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Abstract. We establish pointwise ergodic theorems for a large class of natural averages
on simple Lie groups of real rank one, going well beyond the radial case considered
previously. The proof is based on a new approach to pointwise ergodic theorems, which
is independent of spectral theory. Instead, the main new ingredient is the use of direct
geometric arguments in hyperbolic space.
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1. Introduction

1.1. Ergodic subgroups and ergodic theorems. Let G be a connected simple real Lie
group of real rank one with finite center. Our purpose in the present paper is to generalize
the existing pointwise and maximal ergodic theorems for the ball and shell averages on G
well beyond the case of radial averages, using an entirely new approach.

The ingredients our method utilizes are elementary hyperbolic geometry, the classical
pointwise and maximal ergodic theorems for one-dimensional flows, the Howe—Moore
ergodicity theorem, and some variations on the classical ‘method of rotation’. In particular,
our proof is independent of any spectral estimates associated with spherical functions on
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the group G. Refined and detailed estimates of spherical functions formed the basis of
the only previous proof of pointwise ergodic theorems for radial averages on G [Ne94,
Ne97, NS97], but reliance on such estimates necessarily restricts the averages under study
to be radial. We remark that our approach in fact extends the range of validity of the
radial pointwise ergodic theorems to the space L log L, which is not readily accessible
by spectral methods, but the main point in our analysis is the use of geometric ideas to
dispense with the assumption of radiality in the pointwise ergodic theorems on G.

To be more precise, let (X, 1) be a standard probability space and let Aut(X, ) be the
group of all measure-preserving automorphisms of (X, ©) in which two automorphisms
are identified if they agree on a conull set. The group Aut(X, w) is equipped with the
weak topology under which is it separable and completely metrizable (see [Kel0], for
example). A measure-preserving action of G on (X, ) is a continuous homomorphism
from G into Aut(X, ). Given such an action, a probability measure  on G and a function
f e L' (X, ) on X, define n(f) € L' (X, ) by

n(F)(x) = /G £~ dn(e).

Also let E[ f|G] € L' (X, 1) denote the conditional expectation of f on the sigma-algebra
of G-invariant Borel sets. This is well defined up to a measure-zero set.

A one-parameter family of probability measures {7,},~0 on G is pointwise ergodic in
L? if, for any measure-preserving action G (X, ) and any f € L?(X, ), the averages
nr(f) converge pointwise almost everywhere (a.e.) as r — 0o to conditional expectation
E[f|G]. Such a family is not required to be a semigroup.

The basis of our approach to proving ergodic theorems is the following simple and
natural idea. Suppose that G is a locally compact second countable (Icsc) group and
H < G is a closed subgroup. We say that H has the automatic ergodicity property if
whenever G acts on a probability space (X, i) by measure-preserving transformations
ergodically then the action restricted to H is also ergodic. In this case, any pointwise
ergodic family of probability measures 71, supported on H is a pointwise ergodic family for
G. It follows that, for any g, ¢’ € G, the averages 8¢ * 1, * 8,/ satisfy the same conclusion.
Given any parametrized family g, * 7, * Sg;, with b ranging over some Icsc space B, the
corresponding parametrized pointwise ergodic families can be averaged with respect to a
probability measure on B. Under suitable natural conditions this gives rise to a host of
additional pointwise ergodic families supported on G.

A most significant case where this method can be employed is when G is a simple
non-compact algebraic group. Indeed then by the Howe—Moore theorem any closed non-
compact subgroup H < G has the automatic ergodicity property.

Of course, one natural possibility is to choose H as an amenable subgroup of G. Then
we can use the classical theory of amenable groups to find ergodic sequences in H, whose
translates g, * 7, * Bg;’, b € B can then be averaged further on B. For example, when G
is a simple non-compact real Lie group, this raises the possibility of proving pointwise
ergodic theorems for G by averaging on translates of probability measures on a unipotent
subgroup, for example one which is isomorphic to R. Below we will develop and utilize
this approach extensively for the group SL,(R) and a unipotent subgroup N.

https://doi.org/10.1017/etds.2017.128 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2017.128

Hyperbolic geometry and pointwise ergodic theorems 2691

Furthermore, let us note that parametrized families of translated averages on general,
not necessarily amenable subgroups also occur naturally, and we will use the principle
stated above in that case too. For example, we will consider the case of parametrized
translates of averages on NoX (2, 1) embedded in SOO(n, 1), corresponding to embeddings
of totally geodesic hyperbolic planes in the n-dimensional hyperbolic space. This will
allow us to generalize ergodic theorems established for SO%(2, 1) to isometry groups of
higher-dimensional (real, complex and quaternionic) hyperbolic spaces.

Thus this approach may be viewed as a generalization of the familiar ‘method of
rotation’ used extensively in classical analysis and singular integral theory.

We remark that the approach used in the present paper to prove ergodic theorems for
simple real rank-one Lie groups was motivated by the method used to prove ergodic
theorems for free groups in [BN13]. There the approach is based on considering an
appropriately chosen amenable ‘measurable subgroup’ of F. This ‘subgroup’ is a sub-
equivalence relation R of the orbit equivalence relation of I acting on its boundary.
Whenever F acts on a probability space F~.(X, A), there is a natural extension F~.(X x
dF, A x v) and a sub-equivalence relation RX of the orbit relation on X x dF. It was
shown in [BN13] that if the action F~(X, 1) is ergodic then the sub-equivalence relation
RX has at most two ergodic components, which is an analog of the Howe-Moore theorem
in this case. Moreover, the sub-relation RX is amenable (indeed, it is hyperfinite), and
admits ergodic sequences. The radial ergodic theorems for the free groups are then
proved by first averaging over finite sub-equivalence relations of the relation RX and then
averaging the result over the boundary. Note also that this method allows much more
general types of averaging sequences to be analyzed similarly, since we can average with
respect to a variety of measures on the boundary.

1.2. Main results. As above, let G be a connected simple real Lie group of real rank
one with finite center and G (X, n) be a measure-preserving action on a standard Borel
probability space. Let KAK = G be a Cartan decomposition of G and A = {a,;},;cr be
the Cartan subgroup. We allow any linear parametrization of the Cartan subgroup A, and
denote the finite center of G by Z. We use these coordinates to define the following natural
averages on G.

Definition 1. Let U, V C K be sets of positive measure which are Z-invariant, namely
ZU=Uand ZV =V.Forr, € > 0, let

BYY ={kiaiky: ki €U, t €[0,r], ky € V},
0V ={kaks: ki eU, telr,r+el kaeV}h
Let a,l,/gv, ,B,U V" denote the probability measures on G obtained by restricting Haar

u,v u,v . ..
measure to X,..° and B, respectively and normalizing to have mass one.

The following theorem is our main result.
THEOREM 1.1. Let G be a connected simple real Lie group of real rank one with finite
center. For any € > 0:
(1) the families {ar{JgV}Do and {,BrU’V},>0 are pointwise and mean ergodic in
L? (1 <p<oo)andin LlogL;
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(2) the families {Gr{]gv}r>() and {ﬂrU’V},>o satisfy the strong (p, p) type maximal
inequality (for all p > 1) and the L log L maximal inequality.

The terminology is explained in §2.

Remark 1.1.

(1) Bytaking U = V = K we recover the fact that spherical shell averages are pointwise
ergodic in L? for all p > 1. This was first proven in [Ne94, Ne97, NS97] by spectral
methods, and the fact that these averages are also pointwise ergodic in L log L is
new.

(2) The main novelty occurs when U or V is not equal to K. In this case, the averages
are referred to as ‘bi-sector averages’. Special cases have been proven previously
only under the very restrictive hypothesis that X = G/ I" is a homogeneous action.

(3) We prove a more general result (Theorem 5.6) in which U and V are replaced with
arbitrary bounded Z-invariant probability densities on K.

(4) Theorem 1.1 holds for the balls and shells defined by any choice of G-invariant
Riemannian metric on the symmetric space G/K.

(5) The assumption that U and V are Z-invariant will be convenient in our arguments,
but is not strictly necessary. We will explain this comment further in Remark 5.1.

(6) A general maximal inequality for not necessarily radial averages on connected
semisimple Lie groups of any real rank was proved in [GN10]. Pointwise ergodic
theorems for averages which are K-invariant on one side only were proved under
extra spectral assumptions in [Ne98].

Organization of the paper. In §2 we introduce the necessary definitions and notation
associated with maximal inequalities and ergodic theorems, and also list some basic
standard analytic facts that will be used repeatedly in many of the arguments later on.
Section 3 contains a brief exposition of the classical method of rotations associated with
geodesic polar coordinates in Euclidean and hyperbolic space. Section 4 is devoted to
proving Theorem 1.1 in the special case G = PSL,(R). In §5 we prove Theorem 1.1 by
using the PSL,(IR) case and the fact that any connected simple adjoint real Lie group G
of real rank one contains an embedded subgroup L isomorphic to PSL,(R), conveniently
located in G. We will then treat the case of finite covers of the adjoint group at the end of
§5, and in Remark 5.1 comment on the assumption of Z-invariance of the sets U and V.

