COUNTING LATTICE POINTS

ALEXANDER GORODNIK AND AMOS NEVO

ABSTRACT. For a locally compact second countable group G and a lattice sub-
group I, we give an explicit quantitative solution of the lattice point counting
problem in general domains in G, provided that

i) G has finite upper local dimension, and the domains satisfy a basic
regularity condition,

ii) the mean ergodic theorem for the action of G on G/T" holds, with a rate
of convergence.

The error term we establish matches the best current result for balls in
symmetric spaces of simple higher-rank Lie groups, but holds in much greater
generality.

A significant advantage of the ergodic theoretic approach we use is that
the solution to the lattice point counting problem is uniform over families of
lattice subgroups provided they admit a uniform spectral gap. In particular,
the uniformity property holds for families of finite index subgroups satisfying
a quantitative variant of property 7.

We discuss a number of applications, including: counting lattice points in
general domains in semisimple S-algebraic groups, counting rational points on
group varieties with respect to a height function, and quantitative angular (or
conical) equidistribution of lattice points in symmetric spaces and in affine
symmetric varieties.

We note that the mean ergodic theorems which we establish are based on
spectral methods, including the spectral transfer principle and the Kunze-Stein
phenomenon. We formulate and prove appropriate analogues of both of these
results in the set-up of adele groups, and they constitute a necessary step in
our proof of quantitative results in counting rational points.
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1. INTRODUCTION, DEFINITIONS, AND STATEMENTS OF GENERAL COUNTING
RESULTS

1.1. Introduction and definitions. Let G be a locally compact second countable
(non-compact) group and T' a discrete subgroup of G with finite covolume. The
purpose of the present paper is to give a general solution to the problem of counting
lattice points in families of domains in G. More explicitly, our goal is to show that
for a family of subsets B; C G, t > 0,

(1.1) II'N B| ~ mg(B:) ast— oo,

where mq is Haar measure on G' normalised by m¢,r(G/I') = 1. Furthermore, we
seek to establish an error term in the asymptotic, of the form
TN By s

(1.2) e (By) 1‘ <Cmg(B)™°.

Our approach is based on the the following fundamental principle : the main term
in the number of lattice points follows from the mean ergodic theorem in L?(G/T)
for the Haar-uniform averages supported on the sets By, and the error estimate
follows from the rate of convergence of these averages. This principle is a part of
the general ergodic theory of lattice subgroups formulated in [GN] and here we
systematically develop and refine the diverse counting results which it implies.

In general, given a family of domains B; C G and an ergodic measure-preserving
action of G on a probability measure space (X, i), the mean ergodic theorem (for
the family By) is the statement that

1

(1.3) ma(By) .

flg™ a)dmelg) 2 [ fdu ast— oo
X

for every f € L?(X). We show that the mean ergodic theorem, together with a mild
regularity property for the sets By (namely, well-roundedness [DRS], [EM]), implies
that (1.1) holds. Furthermore, when convergence takes place with a fixed rate, the
sets By satisfy a quantitative regularity condition (namely, Holder well-roundedness
[GN]), and G has finite upper local dimension, then the lattice point counting
problem for the domains B; admits an explicit quantitative solution. The error
term is controlled directly by the spectral gap estimate satisfied by the family of
averaging operators above acting on L?(G/T"), together with the degree of regularity
of B; and the upper local dimension.

Previous counting results in the literature are improved upon in several different
respects, including admitting more general sets, establishing or improving explicit
error terms, and enlarging the class of groups involved. Our approach also gives
uniform estimates over families of lattice subgroups (as well as over their cosets),
which have a number of interesting applications (see Section 1.4).

We begin by recalling and introducing some definitions needed in the statements
of the main results. Let O,, ¢ > 0, be a family of symmetric neighbourhoods of
the identity in G, which is decreasing with . Let By C G, t € R, be a family of
bounded Borel subsets of positive finite Haar measure. In the following definition,
we recall the notion of well-rounded sets from [DRS] and [EM], and give an effective
version of it (see [GN]).

Definition 1.1. Well-rounded and Ho6lder well-rounded sets.
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(1) The family B; is well-rounded (w.r.t. O,) if for every § > 0 there exist
e,t1 > 0 such that for all ¢ > tq,

mg(OEBtOE) < (1 + 5)mg(ﬂu,veoEuBtv) .

(2) The family B, is Holder well-rounded with exponent a (w.r.t. Og) if there
exist ¢,e1,t; > 0 such that for all 0 < & < &y and t > t4,

ma(0:BO:) < (14 ce®)ma(Nyveo, uBv) .
Given a family B; of subsets of G, we set
(1.4) B;f () = O:B,O, and B; (¢) = Nyveo, uBv.

Let us also recall the following natural condition, which is clearly stronger than
Holder well-roundedness.

Definition 1.2. Admissible l-parameter families [GN]. The family B; is
Hélder admissible with exponent a (w.r.t. Og) if there exist ¢, t1,6;7 > 0 such
that for all 0 < e < &1 and t > ¢4,

OE By - Oe - Bt+csaa
ma(Bite) < (14 ce®) - mg(By).

Holder admissibility (and in some considerations even Lipschitz admissibility)
played an important role in the arguments in [GN] applied to prove pointwise er-
godic theorems for general actions of a group G and a lattice subgroup I'. For
an extensive list of example of admissible averages on S-algebraic groups we re-
fer to [GN, Ch. 7]. However, as already noted in [GN], when we consider only
the mean ergodic theorem on spaces of the form G/I', the condition of Holder
well-roundedness will be sufficient. This condition allows for a very diverse set of
averages, as we shall see in the examples below. For instance, the sets arising in
the study of angular distribution of lattice points (see Sections 7 and 8) are Holder
well-rounded, but not Holder admissible.

The family of neighbourhoods O, gives rise to the notion of upper local dimen-
sion:

Definition 1.3. Upper Local dimension. We say that the upper local dimension
is at most p if there exist mg, 1 > 0 such that

ma(O:) > mee?  for all € € (0,e1).

For example, when G is a connected Lie group, we fix a Riemannian metric on
G and set O. = {g € G: d(g,e) < e}. Then one can take p = dimG. Another
important example is the case where G = G x Gy is a product of a connected
Lie group of positive dimension, and a totally disconnected group Gy. Set O. =
0 x W, where O2° are Riemannian balls of radius € centered at the identity of
G oo, and W is a fixed compact open subgroup of Gy. Then again p is the dimension
of Goo.

Let B; denote the normalised Haar-uniform measure supported on the set B;.
Consider a measure-preserving action of G on a standard Borel probability space
(X, 1) and the averaging operators 7x (5;) defined by

15 rx(8)(@) :@ [ e toimato). 1 e ()

Definition 1.4. Mean ergodic theorems.
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(1) The operators 7y (3;) satisfy the mean ergodic theorem in L?(X) if

rx (8 — /X fy

for all f € L*(X).
(2) The operators wx(8;) satisfy the gquantitative mean ergodic theorem in
L?(X) with rate E(t) if
< E@) 1fllp2cx)

X (B)f - /X s
L2(X

for all f € L?(X) and t > 0, where E : (0,00) — (0,00) is a function such
that E(t) — 0 as t — co.

—0 ast— o0
L2(X)

Note that when the action of G on X satisfies the quantitative mean ergodic the-
orem, the unitary representation of G'in LZ(X) (the space of mean zero functions)
must have a spectral gap, provided that at least one of the sets B, !B, generates
G for some t such that F(t) < 1. Conversely, when G is a connected semisimple
Lie group with finite center and the unitary representation of G' in LZ(X) has a
(strong) spectral gap, for general families B; one has a quantitative mean ergodic
theorem of the form

o (6)f — /X fdu

<Cm(B) " [[fll2(x)
L2 (X)
for some C, k > 0 (see Theorem 4.5 below).
In order to solve the lattice point counting problem, we will need a stable version
of the mean ergodic theorem:

Definition 1.5. Stable mean ergodic theorems. We will call the ergodic the-
orem for averages along the sets B; stable if it holds for all the families B;" (¢) and
B; (e) simultancously for € € (0,e1). For the quantitative mean ergodic theorem
we require in addition that the function F(t) is independent of e.

Remark 1.6. As we shall see, in the context of semisimple S-algebraic groups a
well-rounded family which satisfies the (quantitative) mean ergodic theorem also
satisfies the (quantitative) stable mean ergodic theorem. Indeed, our method of
establishing the norm estimate associated with a strong spectral gap is based on
the spectral transfer principle and the Kunze-Stein phenomenon. Together these
imply that the rate of convergence depends only on the rate of volume growth of
the family, and the LP-parameter of integrability of the representation. We will
establish and then apply similar considerations to radial averages on adele groups.

1.2. Statement of general counting results. We can now formulate the follow-
ing basic result, which provides the main term in the lattice point counting problem
in well-rounded domains. Fixing a choice of Haar measure on G, let us denote the
measure of a fundamental domain of T' in G by V(T").

Theorem 1.7. Lattice point problem : main term. Let G be an lcsc group,
I' € G a discrete lattice subgroup, and By a well-rounded family of subsets of G.
Assume that the averages (B supported on By satisfy the stable mean ergodic theorem
in L?>(G/T). Then

TN By 1

lim =

e ma(B) V(D)
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The argument of the proof of Theorem 1.7 also applies to count points in trans-
lated cosets of lattice subgroups.

Corollary 1.8. Under the conditions of Theorem 1.7,

) |:101"gf1 N Bt‘ 1
lim =
t—oo  mg(Bi) V(I)

for every x,y € G.

As noted in §1.1, to handle the error term we will use a quantitative estimate
on the rate of L2-norm convergence of the averages 7 ,1(Bt) to the ergodic mean,
together with a quantitative form of well-roundedness. This will give a uniform
quantitative solution to the lattice point counting problem. Before we formulate
this result, we summarise our notation:

¢, a = the Holder well-roundedness parameters of the family B,

(1.6) mg, p = the local upper dimension estimate for the group G,

E(t) = the error estimate in the stable mean ergodic theorem for B;.
For g € G, we set
eo(g,T) = sup{e > 0: O2%g injects in G/T'}.

Theorem 1.9. Lattice point problem : error term. Let G be an lcsc group,
and By a Hélder well-rounded family of subsets of G, w.r.t. a family O, of upper
local dimension at most p. Let ' C G be any discrete lattice subgroup, and assume
that the averages 3 satisfy the stable quantitative mean ergodic theorem in L?(G/T)
with rate E(t), and that eg(e,I') > eg. Then there exists tg > 0 such that fort > to,
IT'N By 1

— — | < AE@W)Yrta)
ma(B) v = AF0

where A = (4my 1)/ P+ (cma(O,,)~1)r/ (PFa),

(1.7)

Remark 1.10. Let us note the following regarding Theorem 1.9.

(1) The estimate (1.7) is independent of the choice of Haar measure mg.

(2) If the sets B; are bi-invariant under a compact subgroup K of G, we can
take p to be the upper local dimension of K\G. Indeed, then the proof of
Theorem 1.9 can then be carried out in the space L*(K\G/T).

(3) The constant ty depends on all the parameters in (1.6), as well as eg, &1,
and t; (appearing in Definitions 1.2, 1.3, 1.5).

As to counting points in translated cosets of the lattice, we note the following
result which will be shown below to follow from Theorem 1.9.

Corollary 1.11. Under the conditions of Theorem 1.9, there exists tg > 0 such
that for x,y € G, satisfying eo(x,T),e0(y,T) > €9, and t > to,

|xFy’1 N Bt| 1
1.8 — < AE(t)/(pta)
(18) maBy vy | = AEW

where A is the same as in Theorem 1.9.
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Remark 1.12. If Q is a subset of G bounded modulo T', then (1.8) holds for all
z,y € Q and ¢ > to(diam(QI")), where the constant A is given as in Theorem 1.9
with g9 = inf{e(g,T") : g € Q}. In particular, if the lattice I' is co-compact, (1.8)
holds uniformly over all z,y € G.

An important consequence of Theorem 1.9 is that given the family By, the error
estimate depends only on the size of the spectral gap, and on the size of the largest
neighbourhood O? which injects into G/I'. In particular, the error estimate holds
uniformly for all lattice subgroups in G for which these two parameters have fixed
lower bounds.

Specialising Theorem 1.9 further, we fix the lattice I', and note that then the
error estimate holds uniformly over an infinite family of finite index subgroups of
T, provided only that the family satisfies a uniform spectral estimate (which is a
quantitative version of property 7). This fact will be exploited in Section 5, where
we consider the congruence subgroups of an arithmetic lattice, and has other uses
as well. We formulate it separately, as follows.

