(p’, ¢ d' b, d)exp(C(U, X)gns3). (62)

In the Appendix we will show that for every p’,q¢’,d’,b,c/,d as above we have the
following: there exists K[, > 0 (depending only on U) such that

P1. dg(m?(p'.¢,d’,b,d,d),e) < K[ j0,

and

P2. m?(p',q',a’,b,c,d) = hexp(sX)h™!, where 40j6—5 < |s| < 16050+6, h commutes
with C(U, X) and

h~'Bg(e,2711/22Kud) 1) b « B(e, 279 (2= Ku0)y, (63)

Let (m,);‘F:(JI) € G, be a 279/2 dense set in m2(p/, ¢, d’, ¥, ¢, d), i.e. for every m?, there
exists m; such that d(m? m;) < 279/2. Notice that by P1 and Lemma 3.5 it can be done
with

T(]) < 2K{}j5+3j/2‘ (64)

for some K7; depending only on U, since Bg(z,¢) D Bgror)(%,€). Then (62) implies
that for some ¢ € {1,...7(j)}, we have

g"yQ@')_l € Bg(e, 2_j(%_2KU6)+1)mi exp(C(U, X )gon/s). (65)

®Here the reasoning follows from (13) with s =0 and t = p’ .
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By P2 it follows that m; = g;exp(s;X)g; ! and moreover that g; commutes with
C(U, X). Therefore and by (63), if we denote Z = g;¢/, there is some «' such that then
(65) implies that

sl ()1 —j(3—K(;6) A
z4'(2)7" € Bg(e, 277 278 v ) exp(s; X) exp(C (U, X)gon/3) (66)

Since T'(j) < 2K07%(239/2), by the above reasoning®, Lemma 7.4 follows by the following
lemma:

Lemma 7.6. For j > js and for every i € {1,...7(j)}
1
T()5*

Proof of Lemma 7.4. Notice that by the reasoning above, and Lemma 7.6, we have

prp({Z € F : dg(Z,e) < 4056 and 37/ € T, such that Z satisfies (66)}) < (67)

W((G/T)\ EG(6,9) < ur((5 € F : da(z,¢) > 40j5})+
T(Hpr({Z € F :dg(Z,e) < 4056 and 37/ € T, such that 2 satisfies (66)}) (68)
<pr({Z € F:dg(z,e) > 4056}) + 575

Moreover, by Corollary 8.8, we have for some ¢ > 0
pr({Z € F:da(z,e) > 4050}) < 274099,
what finishes the proof. O

We will now show Lemma 7.6:
Notice that if Z € F' is a solution of (66), then by triangle inequality and the bound on
s; (see P2) it follows that

da(,e) < 2dg(Z,e) + 2 + |s;] < 8156.
By [10] Theorem 1.7 it follows that for some constant Cr > 0
|y €Tt dg(v,e) < 8156] < 29797 (69)
Define
S =28;,:={zZ€F,dg(Z,e) <4046 : such that Z satisfies (66) with v' = ~}. (70)
By (69), Lemma 7.6 follows by showing:

Lemma 7.7. For every j > jsand v € I', with dg (7, e) < 81j0 and every i € {1,...,T(j)},

we have
1

TG0
SWe have assumed (56) and transformed the equation to (66). Hence the measure of y solving (56)

(and hence also belonging to the set EG(6,5) Lemma 7.4) is no larger than the measure of y'- solutions to

(66).

pr(Siy) < (71)
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For the remainder of the proof, we will let U, X,V be denoted by X{, X{ and X§ so
as to simplify notation (our index on the superscript began at 1 before). In particular,
{Xlk :k=0,...,nand [ = 0,...,mk} is a basis of g. Observe that C'(X) = <X§Ik/2 k=
1,...,n and my € 27Z). To prove Lemma 7.7, we need the following lemma:

Lemma 7.8. There exists a constant Dy (depending on U and larger than %, where Dy

is specified in Proposition 7.9) such that for 0 < tg, sg < 2-Duid for k =1,...,n and
1=0,...mg, | #my/2, if there exists (ko,lo) such that [tr,, — Skol,] = 2_j(%_DU‘S), then

exp Z Z tlelk Si MNexp Z Z Slelk Siy =10, (72)

k l#my/2 ko lmy/2

Before we prove Lemma 7.8, let us show how it implies Lemma 7.7 and hence also
finishes the proof of Lemma 7.4.