2. Preliminaries

2.1. Averaging operators, maximal inequalities and ergodic families. Let G be an Icsc
group acting by measure-preserving transformations on a standard Borel probability space
(X, n). If v is any probability measure on G then we also consider v to be an operator
from L' (X, u) to L'(X, p) via the formula

v(f)(x) = fG g™ ) dv(g).

Maximal functions and maximal inequalities. Let r — v,, r > 0, be a one-parameter
family of compactly supported probability measures on G. We do not require it to be a
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semigroup or to consist of absolutely continuous measures on G. However, we do require
it to be a w*-continuous map from R to the space of probability measures P(G) on G,
namely that for any continuous function F on G, r — v, (F) is continuous. We will make
this assumption on every one-parameter family of probability measures without saying so
explicitly. The reason why this assumption will be useful is as follows.

Let M, denote the associated maximal operator defined by

Mv[f] =sup Vr(|f|)

r>1

Note that r > 1 in the definition above instead of r > 0. This is because we are only
interested in limits as » — oo and will not be concerned with limits as r N\ 0.

For a general family of averages v, it need not be the case that the maximal function
M, [ f] associated with a Borel function f is measurable. However, for an Icsc group
G there is a topological model for the action G X. In other words, we may assume
without loss of generality that X is a compact metrizable space on which G acts jointly
continuously and u is a standard Borel probability measure on X [BK96, Theorem 2.6.6].
So there exists a subspace C(X) C L°°(X) which is norm dense in every L?(X), 1 < p <
oo, such that for every f € C(X) the map g — f(g~'x) is continuous in g for almost
every x € X. Namely, C(X) is the subspace of continuous functions on X. Under the w*-
continuity assumption for v, for such f the maximal function M, [ f](x) is equal to the
supremum of v, (| f|)(x) where g € Q N R, so that it is indeed measurable.

For f € L'(X, u) and k > 1, let

1 og 2t = /X | Fl(ogmax(I £, D)* du

and let L(log LY*(X, u) ¢ L'(X, ) be the set of all functions with ||f||L(1og L)k < 00.
This is a vector subspace, although || - || jog )¢ is not a norm.

We say that a family {v, },~¢ of Borel probability measures on G satisfies:
e the weak-type (1, 1) maximal inequality if there is a constant C; > 0 such that

Cill flly
t

uwxeX: My[fl>1) < forall feL'(X, p),t>0;

o the strong-type (p, p) maximal inequality if there is a constant C}, > 0 such that

IMLLAIllp < Cpll fllp forall fe LP(X, w);

e the strong-type L(log L)X maximal inequality if there is a constant C L(og Lyt > 0 such
that

IMLLAI 21 = Craog Lyk 1 f iLog Lk forall f e L(log L* (X, w.

Mean and pointwise convergence. We let E[ f|G] denote the conditional expectation of f

on the sigma-algebra of G-invariant measurable subsets. We say that a family {v,},~¢ of

Borel probability measures on G is:

e mean ergodic in L? if v.(f) converges in L”-norm to E[ f|G] as r — oo for every
feLP(X, )y

e mean ergodic in L(log L)% if v (f) converges in L'-norm to E[ f|G] as r — oo for
every f € L(log L)k(X, w;
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e pointwise convergent in LP (or L(log LYy if v, f) converges pointwise a.e. as ¥ — 00
for every f € LP(X, ) (or L(log L)¥);

e pointwise ergodic in LP (or L(log LRy if vy ( f) converges pointwise a.e. to E[ f|G] as
r — oo forevery f € LP(X, i) (or L(log L)¥).

Finally, we say that {v,},~0 is a good averaging family in L?, if it satisfies the strong-
type (p, p) maximal inequality, is mean ergodic for functions in L” and, in addition,
the family is pointwise ergodic in L”. We define good averaging families in L(log L)
similarly.

When v, is a good averaging family in every L?, 1 < p < 00, and also in L log L we
will abbreviate and say that it is a good averaging family. If, in addition, the family satisfies
the weak-type (1, 1) maximal inequality then we will say that it is an L'-good averaging
Sfamily. When this holds, it follows that the family is in fact pointwise and mean ergodic
in L'. This is one of several useful facts which we will use repeatedly, and which we now
state.

2.2. Standard arguments. We list the following standard results which will be used
frequently below. We start with the following elementary fact.

LEMMA 2.1. (Domination lemma) Suppose {n,},~0 and {v;},~o are w*-continuous
families of probability measures on G and there is a constant C > 0 such that n, < Cv,
for all r. If {v.},=0 satisfies either a weak-type (1, 1), strong-type (p, p) or L(log L)
maximal inequality then {n,},~o satisfies the same type of maximal inequality.

We will have occasion to average parametrized families of probability measures on G,
and thus state the following fact, which is a straightforward consequence of the definitions.

LEMMA 2.2. (Averaging strong maximal inequalities) Let (Z, ¢) be a standard
probability space and let (z, r) — 7, be a measurable map from Z x (0, 0o) into the
space of Borel probability measures on G. Suppose that for each z € Z the family of
averages {t; ;}r>0 is w¥-continuous in r and satisfies a strong-type (p, p) (or L(log L))
maximal inequality with constants C , and, moreover, the constants C, , are uniformly
bounded for z € Z. Let T, = fzeZ T, d(2). Then {1, },~0 satisfies the strong-type (p, p)
(or L(log LY*) maximal inequality.

We recall that given two bounded Borel measures v and A on G, their convolution is
defined as the functional

U*A(y):/ / y(gh) dv(g) di(h) forall y € C.(G)
G JG

where C.(G) denotes the space of compactly supported continuous functions on G.
Clearly, the support of v A is contained in the closure of the product of the supports
of v and of A, and if v and A are probability measures, then so is v x A. Convolution is
associative and therefore convolution of triples is well defined by

vkaxA(y) = / / / y(gag') dv(g) da(a) di(g’) forall y € C.(G).
¢JcJa

Below we will often consider maximal inequalities for a family of measures arising as
convolutions of probability measures on G. We thus state the following proposition.
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PROPOSITION 2.3. Let {n;}r>0, {Vr}r=0, {Ar}r=0 be w* continuous families of compactly

supported probability measures on G.

(1)  If {ny}r>0 satisfies the strong-type (p, p) or L(log L)% maximal inequality and v
and ) are fixed (but arbitrary) probability measures, then {v x n, * L}, satisfies
the same maximal inequality.

Q) If (netrs0, {vrlrs0 and {A;}r=0 each satisfy the strong-type (p, p) maximal
inequality then so does {v, * 1y * Ay }r=0.

B If{(nrlr=0, {vr}r=0 and {A, }r=0 each satisfy the weak-type (1, 1) maximal inequality
then {v, * 1, % A}~ satisfies the L(log L)3 maximal inequality.

We note that part (1) follows from Lemma 2.2, applied to the measure space (G x
G, v x 1) and the family defined by 7, /), = 8, * 1y * §¢. Part (2) is elementary, since
the maximal functions of each of the families v,, 1, and A, are themselves in L”. Part (3)
is proved in [Fav72] (see Theorem 1(ii) and its proof).

Finally, we recall the following well-known version of the classical Banach principle
(see, for example, [Ne06] for complete details).

THEOREM 2.4. Suppose there exists a norm-dense subset D C L' (X, ) of functions such

that for every f € D, n,.(f) converges pointwise a.e. as r — 00.

o If{n,}r=0 satisfies the weak-type (1, 1) maximal inequality, then {n,},~o is pointwise
and mean convergent in L.

o If {n},~0 satisfies the strong-type (p, p) (or L(log LX) maximal inequality, then
{nr}r=o0 is pointwise and mean convergent in L? (or L(log L)k).

If, for every f € D, n.(f) converges pointwise to the ergodic mean E[ f|G] a.e. asr — oo,

then we can replace ‘pointwise and mean convergent’ in the two conclusions above with

‘pointwise and mean ergodic’.

Our discussion below will utilize certain polynomially weighted versions of the
Birkhoff pointwise ergodic theorem. The results we require undoubtedly follow from a
suitable weighted ergodic theorem on the real line already in existence, but we have not
located a convenient reference, so we include a short self-contained proof of the simple
special case we will use in the following two results.

THEOREM 2.5. (Polynomially weighted Birkhoff ergodic theorem) Let v : (0, 00) —
(0, 00) be a continuous function satisfying

Y(t) =Ct* + 01"

for some constants C > 0 and k > k' > 0. Let n be the measure on R defined by n(E) =
fE Y (t) dt for Borel E C R. Finally, for T > 0, let nt denote n restricted to [0, T] and
normalized to have mass 1:

_n(ENo, T))

E) = , ECR.
B =0, T <

Then {n7)1>0 is an L'-good averaging family for R (as an additive group).
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Proof. Let h; € Aut(X, n) be an R-flow, which we can assume to be ergodic. Let

w= ot [ e i, L0 = sup 471100
There exists a dense subset D C L!(X, ) satisfying the pointwise ergodic theorem,
consisting of all functions of the form f — f o h; + ¢ where f € L*(X, u),t € Rand cis
a constant. A standard computation shows that A? (f — f o h; + ¢) converges pointwise
a.e. to c as T — oo, and a standard argument shows that D is dense in L(X, ) and
therefore dense in L1 (X, Ww.

