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By

JENS MARKLOF AND MATTHEW WELSH

Abstract. Theta sums are finite exponential sums with a quadratic form in
the oscillatory phase. This paper establishes new upper bounds for theta sums in
the case of smooth and box truncations. This generalises a classic 1977 result of
Fiedler, Jurkat and Korner for one-variable theta sums and, in the multi-variable
case, improves previous estimates obtained by Cosentino and Flaminio in 2015.
Key steps in our approach are the automorphic representation of theta functions
and their growth in the cusps of the underlying homogeneous space.
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2 J. MARKLOF AND M. WELSH

1 Introduction

Consider the exponential sum

(1.1) oM, X, x, )= > (M~ (m +x))e<;mX’m+mfy),
meZ"
where f : R” — R is a rapidly decaying cut-off function, M € R.y, X a real
symmetric n X n matrix, and x,y € R” (represented as row vectors). We also use
the shorthand e(z) = e>*=.
We refer to 0 as a theta sum. If, for example, f(x) = exp(—nxP 5c) for some
positive definite matrix P, we obtain the classical Siegel theta series

(1.2) oM, X, 0,y)= > e(;mZtm+m57),
meln

with Z = X +iY and Y = M~—2P. If, on the other hand, f = x3 1s the characteristic
function of a bounded set B C R”, we have the finite sum

(1.3) oM Xx, 0= Y e(lmxﬁn+m5v).

meZ"N(MB—x)

In this case we will also use the notation 6y = 0.

The following theorem, which is our first main result, gives an upper bound on
the values of theta sums in the limit of large M, when the truncation function is in
the class of complex-valued Schwartz functions S(R") .

Theorem 1.1. Fix f € S(R") and let v : [0, 00) — [1, 00) be an increasing
function such that the series

(1.4) > w2

k>0

nxn
sym

converges. Then there exists a subset X(y) C R
that for M > 1, X € X(y), x,y € R" we have

of full Lebesgue measure such

(1.5) Or(M, X, x,y) = Opx(M? y(log M).
The implied constants in (1.5) are independent of M, x andy.

This theorem follows from a geometric representation of &y as an automorphic
function and an application of a dynamical Borel-Cantelli lemma for flows on
homogeneous spaces, Theorem 1.7 in [8]. The special case of Theorem 1.1 for
general smooth theta sums in one variable was considered in [14].
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Upper bounds for smooth multi-variable theta sums, with an additional linear
average in X, have played an important role in understanding the value distribution
of quadratic forms; see, for example, the work of Go6tze [6], Buterus, Gotze, Hille
and Margulis [1] and the first-named author [12, 13].

The second main result of this paper deals with the subtler case when f is
the characteristic function of a rectangular box B. In this setting Cosentino and
Flaminio [3] established the bound

(1.6) 05 (M, X, 0,y) = Ox.(M? (log MY"* <)

for the unit cube B = [0, 1]”, any € > 0 and almost every X. The following
theorem improves on this by a factor of (logM)" and produces a uniform bound
for rectangular boxes of the form B = (0, b;) x - - - x (0, b,,), with b; € R. ¢ ranging
over compacta.

Theorem 1.2. Fix a compact subset X C R, and choose y as in Theo-
rem 1.1. Then there exists a subset X(y) C RN of full Lebesgue measure such
that

(1.7) O5(M, X, x,y) = Ox(M? y(log M))

JorallM > 1,b = (by,...,b,) € K, X € X(y), x,y € R". The implied constants
are independent of M, b, x and y.

To compare this with the bound obtained in [3], note that y/(7) = ta2*€ gatis-
fies (1.4) and thus the resulting bound (1.7) indeed improves (1.6) by a factor of
(log M)". The paper [3] also established the stronger bound

(1.8) O5(M, X, x,y) = Ox(M?)

for “bounded-type” X that are badly approximable by rationals (these form a set
of measure zero), and weaker bounds for X that satisfy more relaxed Diophantine
conditions. These same bounds can also be obtained from our techniques, but with
no further improvements.

In the case n = 1 our estimate (1.7) matches the optimal results found by
Fiedler, Jurkat and Korner [5]. For n > 1, obtaining the lower bounds (which
follow from the harder part of the Borel-Cantelli lemma) is more subtle, and we
hope to develop an approach to this elsewhere.

The bounds for the theta sum in (1.2) and (1.5) are uniform in the shift x and
the linear phase y. In forthcoming work [15] we will consider improved bounds
valid for almost all (X, x,y) C ngxr;' x R" x R”", generalising the results for n = 1
found in [4].
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This paper is organised as follows. We begin in Section 2 by recalling some
basic facts about the Heisenberg group and symplectic group Sp(n, R) as well as
their semi-direct product, the Jacobi group, including the Iwasawa decomposition,
Haar measure, and parabolic subgroups. We then review the Schrodinger and
Segal-Shale—Weil representations of the Heisenberg and symplectic group, re-
spectively. Following the method of [11], these representations are used to define
theta functions in Section 4.

The theta functions satisfy an automorphy condition on a certain, morally-
speaking discrete subgroup of the Jacobi group. This subgroup is discussed in
Section 3. Its projection to the symplectic group is just the integral symplectic
group Sp(n, Z). The bulk of Section 3 concerns a fundamental domain (a slight
modification of Siegel’s classic fundamental domain [18] based on the work of [7])
and its properties.

In Section 4 we define the theta functions and state their automorphy properties
before analysing their asymptotic behaviour. While for the proof of Theorems
1.1 and 1.2 we only need the upper bound contained in Corollary 4.5, the full
asymptotics contained in Theorem 4.4 may be of independent interest. The proof
of Theorem 4.4 combines the properties of the fundamental domain constructed in
Section 3 and basic estimates for sums over integers together with the Langlands
decompositions of the maximal parabolic subgroups of the symplectic group.

We prove Theorems 1.1 and 1.2 in Section 5. Apart from the upper bound
in Corollary 4.5, our method relies on upper bounds for the measure of rapidly
diverging orbits under a particular one-parameter diagonal action in the symplectic
group as well as (for Theorem 1.2) a resolution of the singular cut-off function
in (1.3) using an n-parameter diagonal action. The estimates for the first part are
largely based on the easy part of the proof of Theorem 1.7 in [8], which is also a
main input into the method in [3]. The complications arising from the n-parameter
flow however prevent a straightforward application of this theorem, so we instead
proceed more directly with a self-contained proof.

2 Heisenberg, symplectic, and Jacobi groups

We define the (2n + 1)-dimensional Heisenberg group H to be the set R* x R” x R
with multiplication given by

1
2.1) ey, )2, y2,0) = (xl X2, y1+y2, i+t (0 xX) — x| 5’2))-
The rank n symplectic group G = Sp(n, R) is defined by
(2.2) G={geGL2n,R):gJo'g = Jo},
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where

0 -1
(2.3) Jo = <I 0 )

with I the n x n identity matrix. We have the alternative characterization

A B
{( ):A’B:B’A, C’D:D’C,A’D—B’C:I}.