Proof of Lemma 7.7. We take a maximal 2_j(%_DU‘S)—separated set A inside the cube
0,27 Pujd)dim G=dim C(X) " Then by definition of maximal separated sets, we have

|A| > 2(j(%72DU5)71)(dimGfdimC(X)) (73)

Suppose s,t € A, then they differ in one direction by at least 9-3(3=Dud) Notice that
since (ty) € (0,27 Prid)dimG=dim C(X) "o have

exp <Z tlelk) Si C exp(By(0, 2_DUj6))F40j6a

where F} :={z € F': dg(z,e) < t}.
Then we have the following proposition to control the measure of the set

exp(Bgy (0,27 PU3%)) Fygjs,

which will be proved in Section 8:

Proposition 7.9. There exists a fundamental domain F' C G (for the lattice ') and two
constants D1, Ds > 0 such that for every for every t, we have

pic: (exp(By(0,27P1) F) < Ds.

Therefore, by (72) and Proposition 7.9, we have

pe(exp(By(0,27Pv3%)) Fyjs) = pa | | exp (Z tlelk> Siy
(tri)€A

= ) e (exp <Z tszzk> Sm)

(tki)€A
= |Alpr(Sin),

Letting Ch = ug(exp(By(0,27P09%)) Fygi5) < D2, the above inequality and (73) implies:

(74)

1(S;i) < CHAFI < szf(j(%f2DU5)fl)(dimGfdimC(X)). (75)
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Since by assumption dim G — dim(C(X)) > 4, for small enough ¢ (smallness depending
only on constants Dy, K{; and Cr ), we have

(j(% —2Dy6) — 1)(dim G — dim C (X)) > 4(;‘(% —2Dyé) — 1) >

3
0+ K/ j6 4+ 24 + L
[Crjé + Kyrj +23]+10

So by the bound on T(j) (see (64)), if 27/10 > Cf1§3 (which is always true for large 7),

we have 1
(j(3—2Dy8)—1)(dim G—dim C(X))
Cr2~ v < S A0

This and (75) finish the proof of Lemma 7.7. O

So it only remains to prove Lemma 7.8.

Proof of Lemma 7.8. Suppose that for ¢ = (tg),s = (sg) there is a (ko,lg) such that
tkolo — Skolo| =277 (3-Dud) and suppose by contradiction that there is a & (different than
the Z from the start of this section) such that

T € exp (Z tlelk) Si~ Nexp (Z slelk> Si
By definition (see (70) and (66)), that means there exists g1,g2 € B(e, 27j(%7K;J‘S)),

16050 + 6 > |a] > 4056 — 5 (in fact « = s;) and h; = exp(Y7), ha = exp(Ya) with
Y1,Ys € C(U, X)gonys, such that

g1h1 exp(aX) = exp ( Ztlel > Tyx “Lexp (Z t X >

(76)
gahaexp(aX) = exp ( Z sV, > #yi Lexp (Z Sk X >
Computing #yZ ! from the second equation and plugging into the first one, we get
g1h1exp(aX) =
exp <— Z tlelk) exp (Z Slelk> g2ha exp(aX) exp (— Z Slezk> exp (Z tkzsz> :
(77)

Lemma 7.10. Let
M :(Y,...,Yy) = log,,(exp(Y1) ... exp(Y2)).
Then there exists k > 0, o > 0 such that if ||[(Y7,...,Y})|| < o, then

[pr, v - 131

Proof. This is an easy corollary of Taylor’s theorem with the knowledge that [Y;,Y;] = 0
for every 1. O
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As 0 < s kl,tkl < 27Puid by Lemma 7.10 it follows that there exists K/ > 0 and
2-i(3

i(3=K59)) such that

exp <— Ztlelk) exp <Z slelk) g2 = ghexp (— Ztlelk> exp (Z slelk> )

Using this and multiplying (77) by exp(aX)~! from the right, we have

gy Lg1exp(Y7) = exp ( Ztlel > exp (Z slelk> exp(Y2) exp(aX)-
exp (— Z slelk> exp (Z tlelk> exp(—aX). (78)