Let A7 denote the uniform probability measure on [0, T]. Then there is a constant
C’ > 0 such that as measures on R, n7 < (x + 1)C’A7, where C’ depends only on the C
and the implicit constant in the error term in the formula () = Ct* + O(t"/). So the
domination lemma and the well-known weak-type (1, 1) maximal inequality for {A7}r-0
imply the weak-type (1, 1) maximal inequality for {A;}Tx)- Similarly, M"[ f] satisfies
the strong-type (p, p) maximal inequality for all p > 1. So Theorem 2.4 concludes the
proof for {A] }7-0. O

We now apply the previous theorem to intervals of exponentially increasing size, as
follows. Assume € > 0, r > 0, b > 0 and define the measures 7, on R by
n(E N [2 sinh br, 2 sinh b(r + €)])

o ., ECR
Nr.e(E) n[2 sinh br, 2 sinh b(r + €)]

PROPOSITION 2.6. For any measure-preserving R-action on a probability space, the
measures {1y ¢ }r~0 constitute an L'-good averaging family, for each fixed € > 0 and b > 0.

Proof. Let h; € Aut(X, n) be an R-flow, which we can assume to be ergodic. Define
operators A, [ f]for f € LP(X, u) by

1 2 sinh b(r+-¢€)

n — — —1
ArelF100 = e () = o o s b 7 1 Joansr ) T 1O

Also define
M) = sup UNIFAI[EIN

Let us first note the general fact that for any § > 0 and for 7 > 0, the averages on R
defined by the normalized restriction of  to the set [0, (1 +8)T) \ [0, T) = [T, (1 4+ 68)T)
satisfy
(1+8T

Al 5yr f () — AL f(x) = fh %) dn()

1
n([0, (1 +8)T)) /

h; x)d
oy Jy o
00,7 00, A+ 8T 1

n([0, (1 +8)T)) n([0, 7))

n((T, (14+8)T)) 1 a+r
n([0, A1 +8T)) n(T, (1 +5)T))/T J(hy " x) dn(@),

T
/O £ %) dn(o)
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so that we have the identity

(1+8)T

! -1
mﬁ £ x) dn ()

_ (0, 1)
(T, 1+ 8)T))
This identity implies immediately that the strong maximal inequalities which are valid for
the family A; are valid also for the left-hand side, as long as n([0, 7))/n([T, (1 +6)T))
remains bounded. The same argument also establishes the case of the weak-type (1, 1)
maximal inequality.
Note that for any given § >0, as T — 00, A{| 5, f(x) = A7 f(x) converges to

(Al 1syr FO) = AT F(0) + AT f(x).

zero a.e. and A'} f(x) converges a.e. to f x [ du (in the ergodic case), as follows from
Theorem 2.5. Therefore the identity shows that pointwise convergence of the left-hand
side holds as well.

Let us apply this fact to the choice T =2sinh(br) and § satisfying (1 +6)T =
2 sinh(b(r + €)). Then

77([0, T)) _ f02sinhbr w(t) dt
n(T, (1+6)T)) f; $inh DO+€) 4 (1) dt

sinh br
B (sinh br)*t! 4+ O((sinh br)<' 1)
"~ (sinh b(r + €))<*+! — (sinh br)<+1 4+ O((sinh b(r + €))<'+1)

1 /
= 7 (1 + O((sinh br)*“ 7°)).
sinh b(r 4+ €)\*" |
sinh br
Now using
sinh(b(r + €)) be br . be be b2e?
——————~ =cosh — +coth — sinh — >cosh — > 1+ —,
sinh(br) 2 2 2 2 8

we conclude that, given fixed € > 0 and » > 0, we can use the previous identity, since the
ratio in question remains uniformly bounded.

We conclude that the family of operators A satisfies the strong-type (p, p) and
L log L maximal inequalities and converges pointwise a.e. for f in these function spaces.
In fact, by the same argument the weak-type (1, 1) maximal inequality and pointwise
convergence for L!-functions hold as well. O

Let us now turn to describe in more detail the method of rotations, which will play a
significant role in the proof of radial ergodic theorems for simple groups of real rank one
which will be established below.

3. The classical method of rotations: geodesic polar coordinates

3.1. The method of rotations in Euclidean space. Not long after Wiener’s proof of
the pointwise ergodic theorem for ball averages on multi-dimensional flows [Wi39],
it was pointed out by Pitt [Pi42] that part (but not all) of Wiener’s theorem can
be established by an argument known as ‘the method of rotation’ in the context of
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Calderén—Zygmund theory. We summarize this approach to the pointwise ergodic theorem
for Euclidean ball averages, since it includes several arguments and several facts which we
will use repeatedly below.

The main idea is simply to view the normalized uniform measure ﬂ,(") on a ball of radius
rinR", n > 2, as a convex average of the normalized (weighted) measures on the intervals
[0, rv], with v € S"~! ranging over the unit sphere, taken with its unique rotation-invariant
probability measure mg,—1. Using polar coordinates on R", namely representing a general

point as (¢, v) witht > 0and v € S"—1, this amounts to writing
r

(n) _ n n—1 -1
B f(x)_/ — ; " f(T L, x) dt dmgn-i (v)

vesn=1 1"
where T,;)lx =x —tv. Now for each fixed v, the subgroup R - v is isomorphic to R,
and the weighted one-dimensional operators L} f(x) = (n/r) for (%)"—1 f (T,;)lx) dt are
supported on it. The polynomially weighted Birkhoff ergodic theorem (Theorem 2.5)
implies these operators satisfy the weak-type (1, 1) maximal inequality and are pointwise
convergent in L.

Now, the higher-dimensional ball average ,3,(") we are interested in is the average of
LY f(x) over ve S"=1. As a result, norm convergence for the ball averages in L?, 1 <
p < oo, follows immediately from norm convergence of L f(x). Similarly, the strong-
type maximal inequalities in L”, p > 1, and L log L for the ball averages are immediate
consequences of the fact that they hold for £ f(x) with fixed uniform norm bounds,
independent of v, using Lemma 2.2. As to pointwise convergence of the ball averages,
it is immediate for bounded functions, for example by applying Lebesgue’s dominated
convergence theorem to the uniformly bounded family of functions v +— f (T,,_U1 (x)) in
the measure space LP(S"~!, mgu—1). Pointwise convergence for general functions in L7,
p > 1 or Llog L then follows using Theorem 2.4.

Finally, an important additional point is that we must identify the pointwise limit
of ,3,(")( f), which differs, in general, from the limits of £} f(x). However, the limit
function of ,3,(") f(x) is in fact invariant under the R"-action (as noted in Wiener’s original
argument). Indeed the norm limit of ﬂ,(")( f oT;,) is the same for any choice of v € R",
as follows easily by comparing the two integrals, and using the asymptotic invariance
(=Fglner) property of Euclidean balls. Thus the limit is the conditional expectation of f
with respect to the sigma-algebra of R”-invariant measurable sets, as stated in the ergodic
theorem.

Note, however, that the previous argument fails to establish a crucial part of Wiener’s
ergodic theorem. Namely, it does not establish pointwise almost sure convergence for
L'-functions, and cannot be used to prove a weak-type (1, 1) maximal inequality. While
the family of ball averages in R” is the convex average of the one-dimensional operators
LY f(x) over v eS"!, and while each one-dimensional family satisfies the weak-type
(1, 1) maximal inequality, this inequality does not average and the inequality for the
convex average does not follow. This limitation will be present throughout our discussion
below.

3.2. The method of rotations in non-Euclidean space. ~The hyperbolic space H" also
admits geodesic polar coordinates analogous to those on R". To describe them more
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explicitly, recall that the connected component G of the isometry group of H”" acts
transitively and the stability group K of a point py € H" acts transitively on the unit
tangent sphere at pg. Fix a geodesic line £ in H" passing through pg, which is an orbit of
a one-parameter group A = {a,, r € R} isomorphic to R, so that £ = A - pg. Every other
geodesic through pg is of the form kA - po for some k € K, that s, it is the orbit of py under
the conjugate subgroup k Ak, It follows that the connected component G of the isometry
group of hyperbolic space admits a decomposition of the form G = Iso’(H") = K AK , and
in fact G ={eg} U KA+ K, where Ay = {a, € A; r > 0}. Furthermore, the set Ka, K is
mapped under the map g — gpo to a sphere of radius |r| with center pg. We let mg
denote the unique Haar probability measure on K, and we let o, be the unique K-bi-
invariant probability measure on the set Ka, K. The measure o, coincides of course with
the measure mg * 8,4, * mg, where the convolution is defined on G and §,, is the Dirac
probability measure at a, .

PROPOSITION 3.1. Let G =Iso’(H") act on (X, i) by probability-measure-preserving

transformations.
(1)  The uniform average w, = (1/r) for oy dt of the spherical measures o; is a good
averaging family.

