K-POINT CONFIGURATIONS IN SETS OF POSITIVE DENSITY OF Z"

AKOS MAGYAR

ABSTRACT. It is shown that if n > 2k +4 and if A C Z" is a set of upper density € > 0, then - in a
sense depending on ¢ - all large dilates of any given k-dimensional simplex A = {0,v1,...,v5} C Z"
can be embedded in A. A simplex A can be embedded in the set A, if A contains simplex A’ which
is isometric to A. Moreover, the same is true if only A C R" is assumed, and A satisfies some
immediate necessary conditions.

The proof uses techniques of harmonic analysis developed for the continuous case, as well as a
variant of the circle-method, due to Siegel.

1. INTRODUCTION.

Geometric Ramsey theory deals with problems of finding patterns in dense but otherwise arbitrary
sets. A striking result of this type due to Bourgain [B], states that if F is a subset of the Euclidean
space R™ of positive upper density, and if A is a k—dimensional simplex with k& < n, then E contains
a translated and rotated image of all large dilates of A. Here, by a k—dimensional simplex, we
mean its vertex set, that is a set of k 4+ 1 points in general position.

We prove a variant of Bourgain’s result for subsets of the lattice A C Z™ of positive density. Let
us recall that a subset A of Z™ has upper density at least e, and write §(A) > ¢, if there exists a
sequence of cubes B, of sizes Rj — 00, not necessarily centered at the origin, such that for all
jeN

|ANB R, | > ¢ R?
moreover the upper density d(A) is defined to be the supremum of all € > 0 satisfying the above
condition.

In so doing, we must avoid certain natural obstructions, which we describe below. Consider a

simplex A = {vg,...,v} € R"™, where k < n. Associated to the simplex is a positive definite
matrix k x k matrix Tao = (¢;;), with entries

tij = (vi —vo) - (v; — vo) (1.1)
where ” -7 denotes the dot product. It is clear that Ta is independent of the rigid motions of the

simplex (though it may depend on the ordering of the vertices).

Now, consider the extreme case A = Z"™. Then, we see our first necessary condition: the simplex
A can be imbedded in A only if TA has all integral entries. In this case we will call the simplex

integral. Tt follows that we can consider dilates of the simplex of the form v A/, for positive integers
A. Passing to another extreme case, for positive integer ¢, take A = (¢Z)". Then §(A) = ¢~ ™, and
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any simplex which embeds in A have diameter at least ¢, and moreover the entries of Ta are all
divisible by ¢2. Therefore, in our Theorem, we will necessarily require that the dilates vV AA of the
simplex A are sufficiently large, and that the factor A have certain divisibility properties depending
on the density of the set A. We can state now our main result.

Theorem 1.1. Let k > 2, and let the dimension n > 2k + 4. For each A C Z™ with §(A) = 4§ > 0,
the following holds for all integral k-dimensional simplices /.

There is a positive integer Q@ = Q(9), and a number A = A(A, A) so that for all integers A > A,
there is a simplex ' C A, which is, up to a rigid motion, VAQ .

To introduce our terminology, let us call two simplices A, A’ C R" isometric, and write /A" ~ A,
if one is obtained from the other via a rigid motion, that is when A’ = z + U(A) for some z € R"
and U € SO(n). It is clear that ” ~ ” is an equivalence relation, we call the equivalence classes
k+1-point configurations. Thus a k-point configuration preserves only the geometry, or the ”shape”,
of k points. Theorem 1.1 says, roughly, that a set A C Z™ (n > 2k + 2) of positive upper density
contains all large dilates of any given configuration of k points in general position, satisfying the
above mentioned natural conditions.

We emphasize that the above result is proved only under the assumption that the simplex A =
{0,v1,...,v;} is non-degenerate. A counter-example is shown in [B] in the continuous case, when
n=k=2 A ={0,e1,2e1}. In our settings when A = {0,e1,2e¢1,...,ke1}, the existence of
an embedding of A in A follows from Szemerédi’s theorem on arithmetic progressions, however it
might not be true that all large dilates of /A can be embedded in A in the sense of Theorem 1.1.

We will turn now to some quantitative results. These will depend on the eccentricity e(T) (with
T = Tp) of the simplex A, defined by

I

o) w(T)’

k
h T) = inf Tz - T| = tiil2 )2 1.2
where  u(T) = inf Tw-x, |T| (Y )2 (1.2)

i
lel= ij=1

Note that |T'|'/2 is comparable to the diameter of A, and the quantity e(7) may be viewed as a
measure of how close the simplex A is to being degenerate.

Theorem 1.2. Let k > 2, n > 2k +4, ¢ > 0. Let A C Z" N Br such that |A| > eR"™, and let
A CR"™ be a k-dimensional integral simplex and let T = Th. If

R > C1|T]? exp (02 e % (D) 1og (e(T))) (1.3)

for some positive constants C1 and Co depending only on the dimensions n and k, then there exists
a simplex N C A and a X € N such that N ~ /X - A.

In other words, if A C Br NZ" contains an e-portion of the points in the cube Br and if R is large
enough, then the set A contains a ”copy” of the simplex A, obtained by a translation, a rotation
and a dilation. Both of the above theorems are consequences of the following.
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Theorem 1.3. Let k > 2, n > 2k+4, € > 0. Let A C Z" N By such that |A| > eR", and let
AN CR"™ be a k-dimensional integral simplex and let T = Th.

Then there exists a pair of integers Q = Q(g), J = J(g) such that for any sequence of integers
Co <A1 < Aa < ... < Ay, satisfying

1
N1 >2e(T) ), and N3 |TI2 <R

there exists a simplex N\ C A such that A ~ \/X\;Q A for some 1 < j < J(e).
Moreover the numbers Q(g), J(g) satisfy the inequalities

Qe) <exp(Ce™ fgﬁ)‘l), J(e) < Ce s (b+D) (1.4)

for some positive constant C depending only on the dimensions n and k.

It is not hard to see that, for k < n, A" ~ A, if and only if Ta = Tas. Indeed, if A" = {0,],..., v}
and A = {0,v1,...,v;} then there is a rotation Uy which takes v1 to v}, hence assume that v; = v].
If P stands for the projection to the orthogonal complement of vy, then it is easy to see that
Ta = Tx, where A = P({va,...,v;}) and A = P({vh,...,v}}). Thus, by induction, there is a
rotation U € SO(n) such that U(P(v;)) = U(P(v})) for i« > 2, and U(vy) = U(v}) = v1 = v,
hence U(A) = A'. Thus k + 1—point configurations are in one to one correspondence with positive
definite k x k matrices.

Let us also remark, that for K = 1, Theorem 1.1 translates to the fact that the distance set of A,
d(A)={lm—1]: m € A, | € A} contains all large distances of the form v/ AQ(5). This was proved

earlier in [M] in dimensions n > 4.