We apply Lemma 7.10 to write exp (— Ztlelk) exp (z slelk) as
exp <Y/ + Z(skl — tkl)Xlk> ,

where ||Y'|| < kmax {|Sk,1,tky1,|}- Notice that since the chain basis elements are eigen-
vectors for adx, we have by applying the conjugation to exp (Y’ + > (sp — tkl)Xlk):

exp(aX) exp (— Z slelk> exp (Z tlelk> exp(—aX) =
exp (Y” + Z(Skl - tkl)e(mkfm)aXlk) (79)
where if V' = 3y XF, V" =3 elme=2ay, Xk 5o

[Y"-Y'|| < nmax{‘l - e(mk72l)a‘}max{lsklllthIQ‘}'

Therefore, since all terms are small

exp (— > tlelk> exp <Z Slelk) exp(Yz) exp(aX)-
exp (— 3 slef> exp (Z tlef> exp(—aX) =
exp (Y’ + ) (sw - tkl)Xlk) exp(Y2) exp <—Y" —> sk — tkl)e(mrzl)asz) =
exp ((Y’ —Y") Y (s — tr) (1 — e XF 4+ Y2> (80)

where

Y| Sﬁm&x{HY’—i—Z(si—tj)Vi Y”—Z(Sz‘—tj)e IF
Hy/+2(si — )WV ‘Y”—Z(si — e[}

Thus if we set Y = Y"” +Y' —Y"”, we get the following very rough bound since all
terms in Y and Y’ — Y” are products of terms bounded by this small number:

IV 1< 10| (i — ) (1 — elme2D) xf| (81)
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Finally notice that since 40j0 — 5 < |a| < 16046 + 6 and by the choice of ko,ly (recall
[Skolo — thoty] > 277GTPU), we have

max (st — i) (1 — ™72 > (8100 — tigiy ) (1 — Mro =200 >

)

1 1

§|S/€0l0 - 7519010| > 9 -2~z =Pud), (82)
Recall that g1 € B(e,Q_j(%_Kg‘s)), g5 € Ble, 2_j(%_K{J,,5)) and then there exists a

constant K[/ > 0 only depends on chain structure such that

g g1 € Ble, 2772 KED),

Thus, by Lemma 7.10, we have
92" 1 g1 exp(Y1) = exp <Y1 + Z clelk)

where |¢;| < 277 (z=K59) Tt follows that the X ! coefficients of the LHS of (78) are less

than 279z —K¢/9) (since Y7 € C(U,X) C C(X)). However, the coefficient by ko, of the

RHS of (78) is by the definition of Y, (82), (81) and (80) bounded below by %-Zﬂ(%*DU‘S),
Dy

hence if Dy is large enough (in terms of K7/ and larger than Z3) we get a contradiction

with (78). This finishes the proof. O

8 Coarse Fundamental Domains and Siegel Sets

Let G be a real semisimple Lie group and I' C G a lattice. We treat the case of rank
one groups and higher-rank groups separately. Every semisimple group splits as a product
of simple groups, and every lattice will split as a direct product of irreducible lattices
after passing to a finite index subgroup. See Remark 8.2. Therefore, in this section,
we assume that the lattice is irreducible in G and not cocompact (notice that if I' is
cocompact, Proposition 7.9 follows trivially, as F' is a compact set), and we treat the case
of rank(G) = 1 and rank(G) > 1. In both cases, we will seek something slightly weaker
than a fundamental domain, which in our case is sufficient.

Definition 8.1. If I' ~ X is a properly discotinuous action of a discrete group on a
metric space X, a coarse fundamental domain for the action is a subset /' C X such that
if m: X — X/T is the projection to the quotient,

(1) 7| is onto, and
(2) {yeT:F-yNF # 0} is finite.

If I' C G is a discrete subset of a Lie group G, a coarse fundamental domain for I' is a
coarse fundamental domain for the right action of I' on G.