(2) Let v and A be any two Borel probability measures on the group K. Then

1 r
r— —/ (v *0g, x 1) dt
rJo
is a good averaging family.

Proof. Part (2) implies part (1) upon taking v = A =mpg. For part (2), first write, using
bilinearity of convolution,

1 (" 1 ("
—f(v*éa,*k)dt:v*(—/ 8a,dt)*k.
rJo rJo

Now the strong maximal inequalities in L”, p > 1, and in L log L for A = R-actions
immediately imply the corresponding maximal inequalities for the averages under
consideration, by Proposition 2.3(1). As to pointwise convergence for (say) bounded
functions, applying the one-dimensional averages supported on A =R to Af, we can
conclude pointwise convergence as r — oo. Now the averaging operator v maps a
pointwise convergent family of bounded functions to another pointwise convergent family
of bounded functions, for example using Lebesgue’s dominated convergence theorem as
in the Euclidean case explained above. Using Theorem 2.4 again, pointwise almost sure
and norm convergence for the desired averages follows. Finally, the identification of the
limit requires an additional argument, since asymptotic invariance arguments are absent
in our non-amenable group. In the present case, it is well known that A C Iso®(H")
acts ergodically in every ergodic Iso?(H")-space by the Howe—Moore theorem [HM?79].
Thus (1/r) for (Af)o a[ldt converges pointwise a.e. to the ergodic mean E[ f|G] by the
one-dimensional pointwise ergodic theorem, and applying v to this pointwise convergent
family yields the desired conclusion. O

Let us note that the measure ©, when projected to H” is supported in the ball of
radius r with center pgy. It gives a measure which is absolutely continuous with respect
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to the Riemannian measure §, on the ball, namely the measure which is the normalized
restriction of the isometry-invariant measure on hyperbolic space to the ball. However, u,
and B, are radically different measures, since the radial density of B, is given by

B o ot (sinh )"~ dt

br= g (sinh r)n=L dr

ey

Thus the application of the classical method of rotation using geodesic polar coordinates
leaves much to be desired, in the case of Isoo(]HI"). We are interested in establishing
ergodic theorems for the ball measures f§,, which arise intrinsically from hyperbolic
geometry, and not just for the uniform average of the sphere measures o;.

Much of the present paper is based on the following two observations. First, this goal
can be still be achieved by the method of rotation applied to averages on horospheres,
rather than geodesics. Second, averages on horospheres can be used to establish
convergence even for natural non-radial averages as well, using more refined geometric
arguments. We now demonstrate these observations and their consequences in the case of
the hyperbolic plane, which is fundamental to the developments that follow.

4. Ergodic theorems for the isometry group of the hyperbolic plane

Let H? denote the hyperbolic plane, equipped with a Riemannian metric of constant
negative sectional curvature. We identify PSL,(R) with the group of orientation-
preserving isometries of H? in the usual way. For r > 0, € > 0, define the annuli

Yre ={g € PSLa(R) : d(gpo. po) € [r, r + €]}

where d(-, -) is the invariant Riemannian (=hyperbolic) distance in H2. Let or.c be the
probability measure on X, ¢ obtained by normalizing the restriction of Haar measure. Also
let B, be the probability measure on {g € PSLy(R) : d(gpo, po) <r} (for some pg € H?)
obtained by normalizing the restriction of Haar measure.

We start by proving the following radial ergodic theorem, which will be followed later
on by a non-radial generalization.

THEOREM 4.1. For G = PSL,(R), the families {B,}r~0 and {0y ¢ }r~0 are good averaging
families (for any fixed € > 0).

4.1. The upper half plane model. For convenience we let H? denote the upper half
plane H? = {x + iy € C: y > 0} with the Riemannian metric G given by

Gw, ) =(w, z)/y

for any vectors w, z in the tangent space of x + iy € H?, where the inner product on the
right-hand side is the usual inner product in Euclidean space. With this metric, H? is a
model of the hyperbolic plane (so this is consistent with previous notation). It is a complete
simply connected Riemannian manifold with constant sectional curvature —1. We denote
the associated Riemannian distance in H? by d(-, -) and note the following well-known
formula:

1 — 2 + Iy — yol?

cosh(d(x1 + y1i, xo + yi)) =1+
2y1y2

2)
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The group SL(R) acts on H? by fractional linear transformations:

ab\ az+b
<c d) ST ard
and this action preserves the Riemannian metric and the distance. Because the center
{£1} <SLr(R) acts trivially, this induces an action of PSLy(R) = SLo(R)/{£1}. It is
well known that this gives an isomorphism of PSLy(R) with Isom™ (H?), the group of
orientation-preserving isometries of the hyperbolic plane.
Forr,t €R, 0 €[0, 27), let

1 — (€03(0) —sin(9) (70 (1t
7= \sin@) cos@ ) T\ o0 e2) T \o1

SO2(R) = {kg}oer, A ={ar}rer. N ={ni}icr.

We note that the double cover SL,(R) — PSL,(R) is injective when restricted to A and N,
and is a double cover when restricted to SO2(R). We denote by K the image of SO, (R).

Because the isometry group acts transitively we may assume without loss of generality
that po =i. Note that K is the stabilizer of pg and d(a, po, po) = |r| according to the
distance formula (2). The next lemma is central to our approach.

and

LEMMA 4.2. Letr, t > 0. The following are equivalent:
(1) d(ntpo, po)=r;

) Ka,K =Kn;K;

(3) cosh(r) =1+12/2;

(4) t=2sinh(r/2).

Proof. Since K is the stabilizer of pg, d(arpo, po) =r and PSLy(R) acts simply
transitively on the unit tangent bundle of H?Z, it follows that {Ka,K},>0 is a
parametrization the space of double cosets of K in G. Using the distance formula (2),

Ix1 — x21% + [y1 — y2l?
2y1y2

the equivalence of (1) and (3) follows upon substituting x; =0, xo =1t, and y; = y, = 1.
The equivalence of (3) and (4) is elementary. O

cosh(d(xy + yii, xa + y210)) =1 +

Remark 4.1. We note that in the group G =PSL,(R), the Cartan decomposition g =
ka k' = uagu’ with k, k', u, ' € K C PSLy(R), and both r and s positive, is unique.
Indeed, the absolute values of r and s are equal to d(gi, i) (where K stabilizes i), hence
r =s if both are positive. Note that otherwise uniqueness fails, because woa,w,, - a_;
if wo is the Weyl group element. Now looking at gi, since K - i =i we have ka,i = ua,i.
So u~ 'k stabilizes the point a,i # i and also the point i. Since it acts as a rotation with
center i, it must be the identity. Then also k¥’ = u’ and the representation is unique.

Remark 4.2. Let us briefly digress and note the following facts, which will be used in
our discussion later on. Multiplying the Riemannian metric G used above by a positive
scalar ¢ gives rise to a different Riemannian manifold, namely the unique complete simply
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connected Riemannian manifold of constant sectional curvature —1/,/c. The distance
between two points in the upper half plane in the associated metric d. is d.(p, q) =
cd(p, q). The geodesics passing through po remain the same, and d.(a, po, po) = c|r| =
cd(ay po, po). Thus the Riemannian metric ¢G gives rise to geodesics through po which are
parametrized by d.(a,/c po, po) = r. Thus changing the curvature on the hyperbolic plane
amounts to reparametrizing the geodesics, and hence also the radii of balls and shells. It
follows that to prove Theorem 4.1 it suffices to establish the result when the curvature is
—1.

Furthermore, it follows that a version of Lemma 4.2 still holds for the metric d,
in the modified form d.(n;po, po) =r <= Ka,/cK = Kn;K <= cosh (r/c)=1+
(1?/2) <= t =2sinh (r/2c).

Let n denote the measure on N given by

n(E) :/ LGt dr.

LEMMA 4.3. (KNK decomposition) Let mg denote the Haar probability measure on K
and mg denote the Haar measure on G = PSLy(R) normalized so that

mg({g € G: d(gpo, po) <r}) =2m(coshr —1)

is the same as the area of the ball of radius r in H2. Then

1
—mgG =mg xn*xmg.
T

Proof. Since both mg and mg * n * mg are bi-K -invariant, it suffices to prove
1
;mG(E) =mg *n*mg (E)

for bi-K-invariant subsets £ C G (in other words, sets satisfying £ = K EK). Because
balls centered at py generate such sets, it suffices to prove

1
;mG(Br(po)) =mg *n*xmg (B(po))

where B, (po) ={g € G: d(gpo, po) <r}. From the previous lemma, and the fact that
d(n¢po, po) =d(n—;po. po),

mg * 1% mg (Br(po)) =n{n; : |t| <2sinh(r/2)})

2 sinh(r/2)
=2 / t dt = (2 sinh(r/2))? = 2 cosh(r) — 2
0

1
= —mg(Br(po)). O
T

Definition 2. For r, € > 0, let n,. be the probability measure on N given by

n(EN{n;: t € [2sinh(r/2), 2 sinh((r +€)/2)]})

Mre(E) = : : .
n({n; : t € [2sinh(r/2), 2 sinh((r +€)/2)]})
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Lemmas 4.2 and 4.3 together imply
Ore =MK *1Nre *xMK. (3)

Proof of Theorem 4.1. By the polynomially weighted Birkhoff ergodic theorem, {1, ¢},~0
is an L'-good averaging sequence for N. By the Howe-Moore theorem, N has the
automatic ergodicity property as a subgroup of G. Therefore {1, ¢},~0 is an L'-good
averaging family for G. Proposition 2.3 implies that {o,(},~o satisfies the strong
(p, p)-type maximal inequality and the L log L maximal inequality. Since {1, ¢} >0
is pointwise ergodic for bounded functions, the bounded convergence theorem implies
{mg * 0, xmg}r~o is also pointwise ergodic for bounded functions. Since L*°(X, w)
is dense in L'(X, ) (for any probability space (X, )), Theorem 2.4 now implies
{mg * e xmglr~o is a good averaging family. Equation (3) finishes the proof. The
proof that {8,},~0 is a good averaging family is similar. By Remark 4.2, it suffices to
consider the case of curvature —1. O

We now formulate the following generalization of Theorem 4.1 pertaining to non-radial
averages. This result will be crucial to our discussion below of sector averages.