Corollary 1.13. Assume that the conditions of Theorem 1.9 hold for the lattice
Iy and a family 'y, j € N of its finite-index subgroups. Given a set  which is
compact modulo Ty, there exists tg > 0 such that fort > tg and x,y € Q, uniformly
forallj €N

|2y~ N By 1

_ < A E(t)¥/ (pta)
ma(B) vy = AED

where A is given as in Theorem 1.9 with €9 = inf{eo(g,T") : g € Q}.

1.3. Comparison with the existing literature. The problem of the asymptotic
development of the number of lattice points in Euclidean space has a long history,
going back to Gauss, who initiated the study of the number of integral points in
domains of the Euclidean plane. For Euclidean space, and more generally for spaces
with polynomial volume growth, there is a simple geometric argument to derive the
main term in the asymptotic, and an error estimate for sufficiently regular convex
sets has been established using the Fourier transform [HI|[Hz|. For Lie groups of
exponential volume growth already the main term, and certainly the error term,
require significant analytic techniques. The first non-Euclidean counting result in
the semisimple case is due to Delsarte [D]. Currently there are several different
approaches to non-Euclidean lattice point counting problems for I' C G in certain
cases, as follows.

(1) via direct spectral expansion and regularisation of the automorphic kernel
on G/T, G semisimple [BT1, BT2, BMW, CLT, D, DRS, Go, Hu, LP, Le,
Pa, MW, ST, STBT1, STBT2, Se],

(2) via mixing of 1-parameter flows, or equivalently decay of matrix coefficients
for semisimple groups [Barl, Bar2, BO, EM, GMO, Marl, Mar2, Mar3,
Mau, Mul, Mu2],

(3) via symbolic coding of Anosov flows and transfer operator techniques [La,
Po, Q, Sh], for lattices in simple groups of real rank one,

(4) via the Weil bound for Kloosterman sums [Boc, HZ], when counting in
congruence subgroups of SLo,

(5) via equidistribution of unipotent flows [EMS, GO1, GO2] (this approach
does not provide an error term in the asymptotic).
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Our approach, which is different from those listed above, is based on the mean
ergodic theorem for the averages §; acting on G/T', and has a number of advantages:

o Simplicity of the method. The quantitative mean ergodic theorem as well
as the resulting estimates for counting lattice points are established by
relatively elementary spectral and geometric comparison arguments which
hold in great generality. They are valid, in particular, for all semisimple
S-algebraic groups and semisimple adele groups, but are not restricted to
them. The arguments avoid the complications arising from direct spectral
expansion of the automorphic kernel on G/T" (in particular, those associated
with regularisation of Eisenstein series) which method (1) introduces. As
a result, this approach allows a considerable expansion of the scope of
quantitative lattice point counting results.

o Quality of error term. The quality of the error term derived via the quanti-
tative mean ergodic theorem matches or exceeds the currently known best
bound in all the non-Euclidean lattice point counting problems we are aware
of, with the exception of [Se], [LP], [Pa] and [BMW]. Note that the latter
results deal only with lattices in real rank one Lie groups (or their prod-
ucts), and only with sets which are bi-invariant under a maximal compact
subgroup. These assumptions make it possible to deploy method (1) using
very detailed information regarding the special functions appearing in the
spherical spectral expansion. For more general domains, the approach via
the decay of matrix coefficients in method (2) can be used to give an error
estimate in the semisimple case, but its quality is inferior to the one stated
above. (For more details cf. [GN, Ch. 2] and compare with [Mau] for the
case of real groups, and with [GMO] for the case of adele groups).

e Uniformity over lattice families. The quantitative ergodic theorem gov-
erning the behaviour of the averages J; is valid for all ergodic probability-
measure-preserving actions of G satisfying the same spectral bound. In par-
ticular it holds uniformly for all the homogeneous probability spaces G/T’,
as I" ranges over lattice subgroups of G, provided they satisfy a fixed spec-
tral gap estimate. Together with an obvious necessary geometric condition
on the fundamental domains, our approach solves the lattice point count-
ing problem uniformly over this class of lattices. In particular, the counting
result holds uniformly for all the finite index subgroups of an irreducible
lattice I in a semisimple S-algebraic group, which satisfy a uniform spectral
gap property, namely property 7, for example congruence subgroups (see
85 and §1.4 for some applications of the uniformity property).

o Generality of the sets. The mean ergodic theorem is typically very robust,
namely it holds in great generality and is usually stable under geometric
perturbations of the averaging sets. The same two features hold for the
quantitative mean ergodic theorem on the homogeneous probability space
G/I'. This allows us to establish the first quantitative counting results
for general families of non-radial sets on semisimple groups, including such
natural examples as bi-sectors on symmetric spaces and affine symmetric
spaces (see Section 7 and Section 8). Note for example that our error
estimate for tempered lattices in sectors in the hyperbolic plane matches
the one recently obtained in [Boc| via method (4), but applies for all lattices
(in all semisimple groups) rather than just congruence subgroups of SLy(Z).
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o Generality of the groups. Mean ergodic theorems originated in amenable
ergodic theory and of course do not require the group to be semisimple. The
lattice point counting results we present are valid in the case of lattices in
amenable groups as well, for example in connected nilpotent or exponential-
solvable Lie groups. Other cases where they can be applied are the affine
groups of Fuclidean spaces, as well as the associated adele groups. We
will treat these matters in more detail elsewhere, but emphasize here that
the principle of deriving the solution to the lattice point counting problem
from the mean ergodic theorem is completely general and valid for every
lesc group. In particular, the assumption of mixing for flows on the space
G/T' — called for in method (2) — is not relevant to the lattice point
counting problem.

1.4. Applications of uniformity in counting. Theorem 1.9 and its corollaries
have already found a number of applications beyond those we will describe below
in the present paper. In addition to numerous examples discussed in [GN, Ch. 2],
let us mention very briefly the following consequences of the uniformity in counting
over congruence subgroups of an arithmetic lattice in an algebraic group.

(1) For connected semisimple Lie groups, uniformity was first stated and utilised
in the problem of sifting the integral points G(Z) on the group variety G(R)
[NS]. It plays an essential role in establishing the existence of the right or-
der of magnitude of almost prime points, for example, almost prime integral
unimodular matrices. Theorem 5.1 which we formulate below allows the
generalisation of these results to S-algebraic groups, for example to con-
struct almost prime unimodular S-integral matrices. It is also crucial in
establishing the existence of almost prime points on affine symmetric vari-
eties (for example, integral symmetric matrices).

(2) Given a affine homogeneous variety X of a semisimple algebraic group de-
fined over Q, it is possible to establish using uniformity in counting over con-
gruence groups, an effective result on lifting of integral points. Namely, we
show that every point in the image of the reduction map X(Z) — X(Z/pZ)
can be lifted to a point with coefficients of size O(p") with fixed N > 0.
On the other hand, such a result is false for general homogeneous varieties.

(3) We obtain an estimate on the number of integral points on certain proper
subvarieties X of a group variety G. Namely, we show that there exists
uniform « € (0,1) such that Np(X) = Ox(Nr(G)?), where Np(-) denotes
the number of integral points with norm bounded by T

The proofs of these results will be given in a separate paper.

1.5. Organisation of the paper. We prove the results stated in §1.2 in Section
2. In Section 3 we formulate a general recipe for counting lattice points and explain
the case of sectors in the hyperbolic plane as a motivating example. In the rest
of the paper, we discuss several applications of our results. We discuss lattices in
semisimple S-algebraic groups (Section 4), uniformity over congruence subgroups
and the density hypothesis (Section 5), rational points on group varieties (Section
6), and angular distribution of lattice points on symmetric spaces (Section 7) and
on affine symmetric varieties (Section 8).
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2. ERGODIC THEOREMS AND COUNTING LATTICE POINTS

In this section, we prove the results stated in the introduction. Let G be an
lesc group and T' a discrete lattice subgroup of G. We denote by mq/r the mea-
sure induced on G/T" by our fixed choice of the Haar measure m¢g on G. Thus,
me,r(G/T') is the total measure of the locally symmetric space G/T', a quantity we
denote by V(I'). We also let m¢/r denote the corresponding probability measure
on G/T', namely mg,r/V(T'). Let O, be a family of symmetric neighbourhoods of
the identity and

_ Xo.
Xe= 00

We consider the function:
¢=(gT) = Y xe(97)-
yel
Note that ¢, is a measurable bounded function on G/T" with compact support, and

1
2.1 / Xe dmg =1, / ¢ dm =1, / ¢ dm = —.
(2.1) ; e o a/r o /T = )

Let us now note the following basic observations, which will allow us to reduce
the lattice point counting problem to the ergodic theorem on G/T', together with a
regularity property of the domains.

First, for any 6 > 0, h € G and t > 0, the following are obviously equivalent, by
definition, for any family of Haar-uniform measures b; on G,

(2.2) 76/ (be) e (AT) — ﬁ <,
1 1 . 1
23 e S w5 / el hTAmG) < g 0

We will estimate the first expression using the mean ergodic theorem and Cheby-
cheff’s inequality. On the other hand, the integral in the second expression is con-
nected to lattice points as follows.

Lemma 2.1. Let B; be a family of measurable subsets of G. Then for every t > 0,
e>0andh € O,

/ 6o(g'hT) dma(g) < |B,NT| < / 6-(g7 " hT) dma(g)
By (e) B (e)

where B; () and By (¢) are defined as in (1.4).
Proof. If x.(g~th7) # 0 for some g € B; (¢), h € O, v € T, then we obtain
v €T By (e) - (supp xe) C B
since O.B; (¢)O. C B;. Hence, by the definition of ¢. and (2.1),
[, e mndma@) = 3 [ g ) dmate) < B
By (e B,

~yeB:NT

In the other direction, for vy € ByN T and h € O,
supp(g — xe(9~ 7)) = hy(supp xe) ' C By (e).
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Since x. > 0 and (2.1) holds,

/ ¢-(g ) dme (g
B} (o)

as required. ([l

> / g7 h) dma(g) = BT

wEBtﬂF

Proof of Theorem 1.7. We use a small parameters § > 0. Since the family B; is
well-rounded, there exists € > 0 such that

(2.4) ma(Byf (e)) < (1+ 8)me(By (¢))

for all sufficiently large t.
By the stable mean ergodic theorem and (2.1),

1 / 1 1

—_— d(g7 hD) dmea(g) — ——= — 0

mg(Bj(&?)) B:r(,;-) V(F) L2(G/T)
and so

1
me hI' : 7/ be (g7 hD) dma(g) — =0
" <{ |mc<15’t+ @) Jsr0 o)

as t — oo. Hence, the measure of this set will be less than mg(O.I") for large t.

Then there exists h; € O, such that

1 / ) 1
—_— O (g7 W) dmea(g9) — ——=
ma (B (€)) Jai (o) el hel) (9) V(L)

Combining this estimate with Lemma 2.1 and (2.4), we obtain that

DN By < <V(1F) + 5) mea (B} (¢)) < (1/(1r) + 5) (1+ 6)ma(By)

for all § > 0 and ¢t > t1(§). Since one can similarly prove the lower estimate, this
completes the proof. O

<.

Proof of Corollary 1.8. We apply both parts of the proof of Theorem 1.7 to the
function in L?(G/T) given by

(2.5) @Y (gaT) = ZXE (gzyy ™).
yel

O

Proof of Theorem 1.9. Recall that we are now assuming that the family {B;} is
Holder well-rounded:

ma (B} (e)) < (14 ce®)ma(B; (¢)) for every t > t1 and € € (0,¢),
the neighbourhoods O, satisfy
(2.6) ma(O:) > mpe”  for some mg > 0 and every ¢ € (0,27),

and the averages along the sets Bti (€), 0 < € < &1, satisfy the stable quantitative
mean ergodic theorem with the error term E(t).
In the proof, we use a parameter € > 0 satisfying

(2.7) e < min{eg,e1,¢7 1/}
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where & is such that the projection O2 — OZ T is injective. Since the neighbour-
hoods O, are symmetric,

(2.8) Ocem1 NOzy72 =0 for vy # 72 €T,
and

mg(OE)
(2.9) mer(O:I) = BEOR

Also, we have
(2.10) V() > m(O).

For any family of Haar-uniform averages b; satisfying the quantitative mean
ergodic theorem with the error term E(t) for its action on the probability space
(G/T,mgr), we have for all ¢ > 0,

Tayr(be) e — /G/F ¢ dmgr < EQ®) ¢ellp2ayry »

L2(G/T)

and thus for all §,¢ > 0,

mape ({40 s reno.0m) - V(lr)‘ > 1) < 62507 6. o

It follows from (2.8) that

2 B o dmg r(hT)
6ll72/my —/G/F ¢ (RI) O

_ 2 de’(g) _ mG(OE)_l

Hence,

1 ma(O) ™' 2
2.11 hI : b hl) — ——| > < ——— 4§ °E@1).
211 meye ({17 + [rase@oonnn) - s> o1 ) < "G =520
This shows that the measure of the latter set decays with t. In particular, the
measure will eventually be strictly smaller than m¢r(O.I') = ma(O.)/V(I') for
sufficiently large ¢. Then

(2.12) o.rn {hF :

s v (b) e (D) — V(lr)\ <} 0.

