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ABSTRACT. We consider measures on locally homogeneous spaces I'\G which
are invariant and have positive entropy with respect to the action of a single
diagonalizable element a € G by translations, and prove a rigidity statement
regarding a certain type of measurable factors of this action.

This rigidity theorem, which is a generalized and more conceptual form
of the low entropy method of [Lin2, EKL] is used to classify positive entropy
measures invariant under a one parameter group with an additional recurrence
condition for G = G; X G2 with G; a rank one algebraic group. Further
applications of this rigidity statement will appear in forthcoming papers.
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1. INTRODUCTION

A well known problem in modern dynamics is to classify measures invariant
under natural partially hyperbolic algebraic Z? and R%actions for d > 2. The sim-
plest example is Furstenberg’s Conjecture regarding the classification of probability
measures on R/Z invariant under a nonlacunary multiplicative subgroup of Z* (e.g.
the group generated by x2 and x3).

A slightly more sophisticated class of systems exhibiting the same type of phe-
nomenology is the action of multidimensional R-diagonalizable groups H on a lo-
cally compact space I'\G where G is an algebraic group over R. A prototypical
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example of such an action is the action of the subgroup of n x n-diagonal matrices
of SL(n,R) on SL(n,Z)\SL(n,R). This particular example is linked to several open
problems in number theory, including — as pointed out by Margulis — a conjecture
by Littlewood regarding simultaneous Diophantine approximations. It is natural to
expand the class of systems we are considering by working over more general local
fields instead of R, as well as considering products of linear groups over several dif-
ferent fields. In particular, the case where G is an S-algebraic group, i.e. a product
of linear groups over R or p-adic fields appears naturally in applications (see e.g.
[Lin2, EKI]).

So far, all of the progress regarding classifying invariant measures in such sys-
tems has been under the additional assumption of positive entropy; a prototypical
example are the theorems of Rudolph and Johnson which state that a probability
measure y on R/Z invariant and ergodic under the action of a nonlacunary mul-
tiplicative semigroup either has zero entropy with respect to any single element of
the acting semigroup or is Lebesgue.

In the locally homogeneous context, work by Katok, Spatzier, and Kalinin
[KS, KaS] required additional assumptions regarding the mixing properties of the
invariant measure, assumptions which are very hard to verify in many applications.

One method which overcomes this problem in the locally homogeneous context
— the high entropy method — has been introduced by M. E. and A. Katok. This
method is inherently based on having non-proportional Lyapunov exponents and
hence indeed an action of a multidimensional group. It moreover requires the
restriction of the measure to leaves of two different (and transverse) foliations of the
space by orbits of two distinct noncommuting unipotent subgroups be nontrivial,
and in particular requires more than just positive entropy for one element of the
action. Initially it was developed only for actions of R-split Cartan subgroups
of R-split simple algebraic groups [EK1], but has been generalized to essentially
an action of an arbitrary two-dimensional diagonalizable subgroup of S-algebraic
groups in [EK2].

A different method, the low entropy method, has been introduced by E.L. in
[Lin2], and subsequently used in conjunction with the high entropy method in our
paper with A. Katok in [EKL]. It is this method that we set to generalize in this
paper. In essence, it is not about the action of a multiparameter diagonalizable
group but about a single parameter group, and gives a subtle restriction on the rich
and rather wild class of probability measures invariant under such a one parameter
group.

We remark that in all currently known approaches to measure classification in
the locally homogeneous context, including both the low entropy and the high
entropy method as well as [KS] and implicitly even in [Rud2], the notion of leafwise
measures (which are also known as restricted measures or conditional measures
along the leaves of a foliation) play a central role. Very generally, whenever we
have a reasonable action of a locally compact group U on a locally compact?) space
X, and for any locally finite measure p on X, we can obtain a system of leafwise
measures pY which can be viewed as a map from X to the space of locally finite
measures on U satisfying certain compatibility relations (see Section 3 for details).
In the context of classifying measures invariant under diagonalizable actions, one is

Dwe implicitly assume that all locally compact spaces are also o-compact.
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mostly concerned with leafwise measures on orbits of one or more unipotent groups
normalized by the action.

In [Lin2] (as well as [EKL]) essential use was made of ideas used by Ratner in her
study of unipotent flows, and particularly from her earlier work on the horocyclic
flow [Ra2, Ral, Ra3]. Superficially, the measure classification results of [Lin2, EKL]
have little in common with these results of Ratner. But as shown below, our main
theorem can be interpreted as a theorem about factors of non-measure preserving
actions, reminiscent of Ratner’s factor rigidity theorem [Ral].

To present our main result, we need the following:

Definition 1.1. Let X be a locally compact metric space with a Borel probability
measure p, let H be a locally compact metric group acting continuously and locally
free on X. We denote the action by h.x for h € H and x € X. Let ¢ : X — Y be
a measurable map to a Borel space Y. Then ¢ is locally H-aligned modulo p (or
simply locally H-aligned if p is understood) if for every ¢ > 0 and neighborhood
O > e in H there exists X' C X with p(X’) > 1 — e and some § > 0 such that for
every x € X'

(1.1) {2’ € X": ¢(2") = ¢(x)} N Bs(z) C O.x.

In other (less precise) words, ¢ is locally H-aligned modulo p if up to a set of
negligible p measure, the level set ¢(z) = ¢ are locally contained in a single H-orbit.

Another notion we will need is recurrence, and more specifically relative to a
Borel map ¢.

Definition 1.2. With the notations of Definition 1.1:

(i) pis H-recurrent if for every set B of positive y-measure and a.e. x € B the
set {h € H : h.x € B} is unbounded (i.e. has non-compact closure).
(ii) p is H-transient if for every € > 0 there is a set B C X with u(B) > 1 —¢
so that for every x € B the set {h € H : h.xz € B} is bounded.
(iil) p is H-recurrent relative to ¢ if for every set B of positive p-measure and
ae. z€DB

(1.2) {h€ H:hzxec B and ¢(z) = ¢(h.x)}

is unbounded.
(iv) p is H-transient relative to ¢ if for every e > 0 there is a set B C X with
u(B) > 1—e so that for every = € B the set of return times (1.2) is bounded.

Finally, we will need the following standard definition®). For any Borel space
X, Y, etc. welet X,),... denote the corresponding Borel o-algebra.

Definition 1.3. Let X and Y be Borel spaces, H a locally compact group acting
(Borel measurably) on both X and Y, and p a Borel probability measure on X. A
Borel map ¢ : X — Y is a factor map modulo p for H if there is a set X' C X of
full p-measure so that for every pair z,h.x € X’ (h € H)

o(h.x) = h.¢(x).

The space X we consider will be of the from I'\G where G is either a Lie group
or an S-algebraic linear group, and I' < GG a discrete subgroup. By an S-algebraic
linear group we mean a finite product of linear algebraic groups G, defined over

(2)The notion of factor is standard, but perhaps less so in the context of actions on measure
spaces which do not even preserve the measure class.
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various local fields K, for ¢ € S (where we allow repetitions). Unless otherwise
stated, K, may have any characteristic (which may even depend on o). An S-
algebraic group will be said to be of characteristic zero if all of the fields K, are
such.

For a Lie group G we will use g to denote its Lie algebra, and similarly for
algebraic groups over a field with zero characteristic. We extend the conventional
definition of g, log, Ad more generally as follows:

o if G = [],cgGo is an S-algebraic group of fields of zero characteristic,
we let g, denote the Lie algebra of G, and g = [[,cg 8o, and extend the
definitions of log and Ad in the obvious way (component by component).

e in the case where at least one of the fields K, has positive characteristic, it
will be useful to use a more generalized notion®): for every o € S we take g,
to be some (more or less arbitrary) vector space over K, equipped with a
homeomorphism log from a neighborhood of e € G, into a neighborhood €2,
of 0 in some algebraic subvariety QZ of g, containing zero, with log(e) = 0.
We take Ad to be a linear representation of G on g so that

Ad(g)[log(h)] = log(ghg™) whenever both sides are defined.

We can now again define g = Ho—es go and extend log and Ad to g in the
obvious way; also let @ =[], Q.

We will say that an element a = (a,) in an S-algebraic group G is diagonalizable
if Ad(a,) is diagonalizable over the respective field of definition K, at every o € S.
We say a is of class A if additionally® (i) for every o, if X\, N are eigenvalues of
Ad(a,) with |A[, = ||, then X = X, (ii) for every o, if A is an eigenvalue of
Ad(a,) with |A|, =1 then A = 1, (iii) for some o the map Ad(a,) has at least one
eigenvalue of absolute value > 1 and at least one with absolute value < 1. If G is
a Lie group we say that a € G is diagonalizable if Ad(a) is diagonalizable over R
and that it is class A if all the eigenvalues are positive, at least one is > 1 and at
least one is < 1.

We fix some class A element a € G, and let g_ (and similarly g, ) denote
the subspace of g (in the S-algebraic case, the @, g Ky-submodule) generated
by all eigenspaces of Ad(a) corresponding to eigenvalues of absolute value < 1
(respectively, > 1). We let gg denote the eigenspace(s) of Ad(a) for the eigenvalue
1. We will also need the related groups

G ={9€G:a"ga " — e for n — oo},
(1.3) Gt ={g€G:a"ga™™ — e for n — —oco},
G® = Cg(a).

Note that log is a continuous injective map from a neighborhood of e € G~ to a
neighborhood of 0 € g_, and similarly for G*, G°.

Let U < G be a closed group which is (i) normalized by a, (i) U < G~. If G is
an S-algebraic group, we assume further that (iii) U is a direct product of Zariski

(3)While Lie algebras make perfect sense over any field, there is no reasonable log function
defined on a neighborhood of the identity e € G, to the Lie algebra. Since we do want to use
a map to a linear space — still called the log, we need to loosen the definition of Lie algebra
accordingly (see Section 6.1).

() This is somewhat more general than the notion of class A elements used by Tomanov and
Margulis in [MT2].
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closed unipotent subgroups U, of G, for ¢ € S and (iv) Ad restricted to U, is an
algebraic representation (this is automatic in the zero characteristic case, but needs
to be assumed explicitly in the more general context). When we talk about Zariski
closed subgroups of U we always mean direct products of Zariski closed subgroups
of U, for o € S (even if two algebraic groups for different elements of S are over
the same field). If G is a (not necessarily algebraic) Lie group, we can still consider
U as an algebraic group over R since log(:) and exp(-) can be extended to give
bijections between U and its Lie algebra which we can consider as an affine space.
Moreover, Zariski closed subgroups of U are precisely the subgroups closed and
connected with respect to the Hausdorff topology.

Theorem 1.4 (Main Theorem). Suppose X = I'\G, a € G, and U < G are
as above, with G a Lie group or an S-algebraic group, g its “Lie algebra” in the
generalized sense considered above, and a of class A . Let p be an a-invariant
U -recurrent measure on X, and let ¢ : X — Y be a factor map modulo u for the
action of the group a”U. Assume that
(®) the map x — pY is ¢~ 1(Y)-measurable,
(U-1) for almost every x there is no a-normalized Zariski closed proper subgroup
of U supporting nY,

(U-2) for all nonzero w € g4, it holds that Ad(U)[w] Z g+ & go-
Then p is the convex combination of two a-invariant measures py and po such that:
(LE-1) ¢ is locally Cq(U) N G°-aligned modulo i1
(LE-2) po is Cq(U) NG~ -recurrent relative to ¢.

Note that in the case of an ergodic measure, the above establishes one of the
properties (LE-1) or (LE-2) must hold for pu. A particularly interesting case for
the factor map ¢ is the map = — pY¥ (or more precisely the map taking = to the
equivalence class of u¥ under proportionality, which determines uY — see Section
3 for more details). This is, for instance, the choice of ¢ used in the proof of
Theorem 1.5 below.

The above theorem generalizes the low entropy method developed by E.L. in
[Lin2] and extended in a joint paper of the authors with A. Katok [EKL]. While
the main outline of the proof remains the same, the general case considered here
requires several new ideas. The main new difficulty is that unlike the case in
[Lin2, EKL] the group U need not be one dimensional — indeed, it may be a
pretty general nilpotent group. This requires careful analysis of the structure of
the leafwise measure of uY. Another novelty is the extraction of an abstract form
of the low entropy method — which is essentially a rigidity statement regarding a
one parameter diagonalizable flow(®. We note that in the terminology of [EKL]
the possibility (LE-1) corresponds to exceptional returns. Moreover, the condition
(LE-2) satisfied by pe implies in many cases, just as in [Lin2] and [EKL], that
w2 has further invariance properties under groups generated by unipotents, which
allows one to use the powerful tools from the theory of unipotent flows such as
Ratner’s measure classification theorem [Rad] to study the ergodic components of
u (or more precisely o).

(®)Note that even the additional recurrence condition which was present in [Lin2] as a weak
substitute for additional invariance is not explicitly used, though implicitly additional invariance
or recurrence is needed to find a suitable factor map for which both (LE-1) and (LE-2) convey
meaningful information.
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Note that by decomposing p and by passing to an algebraic subgroup if necessary,
it is always possible to reduce to the case that U satisfies (U-1). Assumption (U-2)
however is a substantial assumption which seems fairly difficult to remove. As the
applications below show it is mild enough to allow us to apply our main theorem in
many contexts, e.g. it is always satisfied if G is semisimple and U = G~. However
there certainly are interesting cases where Theorem 1.4 cannot be applied because
of it. A simple example of a situation where Theorem 1.4 is not applicable is when

t 0 0
G =SL(3,R),a= {0 1 0 | and U the one-dimensional unipotent subgroup
00 ¢!
1 5 0 0 0 0
0 1 0] of G since in this case w = [0 0 0| is an element of g4 which
0 01 0 10
is invariant under Ad(U). On the other hand, for the same a and G the group
1 0 s
U =10 1 0] does satisfy (U-2) of Theorem 1.4.
0 0 1

The low entropy method was originally developed in [Lin2] to study measures
on IN\SL(2,R) x SL(2,Q,), T an irreducible lattice such as SL(2,Z[1/p]), which are
invariant under the diagonal subgroup of SL(2,R) and recurrent under the action
of the group SL(2,Q,). Such measures arise naturally when one studies how Hecke
Maass forms on T'\H are distributed. As a relatively straightforward application
of our main theorem we prove the following generalization of [Lin2, Theorem 1.1]
to products G = G; X G2 where G is a general (zero characteristic) rank one
semisimple algebraic group. Theorem 1.4 can also be used to study this question
in the positive characteristic case, but as this involves some complications we defer
the positive characteristic case to a later paper.