Notice that if the set in (2) is {e}. then F'is a fundamental domain. While (2) implies
that 7 is finite-to-one, it is slightly stronger (since the preimage can be reached by finitely
many 7 € I which are independent of x € F).
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Remark 8.2. Notice that because in the definition of a coarse fundamental domain, we
only require that {y € ': F-yN F # (0} is finite, if IV is a finite index subgroup of T,
and 71, ...,7s are representatives of I'/T", F' = (J;_, Fy; is a coarse fundamental domain
for +;. Furthermore, because our estimates for measures are only designed to guarantee
finiteness, we may assume that I' = I'y x --- x I, is a product of irreducible lattices in
factor groups G;, and producing coarse domains for each of the terms in the product G;/T;
will give a coarse comain for I'. This justifies our assumption that I' is irreducible.

8.1 Geometry of Siegel Sets

If rankr(G) = 1, we define a Siegel set in the following way: fix a split Cartan subgroup
R = A C G. Then Lie(A) is generated by some unit vector X. Set a; = exp(tX) and
Ay ={as:0 < s < oo}. Let K C G denote the maximal compact subgroup. There are two
subgroups, U, and U_, the stable and unstable subgroups, characterized by the property
that adx preserves Lie(UL) with only positive or negative eigenvalues, respectively. Given
n C A-U_ =: P which is relatively compact in P, let S, = K - A, -n.

In the case of rankg (G) > 1, because we have asume the lattice is irreducible, it must be
arithmetic by the Margulis arithmeticity theorem. Therefore, after taking a compact exten-
sion if necessary of G, we may assume that G = G(R) and I' = G(Z) for some Q-algebraic
group G (since our original I' must be commensurable with G(Z) after taking a compact ex-
tension). Under these assumptions, one defines a Siegel set in the following way: Let S C G
be a maximal Q-split torus. That is, S is a maximal abelian subgroup which is diagonaliz-
able over Q (ie, such that the corresponding Q-subgroup is diagonalizable). Let A D S be
a maximal R-split torus containing S.a = Lie(A) has a canonical set of weights A C a*,
and a splitting g = Cy(a) P cn 99, where g* = {Y € g: adx(Y) = a(X)Y for all X € a}.
Then there exists a € A such that if Ay = {a € A : a(a) > 0}, N is the simply connected
subgroup with algebra ®aEA+ g% Let Ag ={a € A} : alg # 0}, and note that since S
is Q-split, Ag 4 consists of rational functionals. Let P be the minimal Q-parabolic sub-
group containing S. Such a P is the weak-stable manifold of some a € S acting on G/T.
More explicitly:

P={geG:dg(a",a"g) <ooforalneZi} (83)

We then build the associated Weyl chamber S_ C S corresponding to Ag . S_ is ex-
actly theset {a € S: f(a) <Oforall 5 € Agt}. Let Sy ={a€ S:f5(a) <tforall e Ag.}.

Definition 8.3. Given S_ and B a positive Weyl chamber and corresponding minimal
parabolic subgroup as defined above, and a relatively compact subset n C P, the Siegel set
for 1 is the set Sy, = K - Sy - n.

Siegel sets are the basic building blocks of coarse fundamental domains. This follows for
certain classical groups and lattices from the early works of Siegel [29], for rank one groups
from Garland and Raghunathan, and for higher-rank groups (where lattices are known to
be arithmetic) by works of Borel [4] and Harish-Chandra [3]. An accessible summary of
this topic can be found in [32, Chapter 19].

Theorem 8.4 (Garland, Raghunathan, Siegel, Borel, Harish-Chandra). There exists some
te Randn C P,and by,...,b, € G such that U?Zl Sty b; is a coarse fundamental domain
forI' C G.
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The following is classical:
Lemma 8.5. For any t € R and n C P, u(S;,,) < oo.