Thus according to (2.2) and (2.3) applied to the sets B; (¢), for any & in the non-
empty intersection (2.12),

1 1
2.13 7/ ¢:(g7 hD)dmg(g) < —= + 9.
(219 maB7 @) Jopo 0 M) S v
On the other hand, by Lemma 2.1, for h € O,
(2.14) TN B < / b (g~ hTdmg(g) -
B (¢)

Combining these estimates and using the fact that the family {B;} is Holder well-
rounded, we conclude that

(2.15) [PNBi| < (V(lr) 4 5) ma(BF(2)) < (V(lr) + 5) (14 e=")me(By).



12 ALEXANDER GORODNIK AND AMOS NEVO

This inequality holds as soon as (2.12) holds, and so certainly if we have

mg(0:) "', 2 _ 1 mg(O:)
— 0 E{)* < - —=—~
V() ()< 4 V()
Indeed, then the right hand side is strictly smaller than me,r(O:I'), so that the
intersection (2.12) is necessarily non-empty. We set § = 2mg(0O.)"1E(t) so that

the equality in (2.16) holds. Now using (4.10), the estimate ce® < 1, (4.13), and
(2.6), we deduce that

(2.16)

|T'N By 1 ce® 1 ce?
<204 —— <4mg(O) ' E{t) + ———
ma(By) V(D) =2 T ym SAmelO) T EO T ey
< 4mIleTPE(t) + L.
— 0 ( ) mG(Osg)

To optimise the error term, we choose

e= (4malc_1mg((’)€0)E(t))l/(p+a) )
Note that since E(t) — 0 as t — oo, there exists tg > 0 such that ¢ satisfies (2.7)
for all t > to. Finally, we obtain that for ¢t > ¢,
TN By 1
27— < AR (pta)
ma(B,) v =4
where A = (4mgy 1)/ (P+9) (emg(O.,) 1P/ (Pta),

Note that both the comparison argument in Lemma 2.1, as well the estimate
(2.3) derived from the mean ergodic theorem, give a lower bound in addition to the
foregoing upper bound. Thus the same arguments can be repeated to yield also
a lower bound for the lattice points count. This completes the proof of Theorem
1.9. [

Proof of Corollary 1.11. As in Lemma 2.1, the quantity |B; N 2Ty~ !| can be esti-
mated by integrating the function ¢¥, defined in (2.5), on small perturbations of
B;. Indeed, for ¢ < g¢(y,I") we have

Oyt NOcyya =0 for v1 # o € I.

Then the supports of the functions g — x.(gzyy~?!), v € T, are disjoint, and we
deduce that

16213y = e
ellL2(G/T) — V(F)

as before. Also,

mag(O
mer(O:al) = 5((r)) and V(T) > mg(O.,).
Using this estimates, the proof proceeds exactly as in Theorem 1.9. (I

Proof of Corollary 1.13. Clearly, when all I'; are subgroups of a fixed lattice Iy, if
(’)?O injects into G /T, it also injects into G/T;. Since we assume that the operators
e (B:) satisfy the stable quantitative mean ergodic theorem, with the same rate
E(t) for all j, the result follows. O
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3. LATTICE POINT COUNTING PROBLEMS : GENERAL RECIPE AND AN EXAMPLE

3.1. General recipe. In the following sections we will give several applications of
the general lattice point counting result, namely Theorem 1.9. These applications
are based on the following recipe: if G is an lesc group G, I' a discrete lattice in
G, and B; a family of sets for which we wish to find the asymptotic of the number
of lattice points together with an error term, Theorem 1.9 reduces the problem to
the following two steps:

(1) Establish that ch;/p(ﬂt)f - fG/F fdmg/pH2 < E(t) || f]|, for some decay-

ing function E(t), where §; denotes the Haar-uniform averages supported
on By (or “small perturbations” thereof).

(2) Establish that the family of sets B; is Holder well-rounded w.r.t. to a local
neighbourhood family O, which has finite upper local dimension.

The first step is of spectral nature and requires some information regarding the
unitary representation theory of G, and more specifically, the spectrum of L?(G/T).
The second step is geometric, and involves the structure of a neighbourhood family
O. in G and the regularity of the sets B; under small perturbations.

In order to carry out the first step, it will be convenient to use the notion of an
LP-representation.

Definition 3.1. LP-representation. A unitary representation 7 : G — U(H) of
an lesc group G is called LP if for vectors v, w in some dense subspace of H, the
matrix coefficient (7(g)v,w) is in LP(G). We also say that the representation is
LPT if the above matrix coefficients are in LP™¢(G) for every ¢ > 0. The least p
with this property is denoted by p™ (7).

The following parameter will be used to control the rate of decay in the mean
ergodic theorem and in the asymptotic of the number of lattice points:

the least even integer greater than or equal to p/2, if p > 2,
(3.1) nelp) = { Ly ger g q p/2,if p

3.2. A motivating example : lattice points in plane sectors. To illustrate
the two ingredients of our approach geometrically, let us consider the example of
G = SLy(R) acting by isometries on the hyperbolic plane H? (of constant curvature
—1) and a lattice I' in G. Fix a point o € H? and consider a sector with vertex
o, namely, the region between two infinite geodesic rays starting at o at an angle
1 > 0. We let S¢(¢)) denote the sector intersected with the disc of (hyperbolic)
radius ¢ centered at o, and proceed to verify the two conditions stated in the recipe.

1) Regularity under perturbation, and geometric comparison argument. It is evi-
dent that the uniform probability measure o;(1)) supported on S¢(¢) is dominated
by %rﬁg, where (3 is the normalised uniform (hyperbolic) measure on a disc of
radius ¢ with center o.

Consider now a Cartan polar coordinate decomposition, G = KATK, where
K =8S05(R) = {ky : 0 < ¢ < 27} and AT = {diag(e*/?,e7*/?) : s > 0}. Then the
sets (1)) are given by the coordinates

Si() = {kpasky : 0<p<2m, 0<s<t 0<¢ <y}

and S¢(¢) are indeed Lipschitz well-rounded. To see that, first recall the (hyper-
bolic) cosine formula for triangles in the hyperbolic plane

cosh ¢ = cosh a cosh b — sinh a sinh bcos ¢ .
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In terms of the Cartan polar coordinates decomposition this formula translates to
the fact that a;kyas, = kia,ko has Cartan component a, where cosh 7 = cosh a cosh b+
sinh asinh bcos ¢ (see e.g. [N1, §2.2]). This immediately implies Lipschitz control of
the radial part a, in the Cartan decomposition under small perturbations. For the
angular part in the Cartan decomposition one need only consider the representation
on R? and estimate (e, eo being the standard basis)

0 < (atkgpaser,er) = et/2e3/2 (kger,e1) = <ark2€1,k1_1€1>

< llarkzerl < llapll = llackgas|| < €%/ .

Hence if (kye1, e1) > 1 —e then the norm of the vector a,kze; is at least (1 —e) ||a,||
so that kge; must be close to eq. It follows that (kseq,e1) > (1 — Ce), and similarly
for k1. Hence the angles of rotation defining the Cartan components k; and ko
are close to zero, and the Cartan components depend in a Lipschitz fashion on the
perturbation (see Proposition 7.3 for a general argument).

2) Spectral estimate. It is well known that for any lattice I' in G = SLa(R), WOG/F
is an LPT-representation, where p™ = pT(T'). It follows from the spectral transfer
principle [N2](see Section 4 below for a full discussion of the following arguments)
that

9 1/ne(p) 9 1/ne(p)
o] < (Z o) = (3zat0)

-0, (w—l/ne(p)e—<<2ne<p>>*1—n>t) >0,

where A\g denotes the regular representation, and =¢ is the Harish-Chandra func-
tion (see e.g. [HT, Section 3.1 and Theorem 3.2.1]). The same argument shows
that Sy(¢)) satisfy the stable quantitative mean ergodic theorem, so that Theorem
1.9 applies and produces the error term stated there.

More generally, both the stable quantitative mean ergodic theorem and Lipschitz
well-roundedness hold for spherical caps in hyperbolic spaces of arbitrary dimension
and lead to the following result.

Theorem 3.2. Counting points in sectors in hyperbolic space. Let H™
denote hyperbolic m-space (of constant curvature —1) and S¢(¢)) a spherical cap
with cone angle ¥ (namely intercepting a fraction given by 1 of the area of the
unit sphere). Let T' be any lattice subgroup in G = SO°(m, 1) such that ”%/F is an

LPT _representation. Then the number of lattice points in the spherical cap obeys

{y el yoe S(¥)} =

Um

vol(T\H™)

) D (1 )
+ O, [y~ /"W ' , n>0,

with vy, > 0 depending only on the dimension m, and the implied constant depend-
ing only on m, p, eo(e,T). (We assume here that only the identity in T stabilises
o0, otherwise the main term should be divided by the size of the stabiliser).

we(m—l)t

We note that the sectors S¢(¢)) constitute a Lipschitz well-rounded family but it
is obviously not an admissible family according to the Definition 1.2, so that the
counting results in [GN] do not directly apply.
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We refer to [Boc, Mar3, Ni, Sh] for other results on the angular distribution of
lattice points in hyperbolic spaces. In particular, in the special case when m = 2
and T is a principal congruence subgroup of SL2(Z), an error term in this counting
problem was derived by Boca in [Boc], who has also raised the question of which
lattices in S Lo (R) satisfy a similar property. Note that Theorem 3.2 applies to gen-
eral lattice subgroups in hyperbolic spaces, and for tempered lattices I' C SLy(Z)
(ie., when 7¢ . is L**), the error estimate coincides with the one obtained in
[Boc].

4. LATTICE POINTS ON SEMISIMPLE S-ALGEBRAIC GROUPS

4.1. Notation. Let us now set the following notation regarding local fields, alge-
braic groups and adeles, which will be used throughout the rest of the paper.

Given an algebraic number field F, we denote by V the set of equivalence
classes of valuations of F. The set V is the disjoint union V' = V;[[V of
the set Vy consisting of non-Archimedean valuations and the set V., consisting
of Archimedean valuations. More generally, for S C V', we also have the decom-
position S = Sf [ So. For any place v € V, let F, denote the completion of F'
w.r.t. the valuation v. Let O denote the ring of integers in F', and for finite v,
let O, be its completion, namely O, = {x € F, : v(x) > 0}. We denote by p,, the
maximal ideal in O,, by f, = O,/p, the residue field, and set ¢, = |f,|. As usual,
the valuation is normalized by |s,|, = q%, Sy a uniformizer of O,,.

We introduce local heights H,. For an Archimedean local field F),, and for
r=(1,...,74) € F? we set

(4.1) H () = (loif2 + -+ fzal?) 7,
and for a non-Archimedean local field F,,
(4.2) H,(x) = max{|z1]v, .-, |Talv}

Let F,, v € S, be a finite family of (nondiscrete) local fields, and G,, v € S,
be the F,-points of a semisimple algebraic group G, defined over F,. Let I" be a
lattice in the group G' = [],cg G». We fix representations p, : G, — GLy,, (F),
v € S, with finite kernels and index the lattice points according to the height H
defined by

(43) H(Q) = H Hv(f)v(gv))’ g = (gv> €G,
veS

where H,’s are the local heights defined above. We set
Br={g9eG: H(g) <T}.

4.2. Counting S-integral points. We can now state our solution to the problem
of counting S-arithmetic lattice points in S-algebraic groups (and more general
lattices in the product).

Theorem 4.1. Counting lattice points in S-algebraic groups: height balls.
Keeping the notation in the previous subsection, assume that the groups G, are
simply connected, and at least one of G,’s is isotropic over F, (or equivalently,
G is noncompact). Fizx €9 > 0. Then there exists To > 0 such that for every



16 ALEXANDER GORODNIK AND AMOS NEVO

lattice T in G for which the representation L3(G/T) is LP*, .,y € G such that
€O($,F),€0(y,r) > €0, and T > TO7

|2y~ N By| = V‘il((GB/TF)) +0, (56d2/<a+d> vol( BT)1—<2ne<p>>*1a/<a+d)+n)
Vo
for every n > 0, where d =
family {Be:}.