(2.4) G .

The group G acts by on H via

2.5) (x,y,1)  =(xA+yC,xB+yD, 1)
where
A B
2.6 = .
(2.6) 8 ( c D)

Since g preserves the symplectic form Jy used to define the multiplication (2.1),
this action is by automorphisms, i.e., (h1h)8 = hfhﬁ. We define the semi-direct
product group H x G, called the Jacobi group, to be the set of all (k, g), h € G and
g € G, with multiplication given by

-1
(2.7) (h1, g)(ha, g2) = (K5, g182).

2.1 Iwasawa decomposition and Haar measure. The intersection
K=GNO(2n) is a maximal compact subgroup of G and

R —1
28 05 KO) = < e(Q) m(Q))

Im(Q) Re(Q)

defines an isomorphism from the unitary group U(n) to K. The Iwasawa decom-
position of G with respect to K implies that any g € G can be written uniquely
as

A B I X\ [y o0
29) gz(c D>=<0 1) <0 fY—é> HQ)

where X and Y are symmetric, Y is positive definite, and Q € U(n). Here we
have chosen Y2 to be upper-triangular with positive diagonal entries, and we often
further decompose Y = UV 'U with U upper-triangular unipotent and V positive
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diagonal. We also note that YV’ ~2is always interpreted as (Yé)_l, not (Y _1)5. We
make frequent use of the following expressions for the X, Y, and Q coordinates:
Y=(C'C+DD)!,
(2.10) X=(A'C+BD)C'C+DD)!,
0= (C'C+DD)"2(D+iC),
where as before (C'C+D D)2 is chosen to be upper-triangular with positive diagonal
entries.

The Haar measure on G can be easily expressed in terms of the Iwasawa
decomposition. For

I X\ (Uv: 0
(2.11) g—<0 I)( 0 fU—‘V—5>k(Q)’

the Haar measure u on G is given by
@1 au@=( T o) ( T aw)( IT 07" e )ao.
1<i<j<n 1<i<j<n 1<j<n

Here dQ denotes the Haar measure on U(n) and dx;;, du;;, dv;; are respectively the
Lebesgue measures on the entries of X, U, V.

We note that if g = (‘é 5) with D invertible, then we can write

I BD'\ (D! 0O I 0
(2.13) g=<0 I )(0 D) <D—1C 1)'

Therefore the set of g € G having the form

I x\[(a o\/[I o
(2.14) g=<0 1) <0 ’A‘1> <T 1)

for X, T symmetric and A € GL(#n, R) is open and dense in G. We claim that in
these coordinates we have, up to multiplication by a positive constant,

(2.15) dp(g) = (detA)™! < II dx]> < II dal-j> < II dr,-j) :
i<j i,j i<j

where dx;;, da;;, dt;; are the Lebesgue measure on the entries of X, A, T.
To verify (2.15) up to a positive constant it suffices to check that the right
side is invariant under left multiplication by generators of G. The invariance
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under matrices ((I) )gl) with X; symmetric is obvious, and the invariance under
. A 0
matrices (°, -1 ) follows from
1

A 0\ (I x\ (A o0 I AXA)\ (A4 0
(2.16) D 1| = g1 11
0 art)\o 1)\o @ 0 I 0 “Arla

and that the replacements X < A7T'XA7!, A < A['A change

(2.17) [[dx; <« detAp™ ' [[dxy, [[day « (detAp™ ] day.

i<j i<j i i

To verify the invariance under (9 o) we may restrict further to the set of g of the
form (2.14) with X invertible, as this is still an open, dense set. We then have

0 —I\ (I X\[A O I 0

I 0 0 1 0 A ') \1 1
(1 =x7"\ (x7'A 0 1 0
“\o I 0 xA')\T+ax'a 1]’

The invariance then follows from the fact that the replacement X < X~! changes

(2.18)

(2.19) [T dxj < (detx)™ '] duxy.

i<j i<j

2.2 Parabolic subgroups. We recall that conjugacy classes of parabolic
subgroups of G are in bijection with subsets of the n positive simple roots; see, for
example, Section 4.5.3 of [19]. Here we make the choice of positive simple roots

ay,...,o, where,forl <1 < n,
A O _

(2.20) 061 (0 A_1> = aaj;;
and
(2.21) ay (O A‘1> =a,.
Here

ag 0
(2.22) A= :

0 a,

is positive diagonal. See, for example, Section 5.1 of [19].
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The parabolic corresponding to a subset L C {a1, ..., a,} is given by
(2.23) P =N () Z(ker(a))
ael

where Z(ker(a)) is the centraliser in G of the kernel of the root o and

U X'\ . : .
(224) N= 0o -t ) U upper triangular unipotent, X symmetric ;.
The maximal parabolic subgroups correspond to subsets L of size n — 1 and we
denote them by P;, 1 < [ < n corresponding to root a; not in the set L. For
1 <[ < n, we write an arbitrary element of P; as

I R[ Tl — Sl tRl Sl a[I 0 0 0 Ul 0 0 0
0 I S 0 O 7 0 O 0 A 0 B
(2.25) : o QT
0 0 I oflo o0 a1 0f]O0 0 ‘U O
0 0 —'R, 1 0O 0 o0 I 0 G 0 D

where R; and S; are [ x (n — [) matrices, T; is [ x [ symmetric, a; > 0, U; € GL(I, R)
with detU; = £1, and g; = (éﬁ gll) € Sp(n — [, R). For [ = n, we write an arbitrary
element of P, as

(2.26) [T (aad 0 (U O
o 1)\o «)\o w,

where T, is n X n symmetric, a, > 0, and U, € GL(n, R) with detU,, = £=1. The
factorizations (2.25), (2.26) are in fact the Langlands decompositions of P;, P,,
which write an arbitrary element of the parabolic subgroup as a product of elements
of a nilpotent subgroup, a diagonal subgroup, and a semi-simple subgroup. For
general considersations regarding the Langlands decomposition, see Section 7.7 of
[10]. The authors’ lecture notes [ 16] contain explicit calculations for the symplectic
group G along these lines.

2.3 Schrodinger and Segal-Shale—Weil representations. The
Schrédinger representation W of H acts on L?>(R") by the unitary transformations

1
(2.27) W(x, y, 0f (xo) = e( — 1+ xh+x ’y) f(xo + ).

We remark that this definition of the Schrédinger representation differs slightly
from the conventional one; they are of course unitarily equivalent.
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Given g € G, we obtain another representation Wé of H by Wé(h) = W(h8).
By the Stone—von Neumann theorem, there exist unitary operators R(g) on L>(R")
such that

(2.28) W¢ = R(g)"'WR(g).