This means that for a given set A C Z™ of upper density at least ¢ > 0, all large dilates of the form
VAQ(e) A of any given k-dimensional integral simplex A, can be embedded in A. By the remarks
preceding Theorem 1, Q(g) must be divisible by all ¢ < e=1/7 thus it follows from elementary
estimates on primes that Q () > exp (ce~'/"). The number Q(¢) will be constructed explicitly and
will satisfy the upper bound Q(g) < exp (C e~ 4(k+1)/n=2k=4)

We emphasize that the above result is proved only under the assumption that the simplex A =
{0,v1,...,v;} is non-degenerate, that is the vectors vy, ..., v are linearly independent in R™. A
counter-example is shown in [B] in the continuous case when n = k = 2, A = {0,e1,2¢1}. In
our settings when A = {0, e1,2e1,..., ke }, the existence of an embedding of A in A follows from
Szemerédi’s theorem on arithmetic progressions, however it might not be true that all large dilates
of A can be embedded in A in the sense of Theorem 1.

We remark that the existence of a dilate AA which can be embedded in A, follows from Kitaoka’s
theorem [K] together with the so-called multi-dimensional Szemerédi theorem. The latter result,
originally proved by Fiirstenberg and Katznelson [FK], implies that for every finite set S C Z"
there is an m € Z™ and A € N such that S’ = m + XS C A, and is one of the most fundamental
result in the area. Thus the emphasis in Theorem 1.1, is in the fact that, in a sense, all large dilates
of A can be embedded in A. Also, at present, the multi-dimensional Szemerédi theorem has no
Fourier analytic proof, neither quantitative versions with reasonable bounds.
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2. OUTLINE OF THE PROOFS OF THE MAIN RESULTS.

Let us start by observing that Theorem 1.3 implies both Theorem 1.1 and Theorem 1.2. Indeed
assuming that the conclusion of Theorem 1.1 is not true, it follows that there is a set A C Z"
with upper density 6(A) > e, and an infinite lacunary sequence \; such that \/A;Q(g)A cannot
be embedded in A for all j € N. Choosing a cube Bp of size R > C’()\(](€)|T\)1/2 such that
|AN Br| > eR™ contradicts Theorem 1.3. Also, choosing Q(¢) and J(¢) is in Theorem 1.3, and a
lacunary sequence A\ < ... < Aj.) such that ;) < exp(J(e) log (e(T))), it follows from (1.7)
that v AA can be embedded in A for some A = \;Q(¢)? as long as A C Z" N Bg with |A] > ¢R"
and R satisfies (1.6), thus Theorem 1.2 follows.

Let us outline now, the proof of Theorem 1.3. We’ll use a variant of the density increment approach
of Roth. In our settings this amounts to showing that the set A contains an isometric copy of VAA
for some A € N, or the density of A increases on a large cubic grid by a fixed amount ¢(g) > 0,
depending only on €. We'll prove a somewhat stronger statement; namely if for a fixed A the simplex
VAA cannot be embedded in A, then either the density of A increases to (1 4 ¢)e on a large grid
of common difference ¢ = g(¢), or the Fourier transform 14, 14 being the indicator function of the
set A, is concentrated on a small set Ty ,. Moreover if X' > A, then the sets Ty , and T, are
disjoint, thus if A\; < Ay < ... < A; is a lacunary sequence with J > J(¢) is large enough and if A
does not contain an isometric copy of any simplex \/)TjA, then A must have increased density on
a large grid of difference ¢ = ¢(¢). Iterating this, will prove Theorem 1.3.

To formulate precisely the above statements let us introduce some notations. We’ll denote by ¢ > 0
resp. C' > 0, small resp. large constants depending only on the dimensions n and k, whose value
can change from place to place. If they depend on other parameters like ¢, § and so on, we indicate
those in parenthesis c¢(¢), c¢(g,0). The least common multiple of a set of integers qi,...,q will be
denoted by lem {q1,...,q}. To a given 0 < € < 1 we attach the integer

4(k+1
qle) =lem{l < ¢ < Ce n-2-1} (2.1)

The importance of this number is in the fact that the grid (% "= {%; m € Z"} contains all

_ _A(k+1
rational points a/q € R™ with denominator ¢ < Ce™ »n=2~4. For given s € Z", ¢ € N and L > q we
define the cubic grid of size L and common difference ¢

Br(q,s) = (s + (¢Z)") N BL (2.2)

where By, is a cube of size L. In the Fourier space T" = (R/Z)", a key role will be played by the
sets

I\ 1 11" 1 1"
T(L17L27q):<qz> + D, 1, where DLl,L2:|:—2Ll,2LI:| \[_2L2’2L2] (2.3)

where ¢ € N and ¢ < L1 < Ly. Here by S + T we denote the sumset of the sets S and T'. The key
is to obtain the following

Lemma 2.1. Letn > 2k+4,0<e <1, let AC BRNZ" such that |A| > eR"™, and let A\ be an
integral k-dimensional simplex.
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If for a given X € N the simplex VXA cannot be embedded in A, then either there exists a cubic
grid Br(q,s) with ¢ = q(e) defined in (2.1), and L > CV/|A|, such that

(1)  [ANBilg,s)| =2 1+ a)e|Brlg,s)|  with o= 10(kl+1) (2.4)
or
Gi) [ Na©P d = e R (2.5)
’]r)\,e
where Txe = T (1,0 e),Lo(Me)qe)) 1S the set defined in (2.3) and
Li(Ae) = C7le(T) 4B NTNY2,  Ly(A,e) = Ce= kD (N 7)) /2 (2.6)

as long as the parameters \ and R satisfy q(e) < Li(\e) < La(X,¢e) < R.

We now describe how repeated application of Lemma 2.1 implies our main result.

Proof of Theorem 1.3

For r =0,1,2,... define

1

r=(1+a)" with a=-—
e =(1+a) wi a 00k + 1)

(2.7)
moreover let ¢, = q(e,) given in (2.1) and Q, = q1q2 . . . qr, we set Qo = 1. We define the numbers
Jr inductively with Jg = 1 and J, being the smallest positive integer satisfying

Jr > el + C e, ~4k+1) log (67«_1) with v = el/? (2.8)

We will show by induction on r, that Theorem 1.3 holds for ¢,_1 > € > ¢,.. This amounts to
showing that if A C Br NZ" with |[A| > ¢,R", and if C < A\; < ... < Aj, is a given lacunary
sequence with Ay 1 > 2e(T))\;, then A contains an isometric copy of a simplex v X;Q, A for some
1<i< J.. Forr=0,e=¢9=1thus A = BrpNZ" and Theorem 1.3 follows from Kiatoke’s
theorem (with Qo = Jy = 1), as explained in the introduction.