Remark 4.2. Let us note the following regarding Theorem 4.1.

ves.. Aim(Gy) and a is the Holder exponent of the

(1) The sets Bt are always Holder well-rounded for some a > 0 and, in fact,
Holder admissible. As is explained in the proof of Theorem 4.1, this follows
from [GN, Theorem 7.19] (see also [BO]). Moreover, if either Sy = (), or
S =0, or for v € So, the representation p, is self-adjoint (i.e., p,(G,) =
pv(Gy)), we can take the Holder exponent a = 1 (see [GN, Theorem 3.15]).

(2) The assumption that the representation m¢, . in L§(G/T) is LP* for some
p > 0 holds, in the set-up of S-algebraic groups, in most cases. See Remark
4.6 below for further discussion.

(3) If G,’s are not simply connected, we consider the simply connected covers
7 : G — G. Tt is known that 7(G) is normal, and G/7(G) is Abelian of
finite exponent (see [BT]). If I is finitely generated, I' N 7(G) has finite
index in I'. Applying Theorem 4.1 to the lattice T' = 7~ 1(T' N 7(G)) in G,
one can deduce the asymptotics and the error term for I'.

(4) If the height H is bi-invariant under a maximal compact subgroups K,
of G, when v € V, we can improve the error estimate by taking d =
> ves., im(K,\Gy) (see also Remark 1.10(2)).

(5) A further improvement in the error term in Theorem 4.1 can be obtained if
in addition the local heights are each bi-invariant under a special maximal
compact subgroup (so that the Cartan decomposition holds for G). In this
case, we can replace 2n.(p) in the error estimate by p, provided the A
spectrum in uniformly bounded, in the sense defined in [GN, §8.1]. This is
indeed often the case.

Taking parts (4) and (5) of the last remark into account, we note that Theorem
4.1 matches the best error estimate established for bi-K-invariant sets in simple
higher rank Lie group, but holds in much greater generality. To elucidate this
point, we recall the following :

Example 4.3. The most basic example of the non-Euclidean lattice point count-
ing problem is that of integral unimodular matrices, and balls w.r.t. the Hilbert-
Schmidt norm, which is the Archimedean valuation. In this case, taking parts (4)
and (5) of the foregoing remark into account, we have d = dim SL,,(R)/SO,,(R) =
m(m+1)/2— 1, the balls are Lipschitz so a = 1, and the integrability parameter is
pT = 2(m — 1) namely the representation in L2(SL,,(R)/SLy,(Z)) is L>(m=1+ (see
[DRS]). Theorem 4.1 then implies :

VOI(BT)
vol(SLyu (R) /SL. (2))

The latter estimate coincides with the best current error term obtained in [DRS]
for this case.

ISL,.(Z) N Br| =

+0, (vol(BT)H/(mLm””) , >0
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Another natural family of balls on an S-algebraic group G' =[], . g G is defined
with respect to standard C AT (0) metrics on the corresponding symmetric spaces
and buildings. Let X, denote the symmetric space of G, if is Archimedean and the
Bruhat-Tits building of G,, otherwise. For fixed z = (z,) € [[, .5 Xv, We set

1/2
d(g) = <Z dy (9o, xv)2>

veS

veS

where d, are the standard metrics on X,. Let
(4.4) By={geG:d(g) <t}

Our method allows to deal with lattice subgroups of G which are not necessarily
irreducible. This is related to fact that the sets B, are well-balanced (see [GN,
Definition 3.17]). Namely, the volume of the sets B; does not concentrate along
proper direct factors of G (see [GN, Theorem 3.18]). The error term in the lattice
counting problem can be estimated in terms the relative volume growth

. logmp (BN L)
r = maxlimsup ————————=
L<G oo logmg(Bt)
where the maximum is taken over proper direct factors L of G. If all the factors
G, are not compact, then r < 1 by [GN, Theorem 3.18].

Theorem 4.4. Counting lattice points in S-algebraic groups: metric balls.
Let G be as in Theorem 4.1, with all factors G, non-compact. For every g > 0
there exists tg > 0 such that for every lattice I' in G for which the representation
of Gy, v € S, on the orthogonal complement of L*(G/T)%v is LP*, 2,y € G such
that eo(z,T'),e0(y, ') > €0, and t > to,

_ vol(By) —d?/(1+d —(1—/372 n
|2Ty ™' N By| = v/ 0, (50 /Q4d) o)(By) (1= VBTET/2)/ e(p)(1+d)+n)
for every n >0, where d =3 g dim(X,).

According to our recipe, to prove Theorems 4.1 and 4.4 we need to establish a
decay estimate for the operator norms of the averages §; supported on the sets By,
and establish the Lipschitz well-roundedness of the balls.

Turning to the first ingredient, we now show that the stable quantitative mean
ergodic theorem for G holds in great generality.

Theorem 4.5 ([N2], see also [GN]). Stable mean ergodic theorem for S-
algebraic groups. Assume that the groups G, are simply connected, and at least
one of G,’s is isotropic over F,. Consider an action of G on a standard Borel
probability space (X, ) and assume that the corresponding representation 7% of G
on the orthogonal complement of L?(X)% is LPT. Let 3 be an absolutely continuous
probability measure on G such that ||3]|, < oo for some q € [1,2). Then

7% (B < CqllBllg"®

where n.(p) is defined in (3.1).
When B are the uniform averages supported on the sets By, we have

7% (Bo)|| < Cme(By)~EneD ™ 5 g,

In particular, if the family By is Hélder well-rounded and the action of G on (X, p)
is ergodic, the stable quantitative mean ergodic theorem holds with the above rate.
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Proof. We recall the spectral transfer principle from [N2]. By Jensen’s inequality,
for real-valued functions fi, fo € (L2 (X)G)J',

(T2 (B s fo)" = ( / (9 ()f1,f2>dﬁ(g)> "< /G (2% () fr. £2)™ dB(g)

= [ @£ 157 dst) = (=807 (B £5)

< @B Bl [l f20"
This implies that
IS B < (@)= (B) ]|/

It is easy to see that (7%)®" is an L?T-representation. Hence, it follows from
[CHH] that (7% )®" is weakly contained in the regular representation Ag of G, and

(@)™ (B < IAa(B)]]-

We can now estimate ||[Ag(5)|| using the Kunze-Stein inequality, namely

18 fll2 < CF1IBNg 1fll2, € [1,2),

for every f € L?(G). This inequality was proved for Archimedean semisimple
groups by Cowling [Co2| and for non-Archimedean semisimple simply connected
groups by Veca [V]. Clearly, a product of Kunze-Stein groups is a Kunze-Stein
group. Indeed, if § is a product function, the estimate for its norm as a convolution
operator follows immediately by considering product functions f. Any 3 is the
L9(G)-norm limit of a sequence of product functions, and the estimate follows.
Hence every semisimple simply connected S-algebraic group satisfies the Kunze-
Stein inequality. This implies that

N (B)Il < Cyma(B)~H/2H0, 5 > 0,

and the and the desired norm estimate follows.

The second claim in Theorem 4.5, namely the stable mean ergodic theorem for
families B; is an immediate consequence of the previous inequality, since the implied
constant is uniform for all sets B (e). O

Remark 4.6. Assume that the component groups G, are simply connected. Then
Theorem 4.5 applies, in particular, to the actions listed below.
(i) G is a Kazhdan group, and (X, i) is any ergodic G-space.

(ii) X = G/T where G is an almost simple connected Lie group, and T is any
lattice.

(iii) X = G/T where T is an irreducible congruence subgroup in an S-arithmetic
lattice of a semisimple S-algebraic group (see Section 5 for notation). More-
over, the parameter p™ = p™(I') is then bounded above uniformly over all
congruence subgroups (namely property 7 holds).

(iv) X = G/T where G is a connected semisimple Lie group all of whose factors
are locally isomorphic to SLy(R), and T' is any irreducible lattice.

(v) X = G/T with G as in (ili) and T" any lattice commensurable with an
irreducible congruence lattice.

Verification of these claims depends on the fact that matrix coefficients of nontrivial

irreducible representations 7 of almost simple simply connected groups are in L”
for some p = p(7) (see [BW, Col, Ho, HM, Li, LZ, Oh]). This implies that L3(X)
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is an LP-representation for some p > 0 provided that it has strong spectral gap, i.e.,
no noncompact simple factor of G has almost invariant vectors. Hence, it remains
to check that in (ii)—(v), one has the strong spectral gap. Now (ii) follows from the
work of Borel and Garland [BG], (iii) follows from the work of Clozel [C]], (iv) was
recently proved by Kelmer and Sarnak [KS], and (v) follows from (iii) and [KM,
Lemma 3.1].

We now complete the proof of Theorems 4.1 and 4.4 following the recipe of §3.1.
Proof of Theorem 4.1. For v € Sy, the local heights are bi-invariant under a com-
pact open subgroups OV of G,,. For v € S, we set

O ={g9€Gy: Hv(pv(g;;tl) —id) < e}
Then the family of symmetric neighbourhoods
o.= [ orx ] 0
VES vESy

has local dimension d, which equals the real dimension of G,. Using that for every
xr1,T2 € an (KU),

Hy(w122) < Hy(21)Hy (2),
we deduce that for g, h € O, and b € B,

H(gbh) < H(g)H(b)H (h) < (1+¢)*5=IH(b) < (1 +&)*1%=IT.

Hence,

(4.5) B;f (E) =0.BrO, C B(1+5)2\SW|T.
Similarly,

(4.6) B/Z_—‘ (6) C B(1+8)—2\SOC|T

Now, if H, are constant on G, for v € S, then it is clear that the family {Be:}
is even Lipschitz admissible. Otherwise, the function ¢ — log vol(B,t) is uniformly
Holder (see [GN, Theorem 7.19] or [BO]), and it follows from (4.5) and (4.6) that
the family {Be:} is Holder admissible (and, in particular, Holder well-rounded).
Hence, combining Corollary 1.11 and Theorem 4.5, the result follows. (I

Proof of Theorem 4.4. Let O. = {g € G : d(g) < €}. It follows from the triangle
inequality that
Bjf(e) € Byt and B; (¢) D B;_..

If Soo # 0, then the function ¢ +— logmeg(B;) is uniformly Lipschitz by [GN,
Theorem 3.18]. Hence, the family By is Lipschitz well-rounded in this case, and in
fact Lipschitz admissible. Otherwise, the family B, is bi-invariant under a compact
open subgroup of G and, in particular, Lipschitz well-rounded as well.

In view of Corollary 1.11 (and Remark 1.10(2)), it remains to prove the quanti-
tative mean ergodic theorem for the uniform averages (3; along the sets B;. Namely,
we need to show that for every f € LZ(X),

(4.7) &y (B) fll2 <y me (B (VI HYD @ )y >0,

For J C S, weset Gy = [];c; G and G7 =];4; G;j. We observe that L?(X) =
> jcr My where H; are orthogonal closed G-invariant subspaces of L*(X) such
that every vector in H; is fixed by G; and there are no nonzero vectors fixed
by G;, j ¢ J. We note that the representation of G’ on ‘H; is LP*. Indeed, the
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representation of each G, j ¢ J, on H; is LP*, and every irreducible representation
of G’ appearing in the decomposition of H; is a tensor product of irreducible
representations of the factors.

For f € Hy and J # S,
7% e (B0 f (@) = —

ma(Bt) Jpy

ma, (B, e f(97 %) dmas(9) = (B + f)(2)

where §;(g) = mmgj (BJ’\/W)XBZI. By Theorem 4.5, for every ¢ € [1,2),
(4.8) 17 /e (Be) fll2 <q 18ell5 ™ P 1 f 112-
We have

1/q
1
(4.9) 1Bellq = ma(By) < - mGJ(BJ7\/W)q dme. (9)) .

Let
1 Jg_ o1 J
vy = thm n logmeg,(Bs:) and v’ = thm n logmgs (By).

This limits exist by [GN, Lemma 7.11]. We have

4.10 mea(Byi) <, e and  ma(B)) < e’ +mt
) n t n
for allp > 0and t > 0, and
_ J_
. ma (B J nd mg e
(4.11) (Bua) >y €770 and  me(B]) >, V7

for all n > 0 and t > t(n).
We claim that for n > 0 and ¢t > 0,

(4.12) - mea, (BJ7 tzfd(g)2)q dmgs(g) <, exp (( (qus)2 + (v7)2 + 77) t> ,
and for > 0 and ¢t > ¢(n),
113) [ e, (B, g dmas (@) 3 oxp ( (i @02 =) ).

To verify these claims, we need to consider two cases: when G” has at least one
Archimedean factor, and when G consists of non-Archimedean factors.