Recall that if G; is a K,-rank one semisimple algebraic group defined over a
local field K, if A1 < Gy is a maximal K,-split torus then the centralizer C¢g, (A1)
is a reductive group with a nontrival K,-character y; if we set M7 = ker x then M,
is compact (cf. [PR, Thm. 3.1, pg. 108]) and A; M, is of finite index in Cg, (41).

We recall that an orbit of a group H on I'\G is called periodic if it supports
a finite H-invariant measure; a measure on I'\G is called homogeneous if it is the
unique H-invariant probability measure on a periodic H-orbit.

Theorem 1.5. Let G = G, X Gy where Gy is a semisimple linear algebraic group
over a characteristic zero local field K, with K, -rank 1 and G5 is a zero characteris-
tic S-algebraic group. Let T' C G be a discrete subgroup. Let Ay be a K, -split torus
of G1 and let x be a nontrivial K, -character of Ay that can be extended to Cg(Ar).
Let My = {h € Cg(A1) : x(h) =1}. Let p be an Ay-invariant, Ga-recurrent prob-
ability measure on T\G such that

(1) almost every A;-ergodic component of p has positive ergodic theoretic en-

tropy with respect to some a € Ay with |x(a)|, # 1 and
(2) for u-a.e. x the group

{hEMl XGQIh.I‘:I‘}
is finite.

Then p is a convexr combination of homogeneous measures. Fach of these homge-
neous measures is supported on an orbit of a subgroup H which, after restriction of
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scalars® to a a local subfield F, contains a finite index subgroup of a semisimple
algebraic subgroup of Gy of F,-rank one.

In case of characteristic zero considered here the subfield F, of K, can be taken
to be R resp. Q.

This theorem for the characteristic zero case has been announced(”) in [EL2,
Thm. 2.9]. Condition (1) regarding entropy is due to limitations of our techniques
(as well as any other technique known in this context) to deal with zero entropy
measures. We expect a similar theorem to hold without it, but the proof of such
a theorem is well beyond the reach of current technology. Condition (2) on the
other hand is essential: as explained in Section 8, if it fails very little information is
conveyed by the fact that p is Ge-recurrent, and without this recurrence condition
it is well-known that there is an abundance of a-invariant measures on X.

There is also a straightforward analog for Lie groups:

Theorem 1.6. Let G = G X G2 where G1 is a rank 1 semisimple Lie group with
finite center and Gso is any Lie group. Let I' C G be a discrete subgroup. Let
a € G be of class A, and let My be a mazimal compact subgroup of GY. Let u be
an a-invariant, Gg-recurrent probability measure on T\G such that

(1) almost every a-ergodic component of u has positive ergodic theoretic entropy
and
(2) for p-a.e. x the group

{h€M1XG21h.CE:£C}
is finite.
Then p is a conver combination of a-ergodic and invariant homogeneous measures.

The proof is very similar to that of Theorem 1.5 and is left to the reader.

Further applications of Theorem 1.4 will appear in subsequent papers, in partic-
ular:

(1) A partial classification of A-invariant and ergodic probability measures on
quotients of S-algebraic groups G where A is a maximal S-split torus in G,
which generalizes the results from [EKL] (see [EL2, §2] for more details).
Here we have to assume positive entropy and have to allow the possibility
that the measure is supported on an orbit of a subgroup which allows a rank
one factor (which is the situation occuring in certain examples constructed
by M. Rees [Ree] and their generalizations).

(2) A full classification of joinings for the actions of higher rank S-split tori
on quotients of S-algebraic groups by lattices which do not have (global)
rank one factors. This generalizes the result of [EL1] (where it was assumed
that the action had no local rank one factors, i.e. all simple factors of the
groups involved had rank > 2) to the general case of S-algebraic groups

(6)More formally: If G; is the algebraic group defined over K, whose group of K,-points equals
G1 = G1(Ks), then H as in the theorem contains a finite index subgroup L(F5)° of some algebraic
semisimple subgroup L < Resg, /r, G1 defined over F,. The groups L(Fs)° are in an appropriate
sense the connected component of L(F,) containing e (this is literally true in the Archimedean
case). See Section 8.1-8.2 for more details.

() The statement given in [EL2] is inaccurate: the assumption [I'N {e} X Ga2| < oo given there
is insufficient for a general rank one group G and needs to be replaced with the assumption (2)
of Theorem 1.5.
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where the quotients do not allow rank one factors. An example of a case
which has local rank one factors but no (global) rank one factors and whose
analysis requires the use of Theorem 1.4 is the classification of self-joinings
of the action of a maximal R-split torus A on T'\SL(R) x SL(R) with I an
irreducible lattice.
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2. OUTLINE OF THE PROOF OF THE MAIN THEOREM

In this section we give a sketch of the proof of the following slightly weaker
version of Theorem 1.4:

Theorem 2.1. Under the assumptions of Theorem 1.4, at least one of the following
two possibilities holds:

(LE-1") ¢ is locally Cq(U)-aligned modulo

(LE-2') u is not Ca(U) NG~ -transient relative to ¢.

For convenience we let
H=Cg(U) H =HnNG~ H°=HNG®

here and throught the proof of Theorems 1.4 and 2.1.

To see that Theorem 2.1 is indeed a weaker form of Theorem 1.4, suppose pu =
tpr + (1 —t)usg for ¢ € [0,1], up satisfying (LE-1) and po satisfying (LE-2). If t = 1,
i.e. = p1, by (LE-1) we have that ¢ is H’-aligned modulo p, and so in particular
H-aligned and p satisfies (LE-1"). If ¢ < 1 the H -recurrence of us relative to ¢
implies that p is not H -transient relative to ¢, and p satisfies (LE-2). In the
Section 4 we will show how to deduce the formally stronger Theorem 1.4 from
Theorem 2.1.

We also note that condition (LE-2’) above is equivalent in this context to the
following statement (see Corollary 4.4):

(LE-2") Every subset Xy C X of full measure contains two distinct points x, y with
H-.x = H .y and ¢(z) = ¢(y).

As we have mentioned in the introduction, our proof borrows heavily ideas from
Ratner’s papers [Ra2, Ral, Ra3]. A fundamental observations there is the follow-
ing®: for a unipotent subgroup U < G and two nearby points z,y the fastest
divergence (shearing) of w.z,u.y for u € U is along H = C(U). Furthermore, this
divergence is a polynomial function of u. This (together with the pointwise ergodic
theorem, and using Lusin theorem) eventually leads to the statement that any U-
invariant and ergodic probability measure p is stabilized by the fastest divergence

(8)The papers [Ra2, Ral, Ra3] are written for G = SL(2,R); these results where generalized
by D. Witte-Morris in [Mor]. We also note that the polynomial nature of unipotent actions is
central in G. A. Margulis’ proof of nondivergence of unipotent trajectories [Mar].
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direction of two nearby (sufficiently typical) points. In [Ra3] Ratner extracts an
axiomatic version of the properties of U-action used in her proof and calls a system
satisfying these properties an H-flow. This property of unipotent actions is also
referred to as Ratner’s H-property.

The low entropy method, also uses the above mentioned polynomial divergence.
However, now the measure p is not assumed to be invariant under a unipotent group.
Instead we will assume invariance under a € GG, and use in a crucial way the leafwise
measures pY. A basic property of these leafwise measures is that Y is the Haar
measure on U a.s. if and only if p is U-invariant — the case considered by Ratner.
The assumption (U-1) of Theorem 1.4 that there is a.s. no a-normalized Zariski
closed proper subgroup of U supporting 1Y can be viewed as a week substitute to
U-invariance, which when coupled with invariance under a, is still sufficient for us
to make effective use the shearing properties of the U-flow (cf. D. Rudolph’s paper
[Rudl] for another use of a similar idea).

We will have to study these leafwise measures and their properties quite carefully
in Section 3 and Section 6 below; but for the purposes of this section the main
property we shall use is that the map that sends z € X to pY is essentially a
factor map modulo p for the action of the group a”U in the sense of Definition 1.3
— more precisely: (i) the map that takes x to the equivalence class [uY] of the
measure pY under proportionality is a measurable map from X to a compact space
PMz (U) of equivalence classes of locally finite measures on U satisfying a certain
growth condition, (ii) this map is a factor map modulo p and moreover (iii) the
equivalence class [uY] determines pY a.s.

Let ¢ : X — Y be a factor map modulo p as in Theorem 1.4; since Y is a
(standard) Borel space we can (and will) endow Y with the structure of a locally
compact metric space. Assume in contradiction to Theorem 2.1 that the factor map
¢ is not locally H-aligned modulo p but the measure p is H ~-transient relative to ¢.

By Lusin’s theorem we can find a large compact set K C X on which ¢ is
continuous. Then for any ny and for most 2 we have that uY-most u € a="0 BY g™
satisfy u.z € K, where BY denote the unit ball around e € U. If ¢ is not locally
H-aligned, we can find two distinct nearby points z, y not on the same local H-orbit
with ¢(z) = ¢(y) (and hence by condition (®) of Theorem 1.4, u¥ = pulf) so that
for pU-most u € a=™BYa™ both u.x and u.y are in K. If we chose K to also
be a subset of the conull set on which ¢ behaves nicely, then ¢(u.x) = ¢(u.y) for
any such u. If u is additionally of the right size and sufficiently generic — because
of the polynomial divergence property an element not too close to certain varieties
will do — w.xz and w.y differ approximately by some bounded nontrivial element of
H~ (i.e. an element belonging to some fixed compact set in H~ \ {e}). We will
choose ng such that sufficiently generic u € a="0 BV a™0 satisfy this.

However, the two conditions on u € a~" BYa™ above

e u is pY-typical inside a="° BYa™ and
e v is algebraically sufficiently generic

might not be compatible since a priori we do not know how uY is distributed
on a~"BYa". In other words, the leafwise measure uY could give almost all of
the mass of a=" BYa™ to a small neighborhood of some subvariety of U. Since
pY = ap? a=?t (this follows form x — [11Y] being a factor map for a; cf. (LM-5) in
Section 3.1) this property of u¥ is equivalent to pY., , assigning almost all of the
mass of BY to a small neighborhood of some subvariety of U.
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Using the assumption (U-1) of Theorem 1.4, namely that U is the smallest Zariski
closed a-normalized subgroup of U supporting u¥ a.s., we will show in Section 6 that
for most points z this does not happen for u¥. But a™.z might be an exception,
since we have very little control on its position (ny was dictated to us by algebraic
considerations)!

To avoid that problem we will replace x and y by zj = a*.2 and y;, = a¥.y for
some k. This changes the relative position of the two points and so the size of u for
which w.zy and u.yg have the right distance from each other. Let n; be such that
sufficiently generic u € a="* BY a™* have that property. Since ¢ is a factor map for
a’U, we still have ¢(71) = ¢(yx). Again we need to ask how the leafwise measure
pY restricted to a=™* BYa™, or equivalently, ,ugnk_zk restricted to BY looks like.

k

Here a™*.xj, = a™***.2, and it will be crucial to study nj as a function of k (as we
will do in Section 7). For if ny, + k = ng we are still asking about the properties of
the point a™.x. However, if ny + k is changing, we have a chance for choosing k
such that a™*.xj is generic enough so that p([{nkxk has good properties. This will
happen precisely when the direction of maximal shear between w.x and u.y is not
along G, and our technical assumption (U-2) on a € G and U < G is used to
ensure this does not happen. When choosing k&, we also want to make sure that
xr, and yy are still close together (since we want to use the polynomial divergence
of U to separate them). It turns out that in order to ensure xj and y; are still
close together we need to be able to control the gt component of the difference
between x and y in terms of the shearing “time” ng - which will again follow from
our technical assumption (U-2).

Using now the polynomial divergence of the action of U we will find u € a~"* BY ™+
such that two things happen at once: u.zg,u.yr € K and these two points differ
approximately by some nontrivial element of H~. The construction makes sure
that ¢(u.z) = ¢(u.yg). Choosing the original two points x,y ever closer together,
going to the limit, and using continuity of ¢ inside K, the argument above shows
that every set of sufficiently high measure contains two points of the same H-orbit,
establishing (LE-2"), and hence showing that p is not transient relative to ¢.

3. LEAFWISE MEASURES ALONG ORBITS AND THEIR PROPERTIES

3.1. Basic properties of leafwise measures. Let A be a countably generated
o-algebra of Borel sets in a locally compact metric space X. For any x € X the
atom [x] 4 of z is defined to be the intersection of all elements A of A that contain
x.

Any countably generated o-algebra A gives a system of conditional measures
pt with each such measure supported by the respective atom [z]4 and the map
x +— 7t is A-measurable. For any f € L}L,

(3.1) E,(flA)(x) = /fd,uf for a.e. x

and this equation determines ,uf up to a set of measure zero.

Suppose now that U is a locally compact group acting continuously on X, and
let u be a probability measure on X so that the action of U on X is free outside a
p-null set.
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We recall that a countably generated o-algebra A is said to be subordinate®) to
U if for p-a.e. x, there is some § > 0 so that

(3.2) B .z C [z]a C B, .2

A countably generated o-algebra A is subordinate to U on Y if Y € A and (3.2)
holds for p-a.e. z €Y.

The foliation of X into orbits of U also allows us to define a system of leaf-
wise measures for this foliation. Despite the similar notation, this construction is
quite different from the conditional measures for a countably generated o-algebra
discussed above. It would be most convenient to us, following [Lin2] to view the
leafwise measures as a Borel measurable map z +— uY from X to the space M, (U)
of locally finite Borel measures on U. We use the weak® topology on M, (U), i.e.
the coarsest topology for which p — fU f(y) dp(y) is continuous for every compactly
supported continuous f. For any two measures v; and vs on U we write vq o« vy if
Vo and v, are proportional, i.e. v = Cvy for some C > 0.

While the equivalence class with respect to proportionality of u¥ is defined in
a pretty canonical way, the exact representative is chosen in a fairly arbitrary
way: indeed, in [Lin2] by demanding that uY(BY) = 1 (so, in particular, the o
equivalence class [1{] determines the measure uY).

We recall the basic properties of leafwise measures for leaves of a foliation (see
[Lin2, Sect. 3] for details); in the following X’ is an appropriately chosen subset of
X of full y-measure:

(LM-1) The map x — u¥ € M (U) is measurable.

(LM-2) For every z € X’ and u € U with u.x € X', we have that uY oc (17 ,)u,
where (¥, )u denotes the push forward of the measure ¥, under the map
v VUL

The following two properties uniquely determine the uY:

(LM-3) For every = € X’ we have uY(BY) =1, and uY(BY) > 0 for every e > 0.

(LM-4) For any Y C X, for every o-algebra A subordinate toU onY and a.e.z € Y
the probability measure u;c“ is proportional to ug.x\[m] A.(lo)

If, like in our case we have a larger group G > U acting on X, and the measure
i is preserved under the action of an element a in the normalizer Ng(U) of U in
G, we furthermore have that:(*!)