The relation (2.28) actually defines R(g) up to a scalar multiple. Regardless of the
choice of this scalar (which we make below), we have

(2.29) R(g182) = p(g1, g2)R(g1)R(g2)

for a nontrivial, unitary cocycle p : G x G — C. Thus R defines a projective
representation of G, which is called the Segal-Shale—Weil representation. The
projective representation R can be extended to a true representation of the meta-
plectic group—the simply connected double cover of G, but we do not make use
of this construction.

The following proposition gives expressions for R(g) for certain g and on a
dense subset of L>(R"). In particular, the proposition makes precise the choice of
scalar multiple in our definition of R.

Proposition 2.1. Let f € S(R"). Then for

(2.30) ¢= (ﬁ tAﬂ) ,
we have
(2.31) R(g)f(x) = | detA|? e(;xA ‘B 'x) f(xA),
and for
I 00 O
0 0 0 —I1
(2.32) g=J= o071 ol
0171 0 O
with square blocks of size I, n — I, I, and n — [ along the diagonal, 0 < | < n, we
have
(233) RE@ = [ oy e 5y

with x = (x(l) x(2)). Moreover, for g of the form (2.30) and any g’ € G, we have
p(g, &) =pg,8 =1
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This proposition is a summary of various calculations found in [11]. The
forthcoming lecture notes by the authors [16] will give self-contained proofs.
We remark that together with the Bruhat decomposition

(2.34) G= |J PP,

0<I<n

where P, is the maximal parabolic subgroup (2.26), Proposition 2.1 allows one to
compute R(g) for any g € G. For example, for

A B 1 Ac\ (0o =1\ [(c D
(2:35) gz(c D>:<O I )(1 0)(0 fc—1>

with C invertible, we have

C 1 1
(2.36) R(g)f(x):|detC|_Ze(2xAC_lfx) /R”f(y)e(zyc—lDy—xfc—ly)dy.

3 The subgroups I' and I'

We denote by I the discrete subgroup I' = Sp(n, Z) C G. For

A B
3.1) y = (c D) er,

we seth, = (r, s, 0) € H where the entries or r are 0 or é depending on whether the
corresponding diagonal entry of C’D is even or odd, and the entries of s are 0 or ;
depending on whether the corresponding diagonal entry of AB is even or odd. We
now define the group I' ¢ H x G by

(3.2) f={((m,n,t)hy, NeHxG:yel,meZ" ,neZ",t eR}.

We note that this is a subgroup of G because, modulo left multiplication by elements
(m,n,t) e Hwithm,n € Z"andt € R, we have b, ,, = hylhgl forany yi, y, € I
Indeed, we have that 2r and 2s, where h,,, = (r, s, 0), have the same parity as the
diagonal entries of

(3.3) (Ci1A2 + D C2)'(C1By + D1 D)
and

3.4) (A1A2 + B1D;)'(A1B, + B1Dy),
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which, in view of A, ‘D> — B, 'C, = I, have the same parity as the diagonal entries
of

(35) C1A2 th tC] + D1C2 tDz tD] + C] tDl
and
(36) A]AzthtAl +31C2tD2tBl +A1tBl.

On the other hand, we have
(37) h},lhggl = (r1 +r2’D1 —sthI,sl —rztBl +S2tA1, *),

where y,, = (r;,s;,0). The entries of two times the vectors on the right of (3.7)
have the same parity as the diagonal entries of (3.5) and (3.6), as claimed.
We say that a closed set D C G is a fundamental domain for I'\G if
(1) for all g € G there exists y € I' such that yg € D, and
(2) iffor g € D thereis anon-identity y € I" suchthat yg € D, then g is contained

in the boundary of D.
Following Siegel [18], we define D to be the set of all
I X\ (y: o0
3.8 = ki G
w0
such that

(1) |det(C(X +iY)+ D)| > 1 forall (4 By e T,
(2) Y € D, a fundamental domain for the action of GL(n, Z) on n x n positive
symmetric matrices, and
3) |xl < %, where x;; are the entries of X.
We note that since (2.10) implies that

(3.9) Y(yg) =(C(X —iY)+ D)~ 'Y(C(X +iY) + D)7},

the first condition implies that for g € D, |det(Y(g))| > | det(Y(yg))| forall y € T.
We also note that Siegel chooses D’ to be the set of positive definite symmetric ¥
such that Y~! is in Minkowski’s classical fundamental domain. However, here we
choose D’ to be the set of Y such that Y~! is in Grenier’s fundamental domain;
see [7] and [19].

Following [7] and [19], we define D’ = D, recursively as follows. We set
Dy ={y> 0} and

1 0\/1 o 1
(3.10) D)= SR P+ > 1, 0<u< ., 00> 00,
0 1)\0 w)\rn 1 02 2
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the standard fundamental domain for GL(2, Z). For n > 2 we define D/, to be the
set of

(1 m) [ O\ (1 O
=66 )6

such that
(1) v =0,(Y) > 01(AY'A) for all A € GL(n, Z),
2) Y1 (Y)eD, _,, and

n—1°

3) Il < ;andO <rn < ;,

This is proven to be a fundamental domain in [7] and [19]. In general, the

where r; are the entries of r;.

motivation for using this fundamental domain is the box-shaped cusp, but here
the primary advantage is its recursive definition, which we make frequent use of
below. We remark that one can construct a fundamental domain for I'\G with a
box-shaped cusp by maximising v; over all of ', not just GL(n, Z). This approach
is utilised in the second paper in this series [15]. However, we do not need this
feature here, and in fact maximising the determinant in the fundamental domain as
we have done is useful in what follows; see the proofs of Lemmas 5.2 and 5.2.
The following proposition records some useful properties of D.

Proposition 3.1. Let g € D and write

I X\ [(y: O 1 0 1 0
A [ A S T [ [}

and also

vy -+ 0
(3.13) Y=UVU, V=

Then we have
1 o, > ‘f and v; > 2vj+1f0rl <j<n-—1,and
(2) forallx = (x(l) x(2)) e R,

(3.14) xY % =, 0;(x")? +xPy, @,

Proof. We apply | det(C(X +iY) + D)|?> > 1 for

(315) C = : : . , D= . . . ,
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which may be completed to (£ 5) € T' with A = D and B = C. We have
(3.16) | det(C(X +iY) + D)|* = x2, + 0,72,

where x,, is the (n, n) entry of X. Since the entries of X are at most a half in
2 53

2
absolute value, v,” > 1 — x;, >

We have

(3.17) Y = (1 ") (”1 0) < ! 0) e
0 1 0 Y] —r I

as required.

and we note that to demonstrate v; > ivj.'.], it suffices to consider j = 1 by the
inductive construction of D’. We apply the minimality of v,~! for an element
y € GL(n, Z) having first row (0 1 0 .- 0). We find that

(3.18) o, <o 0,

where r is the first entry of r;. Since |r| < é, it follows that v, > ivz.
To demonstrate the second part of the proposition, we letyy, ..., y, denote the
rows of

(3.19) Yé= 1 r 1)12 0l
. 0 1 0 le .