In the first case, we observe that the sets B/ are admissible by [GN, Theorem
3.18] and by [GN, Proposition 3.13], we have mgs = [;° m{ dt where m] be a
measure supported on S; = {g € G’ : d(g) = t}. Moreover, it follows from the
admissibility that

(4.14) m (S]) <, e’ Mt
for all n > 0 and ¢ > 0. Then by (4.10) and (4.14),

1
. ma, (BJ, t2_d(g)2)q dmg.(g) = /0 tmg, (BJ,tm)qmi]u(St{L) du

1
<y / texp((qusvV1 —u2 4+ v/u 4+ n)t) du

0

< exp (( (qus)? + (v7))2 + n) t)
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for every n > 0, where the last estimate is obtained by maximising the function
#(u) = qusV/1 — u2 +v”u. This proves (4.12). To prove the opposite inequality, we
note that

mi (S7) 3y "
for all n > 0 and ¢ > t(n) (see [GN, Proof of Theorem 3.18]). Taking a sufficiently
small neighbourhood U of the point ug € (0,1) of maximum of the function ¢, we
obtain

/BJ mGJ(BJ_’ tz_d(g)z)qdeJ(g) Z/(]tmGJ(Bt]’tm)qmgu(Si) du

>y o (i + @02 =) )

for every n > 0, which proves (4.13).
In the case when G7 is a product of non-Archimedean factors, we have

me, (B fm—age)’ dmai(9) = > ma, (B, i=ez) mar (S7,)-

BYJ
t w€l0,1]: m 45 (S7,)#0

Since |d(G”) N [0,t]| < t¢ for some d > 0 and ¢ > 1, the inequality (4.12) follows
from (4.10). Since the gaps between distances d(G*”) are uniformly bounded, there
exists u; € (0,1) such that S, # 0 and |u; — uo| = O(1/t). Since ug € (0,1), we
have |¢(u;) — ¢(ug)| = O(1/t). As in [GN, Lemma 7.11], when S; # ), we have

m?’ (S > (v’ =)t
for all n > 0 and t > ¢(n). Then

mGJ(B‘Lm)q dmgi(g) >, exp ((qvﬂ/ 1—u? 4 v u — 77) t)

> exp ((qum+vJuo —0(1/t) — n) t)

for every n > 0. This implies (4.13).
Since

By

mG(Bt) = BJ ma, (BJ’ t27d(g)2) de‘] (9)7

the estimates (4.12) and (4.13) imply that
1
V= tlirgo i logma(B;) = 1/ (vy)2 + (v7)2.

Setting r; = vy /v, we obtain

1/q
(BJmGJ<BJ, tzd@p)%mm(g)) <ve (o + @72 +0) )
<n mG(Bt)\/r3+q*2(l—T3)+n

for every n > 0.
Finally, it follows from (4.8) and (4.12) that

| TR e
17 r(Be) fll2 < mG(Bt)( SHA—/a)/ O flla, 1m0,
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Since this estimate holds for every ¢ € [1,2), the claim (4.7) follows. This completes
the proof of the theorem. ([

5. CONGRUENCE SUBGROUPS AND DENSITY HYPOTHESIS

Let G C GL,;, be a connected semisimple algebraic group defined over a number
field F. We fix a finite set .S of places of F' which contains all Archimedean places
Voo and the group G = [], .4 G(F,) is noncompact. Then I' = G(Os), where Og
is the ring of S-integers, is a lattice in G. Given an ideal a of Og, we introduce a
congruence subgroup

INa)={yel:vy=1 mod a}.

The height function H on G is defined as in (4.3) and By = {g € G : H(g) <
T}. If G is simply connected and F-simple, then property (7), established in full
generality by Clozel [Cl], shows that there exists p > 0 such that all representations
in L3(G/T(a)) as a varies are LP*-representations, with p* independent of a. Hence,
Theorem 4.1 immediately implies the following uniformity result in counting lattice
points, generalising [NS].

Theorem 5.1. Uniformity in counting over congruence groups. Keeping
the notation of the previous paragraph, if G is simply connected and F-simple, there
exists Ty > 0 such that for every vo € ', all ideals a of Og, and T > Ty,

VOI(BT)

r - H ™| = 21 1 9 1(Br) 1= (2ne(p)) ™ a/(atd)+n
[y €0T(@) = H) < TH = g2 o+ Oy (vol(Br) )
for every n > 0. Here the measure on G is normalised so that vol(G/T') =1, a is
the Hélder exponent for the family {Bet}, d =Y dim G(F,), and the implied

constant is independent of the ideal a.

vEVL

Let us now recall the following conjecture:

Conjecture 5.2 ([SX],[Sal]). For any semisimple algebraic Q-group G C GL,,, the
following upper bound holds, uniformly in N € N (for any fized choice of norm)

T+
0 €20 5 < TH =0, (gyepegy +T°°) 71> 0
"\[P@): T(d)]
where T'(N) are the principal congruence group mod N in G(Z), and
s log vol(Br)
a = limsup ————=.
Tﬂoop 1OgT

From Theorem 5.1, we obtain the following result :

Corollary 5.3. For any semisimple Q-simple algebraic group G C GL,,, and any
fixed choice of norm,

To+n
[[(1) : T(N)]
where 0 = (2n.(p))~!/ (1 + dim (G(R)/K)) and K is a mazimal compact subgroup

of G(R). Here N € N is arbitrary, and the implied constant is independent of N.
« 1is the rate of volume growth of the norm balls.

IHEHN%Hﬂ<TH=%( -”M”m407n>Q
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Proof. To deduce this corollary from Theorem 5.1, we consider the simply connected
cover 7 : G — G and note that 7(G(Z)) is commensurable to G(Z). Hence, without
loss of generality, we may assume that G is simply connected.

With respect to a suitable basis of R?, G is self-adjoint and there exists a maximal
compact subgroup K C G(R) such that K C SO,,,(R). We note that the estimate
in the theorem is independent of a choice of the norm. Hence, we may assume that
I -1 is a Euclidean norm with respect to the above basis. Then the sets {g € G(R) :
llgll < e'} are Lipschitz admissible (see [GN, Theorem 3.15]), and bi-K-invariant.
Hence, the corollary follows from Theorem 4.1 and Remarks 4.2(1),(4). O

Comparing Corollary 5.3 and Conjecture 5.2, let us note the following.

(1) The second term appearing in the estimate stated in Conjecture 5.2 is the
best possible, and is asserted only for the principal congruence groups. It
may fail if more general finite-index subgroups are admitted as demon-
strated by the construction of exceptional eigenvalues in [BS], [BLS]. Thus
the conjecture predicts a regularity property of the lattice point counting
problem satisfied specifically by principal congruence subgroups.

(2) The proof of Theorem 1.9 above can not produce the second term called
for in Conjecture 5.2, which is the square root of the volume of the ball.
Indeed, Theorem 1.9 will still yield an error term greater than the square
root of the volume even if the spectral gap is the largest possible, namely
all the representations occurring in L3(G(R)/T'(N)) are tempered. An error
term with this quality can be established only for a smooth weighted form
of the lattice point counting problem, see [NS]. On the upside, Theorem
5.1 actually gives an error estimate, uniform over all I'(\V) and their cosets,
namely a lower bound as well as an upper bound.

The cases where Conjecture 5.2 has been verified are the set of arithmetic lattices
in SLo(R) and SLy(C) [SX, Thm. 1]. Note that in those cases the conjecture was
established without assuming a spectral gap, and indeed was used to derive it, thus
giving an independent approach to uniform spectral gaps for congruence subgroups
[SX, Corollary 2].

An important application of Conjecture 5.2 is to the density hypothesis, which
bounds the multiplicities of the G(R)-representations occurring in L?(G(R)/I'(N))
(see [DG-W1][DG-W2] for a discussion of this problem). For an irreducible non-
trivial 7, we let pj; () denote the infimum over p > 2 such that the K-finite matrix
coefficients of 7 are in LP(G(R)). Let m(m, I'(N)) denote the multiplicity in which
7 occurs in L2(G(R)/T(N)). Consider the following “density hypothesis”:

Conjecture 5.4 ([SX], [Sa]). With notation as in Conjecture 5.2, assume that
G(Z) is cocompact. Then for allmp >0,

m(m,D(N)) = Oy ([D(1) : T(N)| /P40

When G has real rank one and I' is cocompact, the density hypothesis was shown
to follow from Conjecture 5.2 (see [SX]).

Remark 5.5. The method used in [SX] can be combined with Theorem 5.1 to give
an alternative proof of a result in [SX], which states that the estimate in Conjecture
5.4 holds with the power 2/pg () of [I'(1) : T'(IV)] replaced by a weaker estimate.
However, since Theorem 5.1 does not require the rank-one hypothesis, one expects
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that it can be used to establish a multiplicity bound in terms of an appropriate
power of [['(1) : I'(IV)] more generally, for groups of arbitrary rank.

6. RATIONAL POINTS, AND KUNZE-STEIN PHENOMENON ON ADELE GROUPS

Let F' be an algebraic number field. Keepint the notation from §4.1, we define
the height of an F-rational vector x = (z1,...,24) € F¢ by

H(z) = [ Ho(x),

veV
where the local heights H, are defined as in (4.1)—(4.2). For example, if F' = Q and
x € Q* - (x1,...,2q) where x1,...,24 € Z and ged(xy,...,24) = 1, then

H(z) = (Jz1]* + -+ + |xd|2)1/2.

The number of rational points with bounded height lying on a projective variety is
finite, and one of the fundamental problems in arithmetic geometry is to determine
its asymptotics (see, for instance, [Ts]).

Let G C GL,, be a semisimple algebraic group defined over F. Then the car-
dinality of the set {y € G(F) : H(y) < T} is finite, and we are interested in its
asymptotic as T — oo. The set G(F') embeds discretely in the group G(A) of adeles
as a subgroup of finite covolume, and the height H extends to G(A). We set

(6.1) Br={geG(A): H(g) <T}.
To state our main result, we note that it follows from [Cl] that provided G is simply

connected and F-simple, the representation ¢, qm) in L(G(A)/G(F)) is LP*
for some p > 0 (we will explain this in detail in the proof of Theorem 6.1 below).

Theorem 6.1. Assume that the group G is simply connected and F-simple. Then

mg(a)(Br)
maa)(G(A)/G(F))

for every n > 0, where a is the Holder exponent of the family {Bet} and d =
Z'UGV(X, dlmR G(Fv)

Remark 6.2. Let us note the following regarding Theorem 6.1 (compare with Re-
mark 4.2).

(1) If the height [,y H, is bi-invariant under a maximal compact subgroup
K, then d in the error estimate can be replaced by d — dimg K.

(2) If in addition the local heights H, are each bi-invariant under a special
maximal compact subgroup K, of G,, the error term in Theorem 6.1 can be

|G(F) N Br| =

+ 0y (mG(A) (Bp)'~(ne@) e/ (2d+2a>+n)

improved by replacing 2n.(p) by p, provided the e’ -spectrum is uniformly
bounded in the sense of [GN, §8.1].

(3) If G C GL,y, is self-adjoint (namely invariant under transpose) then the
family B.: are Lipschitz well-rounded. Indeed, this is clear when the height
Hvevw H, is constant on Go,. Otherwise, we have Lipschitz estimate at
the Archimedean places [GN, Proposition 7.5], and [GN, Theorem 3.15]
(or the argument in [GO2, Proposition 2.19(2)]) yield the desired Lipschitz
estimate. Then in Theorem 6.1, one can set a = 1.
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We note that the main term of the asymptotics of the number of rational points
on semisimple group varieties was computed in [STBT2] (using direct spectral ex-
pansion of the automorphic kernel) and in [GMO] (using mixing). However, as
noted in §1.3, these methods do not produce an error term of the same quality as
Theorem 6.1.

6.1. The structure of semisimple adele groups. The adele group G = G(A) is
defined as the direct product G = G, X G5, where Goo =[] Gy, and Gy is the

vEV

restricted direct product H;evf (G, K,) of the locally compact groups G(F,) w.r.t.
the compact open subgroups K, which for almost all v € V; satisfies K,, = G(O,)
(for a fixed integral model for G). Thus each element of the restricted direct product
Gy can be identified with a sequence (g,)vev;, such that g, € G(O,) for almost
every v € Vy, and G is a locally compact o-compact group. We recall that if we
choose Haar measures m,, on each G,, normalised so that m,(K,) = 1 for v € V},
and define the measure mg, via the construction of restricted product of measure
spaces, namely

/
<Gf’Hveva”’me> = Hvevf (Go, Kyymy),

then mg, is a Haar measure on Gy (see [Bl] and [Mo] for further details on this
construction). Haar measure on G = G, X Gy is then the direct product mg_ X
me.