(LM-5) For z € X’ we have a.x € X’ and pl , o< a(u¥)a1.

The space M, (U) is not locally compact. However, in most cases, and in par-
ticular in the case at hand here where X = I'\G, U < G a unipotent subgroup, and
1 a measure on X invariant under the action of an element a € G contracting U,
one can impose an a priori growth condition on the measures uY of the form

(3.3) [ ptwdutl ) < o

for some strictly positive function p on U (see Proposition 3.9 below). The space
Mz (U) of locally finite measures on U which satisfy (3.3) (for an implicitly fixed

(9Note that implicitly this notion also depends on the measure p.

(19 More formally: define V; C U by Vz.@ = [z] 4 (this can be done for a.e. = by definition
of subordinate o-algebra). Then ,uf is proportional to the push forward of ,ug\vm under the map
U U

(IDWe think of a as fixed, and in particular the choice of X' is allowed to be dependent on a.
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function p) is a nice locally compact space (and so in particular is a standard Borel
space). Another advantage with working with M (U) is that the space PMZ% (U) of
equivalence classes of measures in M* (U) under proportionality can also be given
the structure of a locally compact metric space by choosing from each equivalence
class [v] the representative according to which the integral of p is 1.

With Proposition 3.9 in mind, (LM-1)-(LM-2) can be summarized as saying that
the map z +— [uY] is a factor map for U in the sense of Definition 1.3, where U acts
on PMZ (U) by right translations. Property (LM-5) shows that this map is in fact
a factor map for the action of a bigger group — the solvable group generated by U
and a (where a act on PMZ (U) by taking an equivalence class of measures [v] to
its push forward under the map u — aua™1).

Leafwise measures along U-orbits convey much information about how the mea-
sure interacts with the action of the group U. In particular, we have the following:

Lemma 3.1. Let U be a locally compact group acting continuously on a locally
compact metric space X. Suppose that u is a locally finite measure on X and that
the action of U is free outside a p-null set. Then:

(1) p is U-recurrent iff for p-a.e. x the leafwise measure pY is an infinite
measure;

(2) w is U-transient if and only if for p-a.e. x the leafwise measure uY is a
finite measure;

(3) w is U-invariant iff for u-a.e. x the leafwise measure uY is left Haar mea-
sure;

(4) more generally, u is L-invariant for L < U iff for p-a.e. x the leafwise
measure Y is left L-invariant.

For proof of (1) and (2) see [Lin2, Prop. 4.1]; (3) is proved in [Lin2, Prop. 4.3];
the same proof also gives (4) (we leave the details to the reader).

The following useful property is not explicitly stated in [Lin2, Sect. 3], but is
an immediate corollary of the construction there (again, we leave the proof to the
reader):

Lemma 3.2. Let U be a closed subgroup of a locally compact group V. Assume
that V acts continuously on a locally compact metric space X, that p is a locally
finite measure on X and that the action of V is free outside a p-null set. Assume
moreover that for p-a.e. x, the measure pY is supported on U. Then, identifying
Mo (U) as a subspace of Mo (V) in the obvious way*?,

,u;/ x ug for p-a.e. x.

3.2. An almost subordinate c-algebra and some consequences. We will
be mostly considering the leafwise measures pY for U a unipotent group as in
Theorem 1.4 normalized and contacted by a, where p is an a-invariant probability
measure on X = I'\G. This setting simplifies some of the aspects of the study of
these leafwise measures.

The results we present in this vain here are fairly standard, and related results
can be found e.g. in [LS, LY1, LY?2], and were adapted to the locally homogeneous
setting in [MT1, Sect. 9]. In particular, we quote the following:

(12)Ie. via the push forward under the identity map U — V.
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Proposition 3.3 ([MT1, Prop 9.2]). Let G be a Lie group or a product of linear
groups over various local fields, let a € G be diagonalizable, and let T' < G be a
discrete subgroup. Let G~ be the contracting horospheric subgroup of a as above.
Let p be an a-invariant and ergodic probability measure on X = T'\G. Then there
is a countably generated o-algebra A such that

(1) A is a-decreasing (i.e. a "t A C A),

(2) A is subordinate to G~ (i.e. for a.e. x (3.2) holds).

(3) hy(a) = H,(A] " A).

We remark that Margulis and Tomanov considered only fields of zero charac-
teristic; however, the proof carries through also to the positive characteristic con-
text. For an explicit treatment of both the zero and the positive characteristic case
see [EL3].

It would be convenient in Section 5.2 to be able to work with a given (non-
ergodic) a-invariant measure p without passing first to ergodic components. For
this will give the following (simpler) variant of Proposition 3.3:

Proposition 3.4. Let G be a Lie group or a product of linear groups over various
local fields, let a € G be diagonalizable, and let I' < G be a discrete subgroup. Let
be an a-invariant probability measure on X = T\G. Let U < G~ be an a-normalized
and contracted subgroup. For every e > 0 there exists some R > 1, a measurable
set Q C X, and a countably generated o-algebra Ay such that

(2) Ay is a-decreasing,
(3) for a.e. x € Q the Ay-atom [x] 4, of x satisfies BY .x C [z] 4, C BY.x.

In particular, if p is ergodic, this o-algebra will be U-subordinate, since for
almost every = there will be some n > 0 for which a".z € @) and hence

[2]4 C [2]g-na = a "[a"2]4 C a "BYa".x.
Similarly since a.s. a=" .z € Q for some n/ > 0
[@]a D [x]gn 4 = a" o x]4 D> a” BVa" 4.
Proposition 3.3.(3) implies the following regarding Ay :

Lemma 3.5. Let G,a,I',U < G~ be as above, and let u be a-invariant and ergodic.
Let Ay be a countably generated U -subordinate o-algebra. Then H,,(Ay|a™t Ay) <

hu(a).
Proof. Let

L(a" Ay | Av)(z) = —log(13" ([#]an a0));
note that for any x,n this value is nonnegative. Moreover,

(3-4) L(a"™ Ay | Av)(@) = Lu(a™ Ay | Av)(a"z) + I (a" Au | Av) ().
Let I = I,(a Ay | Au); then by (3.4)
n—1
I(a"Au | Av)(x) = Y L(a"2).
k=0
It follows (using the pointwise ergodic theorem) that

1
Hy(Ay | a" Ap) :/Il(x) du(e) = Tim L1, (a" A | Av)
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Let A be a G~ -subordinate o-algebra as in Proposition 3.3, € > 0 arbitrarily. By
(3) of that proposition (and the discussion above) a.s. 21, (a"A|A) — h,(a). The
random variable

()
1A ([2)an a)
has expected value 1 for every n. Fix some ¢ > 0. By Borel-Cantelli and Chebyshev

we have for a.e. x and all n large enough that Z,, < exp(en). Therefore,

lim sup lIﬂ(a”.A | AV Apy)(z) = limsup %(log Zn+1,(a" Al A))(z)

n—oo T n—0o0o
1
<e+ lim —I,(a"A|A)(z)
n—oo N,
=e+hy(a) for p-a.e. x

Since Ay is U-subordinate and A is G~ -subordinate we can find § > 0 small
enough so that on a set @ C X of measure u(Q) > 0.99

[€]a € B§ta(z)  [2]a, D B (2)
and let ko be such that a*(BS, NU)a=" C BY(z). Since u(Q) > 0.99, x(Q N
a* Q) > 0.98. Suppose for some z, a"z € Q Na~* Q. Then
[x]a”'*"“OA n [x]AU C [x]a”AUv
and
L(a" AV Ay | Av)(z) = L(a" ™ A Ay)(x) = L.(a" Av | Av)(z).

Since p is ergodic, for p-a.e. x this will happen infinitely often, hence if 4, ([2] 4, v.a) >
0 (which again happens a.e.)

1
Hy(Av |a ' Ay) = Jim T, (0" Au | Av)(z)

< lim sup %Iu(a".A | Av)(z)

n—oo

= lim sup %Iu(a".A | Ay vV A)(z) < e+ hy(a).

n—oo

O

The proof of Proposition 3.4 relies on the following two elementary lemmata:

Lemma 3.6. Let X be some metric space and let p be a probability measure on
X. Then for any x € X and (Lebesgue-)a.e. v > 0 the set P = B,(x) satisfies
w(By(P)NB,(X\P)) < Cp for some constant C = C(x,r) > 0 and every0 < p < 7.
Here B,(A) = Uyc Bp(x) are all points with distance less than p to some point in
a set A C X. In particular, the boundary OP must be a null set.

Proof. Define f(r) = u(B,(z)). Then clearly f is an increasing function and so for
a.e. r differentiable. Fix one such r and let P = B,(x). Since B,(P)NB,(X\P) C
Byy,(x) \ By—,(x) this implies for small enough p that

W(Bo(P) N B, (X \ P)) < f(r+p) = f(r—p) <2(f(r) + 1)p.
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Lemma 3.7. Let G, be a Lie group or a linear algebraic group over a local field K,
let a € G be semisimple, and let U, < G be a closed a-normalized and contracted
subgroup. There exists a left invariant metric d,(-,-) on G, a monotone function
f:(0,1) = Rt with limy_.o f(t) = 0, and a constant x € (0,1) such that

(3.5) ds(a"ua™",e) < x" f(d,(u,e))
foralln >0 and u € B{]",

Proof. If G is a Lie group or K, is R or C, then we fix some inner product on the
Lie algebra of G and using it define a Riemannian metric d,(-,-) on G. Taking
the restriction of the inner product to the Lie algebra of U, we get similarly a
Riemannian metric dy, (-,+) on U, with ds(-,-) < dy,(-,-) on U,. Now define
f(t) = diamy, (BE” NU,) to be the diameter of BE~ N U, with respect to dy, (-, -).
Since U, is closed we have lim; o f(t) = 0. Finally one checks easily that there
exists some y < 1 with dy, (aua™?, e) < xdy, (u,e). This implies the lemma in the
Archimedean case.

For p-adic and positive characteristic fields there always exists a compact and
open subgroup K < G,. We then define the left invariant metric on K by averag-
ing any matrix norm dg (ky1,k2) = [, [|k(k1 — k2)|| dk where dk denotes the Haar
measure on K. Without loss of generality we may assume that dg (-, ) < 1. Now
define dy(g1,92) = 1 if @ K # g2 K and dy(g1,92) = d(e, k) if go = g1k for some
k € K. That this defines a left invariant metric follows from the left invariance of
di(-,-) under K. It is easy to check that for v € U, N K there exists x < 1 and
C > 0 with dy(a"ua™",e) < Cx"d,(u,e). The function f is used to absorb C. O

Proof of Proposition 3.4. By assumption G is a Lie group or a product of linear
groups. Using Lemma 3.7 we get a metric on G also satisfying the conclusion of
Lemma 3.7 for all u € U.

Let K C X be compact with u(K) > 1 —e. Choose some r € (0, 1) such that for
every € K the set Ba,.(x) is the injective image BS.x of BS. C G. Now choose
for every x € K a ball B, (x) with 7, < r such that the conclusion of Lemma
3.6 holds. Choose finitely many points z1, ..., z, such that the corresponding balls
form a subcover of K and let P be the partition of X generated by these balls. We
define Py to be the o-algebra generated by P and the images (A N BS).x; for all
left U-invariant Borel sets A = UA C G and i = 1,...,f. Then Py is countably
generated and for almost every z € K

(3.6) Bl .x C [a]p, C BR.w

for some p > 0 (that is allowed to depend on x) and some fixed R > 0. (The
only points for which this fails are the boundary points of one of the balls in the
construction.) In fact, the construction is such that

(3.7) [e]p, = (B, NU).z) N P

for any x that belongs to one of the balls B, (z;) and z € P € P.

We claim that A = \/,~,a "Py also satisfies (3.6) instead of Py for almost
every € K (but possibly a different p). First note that the upper bound carries
over trivially since A D Py.

Now define for p € (0,1)

0,P={x € X :B,(z) ¢ P forall P € P}
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Then by Lemma 3.6 and the construction of P we know
(3-8) u(3,P) < Cp

for some fixed constant C' > 0. Suppose Bg.x ¢ [z] 4, then there exists n > 0 such
that a”Bg.x ¢ [a"z]p, . By the properties of the chosen metric

a"Bg.x = (anta_").(a”.x) C B;Jnf(p).(a”.x).

If a".z belongs to P € P, then (3.7) shows (if f(p) < 2r) that B, .(a".x) ¢ P
for ™.z € P € P. This again implies a™.x € Oyn ¢, P and so

rekl,= U a”"Oyny(p) (P).
n=0

Since a preserves p we have p(E,) < Y07 Cx"f(p) = C;{(Q) by (3.8). Since the
upper bound goes to zero with p — 0, we have that almost every x € K satisfies the
claim. More precisely we have shown that Bg.x C [z]a € BY.z for a.e. z where p
depends on z and is such that 2 € X \ E,.

Now choose p such that p(K \ E,) > 1 —e. For large enough m we have
BY C a=™Bfa™ and so the set Q = a~™ (K \ E,) and the o-algebra a~™ A satisfy
the claims of the proposition. O

We also quote the following two facts:

Lemma 3.8 ([Lin2, Cor. 5.4]). Leta, U < G7, G, T, and X = I'\G be as in
Proposition 3.4. Let u be an a-invariant probability measure on X = T\G and & a
countably generated o-algebra of a-invariant sets. Then for p-a.e. x, for u° a.e. y

(2)y = hy -

The proof of this lemma follows easily from the well-known fact that for any
a-invariant measurable subset £ C X one can find a G~ -invariant set F’ so that
w(E\ E’) = 0 and the properties of leafwise measures discussed in Section 3.1. We
refer the reader to [Lin2] for details.

Proposition 3.9. Again let a, U < G—, G, T, and X = I'\G be as in Proposi-
tion 3.4. Let i be a a-invariant probability measure on X, and p = fX ué du(x) its
ergodic decomposition. Then for u-a.e. x € X

(1)

1 U nBU —n
Du(U, )] = tim 10g#e (@ BaT™)]
exists;
(2) Du(U,a)[z] < hye(a), with equality holding if U = G~ (where h,e(a) de-
note the ergodic theoretic entropy of ué with respect to the action of a);
(3) Du(U,a)[z] =0 iff u¥ is equal to the §-measure at e € U.

Proof. All of these facts are well-known, we give a proof for the convenience of the
reader. Note that by Lemma 3.8 we may assume that p is ergodic. Let € > 0
be arbitrary, and let Ay be as in Proposition 3.4, or in the case U = G~ as in
Proposition 3.3; note that in both cases we obtain a g-algebra which is subordinate
to U.
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Let, for every z and o-algebra A subordinate to U, BY(z, A) be a subset of U
satisfying(*®)

BY(z, A).x =[] ;.
By (LM-4) it follows that for a.e.