Now, assume indirectly that there exists an r € N, such that the conclusion of Theorem 1.3 holds
for the triple &,_1,Qr—1, Jr—1, but not for &,,Q,, J.. Then none of the simplices vV \;Q,A can
be embedded in A. Since J, > Ce, **Y log (¢,1), one may choose a subsequence {ji1,...,u}
of the sequence {\;; J./v < j < J,} such that t > (ce?**2)~! and for all 1 < i < t one has
Li(pit1,er) > La(pi, €r), as long as the constant C is chosen large enough with respect to ¢ and C
given in (2.5) and in (2.6).
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It follows that the sets Ty. for A = p;Q? are disjoint, and thus inequality (2.5) cannot hold
simultaneously for all 1 < i < ¢ as it would imply that: [A| = [, 114(€)]?dé > R™. By Lemma
2.1 there must exist a positive integer A = 1;Q? = )\jQz with J,./y < j < J,, such that

r

[ANBi(g,8)] = (1 + a)er |BL(g: )| = er-1|BL(g; 5)] (2.9)

for a grid Br(g,s) of size L > C(\T|)"/2. The affine map ®(m) = ¢.m + s identifies the set
Br(qr,s) with Bpr NZ" (R' = L/q,) and also AN Br(qy,s) with a set A" C B NZ".

By (2.9) one has that |A’| > &,_1(R’)" and one may apply the induction hypothesis for the set A’
and the sequence A\ < Ay < ... < Aj_,. Indeed, it is easy to check that the size of the box Bp
satisfies

R = L/QT >C ()‘j|T’)1/2 QT/QT >C ()\JT—I‘T|)1/2 Qr—1

as j > J./v > J.—1 It follows that A’ contains a simplex A\ isometric to VAQr_1 A for some
1 <i < J,_1, hence A contains the simplex ®(A) = s+¢,/A" which is isometric to VA\;Q,_1¢.A =
VAQrAN.

To finish the proof one only needs to check that J(¢) and Q(e) satisfy the quantitative bounds (1.7).

If e, < e < egpq, then Q(e) = Qr = [[;_; ¢ where ¢ < exp (C 6;4(k+1)/(n_2k_4)) by well-known
estimates on the primes. Thus, also

Q(e) < exp (C g 4k+1)/ (n=2k—4))

for a slightly larger constant C. To estimate J(g) = J,. where &, < & < (1+a)e,, note that dividing
(2.8) by 4" one obtains

—4(k _
S Jrr et log(ert) +1
,Yr B ,yr—l — ,yr—l

(2.10)

Since

A(k+1) 1 A 4r/10
= (1 T 00k + 1)) e

it follows that the sum in (2.10) converges in 7 and hence .J, < C'y" = Ce’/2. Also log(1 + a) =
1 1
log (1 + 15541y) 2 110877y » thus

L (k+1)

[ S _
J(E) — Jr S C'}/T =g 2 log (1+a) S CET S Cl 57% (k+1)

This proves estimate (1.7). O

It remains to prove Lemma 2.1. To do that, similarly as in case of arithmetic progressions, one
introduces a multilinear form to count the number of embeddings of a given simplex vVAA into
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the set A. For a given k x k integral positive matrix T' = (t;;), let St : Z"® — {0,1} denote the
function
1 . P — .. < y < N <
ST(ml,...,mk,):{l lf m; m] tZ] V]'_Z_,]_k

0 otherwise (2.11)

where m; € Z" for 1 < i < k. For functions f; : Z" — C, (0 < i < k) of finite support and for a
given A € N define the corresponding form

Nar(fos frs-- s fi) = > Jolm) fr(m+ma) ... fr(m+my) Syr(ma,...,myg) (2.12)

m,mi,...,mgEL"

The point is that if 7" = Ta, that is the inner product matrix of the simplex A defined in (1.1),
and if fo = fi = ... = fr = 14 the indicator function of the set A, then Nyp(1la,...,14) is the
number of simplices A’ C A such that A’ ~ VAA.

Going back to Lemma 2.1, we will assume from now on that that for a given A € N the simplex
VAA cannot be embedded in A, that is

Nyr(1a,...,14)=0 (2.13)
and moreover that the set A is uniformly distributed on the grids By (g, s) in the sense that
1

on “q 5 i g L 2.14
AN Brlg5)| < (1+a)e[Brg,s)] with o =577 2

for all such grids By (g, s) C Bg, for some parameters for a given ¢ € N and L > C (\|T|)'/? (later
we will choose ¢ = ¢(¢) given in (2.1)).

In Section 3 we partition Br N Z™ into grids Br(q,s) and define the corresponding conditional
expectation function hy 4 : BR N Z™ — [0,1] by

hrq(m) = |ANBr(g,m)|/|BL(g, m)| (2.15)

where Br,(q,m) is the grid in the partition containing the point m. Note that the function hp 4 is
constant and is equal to the average of 14 on each grid Br(q, s) of the partition. Using assumption
(2.14) on the distribution of A, and Kitaoka’s theorem on the number of solutions of the system
(1.2)

n—k—1
ISxrlli =D Sar(ma,...,mg) > co det(AT)" 2 (2.16)
My, M
it will be fairly easy to show that
Nar(1a, hig, - hig) > ¢ det(AT)" 2 gh+l Rn (2.17)

Indeed from (2.14) it is easy to see that hz 4(m) > ce for all but a small number of m € B N Z".
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It will be more convenient to work with functions of the form f7 , = 14 * 1, , which majorize hy, 4
and whose Fourier transform is easier to handle. Indeed, if ¢ > 0 is a strictly positive Schwarz
function, and if

[ "L e(m/L) i m € (qZ)"
Vrq(m) = { 0 otherwise (2.18)
then fr 4 > chyp g, see Proposition 3.2. Thus we get our main estimate from below
Nar(1a, fogs- - frg) = c1 det(AT)" 2 e+l Rr (2.19)

for some constant ¢; > 0, see Lemma 3.1 for the precise statement.

The advantage of using the functions fr,, is in that their Fourier transform can be described fairly
precisely

Fra(©) = 1a(E)vr (&) =1a(6) Y D(L(E —1/q)) (2.20)
lez™
and moreover if v is chosen such that
1=4(0)> () >0 V¢ and  supp ¢ C [-1/2,1/2)" (2:21)
11

then f1,4(€) is supported on the set (%Z)” + [~ 57, 5] and it essentially equals to 14(£) on a
smaller such set.