PROPOSITION 4.4.

(1) Let v and X be arbitrary Borel probability measures on K. Then v xn,¢ x X is a
good averaging family.

(2) Assume further that v, A, v, and A, are probability measures on K, each is absolutely
continuous to the Haar measure and dv,/dmyg — dv/dmg, and di,/dmg —
d\/dmg in the LYK, mg)-norm as r — o0. If the family {vy % nre * Ar}r=0
satisfies the strong maximal inequalities in L?, 1 < p < 0o, and in L(log L), then it
is a good averaging family.

Proof. By the polynomially weighted Birkhoff ergodic theorem, {n,¢},~o is an L'-
good averaging sequence for N. The Howe—Moore theorem implies {7, ¢},~0 is a good
averaging family as a family of measures on PSL; (R). Proposition 2.3 implies v * . ¢ * A
is a good averaging family. This proves (1).

As to part (2), given the maximal inequalities assumed in it, by Theorem 2.4 it suffices
to prove pointwise convergence for the dense subspace L°°(X). For every bounded
function f and for almost every x € X, [A, f(x) — Af ()| < A — Al 1) | flI oo (x> SO
that [[A, f — Af llpoc(xy < 1A+ — Al L1 gy Il f | oo (x)- A similar statement holds for v, — v.

Therefore, for almost every x € X,

|(ur 3 nre 5 Ap) f () = (Vs e % A) f ()]

<[ —v) nre * Ar) fO] + [V *nre x (A — A)) f(X)]
|
de de

(e * kr)f”LOO(X)

LY(K)
+ v * 77ré||L00(X)_>Loo(x)||)\rf - )”f”LOO(X)
dv, dAr, di
I f o xy + - If o x
H dWlK de Ll(K) &) de LI(K) X
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and the limit of the latter expression as » — oo is zero by assumption. By part (1), (v *
Nre * M) f 1s pointwise convergent a.e. to the ergodic mean. So the computation above
implies (v, * n.¢ * A,) f is also pointwise convergent a.e. to the ergodic mean. O

4.2. From horocycle averages to bi-sector averages. In the present subsection we
consider G = PSL,(R), whose maximal compact subgroup is denoted by K. Recall that
A ={as};er < PSL2(R) is a one-parameter subgroup satisfying d(a; po, po) = |t|. For
r, € > 0, let . denote the probability measure on A C G given by

[I€ sinh(1)8,, dt
[I€ sinh(r) dr

Oy e =

For example, note that mg * o * mx = 0, wWhere mg denotes the Haar probability
measure on K.

THEOREM 4.5. If v, A <Kmg are probability measures with densities
dv/dmg,dr/dmg € L°(K, mg) and € > 0 then {v * o ¢ * A},~0 is a good averaging
family.

A special case of this theorem pertains to bi-sector averages, defined as follows. For
Borel subsets U, V C K with positive Haar measure and r, € > 0, let Gf{;v be the set of
all g € G such that g =uasv forsome u e U,t € [r,r + €] and v e V. Let a,(,]gv be the
measure on G equal to the Haar measure restricted to Gﬁ{gv and normalized to have total
mass one.

COROLLARY 4.6. For any Borel subsets U, V C K with positive Haar measure and any
€>0, {U,L,/g V}r>o is a good averaging family.

Proof of Corollary 4.6 from Theorem 4.5. This follows immediately from Theorem 4.5 by
setting v = mK(U)’l)(U and A = mK(V)’IXV. Indeed, then v x o) ¢ ¥ A = cr,l,]gv. O

We will derive Theorem 4.5 from a special case of Corollary 4.6 which we prove after
the next lemma.

LEMMA 4.7. Suppose {t;},~0 and {t]};~0 are families of probability measures on G and
C, > 1 satisfies:

o 7. <Cr1);

e C, is uniformly bounded, and C, — 1 as r — 00;

o {t/};~0 is a good averaging family.

Then {t,},~0 is also a good averaging family.

Proof. 1t follows from the domination lemma that {z,},~¢ satisfies the strong-type (p, p)
maximal inequalities for 1 < p < oo and the strong-type L log L maximal inequality.
Let f € L*(X, ) be non-negative. Then 7/(f) converges to E[ f|G] pointwise a.e. as
r — oo. Since 7 (f) < Crt/(f) and C, — 1 as r — 00, it follows that

lim sup 7, (f)(x) < E[f|G](x)

r—00
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for a.e. x. Since 7, preserves the L'-norm of non-negative functions,

/fr(f)(X)dM(x)=/E[f|G](x) dp(x).

By Fatou’s lemma,

/E[fIG](x) dp(x) =lim Sup/ T (f)(x) d(x)

r—>o0

S/limsup 7 (f)(x) du(x)ng[flG](x) dju(x).

r—>0o0

Thus limsup,_, o, tr(f) =E[f|G] ae. Since | flloc — f is also non-negative and
bounded, the same argument gives lim sup, _, o T (|| flloo — f) = E[(| flloo — f)IG] a.e.
Since || flloo 18 constant, this implies liminf, . 7-(f) =E[f|G] a.e. and therefore
7-(f) converges pointwise a.e. to E[f|G] as r — co. By decomposing an arbitrary
f € L*®(X, ) into real and imaginary parts and then into positive and negative parts,
we see that 7, (f) converges pointwise a.e. to E[ f|G] as r — o0o. Since L* is dense in
Llog L andin L? (1 < p < 00) the lemma now follows from Theorem 2.4. O

THEOREM 4.8. IfU, V C K are compact sets with positive Haar measure and € > 0, then
the family {U,l,]gv}bo is a good averaging family.

The proof of Theorem 4.8 is based on the following geometric lemma. As noted in
Lemma 4.2, for every r > 0 there is a unique positive t =¢(r) with Kn;K = Ka, K,
namely 7 = 2 sinh(r/2). Using Remark 4.1, let w,, w,. € K be the unique elements with
n; = wra;w,.. We will utilize the following observation on the angular components in this
decomposition.

LEMMA 4.9. For t,r >0, the polar coordinate decomposition n; =wra,w. in
Isom™ (H?) = PSL,(R) satisfies that the (unique) component w, converges to the identity
element as r — oo while the (unique) component w.. converges to the 180° rotation in H?
with center po. Furthermore, w, and w). are continuous functions of t.

Proof. We use notation as in §4.1; in particular, H? denotes the upper half plane model
and we identify Isom™ (H?) with PSL,(R) through the latter’s action on H? by fractional
linear transformations. Then the action of w, is given by the matrix kg for some 6 =6,
and the action of w). by the matrix kg’ for some 6’ = 6/, with kg, kg € SO(2, R) C SLo(R).
Therefore,

e"%icos —e /% sin 6

e’2i sin@ + e~"/2 cos O

(e" —e ") sin 6 cos O i

e’ sin?0 + e cos20 e sin? 6 4 e cos? 6

ni=t-+i=wrai =

Thus e” sin? 6 + e~ cos? 6 = 1 and since r — 00, we have sinZ § — 0 and so cos? 0 — 1.
Thus w, = {+ky} converges to {£1} in SLr(R)/{£1} =PSL,(R) as r — oo.

For future reference we note that since d(ni, i) =d(n_,i, i) it is geometrically clear
that t = (¢" — e™") sin 6, cos 6, can be solved uniquely for any ¢ € R \ {0}, and for £¢ the

same value of e'/2 is obtained, together with the values 6, and —0,.
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-1, we have n_yi=—t+i=w)la i
Substitution in the foregoing explicit formula shows that e~" sin’ 0 +e" cos? 0. =1,
and thus cos? 6/ — 0 and sin> ] — 1, as r — co. We conclude that w, — {+(? ')}
in SLo(R)/{£1} as r — oo. Note that since SO>(R) — K = SO,(R)/{£1} is a double
cover, the matrix (‘1) _01 ), which defines a 90° rotation in the Euclidean plane, is mapped
to a 180° rotation of the non-Euclidean plane.