U U T .
39) tog (fep ) “logut A (alay) = ~ (A [ (o)

and it follows that

(3.10)
: 1 U/pU -n : 1 -n
lim ﬁloguJJ (BY (z,a " Ay)) = lim EIM(.AU‘CL Ap)(z)
n—1

— lim. ;;JM(AUWMU)(@%)

- /X LAy | 0™ Ap)() dyu(x) = H, (Ay [~ Ay),

where we have used (3.9) and the pointwise ergodic theorem to pass from the second
to the third line of (3.10).
Let

~ 1 n—1 ]
Q= {meX:supn21Qc(al$) < ﬁ}
" i=0

By the maximal inequality, ,u(Q) > 1 — /e. From the definition of Q, it follows
that for any x € @, for any n € N there are ny,ns with n(l —2y/e) < n; <n <
ny < n(1+ 2y/€) with a™.z,a™.x € Q, hence

(3.11) o ™BYa™ ca ™ BY(a™x, A)a™ = BY(z,a™™ A) C BY(z,a™"A)
and similarly

(3.12) BY(z,a™"A) C BY(z,a7"2A) C a "2 BYa".

It follows from (3.11) and (3.10) that for every z € Q

1 1
(3.13) limsup —log u¥ (e "BYa™) < (1 — 2v/e)! lim —log uY (BY (x,a " A))
n n—oo N

n—oo

(3.14) =(1-2Ve) 'H,(A|a tA).

Similarly, since there is some fixed ng for which BY ¢ a=™ BV a"™, we have by
(3.12) and (3.10) that

1 1
liminf = log u¥ (a™"BYa™) = liminf — log u¥ (a~"BYa™)
n n—oo n

1
> (1+2Ve)7" lim —log p (BY (07" A))
— (1420 Hu (A a~A).
Since € was arbitrary, we see that a.s.

1 1
limsup — log 1Y (™" BY a™) = liminf — log u¥ (™" BYa™) = H,(Av | a ' Ap).
n n

n—oo n—oo

(13)Since a contracts U by Poincare recurrence if p is preserved by a for p-a.e. x, the map

u +— u.z is injective on U and hence BY (z, A) is well-defined.
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By Lemma 3.5 and Proposition 3.3 H,(Ay | a ' Ay) < h,(a), with equality if
U = G~. This establishes statements (1) and (2) of the proposition.
Part (3) of this proposition also follows as (3.13) implies that
1
lim ~loguY(a™"BYa™) =0 onlyif H,(A|a 'A)=0.
n—oo N

In this case, for a.e.  we have that for every n,m € Z with m < n’

e A(ela,a) =1
or in other words that
py (BY (z,a7" A))
is independent of n. In view of (LM-3) and equations (3.11) and (3.12) (and the

corresponding similar inclusions for negative n) the only way this could happen is
if u¥ is the 6-measure e € U. O

We also quote the following related phenomenon (the reference given is by no
means the first place this lemma is proved; indeed, this fact has been used already
in [KS] and many other papers):

Lemma 3.10 ([EK2, Lem 5.10]). Under the assumptions of Proposition 3.9, for
p-a.e. x € X the groups

Staby (uf) = {u € U :upl = pl'}

and
Staby ([uY]) = {u € U : upl is proportional to puf }

coincide. The same statement holds for right multiplication u¥ — pYu.

We remark that Proposition 3.9 can be used to give an alternative proof to
Lemma 3.10 to the one given in [EK2]. Indeed, if Staby (uY) € Staby ([1Y]) for
a set of x of positive measure, then for those x it would follow that the measure
uY (a="BYa™) grows super exponentially in n contradicting Proposition 3.9.

Another useful corollary of Proposition 3.9 is the following:

Proposition 3.11. Notations as in Proposition 3.9. Let p be a-invariant proba-
bility measure on X = I'\G. Then p is G~ -recurrent if and only if for a.e. ergodic
component u of pu with respect to the action of a satisfies that hye (a) > 0.

Proof. This is an immediate corollary of Proposition 3.9 and Lemma 3.1.(1). O

4. REDUCTION OF MAIN THEOREM FROM THEOREM 2.1

In this section we will deduce Theorem 1.4 from the formally weaker Theo-
rem 2.1. Recall that the assumptions to these two theorems were identical, but the
conclusions were different: in Theorem 2.1 we conclude that one of the following
two possibilities holds:

(LE-1") ¢ is locally C¢(U)-aligned modulo p
(LE-2") p is not Cq(U) N G~ -transient relative to ¢

whereas Theorem 1.4 gives that we can express p as a convex combination of two
measures i1, po satisfying the stronger restrictions that:

(LE-1) ¢ is locally Cg(U) N G%-aligned modulo 41
(LE-2) pg is Cq(U) N G~ -recurrent relative to ¢.
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Recall the notation
H=CqU) H =HNG- H°=HNG
from Section 2.

We deduce Theorem 1.4 from Theorem 2.1 byt showing that we can decompose
W into tuq + (1 —t)ue with both pq and pe satisfying the conditions of Theorem 1.4
and where py is H ~ -transient relative to ¢ and s is H ~-recurrent relative to ¢.
Along the way we prove that (LE-2') is equivalent to (LE-2"), which is the form of
this condition we have used in the sketch of proof of Theorem 2.1.

Applying Theorem 2.1 to p; we may conclude that uy satisfies (LE-1') i.e. ¢
is locally H-aligned modulo g1, and using the a-invariance of p; and Poincare
recurrence we will conclude that in fact py satisfies the formally stronger (LE-1)
(see Proposition 4.1).

4.1. (LE-1") implies (LE-1). This will follow from the following more general
statement which generalizes [EKL, Lemma 4.2]:

Proposition 4.1. Let G be a Lie group or an S-algebraic group and a € G a
class A element as in Theorem 1.4. Let p be an a-invariant probability measure
on X =T\G, and ¢ a factor map with respect to the action of the group generated
by a. Suppose that H < G is a closed subgroup so that for sufficiently small §y we
have that log(Bg) CgoDg—. Then ¢ is locally H-aligned modulo p if and only if
¢ s locally H N GO-aligned modulo pu.

Proof. We need to show that if ¢ : X — Y is H-aligned modulo p it is also H NG°-
aligned (the other direction is tautological). Let Y be the image under ¢! of the
Borel o-algebra on Y, let € > 0, and let X’ C X be a subset as in Definition 1.1
with p(X') >1—e€.

For every measurable subset B C X, we have that u(B\ B) = 0 where

B:{x:uf(3)>0}€j}
since

W(B\B) = [ BB dutz) < /. B ) =0

By applying this to X’ N U; with U; a countable basis for the topology of X it
follows that for almost every z € X’ and every § > 0

(4.1) 1Y (X' N Bs(x)) > 0.

Fix norms on go and g_ satisfying that

(1) the norm on gg is Ad(a)-invariant
(2) there is some ¢ < 1 so that for every w € g_, ||Ad(a)[w]|| < ¢|w]].
Let 6 be much smaller than §; — sufficiently small so that

(B5°(0) x B3~ (0)) Nlog(Bj; (e) = (B§°(0) x Bi~(0)) Nlog(By; 10(e))-
For any n < 4§ we let
B(8,n) = (B$*(0) x B~(0)) Nlog(Bj! (e)).

Applying (4.1) and the alignment condition (1.1) we see that for a.e. x € X’ and
every 1 < ¢ it holds that

fs(a,n) = 2 (exp B(6,n).x) > 0.
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For a fixed x the function fs(z,n) is monotone non-decreasing in 1. Furthermore,
since ¢ is a factor for @ and p is a-invariant, it follows that a.u? = Y, and hence

fs(x,m) = p (exp B(6,7).x)
(4.2) 1Y o (exp (Ad(a)[B(8,1)]) -(a.x))
< ¥ (exp B(6, en).(a.x)) = fla.x,en) < fsla.z,n).

Using Poincare recurrence we conclude that equality holds throughout (4.2) and
consequently almost surely fs(z,n) = fs(a.z,n). It follows that fs(z,n) is almost
surely constant on the interval n € (0, 6).

Let

X" = {:v e X": fs(x,7) = fs(x, 7)) vr,7" €(0,0)
and Mf(exp B(r,7).z) > 0 for every 7 > 0}.

It follows from the discussion above that p(X’\ X”) = 0 and in particular pu(X") >
1—e

If z,2" € X" are sufficiently close with ¢(z) = ¢(z') then 2’ € exp B(6/2,6/2).x
(since X" C X' and the definition of X”). Also, by definition of leafwise measures,
uf = p2,, and since 2’ € X" we also know that u2,(exp B(r,7).2") > 0 for every
7 > 0. Suppose ' = exp(wo+w_).x with wg € go, w— € g_, wo+w_ € B(6/2,0/2)
and w_ # 0. Then for any ¢ > 0

13 (exp B, | - €).2) < ¥ (exp B, lw_ | + €).2)
since if 7 is sufficiently small
exp B(7, 7).2" C (exp B(J, [lw—| + €).z) \ (exp B(S, [w_]| — €).)

— and hence f5(z,-) is not constant.

Thus we conclude that w_ = 0, i.e. that 2’ € exp B(d/2,0).x. Since exp B(d/2,0)
gives arbitrarily small neighborhood of e € H N G° for sufficiently small § we
conclude that ¢ is locally H N G%-aligned modulo . (]

4.2. Recurrence and transience relative to ¢. Let X be a locally compact
space, U a locally compact group acting on X and ¢ : X — Y a Borel map. Let
®: X — X xY be the map ®(z) = (z,6(z)). The group U acts on X x Y by
w.(z,y) = (u.z,y).

We start by considering the notions of recurrence and transience relative to ¢ in
more detail, showing that it can be rephrased as ordinary recurrence (transience)
on X xY.

Proposition 4.2. A probability measure p on X is U-recurrent (transient) relative
to ¢ if and only if the measure i = ®.(u) on X XY is U-recurrent (transient,
respectively).

Proof. Suppose X is U-recurrent relative to ¢. Let BC XxY bea Borel sets with

f(B) > 0. Let B = ®1(B); by definition of fi, we have that u(B) = @(B) > 0. It
follows that for every x € B in a subset B’ C B of full measure

(4.3) {u€eU:ux e Band ¢(uz)=¢()} ={uecU:ud(zx) e ®(B)}

is unbounded. Since fi-a.e. & € B is of the form ®(x) for x € B’ it follows that /i
is U-recurrent.
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Conversely, suppose fi is U-recurrent. Let B C X be arbitrary with pu(B) > 0.
Let B = ®(B). Since ® is an injective Borel map B is a Borel subsets of X x Y
and by definition ji(B) > 0. Since i is U-recurrent, it follows that for fi-a.e.
= (r,p(x)) e X xY

{ueU:ud(z) e PB)}
is unbounded, where again invoking (4.3) we may conclude that p is U-recurrent
relative to ¢.

We leave the proof of the equivalence of U-transience of the measure p on X
relative to ¢ and U-transience of the corresponding measure fi on X x Y to the
reader. O

Let U be a locally compact group acting on a locally compact space X. Any
locally finite measure p on X can be written as p = 1 + pe with gy transient
under U and py recurrent under U. This can be shown directly (see [Linl, Prop.
2.4] or via the connection with leafwise measures given in Lemma 3.1: simply take
B = {x : 1Y is a finite measure}. Then one can easily check that uy = p|p is
U-transient, ps = p|ge is U-recurrent, and of course p = p1 + p12. Using Proposi-
tion 4.2 we can deduce:

Corollary 4.3. Under the conditions of Theorem 1.4 we may decompose | as a
convex combination of two probability measures 1, po satisfying the conditions of
Theorem 1.4, with puy H™-transient relative to ¢, and pue H ™ -recurrent relative

to ¢.

Proof. Let ® : X — X xY and fi be as in Proposition 4.2. As we have noted above,
we can represent [ as a convex combination of two probability measures fi1 and fig
with fi; a H ™ -recurrent measure and ji5 a H_-transient measure on X x Y. Let 7
denote the natural projection X x Y — X. Then by definition u = 7. (1), and we
can represent it as a convex combination of 1 = 7. (fi1) and p2 = 7 (fi2). As both
fi; are supported on the graph of ® we have that for both i = 1,2 [i; = ®.(u;)-
It now follows from Proposition 4.2 that uq is H  -transient relative to ¢ and pus is
H ™ -recurrent relative to ¢. (I

We conclude our discussion of relative recurrence and transience by showing that
(LE-2') and (LE-2") of Section 2 are equivalent:

Corollary 4.4. Let a, ¢, X = T\G and p be as in Theorem 1.4. Let H~ be a
subgroup of G~ normalized by a. Then u is H™ -transient modulo ¢ iff there is a
subset Xo C X of full measure so that for any y € Y we have that ¢~ (y) N X,
intersects every H ™ -orbit in at most one point.

Proof. The existence of such an X clearly implies that p is H ™ -transient modulo
¢. Suppose p is H ™ -transient relative to ¢, and let ® and i = ®,u be as in
Proposition 4.2. Recall that we have assumed that a acts also on Y and that ¢
is a factor map for this action. Denote the diagonal action of a on X x Y by
Aa).(z,y) = (a.x,a.y); then ®(a.x) = A(a)®(x) and hence i = P.p is Aa)-
invariant. Since p is H~ transient relative to ¢, the measure fi on X x Y is
H~-transient (with respect to the action h.(z,y) = (h.z,y)), and so by Lemma 3.1
the leafwise measure il is finite almost surely. But since fi is A(a)-invariant, and
since A(a).(h.Z) = (aha™1).(A(a).Z) we have that fi-a.e.,

(AR (a5 = lafifl a™"].
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Since conjugation by a contracts H~ it follows that i is a.e. proportional to the
d-measure supported on e € H™.

Let as before m be the projection X x Y — X, let X’ C X x Y be a set on which
(LM-1)—(LM-5) are satisfied for the action of H~ on X x Y. Set

Xy = {x eXxY:[ul]= [5%}} nx'.

This is a subset of full measure of X x Y and by (LM-2) and (LM-3) there can be
no pair of distinct points z,y € X, on the same H~-orbit.

Since ®(X) also a i co-null subset of X x Y, we have that Xy N ®(X) is co-null
and since 7 is a Borel isomorphism on ®(X) we have that X = 7(Xo N ®(X,)) =
®1(X,) is p-co null. But the fact that X, contains no two points in the same
H~-orbit implies that Xy does not contain any two distinct points on the same
H~-orbit with the same ¢-value. 0

5. PROOF OF THE MAIN THEOREM (MODULO SOME TECHNICAL STEPS)

In this section we will give an almost complete proof of Theorem 1.4 (or more
precisely of Theorem 2.1 which implies the formally stronger Theorem 1.4 as already
shown in Section 4). To make the outline of the proof given in Section 2 work, we
need to start by defining various sets which are needed to justify the arguments.