Now assume that G is a semisimple simply connected algebraic group defined
over F'. We choose the family of subgroups K, so that an analogue of the Iwasawa
decomposition holds for G. Recall that by [Ti], for almost all v, G(O,) is hyperspe-
cial maximal compact subgroup of G,. For every v € V', we fix a maximal compact
subgroup K, of G, so that K, is special for all v € V; and K, = G(O,,) for almost
all v. Then for every v, the Iwasawa decomposition G,, = K, P, holds where P, is a
closed amenable subgroup given by P, = Z(K, )U(K,) where Z is the centraliser of
a suitable maximal F,-split torus in G, and U is the subgroup generated by positive
root groups (see [Ti] in the non-Archimedean case). Setting K = [], . K, and
P = H;eV(PmPU N K,), we have the Iwasawa decomposition G = KP for the
adele group. For g € G, we denote by p(g) the P-component of g with respect to
the Iwasawa decomposition. The element p(g) is well-defined modulo P N K, and
the modular function of P is constant on each coset of PN K.

6.2. Harish-Chandra function. The Harish-Chandra function is the K-bi-invariant
function on G defined by

Ea(g) = /KAP(;D(gk))‘”2 dk

where Ap is the modular function of P.

Z¢ plays fundamental role in analysis on semisimple groups over the adeles.
First, let us note that Z¢(g9) = [[,cyv Ea, (90), since Ap(p) = [[,cv AP, (po), K =
IL cv Ky, and Haar probability measure on K is the product of the Haar probability
measures on K, v € V. Second, note that the Cowling—Haagerup—Howe argument
[CHH], which is valid for every group with an Iwasawa decomposition (see [GN,
§5.1]), shows that matrix coefficients of K-finite vectors of a unitary representation
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7w which is weakly contained in the regular representation are estimated by

(6.2) (m(9)€,m) < /(dim (K€))(dim (Kn)) €]l 7] e (9)

Although the Harish-Chandra function for semisimple groups over local fields is in
L?t¢(G) for every € > 0, this is no longer the case for the group of adele points.
Instead, we have the following result.

Proposition 6.3. Integrability of the Harish Chandra function on adele
groups. Keeping the assumption and notation of the previous subsection, Zqg €
LA*E(Q) for every e > 0, where G = G(A).

Let us immediately note that for general simple groups over the adeles the ex-
ponent 4 is the best possible. In particular such groups do not satisfy the standard
Kunze-Stein inequality, which requires that the integrability exponent be equal to
2, but only a weaker version of it (see Theorem 6.6 below).

Proposition 6.4. Optimality of the integrability exponent. The exponent 4
in Proposition 6.3 is optimal for G = PGLs.

Proof. Let a, = diag(s,,1) where s, denotes the uniformiser of F,. We have the
Cartan decomposition
Gv = Kv {aﬁ}nzo Kv
and the decomposition for the Harish-Chandra function
E(g) = H Ev(gv)
veV
where Z,’s are the Harish-Chandra functions of G,’s. Using the estimates

Zo(a?) > c1g;™? and  vol(K,aK,) > coq”

with some c1,co > 0, we conclude that for p > 2,

/ =y dmy 21+ Z(Cfcz)q;pn/ﬂn > 1+ csq, */?
Gy

n>1

for some ¢ > 0. Since the Dedekind zeta function [], (1 — ¢, *)~! has a pole at
s =1, it follows that the product Hvevf Jo. B dm,, diverges when p < 4. O

Proof of Proposition 6.3. We have
Za(9) = [[ Ze.(90), 9= (90) €G.

veV
It is well-known that the local Harish-Chandra functions Z¢, are in L**¢(G,,) for
every ¢ > 0. Since Z¢, are all bounded by 1, it suffices to prove that for some finite
Vo C V containing the Archimedean places, the function [[, ¢, E¢, is in LP(G) for
p>4.

In the proof, we use the explicit description of Cartan decomposition over non-
Archimedean fields, which we now briefly recall (see [Ti] for details). Since K, can
be assume to be special, G, = K, Z(F,)K, where Z is the centraliser of a suitable
F,-split torus S in G. Moreover, for almost all v, G is split over an unramified
extension of F,, so that G, = K,S(F,)K,. We assume that this decomposition
holds for all v ¢ V. Let II, be the set of simple roots for S(F),) and

Si={s€S(F): [x(s)l > 1 for y € IL, }.
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Then we also have G, = K, S;" K,,. We will use the following basic bound for the
Harish-Chandra function:

(6.3) Za, (ay) < e Ap, (av)_1/2+5, a, €S}, e>0,

where Ap, is the modular function of the group P, (see [Si, Thm. 4.2.1]). It is
clear from the proof in [Si] that the constant c¢. > 0 can be chosen to be bounded
uniformly in v. We have

= I el

x€IL,

for some strictly positive integers n,,, € N. The Haar measure of the double coset
K,a,K, (subject to the usual normalisation mg, (K,) = 1 for v € V) satisfies the
bound

(6.4) ma, (Kya,Ky) < ¢Ap,(ay,) , where ¢ > 0 is independent of v.

Indeed, the estimate follows from the elementary proof of [Si, Theorem 4.1.1], which
also makes it plain that the constant ¢ is independent of v.
To prove the main estimate we combine (6.3) and (6.4), and for p > 4 we obtain:

| ZelorinG)= Y Zale)rme(Kak)
Gy

a, €K, \Go/ Ky

<14+ Z (cc®)Ap, (av)p(*1/2+6)+1
Ay GKU\GU/KU_K

<1+ > (ee®) | TI Ix@l

p(=1/2+e)+1

aveKv\G'u/Kv_Kv x€Il,
s1+ ST (e)g TR

i1yeyin €2y ,(i1,50eyip)£0
=1+40. ( 1/2+6)+1>

Since the Dedekind zeta function converges absolutely for s > 1, it also follows that
Zvevf q,® < oo. Hence, vazvo va Eg, dm, < 00, as required. O

Remark 6.5. Regarding the estimate (6.4), we note that an exact formula for the
measure of a double coset was established for split simply connected groups in
[Gr] as part of the discussion of the Satake transform. The fact that we may take
c=1 +3 4 g established in [STBT2, Lemma 6.11] for adjoint groups, but only as a
consequence of the computation of the integral of the local height function, which
is less elementary.

6.3. Analogue of the radial Kunze-Stein phenomenon on adele groups. To
complete the proof of Theorem 6.1 we need, according to our general recipe from
§3.1, to prove a stable quantitative mean ergodic theorem for the Haar-uniform
averages supported on the sets By. Our first step towards this goal is to establish a
version the radial Kunze—Stein inequality for adele group, which is of considerable
independent interest.
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Theorem 6.6. Let G be as in Theorem 6.1, and G = G(A). Let q € [1,4/3).
Then for every absolutely continuous bi-K-invariant probability measure B such
that ||8|lq < oo and f € L*(G),

18 flly < CallBllg 171l -

Proof. Using that G = G(A) has an Iwasawa decomposition, we can utilise Herz’
argument as presented by Cowling [Co3]. The only difference is that the Harish-
Chandra function Eg(4) is not in L**¢(G(A)), but in L**+2(G(A)), € > 0 (see Propo-
sition 6.3). Therefore, this argument works only for ¢ < 4/3, which is the exponent
dual to 4. O

We can now establish a mean ergodic theorem with a rate for adele groups, as
follows.

Corollary 6.7. Let G be as in Theorem 6.1, G = G(A), and Br be the balls
w.r.t. the height function. Let G act on a standard Borel probability space (X, 1)
and assume that the representation 7% of G on LE(X) is LPT for some 0 < p <
o0, or more generally, that (wg()@me is weakly contained in Ag. Then the stable
quantitative mean ergodic theorem holds in L?(X) for the Haar-uniform averages

B with the following estimate:

-1
S COma(Br) O f >0,
L2(X)

rx (Br)f — /X Jdp

Proof. As in the proof of Theorem 4.5, (7r9<)®n“ is an L?T-representation, and

7% (Br)|| < 1A (B

where A denotes the regular representation of G. }
Let By = KBrK and (r denote the uniform averages supported on Br. By
Theorem 6.6,

137+ fll2 < Coma (Br) == .
for every ¢ € [1,4/3) and f € L*(G). This implies that

H/\G(BT)H < Clme(Br) /4, p>0.

Since By C Bgr for some ¢ > 0, it follows from the volume estimate in [GMO,
Section 4.3] that mg(Br) < Cmg(Br). Hence,

(Bl < € [ralBr)|.

and the claim follows. O

Proof of Theorem 6.1. Every irreducible unitary representation 7 of G is unitarily
equivalent to a restricted tensor product ™ = ®; (my,1y). Here 7, is an irreducible
unitary representation of the local group G, (see [F]), and for almost all v € V,
the representation m, is spherical, namely the space of G(O,)-invariant vectors
has dimension one, with 1, denoting a unit vector invariant under G(O,). This
follows from [Mo, Lemma 6.3], the fact that =, is irreducible, and the fact that
(G(F,),G(0,)) is a Gelfand pair (see also [BC, p. 733]).
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It follows from the definition of the restricted tensor product (m,,1,) w.r.t. to
the G(O,)-invariant unit vectors 1, (see e.g. [Mo]), that there exists a canonical
injective equivariant unitary map

®n
!/ /
(@) — @i,
v v

According to [Cl], if 7 is weakly contained in L3(G(A)/G(F)), then the local
constituents m, are LP-representations for some uniform p independent of v. Then
for n > p/2 we have 7" C 00 - A\g,, and in particular 7™ is weakly contained in
the regular representation Ag,. Now according to [BC, Thm. 2], if o, is irreducible
and weakly contained in Ag, for each v, then @ (0, ¢y) (6 a G(O,)-invariant
unit vector) is weakly contained in Ag(s). The proof of this fact however makes no
use of the irreducibility assumption, and so is valid for o, = 72", ¢, = Y&" as
well. Hence

®mn
li /
e <® “”) C Q™" = Aa):
v v

Since this argument applies to every irreducible representation weakly contained in
L3(G(A)/G(F)), it follows that the n-th tensor power of L3(G(A)/G(F)) is weakly
contained in Ag(s)/g(r) as well.

To complete the proof of Theorem 6.1, we set O, = O x W where

02 ={g = (9v) € Goo : Hy(g5" —id) < &,v € Vi },

and W C Gy is a compact open subgroup such that the height H is W-bi-invariant.
Then O, has local dimension at most dim(Go). The family {B.:} is Holder well-
rounded with respect to the neighbourhoods O, (see [GO2, Proposition 2.19(2)]).
By Theorem 6.7, the stable quantitative mean ergodic theorem holds for the action
of G on L3(G(A)/G(F)). Therefore Theorem 6.1 follows from Theorem 1.9. O

7. ANGULAR DISTRIBUTION IN SYMMETRIC SPACES

7.1. Definitions, notations, and statements of results. Let G be a (non-
compact) connected semisimple Lie group with finite center. Consider the Cartan
decomposition

G=KATK

where K is a maximal compact subgroup in G, and AT is a closed positive Weyl
chamber in a Cartan subgroup A compatible with K. The A*-component in this
decomposition is unique, and the K-components of regular elements are unique
modulo M where M is the centraliser of A in K. An element g = kjaks is called
d-regular (for some 6 > 0) if the distance of a from the walls of the Weyl chamber
is at least §. Otherwise, the element is called §-singular.

We denote by d the Cartan-Killing metric on the symmetric space G/K and set
D;={geG: d(gK,K)<t}. For ®,¥ C K, we consider bisectors:

Dt(q),\lf) = {klakg : khed, ac A+, d(CLK, K) <t, ko€ \If}

We are interested in the distribution of lattice points with respect to bisectors. The
main term in this problem was investigated in [GO1] and [GOS2], but the issue of
rates in the asymptotic estimates was not addressed.
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We denote by D¢ the subset of §-singular elements of D;. It will be crucial that
most of the volume is concentrated in the interior of the Weyl chamber, i.e., there
exists (o > 0 such that for every § > 0,

(7.1) vol(D}) = Os.,, (vol(Dy) =+ ) | 5 >0,

Let us note that (7.7) below gives the precise value of (y in terms of the root
system of G. The lower order of magnitude of the volume of the neighbourhood
D? of the singular set is the main difference between the bisectors on Riemannian
symmetric spaces discussed in the present section, and bisectors in more general
affine symmetric spaces considered in Section 8.

We fix a base of neighbourhoods O, of identity in G with respect to a (right)
invariant Riemannian metric. A measurable subset ® of a homogeneous space of
K is called Lipschitz well-rounded if

vol (O NK)® — Nyeo.nxu®) <o €

for ¢ € (0,e1). For example, it is easy to check that balls with respect to an
invariant Riemannian metric are Lipschitz well-rounded. Note that this notion
does not depend on a choice of a Riemannian metric.