Finally, the continuity of w, and w, (and, of course, a, as well) is evident from the

explicit formulas given for cos 6 and cos 6’ above. O

Writing n_; = nfl =w) e w

Remark 4.3. Tt is elementary to check that the map Ni = (0, c0) — (0, 00) = A4
given by t — Zsinh_l(t/Z) =s(¢) =s maps the measure 7(t) =t dt to the measure
sinh(s) ds. Consider the map J : K x Ny x K — K x Ay x K given by J(k, ns, k') =
(kwy, ag, wik'), where n; = wsasw; is the unique Cartan coordinate representation of
n; with s =s(t) =2 sinh_l(t/Z) > 0 (using Lemma 4.2 and Remark 4.1). Given any
compact sets of positive measure U, V C K, the measure v = yydmg X t dt X yydmg
satisfies

Jo(xudmpg x tdt x xydmg)
00
:f XUw, (K)dm g (k) X 84, % Xwg,v(k/)de(k/) sinh(s) ds.
0

To check this identity, it suffices to test it against product functions of the form
a1 (k)b(ag)ay (k"), where it follows immediately from the definition of J.
Let M be the multiplication map into G, so that

Mk, n;, k') == kn,k' = kwsaswik' = Mo J(k, ny, k'),

namely M = M o J. For any measure v on K x Ny x K, we have M,(v) = (Mo
J)«(v). It follows from the explicit expression for J,(v) above that for f € C.(G),

/ / / Flknkyt dt xu ®ydm g (6) v (€ ydm ()
k J& Jnen,

:/ // f (kwgasw,k") sinh(s) ds xy (k)dmg (k) xy (K" )dmg (k).
K JK JaseA,

Proof of Theorem 4.8. Fix € > 0. As noted above, for r, ¢ > 0 there are unique elements
w,, w, € K such that n, = wya,w;, with t =2 sinh r/2. Define U, = J, ;| Uws_l
and V, = UrSKr+€ (w;)_1 V. Let v, be the normalized restriction of mg to U, and A, be
the normalized restriction of mg to V.. We will show that there is a constant C, > 1 such
that lim, , o, C, =1 and

Ur[’]gv < Crvr % Nre * Ar,
where 7, ¢ is given in Definition 2 above. We prove the above inequality by comparing
Radon—-Nikodym derivatives of the two measures in question, for each given r. Using the

formula for the Haar measure on G in polar coordinates, we have, for f € C.(G),

Uy , sinh s ds
, — kagk
0. (f) /keK /,EK /Se[”ﬁ) f(kay )cosh(r +¢€) — coshr

xu (k) dmg (k) xv (K"Ydmg (k")
mg (U) mg(V)
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On the other hand, by definition of convolution,

2 sinh((r+¢€)/2) , tdt
Vr % e % Ar(f) = / / f(knk")
roe kek Jiek J2sinh(r/2) " “cosh(r +€) — cosh r
o XU (k) dmg (k) xv, (k") dmg (k")
mg (Uy) mg (Vy) '
and using Remark 4.3,

inh s d
= / / / £ Uew, agw) k) ————2 2
kek Jk'eK Jselr,r+e) cosh(r + €) — cosh r

xu, (kKydmg (k) xv, (K)dmg (k)
mg (Uy) mi (V)

Note that the support of o,[,]gv is contained in the support of the convolution above, by
definition of U, and V,.. Furthermore,

doyc” _ mgUpmg(Vy) _

Ay re % 00) O~ mgWymg (V)

rs

and since w, — 1 and w/. tends to the 180° rotation as r — oo (by Lemma 4.9), it follows
that C, — 1 as r — o0. Indeed, since U is compact and s — wj is continuous, the set
U U ws_1 wy
r<s<r-4e

is compact, mg (U) < mg (U,;) < mg (U/). Moreover, U C U/ and U/ is contained in the
8 (r)-neighborhood of U for some §(r) > 0 satisfying lim,_, o, 6(r) =0 (by Lemma 4.9).
Since the intersection of these neighborhoods is U, it follows that mg (U,) — mg (U) as
r — oo. Similarly, mg (V) > mg (V) as r — oo.

To complete the proof of the Theorem 4.8 it suffices, by Lemma 4.7 (setting t, = a,fjg v
and 7, = v * ny.¢ * A;), to establish the conclusions for v, * 1, ¢ * A,. By Proposition 4.4,
mg * e *x mg is a good averaging family. Since, for all r > 1,

C
V, k ES )\, <——"m ES xm < -
e A  Unmg (V) & e K = Oymg (V)

for some C > 0, the domination lemma implies that r +— v, * n, ¢ * A, satisfies the strong-
type (p, p), 1 < p < 00, and L log L maximal inequalities.

Let v denote the normalized restriction of mg to U and A denote the normalized
restriction of mg to V. Then dv,/dmg — dv/dmg, di,/dmg — d\/dmg in L'(K)
norm. So Proposition 4.4 implies r — v, * 1, ¢ * A, is a good averaging family. O

Mg * Nre kMg

We now pass from orl,/gv to averages defined by arbitrary densities on K, as follows.

LEMMA 4.10. Suppose {t,},~0 and {T,/,,r}neN,r>O are families of probability measures on
G and C,, > 1 satisfies:

° 7:r<Cn forallr n;

e C,—>1lasn— oo,

e foreachn €N, {r,L,}DO is a good averaging family.

Then {t,},>0 is also a good averaging family.
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Proof. 1t follows from the domination lemma that {t.},~o satisfies the strong-type
L log L maximal inequality and the strong-type (p, p) maximal inequalities for 1 <
p <oo. Let feL*(X,un) be non-negative. Then r,’l,r(f) converges to E[f|G]
pointwise a.e. as ¥ — 0o0. Since T (f) < Cnt,’”(f) it follows that lim sup,_, o, 7 (f)(x) <
lim sup,,_, oo Cr - E[f|G](x) for almost every x, and since C, — 1 as n — oo we have
lim sup, _, o, T (f)(x) <E[f|G](x) for almost every x. The proof is now identical to the
end of the proof of Lemma 4.7. O

Proof of Theorem 4.5. Let A, B C K be open sets whose complements U :=K —
A,V := K — B have positive measure. By Theorem 4.8, {a,[ng},>o, {o,{(e’v}r>o and
(0% )0 are good averaging families. Since

ap_ Ore —mg(U)or —mg (V)oY + mg (Uymg (V)ore”

Oré = 1 —mgU) —mg (V) +mg(U)mg (V)

3

it follows that {G,f‘gB }r=0 1s also a good averaging family.

Now let A, B C K be Borel sets with positive measure. We will show that {ar‘fx gB},>0
is a good averaging family. For each n > 0 there exist open sets U, D A and V,, D B such
that mg (U, \ A) < 1/n and mg(V \ B) < 1/n. By Lemma 4.8 {a,f’:’v"},>0 is a good
averaging family. Since

oAB < mK(Un)mK(Vn)UUn,Vn
" T mg(Amg(B) €

3

it follows from Lemma 4.10 that {ar’f‘ gB }r>0 1s a good averaging family.

Now let v and A be arbitrary probability measures on Ko with bounded densities,
namely dv/dmg, d\/dmg € L°°(K). Recall that a simple function is a finite linear
combination of characteristic functions of Borel subsets. Since dv/dmg, dA/dmg are
essentially bounded, for any n € N there exist simple functions y, ,, y1.» € L°(K, mg)
such that Yoon = dl)/de, Yan = d)‘/de and ”yv,n - dv/de”oo = 1/”» ||yA,n -
di/dmklleo < 1/n. Then y, ,/llyvnll; and y; n/llys,nll; are probability densities and
simple functions. Denoting the probabilities they define by v, and A,, clearly v <
(14+1/n)v, and A < (1 + 1/n)A. Because y,n, y).n are simple it follows from the
previous paragraph and linearity that {v, * o, ¢ * A,,},>0 is a good averaging family for
each n. Since v < (1 4+ 1/n)v,, A < (1 4+ 1/n)A,, it follows that

vkt ek A< (14 1/n) vy oty e % A

So Lemma 4.10 implies {v * o ¢ * A}r~0 is a good averaging family. O

5. Ergodic theorems for general real rank-one groups

5.1.  Structure theory for real rank-one groups. In the present section we will extend
Theorem 1.1 to general real rank-one groups using the method of rotations, applied to
totally geodesic embeddings. We assume that G is a real rank-one connected non-compact
simple Lie group with finite center. In the present section our notation will be different
from the notation used thus far, where K, A and N denoted specific subgroups of SL,(R).
We now fix a maximal compact subgroup of G and denoted it by K, and a one-parameter
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subgroup A =R of G such that G = KAK is a Cartan decomposition. We let N be
the horospherical subgroup of G associated with A, so that G = KAN is an Iwasawa
decomposition.