5.1. The assumptions, our goal, and the set X’. Let X =T\G,a € G, U < G,
¢ and p be as in Theorems 1.4 and 2.1, H = Cg(U) and H~ = Ce(U)NG~. Assume
in contradiction to Theorem 2.1 that neither (LE-1’) nor (LE-2’) hold, i.e. that ¢
is not locally H-aligned modulo g but that p is H ™ -transient relative ¢.

The first set we are going to use is an a-invariant subset X’ C X of full measure
on which various typical properties occure. In particular, we assume that

(A-1) the properties (LM-2), (LM-3), and (LM-5) (cf. Section 3.1) hold on X,

(A-2) forevery y € X’ aleafwise measure p¥ is not supported by any a-normalized
Zariski closed proper subgroup of U (cf. (U-1) of Theorem 1.4),

(A-3) X’ does not contain any two distinct points z, y on the same H ~-orbit with
o(z) = ¢(y) (ctf. Corollary 4.4).

Consider now a neighborhood Oy 3 e in H, sufficiently small to be in the domain
of the definition of log. Since log is injective on a small neighborhood of e € G if
Opy is sufficiently small

logOp C Cg(U) :={w e g: Ady(w) =w VYueU}.

Let Og be some fixed relatively compact neighborhood of e € H of this form.
Our assumption that ¢ is not locally H-aligned modulo p clearly implies the
following:

(*) There is some ¢ so that for every measurable B C X with u(B) > 1 — ¢
and every § > 0 there exists x,y € B with distance d(z,y) < § and with
¢(x) = ¢(y) but y € Op.x

Throughout the proof we assume € < ¢y and also that e is smaller than some
constant which we will derive from a, U and G in Section 5.6.
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5.2. A, uY, and the set X;. We now apply Proposition 3.4 to find an a-decreasing
o-algebra A, a measurable subset X; C X, and some (probably big) R > 1 so that

1
(5.1) w(Xy) >1- 562, and
(5.2) BY.x C [z]4 € BY.x for z € X;.

Recall that a o-algebra A is a-decreasing if a=1.A C A.

In addition to A we will also need some regularity properties of ¥ on X;. The
first of which is easy; modifying X there exists some (probably big) M > 0 such
that

(5.3) uY(BY) < M for x € X;.

To see this recall that ;¥ is a Radon measure, i.e. it is locally finite and so Y (BY) <
oo a.s. By choosing M accordingly we can ensure that both (5.1) and (5.3) hold.
The second regularity property we require for z € X, is that uY restricted to
BY should not have most of its mass too close to proper Zariski closed subsets of
U. We will show in Section 6 that our assumption (U-1) regarding the support of
pY will imply this type of regularity on a set of large measure. More precisely by
Corollary 6.4 we have the following: Let D be the maximal degree of Ad,(w) as a
polynomial in u for any w € g. There exists n > 0 such that (after shrinking X;
once more, but by a sufficiently small amount so that (5.1) is not violated) we have

(5-4) pe ({ue BY | f(u)l = n}) =0

for every x € X; and every polynomial f of degree less than D (defined on any of
the factors of U) that has a coefficient of norm one. Here ||w| is some norm on
g (more precisely, ||w| = max, ||ws||,, with |||, some norm on g,), and we may
assume without loss of generality (since we can rescale ||-|| at our pleasure) that
for any polynomial f as above with coefficients of norm at most one, if the image
of f(BY) c Q% =T], QZ then in fact f(BY) is contained in some fixed compact
subset of 2 (where 2, Q7 are as on p. 4).

5.3. The compact set K. As we have already done several times, we may assume
that ¢ is a map from X to some locally compact space Y. Having found €, M, and
n we let K C X’ be a compact Lusin set for ¢, i.e. ¢ depends continuously on
x € K, with measure

€2n
(5.5) p(K)>1- 5

5.4. The set X,. Since A is a-decreasing, the sequence a~"™.A is a decreasing
sequence of g-algebras. By the martingale maximal inequality we have

- n 1=xxlh €
: E,(1- ", > < <
8 <{”” SR B (L= xxa™A) 2 2M}) = i) T
Thus there is a set Xo C X’ such that
(5.6) E,(xkla™™.A)(z) > 1— ﬁ for z € Xy and n >0
satisfying that

(5.7) j(Xs) > 1 %3.
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5.5. The set X3, and the points z4,ys € X5. Since a preserves p, we can apply
the maximal inequality for ergodic averages, and obtain that for any integrable

f: X —>Ryg
wlx: supiNz_lf(a”.x)>e <m.
Nle - €

n=0
We define f = xx\(x,nx,), then || f[|1 < € by (5.1) and (5.7). Therefore, we find
the set X3 of measure pu(X3) > 1 — e such that

{nelo,N—-1]:a"z e XiNXo}|>(1—¢)N

for N > 1 and z € X35. Without loss of generality we may require that X3 is
compact.

Since u(X3) > 1—¢, there exists by assumption (*) in Section 5.1 for every ¢ > 0
two points xs,ys = gs.xs € X3 with (i) gs is inside the domain of definition of log
and log(gs) & Cg(U) (ii) ||log(gs)|| < 0, (iii) ¢(zs) = ¢(ys5). Note that (iii) implies
that ugs = /‘Zw since by assumption (®) of Theorem 1.4 the Borel map z +— Y is
measurable with respect to the o-algebra corresponding to ¢.

5.6. The points z%,y5 € Xo with regularity of the leafwise measures at the
correct scale. Our aim in this section is to find starting from the pair of points
x5,ys constructed in the previous subsection a new pair of points which would
satisfy some additional regularity properties. These points would have the form
xf = ak.x, ys = a®.ys and we restrict the range of permissible k so as to ensure
that 25 and yj are still fairly close together (though possibly not as close as x5 and
ys)- In order to find these new points we shall make use of some auxiliary results we
defer to Section 7. Note that since ¢(xs5) = ¢(ys), and since ¢ respects the action
of a, we will automatically have that ¢(z§) = ¢(yj).

Recalling the assumptions made in the introduction, Ad,(log(gs)) is a g-valued
polynomial in u, and since log(gs) ¢ Cq4(U) this polynomial is not constant. Let
w = log(gy).

Since a contracts U, the coefficients of the polynomial Ad,-ng gm0 (w), which we
recall are elements in the Lie algebra g, grow (exponentially) in ng. In particular,
we can choose ng such that some coefficient has norm in (¢, 1] and all others have
norm in [0, 1] — where ¢ > 0 is some fixed constant that only depends on a € G and
U < G. Here ng will grow indefinitely when § becomes smaller. More generally,
for any k we define in Section 7 a function ng = ni(w) so that the norms of the
coefficients of Ad,—n, .4 (Adgr (w)) satisfy the above stated conditions. As we will
show in Proposition 7.5 below for ||w|| < dp and when k is restricted to be in [0, kng]
(with both dg, x positive constants depending only on a, U, G) the function ny can
be written as

(5.8) = min, lsjk + 7j(w)] .

Here the slopes s; depend only on a,U,G (the dependence of nj on w is via the
constant coefficients 7; = 7;(w)), and what is crucial for us is that all the s; # —1.
In particular, this implies that for any j, the function k + |s;jk + 7;| attains any
value at most 14 |s; + 1| times.

As we shall see in Proposition 7.4, assumption (U-2) implies that for an appro-
priate choice of &, for every k € [0, kng]

(5.9) 1Adgx (w)]| < [lw] ™.
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In particular (assuming dg was chosen to be sufficiently small), this guarantees that

n, > 0 when k is in the above range. On the other hand, (5.8) applied to &k = 0

implies that for some j we have 7; < ng+1. Therefore n, < kmax; s;+no for all &,

and if k is in the above range (i.e. k € [0, kng)) in fact ny, < N := (14+kmax; s;)no.
We want to find k € [0, kng] so that both

(5.10) at.xs,abys € X
(5.11) aktrE gy bt ys € X
By definition of X3 3 x5, ys,
|{() <k < kng:ad".xs o4 X2}| < ekng,
and similarly for ys. By (5.8), the definition of X3, and the bounds 0 < ny < N
for any k € [0, kng| show that

}{0 <k < rkng:a*t™ . xs §ZX1}| < J(l—«—mjax|sj +1|71)><

x[{0< <N :aas & X}
< Coeny,

with Cy depending on a,U,G. Again the same holds for ys. Assuming we have
chosen e < min(0.01, 0.0lnC&l) we are guaranteed by these bounds to have some
k € [0, kng] so that both (5.10) and (5.11) are satisfied.

5.7. Applying the regularity to find z§,y{ € K. We claim the properties of
x5, y5 = ¢'.as with ¢’ = a®gsa™* that are implied by (5.10) and (5.11) are enough
to apply the shearing properties of the U-flow successfully. This will give at the
end of this step points z§j = u.zf,yy = w.ys; € K that differ approximately by
some element of G~ N H. Since ¢ is a factor map for a?U, the equality of ¢-values
o(zf) = ¢(yy) is preserved. Let n = ng and w’' = log(¢’'); recall that by (5.9)
' < 6172,
Since zf; € Xy we have

-n n
5.12 o AR) > 1 — ——
(5.12) pgr T (K) > Wi

by (3.1) and (5.6). Since a".z% € X; and A satisfies (5.2) we have
BY .(a™.z}) C [a™.a5]4 € BY.(a".2)

and so by going back to x5 we get

(5.13) (a™"BYa™) .2} C [2}]q-—n.a C (a7 "BYa™).2}.

The above equation that allow us to work with (a="BYa").z} and (a="BYa").y}
instead of the somewhat random pieces of U-leaves [z§],-n 4 and [y§],-n 4 respec-
tively.

Moreover, Ugn.zg (BY) < M and so ug,é (a="BYa") < M,uiU,é (a="BVYa™) by (LM-
5). By (LM-1) and the upper bound in (5.13) this implies ug;nA(a’”B?a".zg) >
ﬁ, i.e. when we restrict ourselves to (a="BYa").z; we do, in a quantitative way,
not lose all of the mass. From this and (5.12) we see that

n

oy A B a0 K)oy
us, " A (@B am).a) 2
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or equivalently by (LM-1)

,ung ({fu€a"BYa" 1 uaj € K}) > (1 - g) ,ung (a="BYa™).

The same holds for yj, and since ug% = ,u;](,s we get
(5.14) ugg ({u€aBfa" s uzhuys e K}) > (1 n)ugg (a™"BYa™).

Let p(u) denote the g-valued polynomial p(u) = Ad,-nyqn (w’). This polynomial
has degree less than D and by definition of ny = n has coefficients of norm at most
one and at least one of norm bigger than some fixed constant ¢ > 0. Therefore,
since a™.x € X1 by (5.4)

WYy (fu € BY - lp()l] = ne}) = .
Using (LM-5) this shows for z that
(5.15) WY, (fu € a="BYam : || Adu(w)] = ne}) = mil, (a=" BV a").
Combining (5.14)—(5.15) we find that there exists some us € a~" BV a™ such that
(5.16) = ugs.xh, vy = us.ys € K | Ady, (w')|| > ne.

We will show in Section 7.2 that usg'uy ' is very close to H~ so that =} and y
are almost on the same H ~-orbit. More precisely: by Lemma 7.3 and Lemma 7.2
for any p > 0 if ¢ is small enough there is some v € Cyq(U) Ng~ so that

[Ady (w') = vl] < p.

Let € C g be as in p. 4. Since for small © we have that the polynomial
p(u) defined above takes values in Q — indeed, by its very definition p(u) =
log(a~"ua"ga""u"'a™) — and since all the coefficients of p(u) have norm at most
one, our choice of ||| in Section 5.2 implies that Ad,,(w’) € p(BY) is in some
fixed compact subset of Q; using equation (5.16) we can in fact conclude that
Ad,, (w') € p(BY) is in some fixed compact subset of Q \ {0}. In particular
Ad,, (w'") = log(gy) for some gf € G.

5.8. Letting 06 — 0. We apply the above procedure to find z¥,yy € K for a
sequence of 0 that converge to zero, with y§ = g¢§.y§, and recall that there is a
sequence of vs in a fixed compact subset of Cy (U)Ng~\{0} so that ||log(g§) — vs|| —
0 as § — 0. By compactness of K and continuity of ¢ on K there exist some limit
points T and § with ¢(Z) = ¢(7) and § = g.T for some g with log(g) € (Cyq(U) N
g7 )\ {0}. But log(g) € Cq(U) implies that g commutes with a neighborhood of
e € U: hence since this is an algebraic condition g € C(U). Similarly, log(g) € g~
implies that g € G~. And obviously log(g) # 0 implies that g # e.

Since K C X’ we have found two distinct points in X’ with the same ¢-value
on the same H~-orbit contradicting assumption (A-3) of Section 5.1. This con-
tradiction completes the proof of Theorem 2.1, and hence in view of the results of
Section 4 establishes our main theorem, Theorem 1.4.



ON MEASURES INVARIANT UNDER DIAGONALIZABLE ACTIONS 27

6. REGULARITY OF LEAFWISE MEASURES

In this section we consider the leafwise measures u under the assumption (U-1)
of Theorem 1.4 and will show that typically Y does not have most of its mass
close to subvarieties. Recall our assumption that G is either a Lie group or a direct
product of linear groups and that in the latter case U is isomorphic to a direct
product of Zariski closed unipotent groups. We start by analyzing polynomials
on U.

6.1. The log-map in positive characteristic. In the case where G, C GL,,(K,)
is an algebraic group over a local field K, of positive characteristic the standard
power series for the logarithm does not define a map (due to all primes appearing in
the denominator of some term in the series). Here we may use the following crude
replacement™®) of the Lie algebra and the logarithm map: We set g = Mat,, (K, )
to be the matrix algebra containing G and let log(g) = g — I where I is the identity
matrix. Moreover, if we define the adjoint action by conjugation Ady(w) = gwg™*
for g € G and w € g, then clearly Ady(logh) = log(ghg™?) for all g,h € G.
With this notation in mind, we do not have to distinuish between zero and positive
characteristic below.

6.2. a-homogeneous polynomials. The basic assumption we had on a in Theo-
rem 1.4 is that Ad, is diagonalizable. We denote the eigenvalues of Ad, acting on
g by letters &, ), ... and the eigenspaces by g¢, g*,.... Note that in the S-algebraic
case, the eigenvalues are elements in any one of the fields K, over which G is de-
fined. Moreover, even if K, = K,/ for ¢ # ¢’ we view them as distinct fields,
and so in particular each g* is by definition a subspace of some g,. We study the
conjugation map u — aua~! for u € U in the following lemma.