In Section 4., we prove our crucial error estimate, namely that if ¢ = ¢(g) and if one chooses
L1 = Ly(\,e) given in (2.6), with the constant C' large enough with respect to ¢; appearing in
(2.19), then

N r(Xa,1a,...,14) — Nor(Qa, frigs -5 fLag)] < det()\T) FhHIRn (2.22)

see Lemma 4.1. Taking this granted for now, let us sketch the proof of Lemma 2.1. Using estimates
(2.19) for L = C (\[T])"/? and (2.22) for Ly = L;(),¢), it follows from our assumption (2.13) that

n—k—1

’N)\T(lA, le,q, ey thq) — N)\T(lA; fL7q, .. fL7q)‘ > — det()\T) gktlpn (2.23)
Now, it is easy to show that the left side of (2.23) is bounded by
n—k—1
[SxrllL 1 Lallz[[fz1q = frallz < C det(AT) 2 — [Lall2 (2.24)
see Proposition 4.1. It follows
1 f11q = frqll? = /T LA [P11,g = Prg* dE > ™2 R (2.25)

This implies inequality (2.5) as the function |, Lig — @L,q\ is uniformly bounded by ¢&**! with a
small constant, say ¢ < ¢/2, outside the set T) . = T(L1(0e),L2(Me) q(e)) BlVen in (2.6), and Lemma
2.1 follows. The proof will be given in Section 4.
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Finally, the proof the crucial estimate (2.22) will be based on an estimate of the Fourier transform
of the function St at points X = (£1,...,&) which are away from rational points with small de-
nominator. Such estimates are well-known in analytic number theory, and can be viewed as discrete
analogues of stationary phase estimates on the Fourier transforms of surface carried measures. It
is summarized in the following lemma.

Using the matrix notation, let M = (mq,...,mg) € Z"* and X = (&,...,&) € T  ben x k
matrices with column vectors m; € Z" and & € T" (T = R/Z), the Fourier transform of the
function St given in (2.11) is defined by the exponential sum

Sr(X)= > Sp(M) e 21X (2.26)
Meznxk

where tr (M*X) = my - &+ ...+ my - & stands for the trace of the product matrix M*X. Let
P/q = (pij/q) denote the dilate of a matrix P = (p;;) by the factor of 1/¢q. The one has

Lemma 2.2. Letn > 2k+ 2, 7 >0, and qo > 1 be a positive integer. Let T be a positive definite
integral k X k matriz. Then one has

Sr(0) < C det(T)* 5 (2.27)
IfX = (&,...,&) € Tk such that for all P € Z"* and q < qo

X —Plg| >
Then one has

~ n—k— n—2k— _n—2k—2 (n—k)(k—1)

et < € [aor) 5 () g ) 4 (2.29)

We remark that if the parameters 7 and qq is chosen such that 7 > C(e)A™1/2 ¢o > C(e) and if A
is large enough with respect to |T'|, then estimate (2.28) implies that

n—k—1

1537 (X)| < c(e) det(AT) "z

for a given small quantity c(g) > 0, as long as C(e) is chosen large enough with respect to c(e).

The proof of Lemma 2.2 is independent of the rest of the paper and will be given in Section 5. It
is uses a form of the circle-method developed by Siegel [S] and later by Kitaoke [K] adapted to our
settings.
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3. LOWER BOUNDS.

From now on we fix k € Nyn € N, e >0 and R > 1 and a set A C B NZ" such that |A| > eR™.
For simplicity we will adopt the notations f < g (or g 2 f), if f(z) < Cg(x) for all z for some
constant C' = C(n, k) > 0 depending only on n and k, and write f ~ g if both f < g and g < f.

For given parameters ¢ € N and ¢ < L < R such that R/L € N, we partition the cube Bp into
R"™/L™ cubes By, of size L, and them further into congruence classes of the modulus ¢, i.e. into
sets of the form

Br(q,s) = BN (s + (¢Z)") (3.1)

where s € (Z/qZ)" is running through the congruence classes of q. With a slight abuse of notation,
for given m € Br we will denote by B (g, m) the unique set B (g, s) containing m.

For given o > 0, we say that the set A is a-uniformly distributed w.r.t. ¢ and L if for each element
Br.(q,s) of the partition

_ |ANBr(q,s)|

0(A|BL(g,s)) = Bra,5)] <(1+a) (3.2)

Here we used the notation §(A|B) = |AN B|/|B| for the relative density of the set A on the set B.
It is immediate from (3.2) that 6(A|Br) < (1 + «)e for every cube By, and that §(A) = §(A|Br) <
(1 4+ «a)e. It is also easy to see that 6(A|Br) > (1 — 2a)e holds for many cubes By, such cubes B,
will be called dense. Indeed

e < 5(A) = % S 6(AlBy) < % S (1+a)e+(1-2a)e (3.3)
By,

By, dense

It follows thats there are at least u%riaa)% dense cubes. We define the function hy, 4 : BRNZ" — [0, 1]
by

hrq(m) = 0(A[Br(g, m)) (3.4)

Note that hr, 4 is constant and is equal to the average of the function 14 on each set By, (¢, m), thus
it is the so-called conditional expectation function of 14 with respect to the above partition.

Proposition 3.1. Let ¢ € N, L > 0 be given, and assume that the set A satisfies condition (3.2)
with o = 1/10(k + 1). If ¢ < BL, with 8 = «ae/4n, then for any mq,...,my € Z™ such that
|m;| < BL for each 1 < i <k, then one has

Z 1a(m)hrg(m~+my) hp g(m+ma) ... hpg(m+mg) > ¢ gkt Rr (3.5)
meZ"
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Proof. Let By, be a dense cube and define the set G = {m € By : hp 4(m) > ae}. Arguing similarly
as in (3.3)

(1-20)e <O(A[BL) <L Y (14 a)e+oae (3.6)
meqG
it follows that |G| > (1 — 4a)L™.

Let By, denote the cube obtained by dilating By from its center with a factor of 1 — 8. Then
L' =(1-p)L and |B\Br/| < 2nBL". For m € G one has

" 1
S(AIBy N Brla,m)) = 140 Bu(am)| = TH1B\By| = as— 2052 & (3.7)

For m € Br/, m+m; € By, for each 1 < i < as |m;| < BL, and the functions m — hr q(m + m;)
are constant on the set By, N Br(q, m). Thus

> 1a(m) hpg(m +my) hyg(m+ma) .. hyg(m+my) = (3.8)

mEBL/

> 6(AIBp N Bi(g,m)) hrg(m +ma) hpg(m+mg) ... hyqg(m + my)

meB,

Ifme BpNnGN(G—mp)N...N(G— my) then m € G and m +m; € G for each i < k
hence by (3.7) and the definition of G the expression in (3.8) is further estimated from below by:

P By NG N (G —m1)N...0 (G —my)|. Let G’ = By NG, then

|G'| > |G| — |BL\Br/| > (1 —4a —2n8)L"™ > (1 — 5a)L™  and

|IBLNGN(G—m)N...0 (G —my)| > |G N(G —mi)N...0 (G —my)| >

L’Vl
> (1=5a(k+1)L" >

Thus, for a dense cube By, the expression in (3.8) is bounded below by ¢, ght1 L7 and since there

are at least (12+0‘a) I dense cubes, (3.5) follows. O
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Next, we show that the functions fr, , = 14 * ¢, defined in (2.18) majorize the functions Ay, 4.