We recall a sketch of the proof, aspects of which we shall use later. For a complete
proof, see, for instance, [4, Lemma 12.5]

Sketch of Proof. Notice that the map m : K x S x P — G defined by 7(k,s,p) = ksp is
onto GG. Furthermore, if dk, ds and dp are corresponding Haar measures on K, S and P,
respectively, then dg = ce?™) 7, (dk A ds A dp), where p(s) = ZaeAs+ a(s). One sees this
since the pushforward measure will be invariant under right translations by s, p and left
translations by k. Let S = {s € S_ : p(s) = —1}, so that any s € S_ is a multiple of some
s0 € S. Therefore, the measure of Sty is at most a constant (the total measure of K') times
fioo e?®) vol(S) - t4m(S) =1 . yol(n) dt. This is clearly finite. O

Given = € Sy, we may write x = ksu, with k € K, s = exp(X) € S and v € 1. Define
a(z) = min ‘ ‘ad X |Lie(P) |, where the minimum is taken over any such presentation of x.
Any two such presentations for s must differ by varying the choice of k and p over compact
sets. Therefore, given any such a presenation a(x) > Had X |Lie( P)H — o for some fixed o
which depends only on 7. Notice that since A contains a basis of A*, Ag | contains a basis
of Sy. Therefore, a|g acts like an L norm, but fails to be a norm only by a constant o
(by identical reasons to non-uniqueness of presentations as descibed above). That is, there
exists A, > 0 (with A depending only on the choice of norm, and o depending on the
choice of norm and the choice of 1) such that

A a(exp(X) — o < do(e,exp(X)) = ||X]| < Aalexp(X)) + . (84)

Lemma 8.6. For any n C P, there exists x > 0 and n C ' C P such that:

U B(z, ke~ @) C S,
z€Sy

Proof. Let ¥ = B(n,r) be the ball of radius r around n. If z € S;,, we may write z as
t=k-s-u, withke€ K, s €S, uecn Thenifye B(x,e ), since K x S x P — G
is an open map, y = k' - s’ -4/, with ¥’ € K, s’ € S and ' € P, and each £/, s and v/
are close to k, s and u, respectively (we will examine the degree of closeness soon). Notice
that:

dg(z,y) = [[log(yx™")|| = |[log(K (k)" - k(s's ™)k~ - k(s(u'u"1)s™ k)|

Since conjugation by k is an isometry and S normalizes P the above expression is in the
image of K x kSk~! x kPk~! and within ¢ of e. Therefore,, we get that if dg(z,y) < e=**),
then dg(k, k') < ce=*®) dg(s,s') < ce=®) and dg(su, su’) < ce=*®) for some ¢. Then
since a(x) > Hadlog(s) |Lie(B)H — o/, we get that dg(u,u’) < c. Therefore, if we take
r=c- ([t| +max{a(p) : p € n}) < 0o, we get the result.

]

Lemma 8.7. There exists ¢, L > 0 such that if x € Sy, a(x) < Ldg(x,e) + c.
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Proof. Let ¢ = diam(K) + diam(n). Notice that ¢ — exp(tX) is geodesic in G/T" for any
unit vector X € S_, so dg(exp(tX),e) =t. Then if x = kau with k € K, a = exp(tX) €
S_and u €n:

az) < AX+oA

Mdg(e,a) + oA

Mdg(k, ka) — dg(e, k) — dg(ka, kau) + ') + o)
Mdg(e,z) + )+ oA

IAIA

The first inequality follows from (84), the second from the choice of ¢ and the third
from the reverse triangle inequality. O

Proof of Proposition 7.9. Fix a coarse fundamental domain which is a union of Siegel sets,
and choose a fundamental domain contained in the coarse fundamental domain. Then
each Siegel set can be expanded by Lemma 8.6 to include balls which decay at exponential
rates according to the function a(z). Then if x belongs to the coarse fundamental domain,
x = bz’ for some b; in the finite set of Theorem 8.4 and 2’ € S,. Let D’ be the Lipschitz
constant of multiplication by b;. Then if y € B(x, De~Ldc(ex)) « b B(x, D' De~Lda(ea’)y,
by Lemma 8.7, y € B(z, De(@®)+9)) < p;B(a!, e~ ")) ¢ biS,y for sufficiently small
D (one easily sees that |a(z) — a(z’)| is uniformly bounded above and below). Since
p(Sy) < oo, we get the desired result. O

Corollary 8.8. If F' is any fundamental domain chosen inside a coarse fundamental domain
obtained from Theorem 8.4, then there exists ¢ > 0 and x > 0 such that

p({z € F:dgle, z) > t}) < ce "

Proof. 1t suffices to show the claim for a single Siegel set. By Lemma 8.7, it suffices
to replace the set with S;,. But the proof sketch of Lemma 8.5, we saw that this was
given by the integral of an exponentially decaying function times a polynomial, which was
exponentially decaying. Therefore, we conclude the desired decay rate.