Let g denote the Lie algebra of G. Fix a Cartan involution # on G and g, and let
g = £ @ p be the associated Cartan decomposition of g to the -1 eigenspaces of 6. Choose
a maximal Abelian subalgebra a contained in p. Because G has real rank one, dimg a = 1.
Let a* = Hom(a, R) denote the real dual of a, and let ¥ = X(a, g) C a* denote the set
of non-zero roots of a in g. Because G has real rank one, ¥ = {£«} for some « € a*, or
¥ = {4, +2a}. The Weyl group W = W(a, g) is isomorphic to Z; in both cases, and its
non-trivial element acts as multiplication by —1 on a. The adjoint action of the Lie algebra
a on g is diagonalizable, with the eigenspaces being g+, g+2o (When non-empty), and go.
g is the direct sum of these subspaces, and go = a @ m, where m is the centralizer of a in g.
Denote m| = dimpg gy, m> = dimpg g2. We fix an element H; € a, satisfying «(H;) =1,
so that {e'f1},cg is a parametrization of A.

LEMMA 5.1. (KAK decomposition) Let mg denote the Haar measure on K normalized
to have total mass one. Let my, my > 0 be as above and let mg denote the measure on G
defined by

fF(g) dmg(g) =/ /OO/ F(kie'Mky) sinh(r)™ 12 cosh(2)™? dmg (ki) dtdm (k2).
kJo Jk

Then mg is a Haar measure on G.

Proof. For this well-known formula, see, for example, [He94] or [Ko84, equations (2.5),
4.8)]. o

We now choose the subgroup L C G to which we will apply the method of rotations,
using [Kn96, Proposition 6.52, p. 321] in our discussion. If gy, =0, let X, € g, be any
non-zero vector, and let [ be the Lie algebra spanned by X, ¥ =6(X) and H =[X, Y].
Then [ is a Lie algebra isomorphic to sl>(R), and it is invariant under 6. The restriction of
60 to [ is a Cartan involution of I, and a is contained in [ and spanned by H. Multiplying
X by a suitable multiple if necessary, we can assume that the map Ej 2 — X, Ex 1 — Y,
diag(1/2, —1/2) = H; is a Lie algebra isomorphism 7 :sl(R) — [. Here E; ; is the
elementary 2 x 2 matrix with 1 as (i, j)th entry.

If goo # 0, we choose any non-zero X € goy, and consider the Lie algebra | spanned
by X, Y =60(X) and H =[X, Y]. Again [ is isomorphic with sl>(R) and contains a.
Note, however, that the element H; € a we chose above to parametrize A now has the
following property. When viewed as an element of the R-split Cartan subalgebra a of [,
the evaluation of the unique root of a (in ) on H; gives the value 2, and not 1. Thus,
multiplying X by a suitable multiple if necessary, we can assume that the Lie algebra
isomorphism 7 : sl (R) — [is given now by E1 2 — X, E> 1 — Y, diag(1, —1) — Hj.

We let L denote the closed subgroup of G with Lie algebra [, and then L is isomorphic to
a finite covering group of PSL,(R). We denote Ky := K N L, N, :=N N L,andthen L =
K1 ANy is an Iwasawa decomposition of L, and L = K; AK is a Cartan decomposition.

The restriction of (any multiple of) the Killing form on the Lie algebra g to the Lie
algebra [ is a non-degenerate invariant form, and hence a multiple of the Killing form on [.
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Pulling back this form to sl;(R) via the representation t, we obtain a multiple of the
Killing form on sl,(IR), and upon restriction also a multiple c¢G of the Riemannian metric
G on H? used in §4. In the first case, when 92 = 0, the multiple is clearly ¢ = 1, and in
the second case, when gy # 0, the multiple is clearly ¢ = 1/2.

Consider now the case where G is an adjoint group, namely it is the unique group
with trivial center in the class of groups with isomorphic Lie algebras. It then follows
that L is in fact isomorphic to PSL,(R) itself. This fact can be verified directly using
the explicit formulas for the action of the isometry groups of hyperbolic spaces stated
in [BH99, Ch. 11.10.25].

LEMMA 5.2. Let t : PSLp(R) — L C G be the representation constructed above, with G
an adjoint group. Let Np = {n; =t(n;)};er, AL =1{af =1(a,)}recr = A where n;, a, €
PSL)(R) are the parametrizations indicated in §4.1. There exists a positive constant ¢ = ¢
such that for all t, r > 0 the following are equivalent:

(1) Kpn;Kp= KL“:/CKL;

(2) t=2sinh(r/2c);

(3) cosh(r/c) =1+ 12/2;

4) Kn/K= Kaf/CK.

Proof. Let po € G/K be the unique point in the symmetric space G/K with stability
group K, so that the stability group of pg in L is K; = K N L. We have, by definition,
dg k (t(¥)po, po) =dc(y - 0,0) =cd(y - 0, 0) for all y € SLp(R), where dg/k is the
invariant metric on G/K, d the metric on H%l associated with constant curvature
—1, and o a suitable reference point. The fact that (2) and (3) are equivalent to
KinfKp =Kraf /CK 1 follows immediately from our discussion of the PSL,(R) case
in Lemma 4.2 and Remark 4.2. It remains to show that K nf K; = K af /CK 1. follows
from KniK =K arf /CK . It is well known (see, for example, [He94]) that the radial
component of the Cartan decomposition in the real rank-one group G is determined
uniquely. This is equivalent to the fact that in the symmetric space G/K we have
dc/k (gpo, po) =dg,k (hpo, po) if and only if KgK = KhK. Thus if Knj K = KarT/CK
then dg,k (nf po, po) = dG/K(af/Cpo, po). The distance dg/k restricts to a distance on
the totally geodesic hyperbolic plane L - pg = L/K. Using the parametrization of this
plane via the representation T of SLo(R), by Remark 4.2 it follows that K;n; K; =
KLa:/c Kp. O

Thus A = R is parametrized by {a; },cgr, and also by {e"H1}, cr. These parametrizations

are identical when gy, = 0, but otherwise they are different and satisfy 7(ay;) = agt =
tHp
e,

LEMMA 5.3. (KN K decomposition) Let G be a connected simple adjoint Lie group of
real rank one and finite center, and L C G chosen as above. Then G = K Ny K, and there
exists a function  on [0, 00) satisfying, for any bounded measurable function F on G
with compact support,

/F(g)de(g):// /F(klnsz)lﬂ(l)de(kl)dtde(kz),
G kJo Jk
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and ¥ has the following asymptotic form:
(1) when my > 0, namely when gaq # 0,
1//(T) — CGTm1+2m2—l + O(Tm1+2m2—2) f()r T Z 1,
(2) when my =0, namely when g = so(my + 1, 1)
U(T)=CeT?"™ '+ 0?2 forT >1.

Proof. Let us consider first the case where go, # 0. Define i by
sinh™1 2 (R) cosh™2 (R)
v(T) =
2 cosh(R)
where T = 2 sinh(R). v is well defined since R + 2 sinh(R) is invertible on [0, c0). Now
since

sinh™1 %2 (R) cosh™2(R) = 24/ (T) cosh(R)

we can conclude

R T(R)
f sinh™1 2 (1) cosh™2 (r) dr = / V() dt
0 0

upon differentiating both sides with respect to R, and using d7 (R)/d R = 2 cosh(R).
Suppose x g, is the characteristic function of a ball of radius R in G/K with center py.
Then by Lemmas 5.1 and 5.2, since dg,k (n] po, po) =r <= t=2sinh(r),

R
/ XBr(8) dmg(g):/ / / xBg (k1as,k2) sinh™1 ™2 (1) cosh™ (r) dk; dr dks
G kJo Jk
T(R)
=/ / / xBg (kinf k) ¥ (1) dmg (k1) dt dmg (ko)
k Jo K

_ f f / x5a (inT k) () dmg (k1) di dmi (ko).
K JO K

Therefore this formula holds for all radial functions. Because the measure on the right-
hand side is bi-K -invariant, this formula must hold for all bounded measurable functions
with compact support.

The formula G = KNy K is immediate from Lemma 5.2. It remains to prove the
asymptotic formula for yr. Clearly sinh?(R) = cosh?(R) — 1 = T2 /4 implies cosh(R) =
VT?/4 + 1, so we obtain

w(T) = 2—(m1+m2+1)Tm1+m2(T2/4 + 1)(m2—1)/2
=CpTm Pl o(rmtim=2y - for T > 1,
where Cg > 0 is a constant depending only on G.

The case where gy, = 0 is handled similarly, defining v (7') = sinh™!(R)/ cosh(R/2),
with T =2sinh R/2. Then fOR sinh™! rdr = fOT(R) Y (t) dt, and, using sinh R =
2sinh R/2 cosh R/2, we have ¥(T)=2"T"(/T2/4+ 1)~ so that ¢(T)=
CeT?M =1 4+ 0?2 for T > 1. o

We note that for a finite cover v’ : L — PSL,(R) the kernel is central, and so the inverse
image of the subgroups A and N of PSL,(R), denoted by a; "and ntf/, are isomorphic to A
and N. Using these subgroups of L in the foregoing argument, we see that Theorem 5.3
holds for any finite cover group, not just the adjoint group.
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5.2.  Proof of the ergodic theorems for real rank-one groups. Let us prove the ergodic
theorems for averages on real rank-one groups, starting with the radial case. We will start
by assuming G is the adjoint group, and complete the argument for the general case at the
end of the section.