Proposition 3.2. There exist a constant ¢, > 0 such that all m € Z™

frq(m) = cnhpq(m) (3.9)

Proof. By definition

fra(m)=q"L™" Y 1a(m—ql)(gl/L) > cad"L™" Y 1a(m—gql) >
lezm lezm, |ql|<y/nL

> coq"L7" ) 1a(m!) = cenhpg(m)
m/€Br,(q,m)

The second inequality follows from the fact that the diameter of the set Bp(q,m) is at most

VvnL. 0

Let A € N, A € R" be an integral k—dimensional simplex, and let T' = T be its inner product
matrix. We proceed to estimate the expression Nxr(14, frq,-- -, f1,4) defined in (2.12), from below
under certain conditions on the parameters ¢, L, R, A. To do so one needs a lower bound for the
number of integral solutions my, ..., my € Z™ of the system of equations (1.2). This was done in
[K], indeed, for A = I,, (the n X n identity matrix), B = AT, Theorems A-C in [K] implies for
n > 2k+2 and A > A(n, k), that

k—1
2

> Sarlma,...,mp) > o det(AT) (3.10)

for some positive constant ¢y depending only on n and k. Note that the left side of (3.10) is the
number of solutions my, ..., my of (1.2). Now it is easy to show

Lemma 3.1. Let k > 2, n > 2k+2,e >0, R >0 and let A C BRNZ" be a set such that
|A| > eR™. Let A € N and let A CR"™ be an integral k—simplex with inner product matrizx T = T .
Let ¢ € N, L > 0 be parameters satisfying

€
< gL ANT| < BL ith = — 3.11
0 <BL VAT BL with A= i (311)
If A is a— uniformly distributed w.r.t ¢ and L with o = 10(kl+1) and if frq(m) is defined as in
(2.18), then

n—k—1

Nor(Xa, frgr- -+ frg) = det(AT) ekt gn (3.12)
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Proof. If Sxp(my1,...,my) # 0 then |m;|? = At;; (V 1 < i < k), hence |m;| < BL. Tt follows from
(3.5) and (3.9) that

> 1a(m) frg(m +ma) frg(m+ms)... frg(m+my) 2 TR
mezZ™

Summing the above bound for all such my,...,mg, the Lemma follows from inequality (3.12). O

Let us point out that the right side of (3.12) is the expected value of Nyr(14,...,14) if A C BRNZ™
is a random set of density e, obtained by choosing each point of Br N Z" independently with
probability . Indeed, for given m € Br NZ™ and a solution my, ..., my of the system of equations
(1.2), the probability that all points m,my,...,my are in the set A is e+,

4. ERROR ESTIMATES.

In this section we estimate quantities of the following form

Exr(f; fi. f2) = Nar(f, fi, -, f1) = Noar(f, fas -5 f2) (4.1)

where the functions f, fi, fo : Z™ — [—1, 1] are of finite support or rapidly decreasing. Note that

k
Exr(f; 11, f2) =Y Eip(f; 1, f2)  where
i=1

E&T(f;flvjé) :NAT(f?fl)"wflafZ:'">f2) _N)\T(fvflv"'7f27f2a"'7f2) (42)

Here, the second term in (4.2) is obtained from the first term by replacing the function f; with the
function fy at the i—th place.

For fixed 1 < i < k, let T; denote the (k—1) x (k—1) matrix obtained from the matrix T by deleting
the ¢—th row and column. Note that T; = T)n,, where A\; is the k—1-dimensional face of the simplex
A ={0,v1,...,vx} which does not contain the i—th vertex v;. For given m = (my, ..., my) € Z™

let us introduce the notation m’ = (my,...,m;_1,mit1,..., M) € 7™ =1) and define the function
S)\T,mi L — {0, 1} by

1 if mi-mj:)\tij Vlgjgk
0 otherwise

Syt m) = {
Then, clearly
Sir(m) = Sz, (") Sy mi (ms) (4.3)



14 AKOS MAGYAR

where the function Syr, is defined in (2.11). The estimate below follows easily from formula (4.3).

Proposition 4.1. Let k > 2, n > 2k + 2 and let f, f1, fo : Z™ — [—1,1] be given functions. Then
one has

\Ext(f; f1, f2)| S det(AT')

n—k—1

1fll2 [[f1 = f2ll2 (4.4)

Proof. For fixed 1 <i < k, using Syy(m) = Syy(—m), one may write

Nar(fos 1o fe) = DD 0D Sy (m?) f(m) T £50m = my) film = ma) Sygmi (ma)

mi m m; J#i
= 33 S ) £m) giom ) (o S 0)

Thus

\B\r(f; f1, f2)| < Z Sxr,(m") [ f(m)] [(f1 — f2) * Sxgmi) ()] (4.5)

mI

ﬂm2%~HﬁbM%Mz

A

< [[fll2 lfr = fall2 ZSAT Y 1Sa7,mill

where the second line follows from Cauchy-Schwarz and the third line from Minkowski’s integral
inequality. Finally, by inequality (2.27)

1

Zw wmmlzwmmwmﬁ?

and (4.4) follows. O

Next, we give a different estimate on the quantity Exp(f; f1, f2)-

Proposition 4.2. Let k > 2, n > 2k + 2 and let f, f1, fo : Z" — [—1,1] be given functions. Then
for fixed 1 < i < k, one has

N|=

B (f; 1, )| S detOT) T | £l (/T |(f ZSAT ) ISz mi (€ )I2d€>

(4.6)
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Proof. Using the matrix formulation, the support of the function Syr, consists of those integral
matrices M € Z"*(*~1) which satisfy the equation M? - M = AT}, hence by (2.27) the size of its

support is bounded by C det()\ﬂ')%k

Starting with the second line of (4.5) and using Cauchy-Schwarz inequality, one obtains

(Z S)\T H fl f2) *S/\T,miH%>

\ESr(f; f1. f2)] S 11 fll2 det(

Inequality (4.6) follows by applying Plancherel’s formula to the above expression in parenthesis,
and by interchanging the summation and integration. O

Expanding the sum in formula (4.6), one obtains

Z Z Sz, (007) Sy i (1) Sy i (Mg 1) 2718~ mM1°€) (4.7)

méezn(k=1) m;my 1 EL™

If one defines Gg\’T(m,mkH) = S\r, (") Sy 1 (1) S\ i (Met1) zr++D 5 £0,1}, where m =
(m1,...,my) € Z™, then the expression in (3.7) is equal to é\i,\T(O,...,O,f,O,...,O, —£) =
E}\iA’T(X) with X = (0,...,0,£,0,...,0,—€) € R™*+1) where the entries £ and —¢ appear the the
i-th and k + 1-th place. Note that G;?T(ml, ...,mpy1) = 1 if and only the vectors myq, ..., mgi1
satisfy the system of equations

mj;-mp = )\tjl, Mp1 -y =My - My = >\til (l ?é i), Mp41 - M1 = My -y = )\tii (4.8)

for all 1 <

<1 < j < k. If one writes A\t = myy1 - m;, and defines the symmetric (k + 1) x (k + 1)
matrix T"(t) = (