Setting y = xoy5 + - - - + X,.y,,, Where the x; are the entries of x, our aim is to prove
that for some constants 0 < ¢; < 1 < ¢, depending only on n,

(3.20) ci(yilPd + 1113 < e +3117 < eyl + 1y l1P),

from which the lower bound in (3.14) follows as ||y;||?> > »;. The upper bound in
(3.14) follows from v; > ||y:||?, which is verified below, see (3.26). Expanding
the expression in the middle of (3.20), we find that it is enough to show that

(3.21) 2yl < (1= )yl + [yl %),
and
(3.22) 20x1y1 vl < (c2 — D(Ayil P23 + [ yl%).

The upper bound (3.22) is trivial if ¢; = 2, and the upper bound (3.21) would
follow from

(3.23) iyl < (@ =cnlyill Iyl
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We let 0 < ¢; < 7 denote the angle between y; andy and 0 < ¢ < J
denote the angle between y; and the hyperplane span(y,, ...,y,). We have ¢, <
min(¢;, T — ¢1), and so [cos¢pi| < |cos¢,|. We bound cos ¢, away from 1 by
bounding sin ¢, away from O.

We have

1
i A--Apall 07

3.24 ing,| = )
( ) |Sln¢2| ||y1|||b,2/\/\yn|| ||_)71||,

1
so it suffices to show that v,> > ||y:||. Here A denotes the usual wedge product
on R” and the norm on \* R is given by

a
(3.25) lai A - Aagl]? =det | : (’al ’ak).

ai

Using the inductive construction of D’and the fact that the entries of r1(Y),r1(Y?1),. . .
are at most é in absolute value, we observe that U has entries bounded by a constant
depending only on n. We find that

(3.26) Iyill> Ko+ +0, Ko

with the implied constant depending on 7. O

4 Theta functions and asymptotics
Following [11], for f € S(R") we define the theta function ®; : H x G +— C by

(4.1) Os(h, )= > (WR(Q) )m).

meZ"

Setting h = (x, y, 1),

I X\ [v> 0
4.2) g=<0 1><0 ’Y—%>k(Q)’

and fp = R(k(Q))f, we have from (2.27) and (2.31) that

Oy(h, g) = (det Y)s e( —t+ ;x fy)
4.3) . 1
x Z fo((m +x)Y?2) e(z(m +x)X(m +x) +mfy)

meZ"
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Thus for f(x) = exp(—zx ), Q =1, and h = (0, 0, 0), we recover (det Y): times
the classical Siegel theta series that is holomorphic in Z = X +iY.!

The following theorem establishes the automorphy of ®; under I', which we
recall is defined at the beginning of Section 3.

Theorem 4.1. For all (uh,, y) I and (h,g) € H x G, there is a complex
number £(y) of modulus 1 such that

1
@4 Oy, 1)k, ) = e(p(y. ) e =1+ mn)Os(h, 9),
whereu=(m,n,t).

This theorem is proved in [11] but with T" replaced by a finite index subgroup.
The automorphy under the full group I is proved in [17], however only for the
special function f(x) = exp(—nx 5c). In [11] it is shown that this function is an
eigenfunction for all of the operators R(k(Q)), QO € U(n). Moreover, it can be
seen from the theory built there that the automorphy for any Schwartz function
follows from that for exp(—zx ). A self-contained proof along the lines of [11]
is presented in forthcoming notes by the authors [16]. We also remark that (y)
can be expressed as a kind of Gauss sum as shown in [11] and the authors’ notes,
but we do not make use of this here.

We recall that for Q € U(n) and f € L*(R"), we let fo = R(k(Q))f. The
following lemma states that if f is a Schwartz function, then the fp are “uniformly
Schwartz.”

Lemmad4.2. Letf € S(R"). Then forall A > 0 and multi-indices a > 0, there
exist constants cg(a, A) such that for all Q € U(n),

(4.5) () fo)] < erta, A1 + el ™.

Proof. Since f is Schwartz, so are the Fourier transforms of f with respect to
any subset of the variables. For a subset S C {1, ..., n}, multi-index a > 0, and
A > 0, we let c}f (a, A) be constants such that

(4.6) (275 < cfa A1+ 1bel™

where 5 is the Fourier transform of f in the variables having indices in S.

In fact, one can show that flx) = exp(—nx 5:) is a simultaneous eigenfunction of all the R(k(Q)),
Q € U(n); see [11]. This together with Theorem 4.1 establishes the automorphy of the holomorphic
theta function.



16 J. MARKLOF AND M. WELSH

We now consider fp for Q € U(n) diagonal with the first n — [ entries 1 and the
last [ entries el with 0 < ¢ <m. WeletS C {1,...,n} be the set of indices j,
n—1I <j<n,suchthat¢; € (0, 7)U (°7, 7) and we write Q = Q'Qs where Qg is
diagonal with (j, j) entryiif j € Sand 1ifj & S. We have

@7 fo = p(k(Q"), KO)RKQNRKQS)V,
and we recall that |p(k(Q), k(Qs))| = 1.
We write
I 0 0 O
38) wr=o0 0 0
0O C 0 D

with C, D diagonal, the entries of C being cos ¢; or sin ¢; depending on whether
J € S or not, the entries of D being — sin; or cos ¢; depending on whetherj € §
or not. We note that the entries of C are at least !

V2"
Writing
I 0 0 O I 0 0 O I 0 O O
01 o c'pDl|{o oo —-1|]]0 Cc 0 D
4. k(Q)) =
4.9 @) o0 I O 0O 0 I O 00 I 0|
0O 0 0 I 071 0 O 0 0 0 c!

using Proposition 2.1, and noting that R(k(Qs)) = f5, we compute

fQ(x“),x(z))=p(k(Q’),k(Qs))IdetC|_5/fS(x“),y(Z))
(4.10) R

9 e(;x(z)C_lD 5@ _x @150 ;y@)C‘lny(z)) ay®.

Now as the entries of C are between \/12 and 1, and the entries of D are at most \}2

in absolute value, integration by parts and (4.6) shows that

(.11) () fo)] < L+,

with implied constant depending on f, S, a, and A.
We observe that for real orthogonal Q;, R(k(Q1))f(x) = f(xQ,), so (4.11)
implies

(4.12) ‘(ai)anIQsz)‘ < (1+[]x|D74,
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for any orthogonal Q. It now suffices to show that any unitary matrix Qg can be
written as O QQ» with Q having the special form above and Q1, O, real orthogonal.
Writing Qp'Qp = X + iY with X, Y real and symmetric, we note that since Qp'Qg
is unitary, X2 + Y2 + i(XY — YX) is the identity. It follows that X, ¥ commute, and
thus can be simultaneously diagonalized by an orthogonal matrix Q;. We have
Q0'Q0 = 01 0*'Q; with Q diagonal, and so Q, = Q~'Q7 ' Qy is orthogonal. Finally,
we may permute the diagonal entries of Q and change their signs so that the special
form above holds. O

We now turn to analysing the behaviour of the theta function ®y, f a Schwartz
function, in the cusp of T'\H x G. We repeatedly use the easy bounds recorded in
the following lemma.