Lemma 6.1. Under the assumptions of Theorem 1.4 each of the subgroups U, is
isomorphic as a variety to a product of affine spaces [, Ax such that conjugation
by a corresponds to multiplication by A on Ay = Kg(/\).

For characteristic zero (or large enough positive characteristic) the above is an
easy consequence of the polynomial maps log and exp defined between U and its
Lie algebra.

A K,-valued or g-valued polynomial p(u) defined on U, is a-homogeneous of
weight X if A € K, and p(aua™') = Ap(u) for all u € U,. Here we assume that
multiplication by A € K, annihilates g, for any ¢’ # o, so that an a-homogeneous
g-valued polynomial automatically only depends on the coordinates in U, and has
its values in g,. Since a is Ad-diagonalizable, every polynomial is a unique sum of
a-homogeneous polynomials.

The above lemma provides us with the choice of independent a-homogeneous
variables generating the coordinate ring K, (U,). When we consider coefficients of
a polynomial on U we will implicitly assume that we expressed the polynomial in
terms of these variables.

Proof of Lemma 6.1 in positive characteristic. We only sketch the proof by indicat-
ing how to use the Lie algebra of U, to find independent a-homogeneous variables in
Ky (Uy). For this recall the following definition of the Lie algebra: If m, < K, (U,)

(14)Using these definitions, strictly speaking, (U-2) becomes an assumption on the concrete

realization of G as a linear group.
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is the ideal of polynomials vanishing at e € U, then the Lie algebra is given by the
dual space to m./m2. The semisimple a acts also on m./m? which also decomposes
into eigenspaces. Now we can choose for every eigenvalue A\ some a-homogeneous
polynomials @y 1,...,7y q(x) of weight A such that they form modulo m2 a basis
of the corresponding eigenspaces in m./m2. By induction on the weights one can
show that these variables generate the coordinate ring K, (U,). However, since the
dimension of m./m? equals the dimension of U it follows that these variables must
be algebraically independent. O

6.3. The mass distribution for the leafwise measures. We will first show
that the Zariski closure of the support of Y is almost surely a subgroup.

Proposition 6.2. Let X = T'\G, let a € G be class A, and let U < G~ be an
a-normalized direct product of closed unipotent subgroups U, of G, for o € S. Let
u be an a-invariant probability measure on X. Then for almost every x the Zariski
closure P, of supp(qu\By) is a Zariski closed a-normalized subgroup of U with

supp(pY) C P,.

The above proposition is general in the sense that we have not assumed that p
satisfies the assumption (U-1) in Theorem 1.4, under this assumption we get the
following immediate corollary.

Corollary 6.3. Suppose in addition to the assumptions of Proposition 6.2 that p
satisfies (U-1) in Theorem 1.4. Then for almost every x and any nonzero polyno-
mial (defined on any of the factors of U) we have

supp(pg | pv) ¢ Z(f) = {u € U : f(u) = 0}.

However, what we need for the low entropy argument is not only that the sup-
port of the leafwise measure is not contained in a variety, but in fact the stronger
statement saying that the mass is not too closely concentrated near varieties. As
we shall see the above and a simple compactness argument implies this. We will
prove the next corollary after we finish the proof of Proposition 6.2.

Corollary 6.4. Let D > 1 and € > 0. Under the same assumption as in Corol-
lary 6.3, there exists 1 > 0 and a set Q C X of measure u(Q) > 1 — € such that

pe ({u€ BY :|If ()] = n}) =0

for every x € Q and every polynomial f of degree less than D (defined on any of
the factors of U) that has a coefficient of norm one.

This justifies the assertion (5.4) made in Section 5.2. The main step towards the
proposition is contained in the following lemma.

Lemma 6.5. Let P, be the Zariski closure of supp(ug\BF). Then for almost every
x the ideal defining P, is a-homogeneous, i.e. it is generated by finitely many a-
homogeneous polynomials and so P, is normalized under the action of a. Moreover,
supp(uY) C P, so that P, is also the Zariski closure of supp(uY).

Proof. Let K be a Lusin set for u¥ of almost full measure such that (LM-5) holds
for points in K. Then by Poincaré recurrence for almost every x € K there exists
a sequence ny — —oo such that ™.z € K and a™*.2 — x for kK — oo. For
any such z we claim that the lemma holds. Let m > 1 be fixed. Since uln, , o
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a™ uYa=" by (LM-5) and a™* BY a="* (for large negative ny) contains BY we see
that supp(ugny, . py) C a™ (suppuf |pr)a="*.
Let f(u) be a polynomial that vanishes on supp(uY | pv). Then

(6.1) f(a™™ua™") vanishes on supp(ugnk_xb%).

If f is not already homogeneous, then we can write f = fi; + frem. Here the leading
term f; is a-homogeneous of some weight A and the remaining polynomial f,cn, is a
sum of a-homogeneous polynomials of weights that all have norm bigger than ||Al].
For this notice that we cannot have two weights of equal norm since a is of class A.
Also recall that all nontrivial weights are in norm less than 1 since U is contracted
by a. Then

T X" f (" ua™) = fiu(u)

is a-homogeneous. Using (6.1) and that uln, BU — ug|BgL we see that fj; also
vanishes on supp(uY| pv ). Replacing f by f — fi; and continuing by induction we
can write f as a sum of a-homogeneous polynomials that all vanish on supp(uY| BU ).
This is true for all generators of the ideal defining P,, and — since m was arbitrary

— supp(pl) C Py. O
Lemma 6.6. For py-a.e. x and ug—a.e. ug € U we have P, zug = P.

Proof. First recall that p& ,ug o pf whenever z,ug.x € X’ by (LM-4). There-

fore, the support satisfies supp(uY ,)uo = (supp(1Y)) and so P,,,ug = P, by
Lemma 6.5. O

Lemma 6.7. Let f(u) be an a-homogeneous polynomial of weight X. Let ug € U
be fived. Then f(uug') = f(u)+ fo(u) where any a-homogeneous term in fo(u) has
a weight of absolute value bigger than A.

Proof. By definition a polynomial is obtained by taking sums of products of matrix
coeflicients — where we can assume that a is a diagonal matrix with its eigenvalues
arranged in increasing order. Therefore, it is enough to check the statement for
matrix coefficients. However, for these the statement follows from the structure
of multiplication for upper triangular matrices: Any matrix coefficient of wuy Lis
the sum of the corresponding matrix coefficients of v and u, L and of products of
matrix coefficients of u and uy'. Here the weights of the matrix coefficients of u
respectively u, ! must give as a product the weights of the matrix coefficient of
Uy ! currently considered. However, we leave ug fixed and so the lemma follows
once we recall that all weights considered are in absolute value less than one. [

Proof of Proposition 6.2. Suppose z satisfies Lemma 6.5 and 6.6 and, moreover,
that ug.z also satisfies Lemma 6.5 for u¥-a.e. uy € U. Take such an ug, and let
f be an a-homogeneous polynomials of weight A that vanishes on P,, .. Then the
polynomial f(uuo_l) in w vanishes on P, by Lemma 6.6. By Lemma 6.7 we know
fluugt) = f(u) + fo(u) where fo(u) has only terms of weight that are in absolute
value bigger than A. By Lemma 6.5 we conclude that f(u) vanishes on P,. Since
the ideal for P, , is generated by such polynomials, P, C P,, . The proof of the
opposite inclusion is the same.

Therefore, P, = Py, = Pu,.stuo = Prug for p-ae. ug € U by Lemma 6.6
again. Since V = {ug € U : P, = Pyup} is itself a Zariski closed subset of U, it
follows that P, C V by definition. Therefore, P, is a subgroup of U. (]
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Corollary 6.3 follows immediately from Proposition 6.2, to see Corollary 6.4 we
will combine Corollary 6.3 with the following lemma. The norm of a polynomial
defined on U is the maximum of the norms of the coefficients when writing the
polynomial in terms of the variables given in Lemma 6.1.

Lemma 6.8. Fix some D > 1. Then for every probability measure v on B7{] either

(1) there is a monzero polynomial f on U of degree less than D such that
supp(v) C Z(f) ={u e U: f(u) =0}, or

(2) there exists an 1 > 0 depending only on v such that for all polynomials of
degree less than D with norm one we have

(6.2) v({ue BY :[If ()] = n}) = n.

We define n, = 0 in the first case and let n, be the maximal n satisfying (6.2) in
the second case. Then the set of probability measures v with n, > € is weak® closed.

Proof. Suppose (2) fails for v. Then for every n = % there exists some polynomial
fn asin (2) with v({u € 37{] S fn(w)|| = n}) <n. Choosing a subsequence we may
assume that f,, — f where f is a polynomial of degree less than D and norm one.
Let € > 0, then for large enough k we have {u € BU : ||f(u)|| < ¢} D {u € BV :
| e (w)]| < ﬁ} This implies that v({u € 37{] S| f(u)|| < €}) >1—¢€andsovis
supported on Z(f) as claimed in (1).

For the second claim let v, — v and let n,,, > €. Let f be a polynomial of degree

less than D and norm one, then by definition v, ({u € BY : || f(u)|| > €}) > € for all

n. Since {u € BY : ||f(u)| > €} is compact, the same holds as well for the weak*
limit v. O

Proof of Corollary 6.4. Define v, to be the renormalized restriction of Y to Big
By Corollary 6.3 case (1) in Lemma 6.8 happens p-almost never, i.e. 1,, > 0 a.e.
and depends measurably on z. This implies that for small enough 7

e ({ue BY < || f(w)]| = n}) = nul (BY) =0
on a set @ of measure bigger than 1 —e. To get rid of the closure we can use (LM-5)
and take the image of @) under a to get
pg ({u € aBYa™ « || f(w)] = n}) = g (aBY a™).

for x € a.Q). Here aBiija_l C BY is some fixed neighborhood of e € U and so by
(LM-3) we can give a uniform lower bound ¢ € (0,1) on its measure for x € a.Q)
after possibly making ) smaller. Now the corollary follows for ¢n instead of . O

7. QUANTATIVE SHEARING ESTIMATES AND THE FUNCTION nyg

In this section we define nj and provide the missing details of the step described
in Section 5.6. Let us note that this section is purely algebraic, the considerations
do not use p or properties of a particular point in X. All the results hinge upon
the assumption (U-2) of Theorem 1.4:

(U-2) for all nonzero w € gy, it holds that Ad(U)[w] Z g+ @ go.
we isolate explicitly the following corollary of this assumption:

(Ux) Cy(U)={weg:Ad,(w)=wforalue U} C g’ +g~.
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7.1. The definition of ng. Given w € g we have assumed that Ad,(w) depends
polynomially on uw € U. We decompose Ad,(w) in two different ways: We first
decompose w into its components in the eigenspaces w* € g* and consider Ad,, (w?).
We can further decompose Ad,, (w?”) into components in the eigenspaces Adi (w?) €
g

Lemma 7.1. The g¢-valued polynomial map Adi(w’\) i u € U is a-homogeneous
of weight %

Proof. By definition
Adgye-1 (w) = A7 Adgy (w?).
By taking components according to the weight & we get

_<
A
which proves the lemma. (I

AdS

s (W) = ATt Ad, 0 AdS (w?) AdS (w)

Applying the lemma we get
A n
— 3 A k £ (A
Adg—nyen 0 Adgr(w) = )\gg Ad>_,, a0 Adgr(w?) = )\Eg A <§> Ad;, (w?).

Since U is uniformly contracted, we must have [|{/A|| < 1 for all nontrivial terms
in the sum unless the corresponding term Adﬁ(v)‘) = ¢ is a constant polyno-
mial and £ = A. In particular, this shows that the coefficients of all nonconstant
Adg-nyan (aFwa™") grow exponentially with growing n.

We define the norm of a g-valued polynomial on U as the maximum of the norms
of the coefficients, where we use a fixed set of independent homogeneous variables
in U as in Lemma 6.1 and a fixed basis of g consisting of eigenvectors. Then the
integer valued linear function

log([[AlI =¥ AdS (w)[ )

€)= — sack
e e e e T AR

for

log [|A[l log || Ad5, (w?)
7.1 Sxne = — ™helWw) = — -
(7.1) M= g —Togldl ™) T Tiog AT = log €]
satisfies

I, (@wra )] € (e, 1

for n = nj(\, &) — unless AdS(w?) is constant and ny (), &) = oo. Here ¢ > 0 is
some absolute constant that only depends on the action of @ on U. Clearly for
0 <n < nE(A &) the norm is also less than 1. Therefore, if

ng = ni(w) = I{\lifnnk(/\,f)
is finite, it satisfies
(72) || Ada*"k ua™k (akwa_k) || € (07 1]

Assume now w ¢ Cy(U), then by construction ny : Z — Z is (the integer part of)
a piecewise linear function and the slopes only depend on the weights of a.
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7.2. The directions v of fastest divergence along U. Just as in the last subsec-
tion, we treat Ad,(w) as a polynomial (i.e. regular function) in u with coefficients
in g.

For any w € g let Ad'(w) be the sum of the smallest weight terms in Ad,(w)
for the a-action on U (smallest a-homogeneous weight), i.e. for w € Cy(U) we take
Ad!*(w) = w and for w & Cy(U) we write

Ady(w) =Ady(w)+ > Adi(w));  Adjw)= Y Adj(w)
EAIE/AI>C EAllE/ A=

with ¢ chosen so that Ad:(w) is not identically equal to zero.

Note that Ad!*(w) is the part of Ad,(w) with fastest expansion when a~! acts
on U. It is not necessarily true that Adllf(w) has values in one of the eigenspaces
of g. However, since by assumption all eigenvalues of Ad(a) have distinct absolute
values, if w € g* then Ad'(w) is a-homogeneous with some weight ¢, and its values
lie in g¢ with ¢ = % by Lemma 7.1.

We define the subspace v C g of directions of fastest divergence along U to be
the linear hull of the coefficients of Ad(w) for all w € g\ Cy(U).

Lemma 7.2. We have

(1) that v is contained in Cy(U),

(2) that v is a direct sum of subspaces of weight spaces g¢ for various weights
¢ (and hence is normalized by Ad,),

(3) and under the assumption (U-x), that v is contained in g~ .