7;1) with entries (1 <1< j <k)
Tjg = tjt, Thprq =t (L #1), Thrtpt1 = tis, Tha1,; =1t (4.9)

then it is clear that

G}\ T m mk+1 Z S)\Tz m, mk+1) (410)

Note that the summation in (4.10) is finite as the function Sypi( is constant 0 unless there exists

an M € 7" +1 such that M*M = XT'(t), in which case we will call the number ¢ admissible.
Thus if ¢ is admissible then, in particular, t? < t?i and A\t € Z. To summarize, we have for 1 <i <k
and £ € R"
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Yoo Snm) S ©F = D S (X) (4.11)

miezn(k—1) t admissible

with X = (0,...,0,&,0,...,0,—¢).

We need to collect some geometric facts about the matrices T(t), to estimate the right side of
(4.11).

Proposition 4.3. Let T > 0 be a fized integral k X k matriz and let 1 <1 < k. Then
(i) The number of admissible values of t is bounded by: 2 det(A\T')/det(\T;) + 1.

(it) For each M = (my, ..., my) such that M*M = XT, there are at most 2 vectors my1 € Z" such
that det(T"(t)) = 0, where the vectors mq,...,myy1 and the matriz T*(t) satisfy (3.8) and (3.9).

13) Let t be admissible, and let [ = mi,..., Mg, Mga1) be such that IEM = \T'(t). Let enote
L be ad bl dlet M +1) b h that MM = \T Letd d

the distance of the vector myyq to the subspace Span{mi,...,my}, that is to the subspace spanned
by the vectors my,...,my. Then
: d*u(T)
AT (t)) > 4.12

HOTI() = T (112)
Here pu(T') is defined in (1.5) and |T| = (3_; ; t?j)l/z.
(i4) Let 0 < § < e(T)~*/64, where e(T) is defined in (1.5). Then

[{t admissible : p(T%(t)) < |T|6}] < 52 det(AT)/ det(A\T?) (4.13)
(i5) Let t be admissible, then one has

det(A\T"(t)) < det(A\T)?/ det(\T;) (4.14)

Proof. Let t be admissible, and let M = (my, ..., my, mpy1) be such that MM = NT(t). If P de-

notes the orthogonal projection to the subspace spanned by the vectors my,...,m;—1,m;y1,...,myg
then by (4.8) Pm; = Pmy1. Denote this vector by w, and write m; = v + w, myy1 = v+ w'. If
one considers the vectors myq, ..., my as elements of the k-dimensional subspace Span{my,...,my}
then the quantity |det(mq, ..., my)| is well-defined and is equal to the volume of the parallelepiped
spanned by these vectors. Moreover it is easy to see that det(AT) = |det(my,...,m)[?, and also
that |w'| = |w| = |det(mi,...,mg)|/|det(m1, ..., mi—1,Mit1,...,mg)|. Since A\t = mp4q - my =
|u|? + w - w' it follows that

M — |u?| < |w* = det(A\T)/ det(\T?) (4.15)

and (i) is proved.
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If det(T%(t)) = 0 then my, 1 is linearly dependent of the vectors my, ..., my, thus w' is also linearly
dependent of the vectors mq,...,m;—1,mjt1,...,mg and w, hence v’ = tw. It follows my 1 =
u 4w and (ii) is proved.
Let x = (x1,..., 2k, Tk11) € R¥1 |z = 1 such that

pNTH () = X' () - & = |maxy + ...+ mp 121 ]
It is clear that u(AT%(t)) > d? |xpy1|?, thus if |zx1]? > w(T)/4|T| then inequality(4.12) holds.
Otherwise |z3,1|?> < u(T)/4|T| and one estimates

pAT' (1)) = (jmazy + . .. + mpe| — [mgepa |Jzega[)? > Sp(AT)

oo =

as [mpt1]? = |my? = My < |AT| and 2% + ... + 22 > 3/4. Also d*> < |my41]? < |AT| thus
d?p(T)/8|T| < (AT /8 and (4.12) follows.

Writing v = myyy + ... + Mi—1Y%i—1 + Mit1Yitr1 + - . . MiYk, it follows
lw? =u—mi|®> > A +y3+...+y)p(\T) > |XT|e(T) !

If v denotes the orthogonal projection of the vector myy; to the subspace spanned by the vectors
mai, ..., Mk, the it is easy to see that v = v + w ww'  Thys

|w]
+d* = |w[2 substituting At — |u\2 —w-w

wl? > A= fuf?| >l (1 d?/Jw]?)2

If p(THt)) < |T|6 then by (4.12) and the assumption on &

< @e(T)|NT|™! < 86¢(T)? < 52

Since § < 1, it follows that |w|? > |\t — |u|?| > |w|?(1 — §'/?) and this implies (4.13)

Finally, arguing as in (4.15) one has

det(A\T(t))/ det(\T) = d* < |w|* = det(\T)/ det(\T})
and (3.14) follows. O

Using Lemma 2.1, in dimensions n and k+ 1 it is now not hard to estimate the right side of (4.11).
We remark that it is here where the stronger condition n > 2k + 4 is needed.

Proposition 4.4. Let k > 2, n > 2k + 4, and let T € ZF** be a positive matriz. Let qo € N and
0<d<e(T)"*/64 be given parameters. Then for 1 <i <k
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det(\T)"—k-1

(n—k)(k—1) )
n—k
det(\T;) =2

D S (') [Syrmt (O S (14 A" ()™ (4.16)

holds uniformly for £ € R™.

If |€—1/q| > 6 IN"V2|\T|7Y2 for all | € Z" and q < qo , then one has

) R det AT n—k—1 _ n—2k—4
ZS)\Ti(mz) 1S\ rmi () S % <
— det(A\T;) =2

(4.17)

Proof. Let us first estimate the sum in (4.7) over those k + 1 tuples (my, ..., mg, mgs1) for which
myy1 is linearly dependent on the vectors mi, ..., my. By Proposition 4.3 (i), there are at most 2
possible choices for the vector myg.1. Thus one estimates the contribution of such £ + 1 tuples to
the sum in (4.7) by

noior o detAT)" R o (n=k) (k1)

25,7(0) < det(AT) "z et A7 e(T) (4.18)

n—=k
2

The first inequality in (4.17) follows from (2.27), while the second follows from the facts that
det(AT;) < AP~ < |ATF=Y and |AT|* = u(A\T)*e(T)* < det(\T)e(T)".