THEOREM 5.4. Let G be a connected simple Lie group of real rank and finite center, and
fix any invariant Riemannian metric on the symmetric space G/K. Then o, and B, are
good averaging families, for every fixed € > 0.

Proof. When G is the adjoint group, the proof is virtually the same as the proof of
Theorem 4.1 when g», = 0. For completeness we provide the details in the case g, 7#~ 0.
Let 1 be the measure on Ny, defined by

n(E) :/ L)y (1) dt

where v is the function defined in Lemma 5.3 and n; is as in Lemma 5.2. Let ng . be the
measure on Ny defined by
n(E N{nf : t € [2sinh(R), 2 sinh(R + €)]})

NRr.e(E) = n({n[r : t € [2sinh(R), 2 sinh(R + €)]})

Theorem 2.5 implies {ng.c}r-o is an L'-good averaging family for N;. By the Howe—
Moore theorem, {ng.c}r>0 is an L! -averaging family for G.

By Lemma 5.3, mg *xnge*xmg =0pre. So Proposition 2.3 now implies that
{or.c}rR>0 satisfies the strong (p, p) type maximal inequality (p > 1) and the L log L
maximal inequality. The bounded convergence theorem implies that {og c}r>0 is
pointwise ergodic in L*. So Theorem 2.4 implies {or }r~0 is pointwise ergodic in L”
for all p > 1 and in L log L. The case of {B,},~0 is handled similarly. For the case where
G has finite center, see below. O

We now turn to the proof of Theorem 1.1 for non-radial averages. For r, € > 0, let «;. ¢
denote the probability measure on A C G given by

fr+€ sinh(r)™1 ™2 cosh(¢)"28 i, dt

r

[IF€ sinh(rymitm2 cosh(r)m2 di

Qre =

For example, note that mg * o * mx = 0, where mg denotes the Haar probability
measure on K. Recall the definition of cr,l,]gv from §1.2. We first prove a special case of
Theorem 1.1.

THEOREM 5.5. For any compact Z-invariant subsets U,V C K both with positive
measure, the families {U,l,]gv}»o and {,B,U’V}r>o are both good averaging families.

Proof. We first assume that G is an adjoint group. The proof then is very similar to the
proof of Theorem 4.8 when g2, = 0, and we provide the details when go, # 0. If £, 7 > 0
are such that Knf K = Kaj K then let w,, w, € K N L be the elements satisfying n] =
wyaj, w,. Note the important fact that these identities hold in the subgroup L = PSL,(R),
and hence ay,, w, and w). are unique and form continuous functions of ¢. Define U, =

Ur<s<rpe Uwytand Ve =, ;.\ (w))"'V. Let v, be the normalized restriction of
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mg to U, and A, be the normalized restriction of mg to V.. We will show that there is a
constant C, > 1 such that lim, o, C, = 1 and

O'U’V

e < Crv, * Nre * Ay

where 7, ¢ is as in the proof of Theorem 5.4.
Using the formula for the Haar measure on G in polar coordinates, we have, for any
bounded measurable function f on G,

r+e inh(s)™1+m2 h(s)™ d
Or[,]e'v(f)=/ / / fke*™K) sinh(s) cosh(s) s
keK 'eK Jr f

"€ sinh(s)m1tm2 cosh(s)™2 ds
xu (k) dmg (k) xv (k") dmg (k")
mg (U) mg (V)
On the other hand, by definition of convolution,

2 sinh(r+-¢) .y w(t) dt
Vr % Mpe % Ar(f) = f(knt k) 2 sinh(r+€)
kek Jk'ek J2sinh(r) 5 snhgy W@ dt

xu, (k) dmg (k) xv, (k") dmg (k")
mg (Uy) mg (Vy)

’

and, using Lemma 5.3,
r+e sinh(s)™1+"2 cosh(s)™2 ds
s e
kek Jkek Jr [T sinh(s)™1+m2 cosh(s)™2 ds
xu, (k) dm (k) xv, (k') dmg (k")
mg (Uy) mg (V)

Note that the support of ar[,]gv is contained in the support of the convolution above, by
definition of U, and V,. Furthermore,

doge’ ) _mxUmk(V)
d(vr * Ny * Ar) mg (U)mg (V)

and since w, — 1 and w/. tends to the 180° rotation as r — oo (by Lemma 4.9), it follows
that C, — 1 as r — o0. Indeed, since U is compact and s — wj is continuous, the set

U/ = U Uw;  w,

r<s<r-4e

rs

is compact, mg (U) < mg (Ur) < mg(U)). Moreover, U C U, and U, is contained in the
8 (r)-neighborhood of U for some §(r) > 0 satisfying lim,_, o, 6(r) =0 (by Lemma 4.9).
Since the intersection of these neighborhoods is U, it follows that mg (U,) — mg (U) as
r — oo. Similarly, mg (V) > mg (V) asr — oo.

To complete the proof it suffices, by Lemma 4.7 (setting the averages 7, and 7, that
appear there as 1, = ar({gv and T/ = v, % n.¢ * A,), to establish the conclusions for v,
Nr.e * Ar. By Proposition 4.4 (which holds for general real rank-one groups with 7, ¢ as in
the proof of Theorem 5.4 by exactly the same argument), {mg * 1, ¢ * mg},~o is a good
averaging family. Since, for all r > 1,

C

V, k% *x A < —_—
P e = A = mg (Uymg (V)

myg * NpekMmg < mg * Nye *xMg

mg (Up)mg (V)
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for some C > 0, the domination lemma implies that r +— v, * n, ¢ * A, satisfies the strong-
type (p, p), 1 < p < 00, and L log L maximal inequalities.

Let v denote the normalized restriction of mg to U and A denote the normalized
restriction of mg to V. Then dv,/dmg — dv/dmg, di,/dmg — di/dmg in L'(K)
norm. So Proposition 4.4 implies r — v, * 1, ¢ * A, is a good averaging family. O

THEOREM 5.6. As above, let G be a connected non-compact simple Lie group of real
rank one with finite center. Fix a maximal compact subgroup K. If v, A K mg are Z-
invariant probability measures with densities dv/dmg, d)/dmg € L (K, mg) and € >
0 then {v * oy ¢ * A}r=0 is a good averaging family.

Proof. When G is adjoint, the proof is essentially the same as the proof of Theorem 4.5
using {n; } in place of {n;}. O

Proof of Theorem 1.1. For adjoint groups Theorem 1.1 follows immediately from
Theorem 5.6 by setting v = mK(U)_IXU and A = mK(V)_IXV. Indeed, then v * o ¢ *
A= (rrl’]gv. We now finally turn to consider groups with finite center. Let G have a finite
center Z, and let (X, u) be an ergodic probability-measure-preserving action. The function
space L?(X) decomposes into a finite direct sum of closed subspaces V,, with x ranging
over the characters of the finite Abelian group Z, and for a function f €V,, we have
f(zx) = x(2) f(x). Z being central, each space V, is G-invariant, and it remains to show
the pointwise convergence of the averages in question for functions in each V,, x € Z*.
But since U and V are Z-invariant sets and Z is central, it follows from the fact that
> .z X (2) =0 for a character y # 1 of Z, that the action of the corresponding averages
annihilate each V,, unless x is the trivial character, denoted 1. The functionsin V,, x # 1,
have zero integral on X, so the pointwise ergodic theorem holds in these subspaces.

The function space V) consists of Z-invariant functions on X, and is naturally identified
with the function space L?(X/Z), where X/Z is the space of orbits of Z in X. The
representation of G on this function space is such that center acts trivially, and it is
equivalent to the representation that arises from the action of G/Z on the space X/Z of
Z-orbits in X. The desired convergence results then follow from our previous arguments
for the adjoint group G/Z.

This concludes the proof of Theorem 1.1. O

Remark 5.1. Case of general averages. We note that the assumption that the sets
U,V C K are Z-invariant is not strictly necessary. Let us briefly outline a proof of
the pointwise ergodic theorem for general sets U, V C K C G. Unlike the rest of our
discussion throughout this paper, the argument we indicate here is not geometric, but rather
spectral in nature.

Clearly, for any f €V, defined above, the absolute value |f(x)| is a Z-invariant
function. It follows immediately that the averages defined by U and V satisfy the strong
maximal inequality in L?, p > 1, and L log L. Indeed, clearly

@) fl <m0 DIfI=7 @I f

where 6,{16"/ is the projection of the measure ar%V on G to G/Z. Thus the maximal
inequalities for the operators &,l,]gv on G/Z, acting on X/Z, imply the desired result.
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It then remains to show that there is a dense subspace in V,, where pointwise almost
sure convergence of our averages occurs. This fact can be deduced using the argument
appearing in [N, §2.5]. There, pointwise convergence for a suitable spectrally defined
dense set of K-finite functions is established for SL,(IR), based on derivative estimates
for K-finite functions. Similar derivative estimates can be established for all real rank-
one groups with finite center, using, for example, the results in [C079] or [CM82]. This
establishes pointwise almost sure convergence in a dense subspace of L?(X), and by a
routine application of the maximal inequalities the pointwise ergodic theorem holds as
stated.
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