Lemma 4.3. For real numbers A > é, [x] < é andv,y > 0, we have

(4.13) S m+x? + ) <4 0720 +y) M2,

mez
mz#0
and, if in addition v < ay with a > 0,

(4.14) S m+ ) + )7 Lga 072y

meZ

1
JorA > ..
Proof. We have

(4.15) S wm+x)P+nt < Yy Y o mx T
mes 0<iml<y/? Iml>+/?

The first sum here is 0 if y < v, otherwise it is at most v_éy_/“é . The second sum
is at most

(4.16) 24074 " m| T,
|m|>\/-,‘;

whichis <4 v ™ if y < v and <4 v_éy_A"é otherwise. The estimate (4.13) now

follows as 0™, respectively v™2y %2, is < v~ 2(v + y)™*2 if y < v, respec-
tively y > v.

Turning to (4.14), we have

(4.17) S wm+x)+nh < Y v+ Y o mx T
meL i</ Iml>/
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The first sum here is <, ORE y_A"é, while the second sum is at most

1

(4.18) 207 N T L 0Ty,
Iml >~/

so (4.14) follows immediately. ]

The following theorem, while a little complicated, gives an asymptotic formula
for ®y(h, g) as g — oo inside the fundamental domain D. We describe the relevant
neighbourhoods of co using the Langlands decomposition (2.25) of the parabolic
subgroups P; with 1 < [ < n; see (4.19). The semi-simple part of the Langlands
decomposition of this parabolic is a copy of Sp(n — [, R), and our asymptotic
formula for ®f has a theta function associated to Sp(n — [/, R) for a main term;
see (4.20).

Theorem 4.4. Letf € S(R"), g € D, and h = (x,y,t) € H with the entries of

x andy all at most ; in absolute value. For 1 <[l < n we write

1 0T S\ /U R 0 0
o1 s offo 1 0 0
£ loo 1 ollo o w o
000 1/\0 0 —RU™ I
(4.19) 1
I 0 0 O Vi 0 0 0
o7 0xl|lo v o o
o o 7 OZ o k(Q)
0 0 Vi 0
00 0

1 0 0 0

where R;, S; are | x (n — 1) matrices, T; is | x | symmetric, U; is | x | upper-
triangular unipotent, X; is (n —l) x (n — ) symmetric, V; is | x | positive diagonal,
Y is (n — ) x (n — 1) positive definite symmetric, and Q € U(n).

We have

1
Or(h, g) = (et V)i (detYie( — 1+ x,')

1 1
x Z fQ(xgl)sz , (m(2) +x§2))le)
(4.20) m®ezn1

1
X e(z(m(2) +x§2))X1 t(m(z) +x§2)) +m? 571(2))

+ 04 f((det V)4 (o + xV %) ™),
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where
(1
4.21) V= ’
Up
and, with (x y) = D x@ y(l)y(2)),
(e8] 2) (1) 2)
(xz XY J’z)
I 0 1, 8\ (U R 0 0
4.22
(*-22) :(x(l) x@ y» y@)) 0 717% 0 0 1 0 0
00 I O 0 O U, ! 0
0 0 0 I 0 0 —-RU™ 1
Proof. Comparing the expressions
I X\ (y: o0
4.23 = k
o A
and
I 0T, 8\ (U R 0 0
o 1% 0 0 I 0 0
8 loo 1 ollo o w' o
00 0 I 0 0 —RU™ I
(4.24) 1
I 00 O vi 0 0 0
1 X, >
o D B I R P70}
0o 0 v 0
000 1/\o o o w!
we find that
T+ RX; 'R R/ X,
(4.25) x = [ TIFRXRE S+ RiX)
Si+X'R, Xi
and

> >
(4.26) yi= [UVEO R
0o v

Recalling from (4.3) that

Oy(h, g) = (det Y) e( —t+ ;xfy)
4.27) 1 1
X Z fo(m +x)Y?) e(z(m +x)X (m +x) +mfy),

meZ"
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we express each term of the sum as

o1
fol(m +x)Y?) e(2

1 1
= fo(mPU +x")WV7, VR + m® +x)Y})

xy+ ;(m +x)X(m +x)+mfy)

1

x e( m (T, + RX,'R)) m™®
(4.28) 2
+mY O+ xV(T + RX,R) + (m® + xP)(S, + X, ’R;)))

L ¢ I
X e(zxg )iy, 4 2x§ )y, @

1
+ 2('"(2) +x0)X, m® +x2) + m® &1(2)),

where m = (m™ m®), and (x; y;) = (x}"” x> ¥V y?) is given by (4.22). We ob-
serve from (4.28) that the main term in (4.20) is the sum over those m = (m" m®)
with m = 0.

To bound the contribution of the terms with m") = 0, we proceed by induc-
tion on /, making use of the recursive definition of the fundamental domain D),
containing Y. For [ = 1, the contribution of m" %0 is, by Lemma 4.2,

< (@dety): S 3 A+ m+x)Y (m+x) ™
mVeZ m®eZr—!
m(D#O
1
(429) < v,*(detY;)
x 3N A+oim® +107 + m® +x?)y; (m® +x@)) A
mVeZ m®ezr-!

m=0
by Proposition 3.1. Applying (4.13) with

v=o;, x=xY, y=1+mm® +x?P)y, t(m(z) +x@),
and renaming m® =m,, x® = x| (not to be confused with (4.22)), this is

1
<oy H(det)d > (or +(my +x)Yy (my +x1) 7
mleZ”—l

1 1

(430) <o, ‘v, (detYy):
x S Y @ o + X072 + @m? +xP)y (m? + x Py~

m(ll)eZ m(lz) I/

by Proposition 3.1, recalling that Y; € D;,_,. Applying (4.14) with

t
V=), X= x(ll), y=uv;+ (m(lz) +x(12))Y1 (m(lz) +x(12)) > 0y,
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this is

1 1 X
(431) < (28 41)2 4 (det Y2)4 Z (1)1 + (m(lz) +x(12))Y2 t(m(lz) +x(12)))—A‘

m(lz)eZ"*2
Continuing in this way, we eventually obtain the bound
1 1 A 1 A
(4.32) Loy oo Yo Lot (o +xVx)T,

thus establishing (4.20) for [ = 1.
For [ > 1, we see by induction, Lemma 4.2, and Proposition 3.1 that we need

to bound
@etn)t 37 S (@™ +x)V D +xD)
(433) m(l>=r£10#(r)n)ezl m® ezn-1

+(m? +x2)Y, (m® +x¥)) .