Proof. We first remark that for any w = >, w? € g we have that the polynomial
Ad(w) is in the linear span of the polynomials Ad!(w?*). This holds since there
is no cancellation between terms arising from different weights — indeed, since we
have assumed that a is class A by Lemma 7.1 for any £ the polynomials Adi(wA)
for all possible values of A have different a-homogeneous weight, and hence do not
cancel. Moreover, if w ¢ Cy(U) the a-homogeneous weight of the low order term
Ad(w) has absolute value < 1, and hence Ad!(w) is in the linear span of the
polynomials AdY (w?) for wy ¢ Cy(U). This fact implies (2) above, and shows that
in proving (1) and (3) we need only to consider eigenvectors w* € g* \ Cy(U).
Consider now for w* € g* (not in Cy(U)) the expansion

(7.3) Ady, () = Ady, (W) + ...

and assume that ¢ is such that Adlfo (w?) = Adﬁ0 (w*) — it is uniquely determined
by w?. Here and below the dots indicate terms in weight spaces of bigger weight.
Now fix ug and apply Ad, to get

(7.4) Adyyy (0?) = Ady (AdS, (W) +...) = AdS,, (w) + ...

uug
Here we do not have any terms of weight in absolute value smaller than £ on the
far right of (7.4) since uug € U and & was choosen minimally in (7.3).

Recall that Ad,, (Adi J(w)) — AdeO (w*) can only have nontrivial components in
g” where n has absolute value less than ||¢|| (again using Lemma 7.1 and that U
is contracted by a). However, if this polynomial would have a nonzero component
f(w) in the weight space g" for some 7 as above then some eigenvector component
Vo Of Ady,(w?) that appears on the right of (7.3) as part of the dots would also
have to give a component Ad](v,,) € g" in order for (7.4) to hold. However,
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Ad} (vy,) and f(u) considered as a polynomial in u have different a-homogeneous
degree by Lemma 7.1. Therefore, Adu(Adi0 (w*)) = AdiO (w*) cannot contain any
nonzero terms in a weight space of lower weight. This shows that the leading terms
coming from eigenvectors w* belong to Cy(U), establishing (1) of the lemma.

To prove (3), we distinguish between two cases: If |A\|| < 1, then since U € G~
for any u € U

(7.5) Ad, (w?) —w* € g~

and hence all the coefficients of this polynomial (which in particular include the
coefficients of the polynomial AdY (w*)) are in g~. Note that (7.5) is not identically
zero since w* & Cy(U). If || A|| > 1, then for any w* € g* we know that there exists
some u € U with Ad, (w*) ¢ gt +g° by assumption (U-x). In particular, this shows
that in this case Adg(uf‘) also has its coefficients in g—, completing the proof of
statement (3) of the lemma. O

The next lemma establishes that indeed v can be interpreted as the space of
directions of fastest divergence along U:

Lemma 7.3. For every p > 0 there exists 6 > 0 such that |lw| < 0 for w € g
implies that for any n < ng = no(w) and any u € a~"BYa" there exists an v € v
such that || Ady(w) —v|| < p.

Proof. Without loss of generality we may assume that w € g*, for otherwise we
can decompose w accordingly and the result for the components easily implies the
same for w.

Fix inside every weight space g¢ a linear complement to v N g¢ and take the sum
of these to obtain a linear complement v C g to v. For every w € g* and a given
weight ¢ of smaller norm than A we claim that the norm of the component of Ad$ (w)
in v is bounded by a multiple of the maximum of the norms of AdS,(w) for weights
¢ smaller than £. This follows by considering the kernel of the corresponding maps;
if the sum of Adi(w) for all weights ¢ that are smaller than & would have a bigger
kernel than the projection of AdS(w) to v+ we would have an element w € g*
whose leading term Ad!(w) has weight ¢ and a nontrivial component in v which
contradicts the definition of v. Therefore, the norm of the component of Ad$(w) in
v is bounded by a constant multiple of the norm of Ad$(w) for some ¢ of smaller
norm.

By Lemma 7.1 we know that Adi(w) has bigger a-homogeneous weight than
Adg(w), in other words when applying conjugation by a~' to u the projection of
AdS (w) to vt will grow at a slower exponential rate than AdS(w). Recall that
n = no(w) was chosen so that at least one coefficient of Ad,-n.~(w) has size one.
Together with the above the lemma follows. (I

7.3. (U-2) implies control on the a-divergence. In our main argument we
need to show that the points x5 and yj are still close together. These points are
produced out of two nearby points x5 and ys via the action of a* which makes it
important to restrict the parameter k.

Proposition 7.4. Assuming (U-2) there exists some k > 0 such that for sufficiently
small w € g and 0 < k < ko = kno(w) implies || Adgr (w)| < |Jw][*/2.
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Proof. By assumption (U-2) the expression Ad,(w) — w (considered as a g-valued
polynomial in u) depends injectively on w when restricted to g*. In particular,
|lw|| is bounded by a multiple of || Ad, (w) — wl||. Therefore, for every weight A
of norm bigger than one and every w® € g* there exists a weight ¢ such that the

o & (w? . . . .
7% in the linear function ng(A,§) (cf. (7.1)) is

bounded by —Cj log ||w*|| + C3 for two absolute constants Cy, Cy > 0. This shows
that ng(w*) < —C1 log ||w*||4+Cy whenever A has norm bigger than one. We choose
k > 0 such that x < (2log C1||A||)~! for all such weights. In particular, this shows

constant term 7y ¢ =

A
that kng(w?) < —lzoiglﬁ)\” for all small enough w™.

Let w € g and w = >, w*. Then Ad,(w) = 3, A*w?. The lemma follows
since by the above || \*w*|| < ||[w?||'/? for all A of norm greater than one and all
k < kng(w) < wng(w?). O

7.4. (U-x) implies that there is no sub interval of slope —1. To be able to
use a density argument to find k in Section 5.6 we need to know that nj has no
sub intervals of slope —1.

Proposition 7.5. Assumption (U-x) implies that there are some g,k > 0, an
integer J and real numbers sq,...,sy all # —1 (all of these parameters depend only
on a,U,G), so that for w € g with ||w|| < §p and k € [0, kno(w)] we may write

ni(w) = min [s;k +7;(w)].

Proof. Recall that ny is defined as the minimum of ng(A, &) = [sx ¢k + Ta ¢ (w)] for
all weights A, & and that sy ¢ = —1iff { =1 (see (7.1)).

To prove the proposition, we need to show that if w and k satisfy the con-
ditions of the proposition nj cannot equal to ng(X, &) if & = 1. Suppose this
were false. Without loss of generality we may suppose w = w® € g and let
w' = Adgx(w). By Proposition 7.4 |Jw'|| < |w|'/?. By definition of nj (), &) the
polynomial Adi,nkuank (w’) has a coefficient of almost norm one — in particular
there exist some u € BY such that || Adl ., .., (w)| has a fixed lower bound.
However, Lemma 7.3 shows that Ad,—n ,qn (W) is close to v if w is small enough.
This gives a contradiction to v < g~, therefore ny < ng(A, 1) for all weights A if
only dg is small enough (smaller than some constant depending only on a, U, G). O

8. APPLICATION: INVARIANT MEASURES ON I'\G; X Gs

In this section, we prove Theorem 1.5 regarding A;-invariant, Ga-recurrent mea-
sures on I'\G1 X G5 where G is a rank one group over a local field K,, 41 C Gy is
a K,-split torus and Gs is any zero characteristic S-algebraic group. We let a € Ay
be an element for which x(a) € Q, and |x(a)|, # 1 for all roots x. (Clearly, it
is enough to ask this for the unique positive indivisible root of G; since all other
roots are powers of this one.)

8.1. Some algebraic facts for semisimple groups of rank one. The following
two lemmata will be helpful for the discussion of all possible homogeneous measures
as in Theorem 1.5 as well as in the justification of the assumptions to Theorem 1.4.
To simplify the notation in these algebraic facts, we will write G for the semisimple
group of K -rank one instead of Gj.
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Lemma 8.1. Let G be a semisimple algebraic group over a characteristic zero local
field K, of K,-rank one. Let a € A be a diagonalizable element of the mazimal
split torus A in G with |x(a)|s # 1 as above, let U < G~ be a nontrivial algebraic
subgroup normalized by a. Then for any g € GT there exists some u € U such that
ugu~! & GTGO.

Note that this is quite easy from the structure of linear representations in the
case where G is SL(2,KK,), and as shown below the general case can be reduced to
this one.

Proof. Let u = expu for some eigenvector u of Ad(a) restricted to the Lie algebra
of U. By the Jacobson-Morozov theorem, we can find h,n completing u to an
sl(2, K, )-triplet, i.e. [h,u] = —2u, [h,n] = 2n and [u,n] = 2h.

Since Ad(a) is diagonalizable over K, , we can decompose the Lie algebra g of G
into weight spaces g = €, ga which are by definition eigenspaces for Ad(a). We
have assumed that u is an eigenvector, i.e. it belongs to g_,, for some positive root
Ao (where we use additive notation for the roots). Let h =73, hy and n = )", ny
with hy,ny € gx. Then as [gx, g,] C ga+n we have that u, h, and ny, are also an
sl(2,K,) -triplet, hence without loss of generality we can assume that h = hy and
n=nmnmp,.

Let § be the Lie algebra generated by u, h and n. Clearly, both u and n generate
Lie algebras to unipotent algebraic subgroups of G. The algebraic subgroup H
generated by these must have h as its Lie algebra(!®). Therefore, H is isomorphic
to either SL(2,K, ) or to PGL(2,K,). Since G is of K,-rank one and since the torus
Apg in H whose Lie algebra contains h commutes with a, it follows that A = Ay
is this torus in H.

Now let z = expx € GT. Write x = Z/\XA where x) € g). For each A,
for sufficiently large k, ad(u)*x, € g~. Moreover, from the representation theory
of sl(2,K,) it follows also that if x) € gy is nonzero for some positive A, then
ad(u)?*x, € g~ is nonzero. Therefore,

Ad(exp(tm) () = 3 ad(tu)"xs ¢ s,

n

and the result follows by summing over all A and choosing ¢ € K, to avoid cancel-
lation. (Il

Lemma 8.2. Let G be a semisimple algebraic group over a characteristic zero local
field K, of K, -rank one. Let a € A be a diagonalizable element of the maximal split
torus A in G with |x(a)|s # 1, let U < G~ and Uy < G be nontrivial algebraic
subgroups normalized by a. Then U and Uy generate a finite index normal subgroup
L° of a simple algebraic subgroup L of G containing a. In fact, L° is the subgroup
generated by all one dimensional unipotent subgmups(m) of G.

(15)To see this note first there is no proper Lie subalgebra of h containing u and n, so that
the Lie algebra of H contains h. Next notice that the unipotent groups leave f invariant and so
the same must be true for H. This shows that b is a Lie ideal in the Lie algebra of H. However,
for algebraic groups semisimple ideals in the Lie algebra correspond to normal Zariski closed
subgroups which shows the claim.

(16) A before, we suppress here a few of the algebraic phrases, i.e. more precisely L° is the
subgroup generated by all K,-points of one dimensional unipotent algebraic subgroups of G defined
over K.
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Proof. Let L be the algebraic subgroup generated by the algebraic groups U and
U,. We claim first that L is a simple algebraic subgroup of G which contains A.
For this we proceed similar to the proof of Lemma 8.1. Let [ be the Lie algebra
of L. Let u = expu for some eigenvector u € [_y, of Ad(a) for some positive Ag.
Note that [ contains the Lie algebra of U, so there is such an element. As before
we know by the Jacobson-Morozov theorem that there exists an sl(2, K, )-triplet u,
h, n consisting of eigenvectors for Ad(a). Then, ad(u) maps the eigenspace [, into
[\_»x, and the correct iterate gives for positive A an injective map from [ to [_j.
By the symmetry of positive and negative weights in our assumptions, this shows
that the map ad(u)? restricted to [y, is surjective onto [_y,. This shows that [
contains an sl(2, K, )-triplet consisting of eigenvectors for Ad(a). In fact, the above
shows that there is some n’ € [y, for which u = ad(u)?(n’), which implies that
n’, h' = ad(u)(n’), and u is sl(2, K, )-triplet. (In fact, this triplet is equal to the
orginal triplet considered above.) Just as in the proof of Lemma 8.1 this implies
that A < L.

For the above claim it remains to show that L is simple. So suppose first that
L has a unipotent radical, which by the above is normalized by A. So let u be an
eigenvector for Ad(a) restricted to the Lie algebra of the radical. Clearly, the weight
cannot be zero since the centralizer of A does not contain any unipotent subgroups
in a semisimple group. So we may assume the weight is positive, but then the above
shows that u is contained in an sl(2, K, )-triplet which is contained in [. This is a
contradiction to u being in the Lie algebra of the unipotent radical of L. Finally
note that since L is unipotently generated its radical equals the unipotent radical,
therefore L is semisimple. If L would have several simple factors, then only one
of them could be isotropic since G has K,-rank one. However, this is impossible
since L is generated by unipotent subgroups and these can only be contained in the
isotropic factor.

Let now L° be as in the lemma. We first claim that L° is open, i.e. it con-
tains a neighborhood of the identity. Let U’ = (u(t) : t € K;) < U be an A-
normalized one dimensional unipotent subgroup. Note that a neighborhood of the
identity in L is homeomorphic to a neighborhood of zero in K™% (via log and
exp). We will show that it is possible to conjugate U’ by elements of L° to ob-
tain dim L many conjugates U; = (u;(t) : t € K,) whose Lie algebras together
span [. Assuming this, it follows that the map from K&™L to L which is by
(t1,.--ytaimr) — w1(t1) - - Uqgim £ (taim ) has an invertible derivative at 0. In this
case, the claim follows by the inverse function theorem.

Let Uy = U’. We now construct the conjugates U; for j > 1. Suppose we
have already constructed £ < dim L many such conjugates that have transverse
Lie algebras. Then the span I’ of these Lie algebras is a subspace of [. If [ is not
invariant under both U and U™, then we may conjugate some U; by an element
of U or UT to obtain an new conjugate Upy1 whose Lie algebra is transversal
to the ones constructed earlier. Otherwise, I’ is normalized by L since L is the
algebraic subgroup generated by U and U™*. Since the Lie bracket [-,-] is obtained
by taking the derivative of the adjoint representation, it follows that [’ is a normal
Lie subalgebra of [. This is impossible unless k£ = dim L since L and, therefore also,
[ are simple.

Note that in the case of K, = R it follows that L° is precisely the connected
component of L (in the Hausdorff topology). This proves the lemma in the real
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case. In the case of p-adic groups we have to use the structure theory of algebraic
groups once more. Our first goal here is to show that L° N A has finite index in A.
For this, note first that as before there exists an algebraic subgroup H < L which
is isomorphic to SL(2,K,) or PGL(2,KK,) and contains both A and U’. Tt is easy
to check for SL(2,K,), and so also for H, that some o’ € A with |x(a’)|s # 1 can
be written as a’ = ujujugul with v}, u € U' = H~ and uy,us € HT. Conjugating
this with some power of @’ we may assume that ui,us € L°. However, this shows
that o' € L° since U’ C L° by definition. Since A is a group extension of the
compact group {a € A : |x(a)| = 1} by the integers and L° N A is open in A, it
follows that L° N A has finite index in A.