O

A Proof of P1 and P2.

Recall that we have the homomorphism ¢ : s[(2,R) — g taking the standard horocyclic
generator of s[(2,R) to U. By Lemma 3.4, ¢ extends to ¢. Therefore to prove P1 and P2
it is enough to make the computations in SL(2,R).

Recall that

m(p,q,a,b,c,d) = exp(—dX)exp(—cV)exp(pU) exp(aV) exp(bX) exp(—qU), (85)
where U, V, X with
p,q € [22%9°,2%09) |a| || € [27197° 1], [b],|d| < €. (86)

We can consider this matrix in SL(2,R) or G equivalently. We have
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Lemma A.1. For every p,q,a,b,c,d as in (86), we have that m? = hexp(sX)h~!, where
|s| € [4050 — 5,16046 + 6] and h = kexp(alU), with k € SO(2) and |a| < 2K0% for some
fixed K7,

Before we prove the above Lemma let us show how it implies P1 and P2:

Proof of P1 and P2. Notice that by right invariance of d and triangle inequality, we have

%d(mz, e) < d(m,e) < d(exp(—dX),e) + d(exp(—cV),e)+
d(exp(pU, e) + d(exp(aV),e) + d(exp(bX),e) + d(exp(—qU), e)

Notice that by (86) it follows that the terms of the RHS with d,c,a,b are bounded.
Moreover, by Lemma 3.6 it follows that

d(exp(pU),e),d(exp(—qU),e) < C max(logp,logq) < 40Cj0.

This finishes the proof of P1.
Notice also that the first part of P2 follows from Lemma A.1 with
h = kexp(aU). Let us now show (63). Notice that

kexp(alU)Bg(e,271(/272K00)+1y exp(—al) k™! =
exp(al)Bg(e,2711/272K00) 41y exp(—aly).  (87)

Futhermore, by the bound on « and (13), we get that the right hand side above is
contained in Bg(e, 2_j(1/2_Kl/J/5)) for sufficiently large j. This finishes the proof. O

So we only need to prove Lemma A.1

Proof of Lemma A.1. Then by direct computation, we have

. eb (ae_dp + e_d) e_b_dp —eb (ae_dp + e_d) q 38
M=\ e (a el — celp) —cet) et (et~ cetp) — e (a (e — celp) —cet)q ) &)

The trace of this matrix is
e bd <q62(b+d)(a(cp — 1D +ce)+ePlap+1) +e*(1 - cp)) .
b+d ;

Notice that |acpg| e+ is the dominating term above (see (86)), we have 5 |acpg| e?™¢ <
Tr(m) < 1% |acpg| e?T. Therefore,

Since | Tr(m)| > 2, m is diagonalizable. As a result we have Tr(m) = A~! + \ (suppose
IA| > 1), with 22099=2 < || < 289942 The estimate of m?’s eigenvalue will follow from

this.

A

So m can be diagonalized as m = I’ 'Y Write b/ = kan/, with k €

)\—1
SO(2,R), a a diagonal matrix, and n’ = exp(a/U) for some o/ € R. Then h’' = kna, and
notice that if A’ exp(sX)h'~! = m, then if h = kn, £hexp(sX)h~t = m.
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Now,
d(xhexp(sX)h™t e) = d(tknexp(sX)n k™1 e) = d(£nexp(sX)nt,e).
If n = exp(aU), then nexp(sX)n~! = exp((1 — A™2)alU) exp(sX), so

d(xexp((1 = A"Hal),e) = d(nexp(sX)n L exp(—sX), e)
< d(nexp(sX)n~e) + d(exp(—sX),e)
=d(m,e) +|s|
< 160036 + 1606 + 4.

(90)

On the other hand, d(£exp((1 — A?)al),e) > clog|(1 — A ?)a| — 7 > clog|a| +
clog {1 — )\*2{ —7 (we get a ™ because we may need to multiply by —id which has distance
7 to e). Therefore, log |a| < 25079,

O
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