Applying (4.13) with v = v;, x the last entry of xV, y = xDV, %™ — 52, and
renaming m® =m , x® = x, this is
1
<« v, *(det V)i (det ¥,)

X Z (u,+x(1)V[fx“)+(x1 +m1)Y,’(x1 +m1))_A

meZn!

_1 1 1
(4.34) < v, *(detV))+(detY))s

x 3 Y r+xDvx®

m(ll>eZZm(l >€Z" -1
1 1)\2 2 2 )7 t 2 2 —A

by Proposition 3.1 and Y; € D) _,. Applying (4.14) repeatedly as we did in the
[ =1 case, we obtain the bound

1 _1 1
(4.35) < (detV)iv, o, " - on (o +xVV, D)™ « (det V)i (v, +xV %)™

as required. (]

Since v,, > ‘? for g € D by Proposition 3.1, we obtain the following corollary.

Corollary 4.5. ForaSchwartzfunctionf € S(R"), g € D,andh = (x,y,t)eH

with the entries of x and y at most ; in absolute value, we have

(4.36) Or(h, g) < (det V)i(1+xVx)™
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where

I X\ [Y: 0
4.37) g=<0 1><0 fy—%>k(Q)

with Y = UV'U as usual.

5 Proof of the main theorems

Having the bounds from Corollary 4.5, we now proceed to the proof of Theo-
rems 1.1 and 1.2. In the smooth setting of Theorem 1.1, we need to construct a
distance-like (DL) function that captures the bounds in Corollary 4.5. This will
enable us to directly apply Theorem 1.7 in [8] modulo a standard argument that
allows us to pass from a full measure setin I'g € I'\G to a full measure set on the
unstable foliation parametrized by X € R, The proof of Theorem 1.2 is more
involved, and requires modifications of the method in [8] to enable a resolution of
the singular cut-off function in (1.3). To this end we need to uniformly manage
many points in I'\G.

We note that Theorem 1.7 in [8] is also a main input in the method of [3].

5.1 Heights and volumes. We define the height functionD : I'\G — R. g
by

(5.1) D(Tg) = rnalg( detV(yg) = det V(yog)
ye

where yg is such that yog € D and we write

tyr—1 ;

(5:2) g = (loj g ) (VO V?;) KQ)
with V = V(g) positive diagonal as usual. We remark that from Corollary 4.5
and the automorphy of ®;, Theorem 4.1, we have Or(h, g) K D(Fg)zi for all
(h, g) € H x G with the implied constant depending only on f. We also remark
that the logarithm of D is a distance-like function in the sense of [8]; see also [3].

We begin by estimating the measure of the set on which D is large, thus
verifying one of the required properties for the logarithm of D to be a "“2”1 -DL
function; see [8]. This estimate is also found in [3] and the relevant change of

variables in [9].

Lemma 5.1. Let u be Haar measure on G and R > 0. We have

n+l

(5.3) u({TgeI'\G:D(I'g) = R}) KR >

with the implied constant depending only on n.
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Proof. We recall that g € D is written as

U x'u"\ (v: o0
(54) g=<0 ,U_1><O V_§>k(Q)

for U upper-triangular unipotent, X symmetric, Q € U(n), and

o -+ 0
(5.5 V=V = :

0 - o,
positive diagonal. The Haar measure u is then Lebesgue measure with respect to

the entries of X and the off-diagonal entries of U, U(n)-Haar measure on Q, and
the measure given by

(5.6) 1)1_”_102_" . vn_2d01d02 - -do,

onV.
From the construction of D, it is clear that the entries of U and X are constrained
to a compact region. Since U(n) is also compact, we have by Proposition 3.1 that

(5.7 u{ge D, :detV(g) > R) K /---/vl_"_lvz_" -0, %dodo, - - - d,.

3
0= 3 Vjrl
ooy =R

Changing variables v; = exp(u;), the integral in (5.7) is

(5.8) / . / exp(—nu; — (n — Dup — - - - — uy)duyduy - - - duy,.

3
uj—ujy >log
up+---+u, >log R

We now make the linear change of variables s; = u; — u;, for j < n and
Sp = uy + - -+ + u,. This transformation has determinant n and its inverse is given
by

1 . 1 . 1
5.9 uj=—n Z,lsi+n Z (n—l)s,-+ns,,.
1<i<j Jj<i<n

We find that the exponent in (5.8) is then

(5.10) - Z(n—j+1)uj:—n;1sn— 3 j("z_j)sj.

1<j<n 1<j<n

As j("z_j) > 0 forj < n, the bound (5.3) follows. O
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We now control the change in the height function D under a geodesic flow by
a fixed distance. This estimate should be compared to the requirement in [8] that
distance-like functions be uniformly continuous.

Lemma 5.2. ForI'g € I'\G and |s| < 1, we have

ST0
(5.11) D(Fg (eo e—v) ) ~ D(T'g)

with implied constants depending only on n.

Proof. For arbitrary g € G and |s| < 1, we set

esI O
5.12 = .
(5.12) & =8 < 0 e 1)
We first claim that
(5.13) det V(gy) < detV(g)

forall g € G.
As usual we have

I x\/[(y: 0
(5.14) g=<0 1><0 ’Y—5>k(Q)’

and we note that det Y = det V(g). Writing

(5.15) Q=R +iS,
we have

I X\ [ eY:R —e°Y:S
5.16 = ,
( ) g (0 I) (e”Y_éS e_”Y_éR>

so in view of (2.10)

(5.17) Y(g,) = Y2 (eSS +e *RR)"!'y2.
The ratio of the right to the left side of (5.13) is then
(5.18) det(e*S'S+ e *RRR).

Using the diagonalization argument from the proof of Lemma 4.2, we can
multiply by orthogonal matrices to make R and S diagonal with entries cos ¢; and
sin ¢;. The determinant (5.18) is then

(5.19) I (€% sin® ¢; + e cos® ).

1<j<n



BOUNDS FOR THETA SUMS IN HIGHER RANK. I 25

Since |s| < 1, this is clearly bounded from above by a constant depending on 7,
and since sin’ ¢; and cos? ¢; cannot both be less than ;, it is also bounded away
from 0. This establishes (5.13).

Now we have

(5.20) D(I'gs) = maxdet V(ygs) = det V(yogs)
ye

for some yp € I'. By (5.13) we have D(I'g,) < detV(yog) < D(I'g). The
same reasoning with g, replaced by g leads to the reverse inequality, establish-
ing (5.11). ]

The following lemma is similar to lemma 5.2 in that we control the change in D

under a particular action. Here the action is more general, however we only need
to consider small neighbourhoods in I'\G.

Lemma 5.3. There exists a constant €, > 0 depending only on n such that for
allTg € T'\G, A € GL(n, R) satisfying ||A — I|| < €,, and symmetric T satisfying
Tl < €,, we have

A O I 0
(5.21) D(Fg (0 tA—1> <T I)) = D(Tg).