Moreover, L° contains the stable horospherical subgroup L~, since L° N L~ is
open and since a’ can be used to expand this to the whole of L~. Let P be the
parabolic subgroup of L containing L~. Then P/L~ is again an extension of a
compact group by the integers, and as with A we get that L° N P has finite index
in P. Now let K be a good maximal compact open subgroup of L so that we have
the Iwasawa decomposition L = PK. Then we have

L=PKCLnKU---ULp,K

for some p1,...,p, € P. Here L°p;k is open in p; K, and so by compactness we
deduce that L° has finite index in L.

Finally, we claim that L° is containing all one dimensional unipotent subgroups
of L which implies also normality. For this, consider any one dimensional unipotent
subgroup U”. Since L° is open, L° N U" is an open neighborhood of the identity
in U”. Moreover, U"” is contained in an algebraic subgroup of L isomorphic to
SL(2,K,) or PGL(2,K,). By finite index, there is some a” € L° which expands
U" which implies that U"” C L°. O

8.2. Aj-ergodic and invariant homogeneous measures on X = I'\G; x Gs.
Assuming that G; has K,-rank one, we will discuss here the structure of A;-ergodic
and invariant homogeneous measures. The following is a combination of Lemma 8.2
and of the classification of probability measures invariant under unipotent sub-
groups in the S-algebraic setting, see [Ra5] and [MT1].

Lemma 8.3. Let G; be a K, -rank one semisimple algebraic group defined over K,
with split torus A1 < G, let Gy be any S-algebraic group defined over local fields
of characteristic zero, and let I' < Gy X G5 be a discrete subgroup. Let v be an
Aj-ergodic and invariant probability measures on X = T'\G1 x Ga. Suppose v is
invariant under some nontrivial element of G7 and some nontrivial element of G .
Then v is a conver combination of homogeneous measures as in Theorem 1.5. If in
addition K, equals either R or Q, for some prime p, then this is a finite average.

Proof. We may assume K, equals either Qs = R or Q, for some prime p, for
otherwise we may apply restriction of scalar to the group G;. Let s be co or p
according to the case we are in. Note that in this restriction of scalar the K,-split
rank one torus A; becomes higher rank with Qs-rank one. Therefore, if we want to
keep working with measures invariant and ergodic under the maximal split torus,
we have to do an ergodic decomposition.

So suppose now K, = Q. Since p is invariant under A; and some nontrivial
element of G it follows easily that u is also invariant under some A;-normalized
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unipotent algebraic subgroup of G| and similarly of G;. We let U be the maximal
such subgroup of G| and similarly for Ut C G7.

Let L be the algebraic subgroup generated by U and U™, and let L° < L be
the actual subgroup generated by U and U™ as in Lemma 8.2. By this lemma
L contains A; and L° N A has finite index in A. Therefore, the A-ergodic L°-
invariant probability measure v can be decomposed into finitely many L°-ergodic
and invariant measures v;. Since L° is generated by unipotents, we may apply
the classification of measures invariant under such groups as in [Ra5] and [MT1].
Therefore, v; is homogeneous, i.e. there exists a closed subgroup H < G x G2 such
that v is the unique H-invariant probability measure on a closed H-orbit. (I

8.3. Proof of Theorem 1.5 — first part. In this subsection we study the leaf-
wise measure for G~ = G . As a step towards the classification of the measure y as
in Theorem 1.5 we establish the invariance of the leafwise measures u& under left
translations by a nontrivial subgroup of G~ depending on z. At this point the main
obstacle for applying Theorem 1.4 is that we have to decompose the measure p in
order to have (U-1) satisfied for one and the same subgroup U < G~. Condition
(U-2) will follow from Lemma 8.1 for any nontrivial U.

Let ¢ : X — Y = PM? (G~) denote the factor map z + [u$ | as in Section 3,
and let ) be the Borel g-algebra on Y. Set v = ¢, and let & C Y be a countably
generated sub o-algebra which is equivalent modulo v to the o-algebra of a-invariant
subsets of Y. Finally, we let

£y =07 (Ey).
In these notations, v = [, z/sz dv(y) gives the ergodic decomposition of v (in
particular, for a.e. y, the measure 1/5Y is ergodic under the action of a), and we

have correspondingly a decomposition u = [ ¥ u? du(z); furthermore, the basic
properties of decomposition of measures imply that

Gupts” = i{z) for p-a.e. z € X.

For notational convenience, set u* = u§¢.

We need to understand the relation between the leafwise measures along G-
orbits of 1 and that of the probability measures p*. Concretely, we have for p-a.e.
x, for p*-a.e. y that

(8.1) py =Wy

by Lemma 3.8.

By construction and the way the leafwise measures are defined (specifically, by
the normalization in (LM-3)) u$  is determined by [1$ ] and therefore the map
x — p§ s ¢~ 1(Y)-measurable. (8.1) shows that (u®)§ = uS  for p*-ae. y.
Since (/ﬂ)f " is only defined up to a set of u, measure zero we may choose it so
that p-a.s. (u*)y = p, for all y. Therefore, for a.e. x, the assumption (®) of
Theorem 1.4 is satisfied by ¢ and p*.

We let P, be the subgroup in Lemma 6.2 applied with U = G~. Since P, is
normalized by a, it is clearly constant on the ergodic components for a. In fact, it
depends (measurably) only on the ergodic component of ®(y) and so it is constant
a.e. (and equal to P,) with respect to u® for a.e. x.
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We wish to apply Theorem 1.4 for u* and U = P, for p-a.e. . Then (U-1)
is satisfied by definition of P, and (U-2) follows from Lemma 8.1 whenever P,
or equivalently u&  is nontrival. By Proposition 3.9 and our assumption (1) in
Theorem 1.5 this holds p-a.e.

It follows that u* and ¢ satisfy the conditions of Theorem 1.4 for a.e. z, and
hence for a.e. x we can decompose p” into two measures pf and p3 such that

(LE-1,) ¢ is locally Cq(U,) N G%-aligned modulo u#, and
(LE-2;) p3 is Cq(Uy) NG~ -recurrent relative to ¢.

We prove next that actually more is true.

Lemma 8.4. In the above notation, we have for a.e. x that either u* = uf or p®
satisfies (LE-2,,). Moreover, in the latter case the measure u* is invariant under a
nontrivial unipotent element of G~ .

Proof. Let for simplicity of notation v = p* be a measure for which ¢.v is a-
ergodic and v allows a decomposition into parts v; and vy for which (LE-1) resp.
(LE-2) holds. Moreover, we may also assume that [I/yG ] = #(y). Recall that by
construction of p* and the discussion immediately after (8.1) we know this happens
a.e.

Suppose now that v # v, i.e. v is appearing nontrivially in the decomposition.
By (LE-2) and (LM-2) this shows that there is a set X5 of positive v measure such
that for y € X, there exists some u, € G~ with uyG ~ and VyG ~ u, are proportional.

By Lemma 3.10 this shows that vS = v$ u, for a.c. y € X,. By [EK2, Prop. 6.2]
this shows, again for a.e. y € X5, that there is an a-normalized subgroup H,

containing u, (or any other elements with the same property) which preserves v,
under the right action. Since this is an a-invariant property of ¢.v only, we conclude
by ergodicity that this property holds a.e. with the same H. Moreover, we may
assume that H is for a.e. y the maximal subgroup preserving VyG ~ on the right. We
claim this implies that v is H-invariant.

Assume (LM-2) for y and w.y and that v5 and v, are invariant on the right

under H for some u € G~ and y € X, which happens for a.e. y and V?ff—a.e. U.
Then by (LM-2) we have that uyG ~ is invariant under the right action of u~!Hu.
By maximality of H this shows that for a.e. y the subgroup H is normalized by
any u € supp(vS ) C G~. This can be used to show that v$’ is actually invariant
under left multiplication by elements of H too, c.f. [EK2, Lemma 8.11]. The claim
follows now from the proof of Lemma 3.1, i.e. [Lin2, Prop. 4.3]. In that lemma it
was assumed that the leafwise measure for a subgroup U is the left Haar measure
of U and obtained invariance under the full group U, if instead one knows only
left invariance of the leafwise measures for G~ under one and the same subgroup
H < G~ one obtains invariance under H. ]

We will show in the next section that p® satisfies (LE-2,) a.e. This implies
Theorem 1.5. More precisely, in this case we get that p® is invariant under a
nontrivial element of G~ by Lemma 8.4. This implies that the ergodic components
of p* are invariant under a nontrivial element of G~. Since the ergodic components
of p can be obtained from the ergodic components of u” for a.e. z, it follows that a.e.
ergodic component is invariant under a nontrivial element of G~. By symmetry the
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same holds for GT. Therefore, a.e. ergodic component of p satisfies the assumptions
of Lemma 8.3 and the theorem follows.

8.4. Proof of Theorem 1.5 — (LE-2,) holds for y* a.e. To complete the
proof of Theorem 1.5 we need to show that a.e. (LE-1,) does not hold for pu®. For
this we will need the product lemma, which is one of the main ingredients of the
high entropy method of [EK1]; but we need the more general [Lin2, Prop 6.4] or
[EK2, Thm 7.5]. Since conjugation by a contracts G~ while acting trivially on G
it implies that there is a set X’ C X of full measure w.r.t. ;1 on which

G xGa _ G
/J/m Z_Mx X,U/m27

hence using the property (LM-2) of the construction of leafwise measures there is
a set of full measure (which we also denote by X’) on which

(8.2) ug = pg for every z,y € X' with y € Gy.x;

since ¢(z) = [pG ] this implies that ¢ is constant on the intersection of X’ with
Go-orbits in X. Therefore, elements of £, consist (modulo i) of unions of complete
Ga-orbits, and so the leafwise measures for Ga-orbits of p and of p* are equal
in the sense that for p-a.e. z and p®-a.e. y we have ,uf"‘ = (;ﬂ')yG?. In view of
Lemma 3.1.(1), and since we have assumed that p is Ga-recurrent, this equality
implies thar for a.e. x the measure u” is Go-recurrent.

To analyze the set where (LE-1,) holds and its connection to the assumption
(2) in Theorem 1.5 we need another lemma regarding algebraic groups. Recall that

My ={heGY:x(h) =1}

Lemma 8.5. For any nontrivial a-normalized U < G~ , the group M1 NCg(U) has
finite index in G N Cg(U).

Proof. Let uy,...,uy be a basis for the Lie algebra of U consisting of eigenvalues
for the action of A;. Then Cg, (U) = Cg, (u1) N...NCgq, (uy).

Let L = GYN Ng(Kyup) N...N Ng(K,up). This is a reductive group (GY and
so also L have no unipotents, hence no unipotent radical) containing A;. For every
g € L, u; is an eigenvector of Ad g, and the corresponding eigenvalue gives a K-
character y; on L. The group M, was defined as the kernel of a K,-character y on
Cg, (A1). Since L has K,-rank one, the characters x|r and x; for i = 1,...,¢ are
rationally related, hence the intersection M7 N Cq(U) of the kernels of all of these
characters and the intersection GY N Cg, (U) of the kernels of y; fori =1,...,¢ are
commensurable. O

Claim: For p-a.e. z, (LE-1,) does not hold for u®.

Proof of this claim. Indeed, suppose in contradiction that there is some set Y with
#(Y) > 0 on which (LE-1,) holds for p*. By assumption (2) of Theorem 1.5 we
have that for a.e. = the group

Stabar, xg, () ;== {h € My X Go : h.x =z}

is finite. Another assumption is that p is Ga-recurrent, which as discussed implies
that for p-a.e. x, the measure p* is Go-recurrent. Therefore, if indeed p(Y) > 0,
there will be some x for which:

(1) wu* is G-recurrent;

(2) ¢ is locally Cq(U,) N G%-aligned modulo u%;
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(3) there is a set X’ C X of full g*-measure so that ¢(y') = ¢(y) for any
y',y € X’ on the same orbit of Gy;
(4) for p*-a.e. y, say again for all y € X/, we have that |Stabys, xa, (v)| < oo.

Note that (3) is a consequence of the product lemma,; cf. (8.2).

These four properties, however, are not compatible. Indeed, let X; C X', § >0
and O C Cg(U;) N G° be as in (1.1) of Definition 1.1 applied to the measure u®
and the group Cg(U,) N G° with p®(X;) > 1/2. By recurrence of u® there will be
some y € X7 and an unbounded sequence h; € G5 such that for every 4

hly e XN B(;(y)

By (3) we have also that ¢(h;.y) = ¢(y) for every i. Applying (1.1), we conclude
that h;.y € O.y. Since O C Cg(U,) N G° has compact closure, since h; € Gy C
Cae(Uy) NGY, and since h; — oo we have

(83) |Stach(Uw)ﬁG0 (y)| = OQ.

Observe that C(U,) NG = (Cg, (Uy) N GY) x Ga, so by Lemma 8.5 we have that
M; x Go contains a finite index subgroup of Cq(U,) N G°. The infinitude of the
stabilizer group in (8.3) thus implies that |Stabas, xa,(y)| = 0o — in contradiction
to (4). Thus our claim has been proved. O

As discussed in the last subsection, the above was the remaining step of the proof
of Theorem 1.5.

8.5. Short discussion about assumption (2) in Theorem 1.5. We end this
paper by noting that assumption (2) is absolute necessary in order to give a mean-
ingful description of invariant measures.

To see this, note first that SL(2,R) x SO(3) embeds into G; = SO(4, 1) and that
the latter has real rank one. If we let G = SO(2,1) we see that G = G; x Ga
contains the subgroup SL(2,R) x SO(3) x SO(2,1). We define T" to be the discrete
subgroup which is contained in the latter and equals SL(2,Z) x I where I is an
irreducible lattice in SO(3) x SO(2,1).

If now p equals any product of an Aj-ergodic and invariant probability measure
on SL(2,Z)\SL(2,R) and e.g. the Haar measure on I"\SO(3) x SO(2,1), then p
is only a linear combination of A;-invariant homogeneous measure if the original
measure on SL(2,Z)\SL(2,R) was homogeneous. However, as is well known there
is an abundance of non-homogeneous probability measure that are invariant and
ergodic with respect to the geodesic flow for the modular surface, even with positive
entropy. Here we have Ga-recurrence but in a way in which the assumption in
Theorem 1.5 (2) is not satisfied.
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