Theorem 7.1. Let T be a lattice in G such that the representation ﬂg/r in L(G/T)
is LPY for some p > 0, ® a Lipschitz well-rounded subset of K/M with positive
measure, and VU a Lipschitz well-rounded subset of M\K with positive measure.
Then
vol(Dy¢(®, ¥)) 1—

TNDy(®,0) = ——7"+0 (D) =<+ 0

| t( ) )‘ VOI(G/F) + ‘I”‘I’;W(VO< t) )7 n >0,
where ¢ = min{(p, (2n(p)) (1 + dim G)~1}. Moreover, this estimate is uniform
over all lattices such that the representation LE(G/T) is LPT and go(e,T') > o with
fized g9 > 0.

We also state a version of this theorem in the language of test-functions. Since
it is essentially equivalent to Theorem 7.1, we only give a proof of Theorem 7.1.
For an element g € G, we write its Cartan decomposition as g = k1(g)a(g)k2(g).

Theorem 7.2. Let I be a lattice in G such that the representation W%/F in L3(G/T)

is LPT for somep > 0, ¢1 a Lipschitz function on K/M , and ¢o a Lipschitz function
on M\K. Then

_ vol(Dy)
S rlla(1)oaka0)) =g ( o dk) ( [ dk)

~yel'NDy
+ O¢'17¢'2777(V01(Dt>1_c+n)v n >0,
where C is as in Theorem 7.1.

The proof of Theorem 7.1 is based on Theorem 1.9. According to the recipe of
§3.1, we must verify the spectral condition for the averages supported on D;(®, ¥),
and then show that they are Holder well-rounded. The spectral estimate is an
immediate consequence of Theorem 4.5. The main issue here is the regularity of
the sets, and we now undertake the task of showing that they are in fact Lipschitz
well-rounded.
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7.2. Quantitative wave front lemma. It was shown in [N3] that the components
of the Cartan decomposition G = KATK of regular elements vary continuously
under small perturbations. The proof is very simple and based on the proof of
the wave-front Lemma given in [EMM, Lemma 5.11] (see also [EM, Theorem 3.1]).
We apply this argument to show that the variation of the Cartan components is
Lipschitz. See also [GOS2] for a different argument.

For & > 0, we denote by A? the subset of AT consisting of elements with distance
> ¢ from the walls.

Proposition 7.3. Effective Cartan decomposition. Let 6 > 0. There exist
0,00 > 0 such that for every g = kiaks € KA°K and ¢ € (0,¢0),

0:90: C (Opye N K)k1 M (Opye N A)a ka(Opye N K).
Proof. Using that K is compact, it is easy to reduce the proof to showing that
aO. C (Opye NK)M (Opye N A)a (Oppe N K).
Since the proof of [EMM, Lemma 5.11] implies that
aOQ; C K (Oge NA)a K

for some £y > 0, it remains to analyse behaviour of the K-components.

Let P be the standard parabolic subgroup, i.e., P = MAU where M is the
centraliser of A in K and U is the subgroup generated by positive root subgroups.
There exists a real representation G — GL(V') such that for some vector e; € V, its
projective stabiliser is P [GJT, Theorem 4.29]. Without loss of generality, we may
assume that V' = (Gep). One can choose a Euclidean structure on V such that K
consists of orthogonal matrices, A consists of self-adjoint matrices, and |le1]| = 1.
We fix an orthonormal basis {e;} of eigenvectors of A. If ae; = e*18%e; for
A € Lie(A)*, then the weights of e;’s are of the form \ — «; where «; is a positive
linear combination of positive roots. In particular, it follows that for every a € AT,
laf = oz,

Let a € fl‘;, g € O, and ag = kibky for ki,ky € K and b € AT. We will show
that for some ¢ > 0, we have ||kie; — e1]| < cs and ||k;'e; — e1]| < ce. Since
PN K = M, this implies that k1 € (O N K)M and ks € M(Oy. N K) for some
c > 0, as required.

We have

(7.2) eMlogd) (ber,eq) = <k1_1agk2_161,61> < ||agk2_161||.
Writing gkglel = >, u;e; with u; € R, we get
||agk2_161|\2 _ 62/\(10g a) Z 672ai(10g a)uZZ < 62/\(log a) (U% + Z 6616u12>
i i>1
for some ¢; > 0. Since g € O,,

(7.3) lgks ter]|? <1+ coe
for some ¢y > 0, and
(7.4) lagks ter]|? < €28 (42 4 701 + cpe — u?)).

Since ||b]|? = |lag||?> > (1—c3¢)]al|? for some c3 > 0, it follows that e2X(Iegb)—2A(loga) >
1 — c3e. Hence, combining (7.2) and (7.4), we get

u 4 e (1 + coe —ul) > 1 — cae,
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and
1—cge — e 19(1 4 coe
ufz 3 7( 2).
1 —ecd

This shows that |u;| = 1+ Os(¢). Then by (7.3), ||gk; 'e1 — e1|| = Os(e). Since

g € O, it follows that ||k, e; — e1|| = Os(¢) as well.
The proof that ||kie; — e1]| = Os(e) is similar. O

Proposition 7.4. Let ® be a Lipschitz well-rounded subset of K/M with positive
measure and VU a Lipschitz well-rounded subset of M\K with positive measure.
Then for every 6 > 0, the family of sets

Df(‘I’, \I/) = {klakg : khed, ac 1215, d(CLK, K) <t ko€ \I’}
is Lipschitz well-rounded.

Before we start the proof, we recall some facts about volumes. The Haar mea-
sure in K A* K-coordinates is given by dk; £(a)da dky where dki, da, dky are Haar
measures on the components and

(7.5) £(a) = H (ea(loga) B e‘o‘(“’ga))

aext

(here ¥7 is the set of positive roots). We denote by 2p the sum of positive roots
with multiplicities. It is well-known that for every n > 0 and ¢, > 1,

(7.6) )t el < vol(Dy) < ¢, elatm?

where a = max{2p(loga) : a € A* N D;}.! We also set ap = max{2p(loga) : a €
walls(A*) N D1}. Since the balls are strictly convex, ag < a. Hence, using that
£(a) < €2r(029) we deduce from (7.6) that

(7.7) vol(D?) = Os., (vol(Dt)O‘O/a+") . n>0.

Proof of Proposition 7.4. By Proposition 7.3,
O.D)(®,0)0. C D 52°(@F,F) and (] uD{(®, ¥)v D D)% (D, ,¥))

u, €O,

where @1 = (0. NK)®, ¥ = V(0. NK), P- = Nyeo.nxu®, Y2 = Nyeco.nr Vu.

Hence, it remains to estimate
vol (D] 40°(@F, wF) - DJ*fer (@7, 97))
<ol (De(®2 — 87, W1)) 4 vol (Birfes(@f, w7 — v))
+vol (Difee - D*4er).

Since the sets ® and ¥ are Lipschitz well-rounded, the first and the second terms
are O (e vol(Dy42:)). We estimate the last term by

vol (Df;fgﬁ - ijggf) < vol (Dyy2e — Dy_sz) + vol (Df;fgf - [)fjfgg) .

I fact, the exact asymptotic is known, but we do not need it here.
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It was shown in [GN, Proposition 7.1] that the function ¢ — log vol(D;) is uniformly
locally Lipschitz. It follows from the formula for the Haar measure, (7.5) and (7.6)
that

vol (f)f;fgs - [?fjfgs) < etdm AT 100t o yol(Dys.).
We conclude that
vol (DI (@F, W) = DI*fe*(@7, 97 ) ) = O (e vol(Dysac))
Finally, the claim follows from (7.7) and the Lipschitz property of the function
t — log vol(Dy). O

Proof of Theorem 7.1. By Proposition 7.4, the family { D (®, ¥)} is Lipschitz well-
rounded, and by Theorem 4.5, the corresponding averages satisfy the stable quan-
titative mean ergodic theorem. Hence, by Theorem 1.9,

vol(DY(®, W)
vol(G/T)
where (1 = (2n.(p)) (1 + dim G)~!. Hence, by (7.7),

- (DY (®, ¥)) _
) TND(®. T) = VoL (™, =) 1(D,)1—¢1+n )
(7 8) | N t( ) )| VOl(G/F) + Oq’y‘l’ﬂ? (VO ( t) ) ) 77 > 0
It remains to estimate the number of lattice points in the singular set, namely
IT' N D{(®,¥)|. To that end, fix a symmetric neighbourhood O, of identity such

that T'N O? = {e}. Then

TN D@, v)) = + Oa g (vol(DY(@, W) =641) >0,

vol(O,D?)

I'NDY(P, V)| < —Z@t)
IT'ND;(®,¥)] < vol(0)

and by Proposition 7.3,
vol(O,D?) < vol(D o).
Hence, by (7.1) and the Lipschitz property of the function ¢ — log vol(D;),
(7.9) IT' N D} (®,T)| = O,y (vol(Dy)'~<0F7) .
Finally, combining (7.8) and (7.9), we deduce the claim. O

8. LATTICE POINTS ON AFFINE SYMMETRIC VARIETIES

In the present section we consider the lattice point counting problem in subsets
of a connected semisimple Lie group arising from sectors in affine symmetric spaces,
and give an explicit quantitative estimate of the error in all cases. This result gives
an explicit quantitative solution of the lattice point counting problem on G/H itself
whenever I' N H is co-compact in H.

We note also that our solution will be uniform over all subgroups of finite index in
the lattice, provided they all admit a uniform spectral gap, namely satisfy property
7. This uniformity property plays a crucial role in establishing the existence of
the right order of magnitude of almost prime points on the algebraic variety G/H,
provided G and H are defined over Q and T is the lattice of integral points. This
and other applications of the solution of the lattice point counting problem will be
elaborated elsewhere.
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8.1. Notation, definitions and statements of results. Throughout the present
section, we let G be a connected semisimple Lie group with finite center and H is
a closed symmetric subgroup of G (that is, the Lie algebra of H is the set of fixed
points of an involution o). Let K be a maximal compact subgroup compatible
with H (this means that the involution € corresponding to K commutes with o).
Let G°Y be the subgroup of fixed points of 06 and A a Cartan subgroup of G??
compatible with K N G?. The group A is equipped with a root system (for the
action of A on G°?). We fix a system of positive roots and denote by A+ a closed
positive Weyl chamber in A. Then we have the Cartan decomposition

G=KA"H.

We say that an element a € A is d-regular if the distance of a from the boundary
of AT is at least §, and regular if it -regular for some § > 0. More generally, an
element g € G is called é-regular if its A-component is d-regular. Note that the
A*-component of an element is uniquely defined, and the K- and H-components
of a regular element are uniquely defined modulo the subgroup M which is the
centraliser of A in K N H. We refer to [Sc, Ch. 7] and [HS, Part II] for basic facts
about affine symmetric spaces.

Let p : G — GL(V) be a representation of G, and vy € V be such that
Stabg(vg) = H. We fix a norm on V' and define

Si={g€G:log|gul <t} and B;={g€ G/H : log|guvol| <t}.
For sets ® ¢ K and ¥ C H, define
Sy (®,0) = S, N PATV.

We compute the asymptotics of the number of lattice points in S;(®, ¥). Our
argument is based on the effective version of the Cartan decomposition, which
draws on some arguments in [GOS2]. The main term in the asymptotic of lattice
points Sy (®, ¥) was also computed in [GOS2], but the problem of rates was not
addressed. As noted in §1.3, the method of mixing used there generally gives an
error term inferior to the one established below.

Theorem 8.1. Let I be a lattice in G such that the representation ﬂ%/r in LE(G/T)

is LP* for some p > 0. Let ® be Lipschitz well-rounded subset of K /M with positive
measure, and ¥ a bounded Lipschitz well-rounded subset of M\H with positive
measure. Then
vol(S; (P, 1)) -

I'NSy(P,0) = —— "> +0 1(Sy(®, W))t—¢+n 0

| t( s )‘ VOl(G/F) + @7‘1’,7](V0 ( t( ) )) )7 n >0,
where ¢ = (2n.(p)) 1 (1 + 3dim G) 1. Moreover, this estimate is uniform over all
lattices such that the representation LE(G/T) is LPT and o(e,T') > e with fized
g > 0.