Proof. As in the proof of Lemma 5.2, it suffices to show that for all g € G,

(5.22) det V(ggagr) = det V(g),
where

A O I 0
5.23 = = .
(0 2) (L9
We write

I X\ [y o0 R —-S
(5:24) g=<0 1)(0 fY—é> <S R)’

where R + 1S € U(n). We compute
(5.25) Y(ggagr) ' =Y 2((SA+RA™'T)(SA+RA'T)+RAT'A™ R)Y 2,
so the ratio of the left and right sides of (5.22) is
det((SA+RAT'T) (SA+RAT'T) + RAT'A™' R)
(5.26) = det (SAA'S + RAT'AT! R

+RA'T'A'S + SATA™' 'R + RA~'T2A! ’R) .
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Recalling that R'R + S'S = I, we have
(5.27) SAA'S+RAT'ATIVR =1+ O(ey)

if [|JA —I]] < ¢,. It follows that €, can be made sufficiently small so that the
symmetric matrix

(528) —I+SAAS+RAT'AT'R+RAT'TAS + SATAT' R+ RAT'T?A™'R

has all eigenvalues less than rll say, in absolute value, and (5.22) follows. O

5.2 Proof of Theorem 1.1. In this section we sketch a proof of Theo-
rem 1.1, appealing to the method in [8]. A complete proof of Theorem 1.1 can
be obtained from the proof of Theorem 1.2 in the following section by only con-
sidering the j = (0, ..., 0) term in the dyadic expansion, for a general Schwartz
function f rather than the compactly supported function f;, considered.

We have

(5.29) Or(M, X, x,y) = M>@(h, g x)

where h = (x,y, 0) and

I x\ (M7 o0
5.30 = .
(5:30) Emx (0 1)( 0 MI)

By Corollary 4.5 we have
(5.31) 0,(M, X, x,y) <5 M>D(T'gpx)*.

Now for the proof of the easy part of Theorem 1.7 in [8], we observe that one
only needs the upper bound in Lemma 5.1 instead of the matching lower bound in
the definition of ";1 -DL functions. In addition, one does not need that the function
log D(I'g) be uniformly continuous; Lemma 5.2 suffices. We therefore have that

1
M~ 0 !
(5.32) D<Fg ( 0 MI) ) <K y(logM)
for almost all I'g € '\ G as long as
(5.33) > pl) ™ < o0
k>0

with y : [0, c0) — [1, 00) increasing.
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To finish our proof sketch, we consider the set of X € R{j[ such that there exist
A € GL(n, R) with ||[A —I|| < €, and T € RZ" with ||T|| < €, so that

sym

1 x\(a o)\/[I o
(5.34) rg:r<0 1) (0 ’A“) <T 1)

satisfies the bound (5.32). From the Haar measure calculation (2.15) we see that
this set of X has full measure, and from Lemma 5.3 and (5.32) we see that

(5.35) D(Tgu.x)* <x w(log M)

for all X in this set. Theorem 1.1 then follows.

5.3 Proof of Theorem 1.2. We record the following lemma that dyadi-
cally decomposes the indicator function of the open interval (0, 1), noting that both
the singularities at O and 1 need to be resolved.

Lemma 5.4. There exists a smooth, compactly supported function

f1 ‘R— RZO
such that
(5.36) 1) =Y (i@x + (21— X)),
Jj=0

where y is the indicator function of the open unit interval (0, 1).

We note that [2] has an explicit construction of a function f; satisfying (5.36)
that is however only twice differentiable. As we make no effort here to determine
constants in our estimates, we sacrifice explicitness for smoothness.

Proof. We let f; be a non-negative, smooth function such that fy(x) = O for
x <0, fo(x)=1forx > 1, and

(5.37) Jo@) +fo(1—x)=1
for all 0 < x < 1. We then define the smooth function f] on the interval by
0 if

fo6x—1) if

X

1 1

6 3
fo2=3x) if}<x<3,

2

3

(5.38) fikx) =

0 if
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Let us now consider the expression
(5.39) > (i@x) + 20 = X)),
j=0
which is clearly O if x € (0, 1). If 0 < x < ; then f,(2/(1 — x)) = 0 for all j > 0,
and f;(2x) is nonzero for exactly two values of j > 0, say jo and jo + 1. We have
(5.40) Fi(20x) + fi(2% x) = fo,(206x — 1) + fo(2 — 2°6x) = 1

by (5.37). We similarly find that (5.39) is 1 for % < x < 1. When ; <x< % only

the j = 0 term in (5.39) is nonzero. We have

(5.41) f@O+AA =0 =02 -3 +fBx—-1=1
by the condition (5.37). ]
ForasubsetS C {1,...,n}andj= (i, ...,j.) € Z" with j; > 0, we define
(5.42) gj.s = <Ajfs Aj_(l)Es> e G,
where Ejs is diagonal with (i, i) entry —1 ifi € S, +1 if i &€ S and
o/ N
(5.43) Aj=| .o
0 ... 2
We also set
(5.44) hg = (x5,0,0) € H

where xg has ith entry —1 ifi € Sand O if i & S.
We observe that from Lemma 5.4 we have

(5.45) x@) =Y fullx +x5)EsAy),
j=0 S
where y is the indicator function of the open unit cube (0, 1)",
(5.46) falersx) = [ AG),
1<j<n

and the sums are over j € Z" with non-negative entries and all

subsets S of {1,...,n}. The characteristic function of the rectangular box
B=(0,b;) x --- x (0, by) is therefore
(5.47) x3®x) = @B~ =) fi((xB™ +x5)EsA)),

Jj=0 S

where B is the diagonal matrix with coefficients by, ..., b,.
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Recalling the Schrédinger representation W and the Segal-Shale—Weil repre-
sentation R, we have

(5.48) 20y =3 " 2720 (W (hg)R(g1.5)f,) ()

j=0 S
and

XB(x)

1 B! 0
(5.49) =(detB)2<R<< 0 B) )X>(x)

1 1 ; B~' 0
= (detB)> Y > 2720t (R( ( 0 B) )W(hS)R(gj,S)fn)(x)-

j=0 S
We note that for (h, g) € H x G,
-1
(5.50) W(mR(g)W(hs)R(gj,s) = W(hh§ IR(ggj.s)

and so, as we are interested in the theta sums (1.3) with the sharp cutoff y, it is
natural to consider the expression

~ 1/s . —1
(5.51) Oy (h, )= Y 2720 @, (hk§ , gg.s)-
Jj=0 S

The convergence of this expression for almost every g € G is a corollary of
Lemma 5.5 below.
Motivated by bounding (5.51) via Corollary 4.5, for C > 0 and

v :[0,00) = [1, 00)

an increasing function, we define G;(y, C) to be the set of I'g € I'\G such that

=1 0
(5.52) D(rggj,s (e 0 ew)) < Cly(s)’

forall S c {1,...,n},and s > 1.