Summing over the k+1-tuples (my, ..., mg, mg11) in formula (4.7) which are linearly independent, is
equal to the sum on the right side of (4.11) over those admissible values of ¢ for which det(7%(t)) > 0,
and one may apply Lemma 1 to the matrix A7%(t), for each such value of ¢. Thus by (2.27) and
(4.14), one has uniformly in £ € R"

n—k—2 n—k—2

1Sairy(€)] S det(NTH ()2 < det(AT)" 2 det(AT}) ™" (4.19)

By Proposition 5.3 (i), the number of admissible values ¢ (for which det(7%(t)) # 0) is bounded by
2det(AT')/ det(\T;) and (4.16) follows from (4.11) and (4.18).

Let us assume now that [ —1/q| > 6~ *A=V2|T|71/2 for all I € Z" and 1 < q < ¢, and hence
|X — P/q| > 6 "]A"Y2 for all P € zZ7**+D) and ¢ < g9 (where X = (0,...,0,£,0,...,0,—¢) as
before). Then one may use inequality (3.28) in Lemma 1 with 7 = §~'A~Y2|T|~/2 > 0 to estimate
the left side of (4.17):

_k—9 _n—2k—4 n—k—2

Siri(X)] S detWT (1) 2 gy 2+ det(AT'(1))

n—2k—4

(62T u(T" ()~ 4
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(4.20)

(n—k—1)k

+ MNTH)]) 2 = Si(t) + Saoft) + S3(t)

Summing the fist terms in (4.20) over admissible values of ¢ is estimated exactly as in (4.16) and
one gets

251 < det(AT)" 1 det (VT gy 2

If ¢ is such that pu(T%(t)) > 6|T| then (6 2|T| *u(T(t)))~("—2k=D/4 < §1/% asn — 2k —4 > 1
and summing over such #’s gives the second term of the right side of (4.17). By Proposition 4.3,
the number of admissible ¢’s such that u(T%(t)) < & |T'| is bounded by 26'/2 det(T)/ det(T;) and
one get a gain by a factor of §'/2 over the estimate in (4.16), thus

ZSQ(t) = Z Sg(t) + Z 5'2(15) S 5% det()\T)n_k_l det()\Ti)_nT_k

t (T (1) 26 |7 (T (1)) <5 |7

Finally, using the facts [NT%(t)| < |AT| < det(AT)/¥ e(T) and det(AT}) < det(AT)*—1/k (T)k—1
a straightforward calculation shows, that summing the third terms on the right side of inequality
(4.20), one gets

d n—k—1 ok
37" 85(t) < det(AT) det(AT;) ! AT < et(AT—)% _n—ge2
! det(\T}) T

This proves the proposition.

We will apply inequalities (4.6), (4.16) and (4.17) to functions of the form f; = fr,, (i = 1,2)
defined in (2.18), for specific choice of L; > 0. Recall that we defined fr, = 14 * 91 4 where,
considering as distribution on R",

VYrq = q”é(qz)n vr  where ¢p(x)=L"¢Y(x/L)

and d(4zy» denotes the discrete (counting) measure supported on the lattice (¢Z)™. By Poisson
summation, if ¢ € C>°(T") then

(Sgzyn: ) = (Sgzyn. ) = ™ 6(l/q)

lezn
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Thus
Vrg(€) = " (g(qZ)” * 1@:) =Y d(LE-1/q) (4.21)

lezn
We can now state the main result of this section, given a set A C BrNZ" such that |A| > ¢R", an
integral k-dimensional simplex A C R™ with T'= T, and a positive integer .

Lemma 4.1. Let k > 2, n > 2k +4, and let ¢ > 0 be a positive constant. Let C > 0 and define

_ 1 1 4(k+1)

Ly =C7le(m™P* ) N2 7|2, q(e) =lem. {q¢ < Ce n-2-1} (4.22)

If C = C(n,k,¢) is large enough and if

A > Cqle)?e 180+ o(T) e (4.23)
then one has
|Exr(1a;14, fL17q(5))| < celtl pn det()\T)nfkfl (4.24)

Proof. Let 1 <i <k be fixed. Applying inequality (4.6) for f = fi1 = 1a, fo = fr, 4(), One has

i 2 (n—k) -~ 2
|ESr(Las 14, 1, qe)] < Cl1all3 det(AT;) 7 | sup |1 =4, g ZSAT D157 mi (6]

€eTn

Since ||[14]]3 = |A| < R™, it is enough to show that

S 1= %L, 406 ZSAT ) Sy (7)2 < e det(AT) 2 det(AT) T
e n

(4.25)

for some constant ¢; = ¢1(n, k,¢) > 0 small enough. By our assumptions, L; > ¢(¢), hence the
supports of the functions 1 (L1(§ —1/q(¢))) are disjoint for different values of [ € Z™. Thus if there
is an Iy such that: [€ —lp/q(e)| < C7 1P LTT where C) is large enough w.r.t. ¢1, then

1= (L€ = 1/a(e)] = 1 = $(La(€ = lo/q(e))| < e "

lezr

N|=
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using the fact that |1 — 12(17)| < gl for n € R™, and (4.24) follows from (4.16) and the assumption
(4.23).

4(k+1)

In the opposite case, for all [ € Z" and 1 < ¢ < Ce” n—2k-1, one has by (4.22)

€ =1/l = |¢ = I'/q(e)| > CTHEMLTY > (C/Ch) e(T) 3+ A=3 |72 (4.26)

Thus one can apply inequality (4.17) with parameters

_ 4(k+1)

0= (Cl/é) e(T)74€78(k+1) go=C e n—2k-1

2k(n—k—1) 4(k+1)

using the fact that X\ > Ce(T) n-2%-2 ¢ n-2k-2 inequality (4.24) follows, if the constant C' =

C(n, k,c) is chosen large enough.

O

Proof of Lemma 2.1.

We will proceed as in Section 2. Assume that for a given A € N, the simplex v AA cannot be
embedded in A, that is

N/\T(]-A?]-Aa"'alA) =0 (427)

The choosing L = C(A|T|)'/? such that R/L € Z and q = q(&) defined in (2.1), Lemma 3.1 implies
that

n—k—1

Noar(Xa, frgs- -+ fLq) > co det(AT) ghtipn (4.28)

Assuming that the parameters R, e and X satisfy R > La(\,e) > L1(A, €) > q(g), where
Li(he) = Cle(T) 4 EH T2, Ly(he) = Ce D) (AT)/2 (4.29)
we have that both (4.22) and (4.23) is satisfied. Thus by Lemma 4.1 and (4.27)

n—k—1

G - e— n
NAT(lA,fLLq,...,le,q)g50det()\T) 2 MR (4.30)

where we wrote L; = L1\, ¢ and ¢ = ¢(e) for simplicity of notations. Using Proposition 4.1 with
f =14, fi = fr,q and fo = fL 4 it follows

1Fora— fral? = /T A [Brrg — Drgl?de > e1 272 R? (4.31)
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for some constant 0 <c <1 Note that QZLl q @ZLq is supported on (1Z)" + [_ﬁ’ ﬂ] .