Remark 8.2. Let us comment on the difference between Theorem 7.1 and Theorem
8.3. While the balls on symmetric spaces are defined with respect to the Cartan-
Killing metric, the ball in affine symmetric spaces are defined with respect to a
norm. In the later case, an analogue of estimate (7.1) fails, and we will need a
more elaborate argument to prove well-roundedness. As a result, while the family
D;(®,¥) in Riemannian symmetric spaces is shown to be Lipschitz well-rounded,
we can only show that the family S;(®, V) in affine symmetric spaces is Holder
well-rounded with exponent 1/3.
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Let T" be a lattice in G such that I' N H is cocompact in H. Then the orbit ['vg
is discrete. Given ® C K/M, we are interested in the effective asymptotic of

Tvg N {v € @Aty : log|v]| < t}.
Corollary 8.3. Let ® be a Lipschitz well-rounded subset of K/M with positive
measure. Then for By(®) = ®PATH N By,
vol(H/(HNT))
vol(G/T)

where ¢ s as in Theorem 8.1.

IDH N By(3)| = VOl(By(®)) 4 Og (vol(By(®))'~*7), 5 >0,

As noted already, the crucial step in the proof is to show that the family of sets
S¢(®,U) is Holder well-rounded.

Proposition 8.4. Let ® be a Lipschitz well-rounded subset of K/M with posi-
tive measure and ¥ a bounded Lipschitz well-rounded subset of M\ H with positive

measure. Then the family of sets Si(®, V) is Hélder well-rounded with exponent
1/3.

Remark 8.5. More generally, it will be clear from the proof that any family of
measurable subsets of S;(®, V) that contain all regular elements of Sy(®,¥) is
Holder well-rounded with exponent 1/3. This remark will be used below.

8.2. Holder well-roundedness of sector averages. In preparation for the proof
of Proposition 8.4, we note the following quantitative result on the Lipschitz prop-
erty of the Cartan decomposition, which is based on arguments appearing in [GOS2].
Let O, denote the e-neighbourhood of identity in G with respect to a (right) in-
variant Riemannian metric in G, so that O, - Oy, = O¢ 4e,.

Proposition 8.6. Letd € (0,1). There exist eg, g > 0 such that for every §-regular
a€ A ande € (0,e), we have
0:.a0, C (Oéoa N K) (Oéoe n A)CL (Ogog n H)
Moreover,
o> 6% and lp <672 asd — 0.
Proof. Tt was shown in [GOS2, Theorem 4.1], that there exist €g, ¢y > 0 such that
for every d-regular a € A and € € (0,¢p),
O.a C (Oeog n K)(Ogog N A)a(OgOE n H)

The estimates e > 62 and £y < 6~ as § — 01 can be extracted from the proof.
A straight-forward modification of the arguments in the proof in [GOS2, Theo-
rem 4.1] also gives that

a0 C (Ogye N K)(Opye N A)a(Op,e N H).
There exists ¢ > 0 such that for every € € (0,0/(2¢0 + 1)),
0:a0. C (Oge N K)(Opye N A)a(Op,e NH) - O,
C (Opye N K)aO(209+1)e
C (Opye N K)(Ogy200+1)e V) ( Oy (2004+1)e N A)a(Ogy200+1)e NV H)
C (Oup(200+2) N K)(Ory (209411 N A)a(Oyy 20011y N H).
This implies the proposition. (]
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Fix a positive Weyl chamber A in A for the action of A on G. Note that this
Weyl chamber is smaller than AT, and A7 is finite union of chambers of the form
ATt Let Z denote the centraliser of A in G, and U™ and U™ are expanding and
contracting subgroups corresponding to AT+,

Proposition 8.7. There exist ¢,gq9 > 0 such that for everya € AT ande € (0,¢p),
0.a0. C (U NOL)NZNO)a(UT NO).

Proof. Since the product map U~ x Z x UT — @ is a diffeomorphism in a neigh-
bourhood of identity, there exist cg, 0 > 0 such that for every € € (0,¢q),

O: C (U™ NOe)(ZNOeye)(UT N Opye).

There exist c1,e1 > 0 such that for every a € AT and € € (0,¢1),
aH(UTNO)ac (UTNO,,.),
a(U"N0Oa™ ' ¢ (U NO.).

Hence, it follows that

0.a0. C (U™ NOue)a-a N ZNOue) (U NOpe)a- O,
C (U™ NOche)a - Oeycoteoti)e

and
a-0.CalU NO,)ZNOpe)at - a(UTNO,.)
C (U™ N O e )(Z N Oye)a(UT N Opye).
Now the proposition follows from the last two estimates. (Il

Proof of Proposition 8.4. Let €,6,¢ > 0 be such that for every d-regular a € A,
0.a0. C (Ogg N K)(Ogg n A)CL(O@E n H)

By Proposition 8.6, for every small £ > 0, such § and ¢ exist, and we have

(8.1) §=0(Y?) and =0("2/3).
Let S?(®, ¥) denote the subset of -singular elements of S;(®, ¥). We claim that
(8.2) vol (082 (®, 1)O,) < /3 vol(S(®, ¥)).

Decomposing AT into a union of the Weyl chambers AT, it suffices to prove this
estimate for a subset of S?(®, W) with A-component contained in A**. Let A be
the subset of Sy N AT consisting of §-singular elements. There exists ¢ = ¢(®) > 0
such that

SY(®, )N KATTH C A9, V.

Let k1,...,kr € ® be an e-net in ® C K/M such that I = O(g~(dim K=dimM)) 55,4
hi,...,hy € H an e-net in MV such that J = O(¢~ 4™ H) Then for some ¢; > 0,
O, - (AL, 0) - O C | JOochi A 1jOse C | JhiOcre AT, O, chy.

i,j ,J
Hence,
(8.3) vol(O: - (®AY, V) - O.) < ITvol(Op, AL, O, ).
By Proposition 8.7, for some ¢y > 0,
061€A§+c0615 C (Uﬁ N 0626)(2 N OC2€)A;§+C(U+ N 0028)'
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Since Z is reductive and A lies in the center of Z, there exist a local Lie subgroup
Z' complementary to A and for some c3 > 0,

(ZNOpye) CT(Z' N Oye)(AN Opye).
Therefore, for some ¢4 > 0,
Ocie A Ocre © (U™ N Oce)(Z' N O ) ATLET(UF N Ocye).
The Haar measure on G with respect to U~ Z’ AU -coordinates is given by
det(Ad(a)|y+)du~dz'dadu™.

Therefore,

VOI(OmsAf-&-cch) < sdimU_erim Z'tdimU / det(Ad(a)|U+) da.

d+c3e
At+c4

The last integral was estimated in [GOS2, Proposition 3.22] (see also [GOS2, Propo-
sition 3.8]). We have

/(s+ det(Ad(a)|y+) da < (0 + cze) vol(Sy (P, ¥)).
altess
Hence,

VOl(Opye AV, (Ocye) < (8 + £)etmE—dimA vl (G, (@, ).
Since

—(dim G—dim A)

1J < E—(dimK+dimH—dimM) —¢

we deduce from (8.3) that
vol(0.82(®, W)O,) < (5 + ) vol(Sy(®, ¥)) < /3 vol(S,(®, ¥)),
as claimed.
Let S{(®,¥) denote the subset of §-regular elements in Sy (®, ¥). Since ® and
U are bounded, it follows from Proposition 8.6 that there exists ¢ > 0 such that for
every kah € SP(®, V),
O:kahO. C kOeeaOpch C k(K N Opee) (AN Opee)a(H N Opee )b
C (K N O[cza)k(A N Ogcg)ah(H n Oécza)-
Using that for some ¢; > 0 we have O.S; C Sitc,e, we deduce from the previous
estimate that

OS50 (2, 0)0. C 8750 (K N O )@, W(H N Ope2.)).

Then by the uniqueness properties of the Cartan decomposition,
(84)  O.5(®,0)0. — S(®, U) CSyyae,t02((K N Oz )® — &, U(H N Opeac))
U (Strac,ee2e (@, ¥) — Si (P, V)
U Sitaciec2e (@, U(H N Opeze) — ).
With respect to the Cartan decomposition G = K A' H, the Haar measure on G is

given by dk &(a)da dh where dk, da,dh are Haar measures on the components, and
¢ is an explicit continuous function. There exists co > 0 such that

St+201€c25 ((K N OZCQE)(I) - (I), \IJ(H N Ofc%))
C((K N Opel)® — ®) (Spiey N A U(H N Opeay).
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Hence, it follows that
VOI(StJchlZcQE ((K N Olc25)¢) - (Dv W(H N 05026)))

< vol (K N Ope2. )P — D) / &(a)da
StyeyNAF
< (L) vol(S(®, W) < /3 vol(Syye, (P, W)
for some cg > 0, where we used (8.1). Similarly,
VOl(Si e, 0022 (®, U(H N Opea.) — W) < /3 v0l(Sy s, (P, V).
We will use the Lipschitz property of the function ¢(t) flogH kal|<t ¢(a)da: for
sufficiently large ¢ and € € (0, 1),

Pt +e) — () <eo(t)
uniformly on k. This property can be proved using the argument from [EMS,
Appendix] — see [GN, Proposition 7.3]. We obtain

VOI(St—&-chEch((pa \Ij) - St(q)a \Ij))

<</ </ §(a)da> dk
K/M t<log || kavo || <t+2c1lc?e

<<zg / ¢(a)da | dk < /3 vol(Sy(®, ¥)).
K/M log ||kavo || <t

Now it follows from (8.4) that
vol(O0.52(®, )0, — Sy(®, ) < '3 vol(Sy(P, ¥)).
Combining this estimate with (8.2), we deduce that
vol(O. 8 (P, W)O, — Sy(®, V) < /3 vol(S (P, ¥)).
Similarly, one shows that
vol (Sy(®, ¥) — Ny ueo. St(®, T)) < /3 vol(S (2, T)).
Hence, the sets S(®, ¥) are Holder well-rounded with exponent 1/3. O

8.3. Completion of the proofs. We now turn to complete the proofs of the
results stated in §8.1.

Proof of Theorem 8.1. By Proposition 8.4, the sets Sy (®, V) are Hélder well-rounded
with exponent 1/3, and by Theorem 4.5, the uniform averages supported on S;(®, ¥)
satisfy the stable quantitative mean ergodic theorem. Hence, the Theorem 8.1 is a
consequence of Theorem 1.9. O

Proof of Corollary 8.3. Let d be a right-invariant Riemannian metric on M\ H and
xo € M\ H with trivial (I' N H)-stabiliser. Define

D, ={re M\H : d(z,z0) < d(z,z¢97) +r foryeT NH}.

The set Dy is the Dirichlet domain for the right (I' N H)-action on H. Since
H/(T' N H) is compact, Dy is compact, and it can be defined by finitely many
inequalities:

Do ={rx € M\H : d(z,z0) < d(z,z¢7y;) fori=1,...,k}.
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Note that Dy satisfies
Dol' = M\H and int(Dg)y1 Nint(Dy)ye =0 for 41 # 7a.

We choose a measurable fundamental domain D for the (I' N H)-action on M\H
such that int(Dy) € D C Dy. Note that the map KAT/M — G/H is one-to-
one on the set of regular elements. Let ¥ be a measurable section of the map
KAY/M — G/H which contains all regular elements.

We set

T,(®, D) = S,(®, H) N S(D).

We claim that

(8.5) ITH N By(®)] = [T N T,(®, D)

Clearly, for g € T;(®,D), we have gH € B(®), and every x € 'H N B(®) is of
the form vH for some v € I' N T3(®, H). Moreover, since H = D(H NT), we can
choose v € T' N Ty(®,D). Hence, it remains to show that if vy H = o H for some
v1,72 € T NTy (P, D), then v = 2. We have v; = w;h; € ED. Tt follows from the
definition of ¥ that w; = ws. Hence, hy = hg(")/z_l’}/l), and because h1, hy are both
in the fundamental domain D, we conclude that hy = ho.

Next, we show that the sets T;(®,D) are Holder well-rounded with exponent
1/3. By Proposition 8.4 (see also Remark 8.5), it remains to check that the set D
is Lipschitz well-rounded, namely, satisfies

vol (D(Og n H) — mueosmHDU) <L e

For v # e, the function f,(z) = d(x,x¢) — d(x, z¢7) is regular on {f, = 0}. Hence,
for a compact set Q C H,

(8.6) vol({x € Q: —e < fy(z) <e}) <qe.
Also, for h e O. N H,

|fy(xh) = fy(2)] < e
uniformly on z in compact sets. This implies that for some ¢ > 0,

D(O.NH)—Nyeo.nuaDu C Do(Ogy NH) N (Dee — D_ce)

CJ{h € Do(O-, NH) : —ce < f,,(h) < ce},
i=1
Hence, it follows from (8.6) that the set S is Lipschitz well-rounded. Then by
Proposition 8.4, the sets T3 (®, D) are Holder well-rounded with exponent 1/3. Now
the corollary follows from (8.5) and Theorem 8.1. O
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