Lemma 5.5. Suppose y satisfies

(5.53) > w e < C,
k>0

for some C, > 0. Then
(5.54) #(N\G = G(y, C)) < C,,C~

with the implied constant depending only on n.
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Proof. Suppose I'g & G;(y, C), so

eI 0
5.55 D| T'gg; > Cry(s)*
(5.55) ( gg],s< 0 eS1>> > Cy(s)

for some S C {1,...,n}and s > 1. Applying Lemma 5.2 and the fact that y is
increasing, we find that there is an integer £ > 0 such that

e*1 0 4 4
(5.56) D(Tggjs 0 e > Cry(k)".

Applying Lemma 5.1 together with the fact that right multiplication is volume
preserving, we have that the volume of the set of I'g € I'\G satisfying (5.56) for a
particular S and k is

(557) << C—(2l‘l+2) W(k)_(2n+2)-
We obtain the required estimate by bounding the volume of the union of these sets
over S and k by the sum of (5.57) over the relevant ranges. (|

We now have all the ingredients for the proof of Theorem 1.2.

Proof of Theorem 1.2. From (5.45) we express 85 (M, X, x,y) as
1
> S (M(m +x+ MxSB)B_lESAj)

(5.58) Sc{l,...,n} j>0
1
x e(z(m +x)X(m +x) +mfy)

Using (5.48), (5.50) we break the inner sum of (5.58) as

n . . —1
M:(det B)> Z 2_é(“+w+1")®fn(hh§MB’XagMB,ng,S)
Jj=0
2fib_,.—il§M

1
(5.59) + Y (M(m x4 MxSB)B_lESAj)
>0
max; éfibj:1>M

X e(;(m +x)X (m +x)+mfy),

where i = (x,y, 0) and

I X\ (B! 0
]

We first consider the second summation in (5.59). Suppose that L C {1, ..., n}
is not empty and that 2 > b;M for all [ € L. Then the compact support of f;
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implies that the sum over m®, the vector of entries of m with index in L, has a
bounded number of terms. We write

(m+x)X(m +x) = m® + xH)x&D ‘m© + x®)
(5.61) +2(m ™ + xD)XED (m ™) 4 x 1)
+ (ML) + xYXL L) () 4 L)y,
where L' is the complement of L, and X*1-£2) is the matrix of entries of X with row
and column indices in L; and L, respectively. We have that
1 -1
fuly (m+x + MxsB)B™ EsA))

factors as

1
( ) f#L( (m(L)+x(L)+Mx§L))(B(L’L)) lESSI"L)AJ(.I"L))
’ 1 L 1% (%) L', L)\—1 (L',L') 4 (L',L)
xﬁ;L/(M(m( ) 4+ x¢ )+MxS Y(BELD) Ej; AJ ),

and so, by inclusion-exclusion and the boundedness of fi;, the terms of (5.58)
with 2/i > b;,M for some i are at most a constant (depending only on n) times

(5.63) Z Z Z |0 g (M, XL/sL/’ x(L')’y(L’) +m® +x(L))X(L,L’))|,
Lc(L,...n} SCL m®
L

where the sum over m® has a bounded number of terms, B is the edge
of B associated to L', and we have used the decomposition (5.45) to express
Opary(M, XEF  xE), y B 4+ m® + xD)X L)) as

1 ’ ’ L/ ’ ’ _ L/ L/ LI L/
D 0Dy (X MBI ES AT
(5.64) SCH du
9 e( 1 (m ™) 4x T x L) t(m(Ll)+x(1‘/))+m(Ll) t(y(l‘/)+(m(1‘) +x(L))X(L’L/)))
! |

When L = {1,...,n} or n = 1, the corresponding part of (5.63) is clearly
bounded. Proceeding by induction on n > 1, for any other L, there are full
measure subsets X" *0 such that if X©°L) e X®*) the corresponding part
of (5.63) is « M7+ for any € > 0. It follows that (5.63) is <« M2 assuming
that X is such that X*>L) e X*~*1) for all nonempty L C {1, ..., n}.

We now consider the part of (5.59) withj such that 2/b;"! < M. We set X;(y, C)
to be the set of X e Z{7\R(7" such that there exist A € GL(n, R) and T € R{jY
satisfying

sup |14 BAA; — 11| < €, IITI| < €,
BeX
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and

I X\ (A © I 0
(5.65) Fg:F(O I) (0 ,A_1> (T I)GSJ-(W,C)-

Here X is the compact subset in Theorem 1.2 identified with the compact subset
of diagonal matrices B in GL(n, R) in the obvious way. We then set

X(y) = (Z’:yxn? + U NGy, czi“*"*f")))
(5.66) C>0j>0
N () (XeRyy: X" e Xy c RUY.
Lcil,...n)
We now verify that with y satisfying the conditions of Theorems 1.1 and 1.2,
X(w) has full measure, noting (again by induction on #n) that it is enough to show
that

(5.67) U ﬂ Xi(w, C2i(f|+---+jn))

C>04>0

has full measure in Z{7\RY.  First we suppose that the Lebesgue measure
of the complement of X;(y, C) is greater than some € > 0. Then, using the

expression (2.15) for the Haar measure on G, we have
(5.68) w(\G = Gj(y, C)) > ¢,

with implied constant depending only on n and K. From Lemma 5.5 it follows that

(5.69) meas (Z”X“\R"X” X (v, C)) < C,CT 2

sym sym

and we find that

meas (ny"l;' \R¢m — U ﬂx (y, C2:01+ ”")))
(5'70) C>0j>0
; —2n=2n="3! (1++in) _
< Jim chc 27" =0
Jj=0

as required.

Now let us suppose that X € X(y), so in particular the coset Zg + X is
in X;(y, C2:Ur+*)y for some C > 0 (independent of j) and all j > 0. We have
from Corollary 4.5 and the definition of the height function D that

(5.71) <M S Y 270 D(Tgyp xgy.s)
Sc{l,...n} j>0
2fibj7'§M
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bounds the first line of (5.59). Now for allj > O there is a g € Gj(y, szli(jl"'"""jn))
having the form

1 x\/a o\/I o
(5.72) g=<0 1) (0 ’A‘1> (T 1)

with [|A;'BAAj — I|| < €, and ||T|| < €,. We have

1
I 0
Y
88j.8 0 Ml
(5.73)
) EsA;' BAAE; 0 r 0
= 8mB.x&j.S 0 EsA;B™! ’A—IAJ._lES A}ZAJ-TAJ- 1)’

and so Lemma 5.3 implies
1

5.74 D ) =D o | M
( ) (gMB,ng,S) (ggj,S 0 Ml

) & €240+ %) w(log M)

since g € Gj(y, C2401+%) and 2 < Mb; gives

(5.75) |A;TA; || < [IT]| < €n.

M? !
It follows that (5.71) is bounded by

(5.76) < CM y(log M) Y~ 272050« CM ' y(log M),
Jj=0
and Theorem 1.2 follows. O
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