Moreover, if £ = + n with n € [— 2L , 2L |” for a given Ly > Cy e~ TV L, then

921.0(6) = PLa(©)] = 1B(Lin) = $(Ln)| < O L)Ly < 5 b+

as long as C > cl_l. Thus integrating over the complement of the set T = T(r,(xc),L2(\e).q(e))

A ~ ~ cl n
Am|uwwhrmw@<4ﬂHR (4.32)
n e

Estimates (4.31)-(4.32) imply estimate (2.5) and Lemma 2.1 is proved.

5. ESTIMATES ON THE FOURIER TRANSFORM OF St.

In this section we prove Lemma 2.2 using the theory of theta functions. All arguments given here
are independent of the rest of the paper, based on the approach in [K] (or in [R]) of estimating
Fourier coefficients of Siegel modular forms vanishing at cusps. The basic difference is that the
above mentioned works dealt with the case X = 0 while we need to consider those values of X
which are ”away” from rational points P/q (P € Z***) with small denominator g. The related
theta functions are not modular forms, but behave very similarly, at such points X, and hence
most arguments of [K] can be adopted to our situation. We start by recalling some of the basic
definitions and notions.

Let Hy = {Z = X +iY : Z! = Z, Y > 0} denote the Siegel upper half-plane of genus k. Following
the definition (1.3.2) in [A], let 6y, : Hy x R¥ x R¥ — C be the theta function defined by

Z ¢, 77 Z o (m—n)-(m—n)+2m-£— &) (5.1)

meZk

Note that the above sum converges uniformly on the domain {Z : Im Z > eE}}, for every € > 0.
Here Ej, is the k x k identity matrix, and by the notation A > B we mean that A — B > 0, that
is a positive & x k matrix. Next, we define the theta functions 0, ; : Hj x Rk x Rk — C.
Let X = (&1,...,&,), € = (M, ...,0n) be n X k matrices with the i-th row being £ (resp. n;) for
1 < ¢ < n. Define

Oni(Z,X,€) = [ [ 06(Z. & m) (5.2)

=1

Using (5.1) , and the fact that tr(AB) = tr(BA) for A, B € R™** one may also write
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0,1(2,X,E) = Z emitr((M=E)Z(M—€)'+2M' X~ £'X )
n, 9 9 -
MeZnxk

These theta functions will play a crucial role. Indeed, one has

Proposition 5.1. Let T > 0 be an integral k x k matriz, and let X € R"**. Then

8r(X)| < / ey 10uk(X 4T, X, 0)]dX
]2

where dX = [];<;c;j<p duij.

Proof. For simplicity of notation, let I, = [0, 2] k(k;l). If M € Z"*%, then

k(k+1)
/ eritr (M'M =T)X) gy _ 272 Jif MEM =T
I 0 , otherwise

If MM =T then tr(M'MT~1) = tr(MT~1M?!) = n, thus

§T(X) = 27%6”” Z e*ﬂ'tr(MTflMt) / eﬂ'itr((MthT)X—QMfX) IX
Meznxk I,

_Q—Wem/ i tr(TX) 3 i tr( M(XHT 1) M 2MX) g

I Meznxk

23

(5.3)

Note that the inner sum is: 6, ;(X + iT~', —X,0), which converges uniformly for X € I, and
hence the last equality is justified. Taking absolute values in the integral the proposition follows.

O

We will use the approach of [K], in estimating the integral in formula (5.1), by partitioning the
range of integration [, and estimating the theta function separately on each part by exploiting
its transformation properties. Note that in one dimension, when k = 1, this leads to the so-called

Farey arcs decomposition. Let

S

b >; AB' = BA', CD' = DC', AD' — BC" ZEk}

Qo

(5.5)
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denote the integral symplectic group. The group I'y acts on Hj as a group of analytic automor-
phisms, the action being defined by: v(Z) = (AZ + B)(CZ + D)~! for v € T, Z € Hy. Let us
recall also the subgroup of integral modular substitutions:

Thoo = {7 = < ‘61 g > . AB' = BA!, AD! = Ek} (5.6)

It is immediate that writing U = A* and S = AB?, that D = U~! and B = SU~!, moreover S
is symmetric, and U € GL(k,Z), that is: det(U) = £1. The action of such v € I';, .c on Z € Hj,
takes the form:

WZ) =U'AU + S (5.7)

we will adopt also the notation Z[U] = U'ZU. The general linear group GL(k,Z) acts on the
space Py of positive k x k matrices, via the action: Y — Y[U], Y € Pj, and let Ry denote the
corresponding so-called Minkowksi domain, see [KL, Definition 1, p12]. A matrix ¥ = (y;;) € R
is called reduced. We recall that for a reduced matrix Y

Y~Yp, ynn<ynr<.. <y (5.8)

where Yp = diag(y11, ..., yxk) denotes the diagonal part of Y, and A ~ B means that A—cpB > 0,
B — ¢ A > 0 for some constant ¢, > 0. For a proof of these facts, see [KL,Lemma 2, p.20]. A
fundamental domain Dy, for the action of I'y, on Hy, called the Siegel domain, consists of all matrices
Z =X+1Y, (X = (4)), satisfying

Y €Re, |yl <1/2,  |det(CZ+ D)| > 1, v7=<é g>el“k (5.9)

The second rows of the matrices v € I'y are parameterized by the so-called coprime symmetric
pairs of integral matrices (C, D), which means that C'D! is symmetric and the matrices GC and
GD with a matrix G of order k are both integral only if G is integral, see [A, Lemma 2.1.17]. It
is clear from definition (5.6) that if y9 = 771 with second rows (C2, D2) and (C, Dp) for some
v € I'k oo, then (Co, Do) = (UCy,UD;) for some U € GL(k,Z). On the other hand, if both ~;
and 72 have the same second row (C, D) then 72y, e I'k00. This gives the parametrization of
the group I'y o \I'x by equivalence classes of coprime symmetric pairs (C, D) via the equivalence
relation (Cq, D2) ~ (C1, Dy) if (C2, D) = (UC1,UD;) for some U € GL(k,Z), see also [A, p.54].
We will use the notation [y] = [C, D] € T'y oo \I'x.

It is clear that if one defines the domain: Fj, = User, YDk, then Hy = U['y}el“k ATk v 1Fis a
non-overlapping cover of the Siegel upper half-plane. Correspondingly, for a given matrix 7" > 0 of
order k, define the Farey arc dissection of level T, as the cover
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L= |J Ihl, Ih={Xel: X+iT"" ey 'F} (5.10)
(V€T K, 00 \T'k

We will need the following transformation property of the functions [0, ,(Z, X, &)| with respect
to v € T'y, which is immediate from Proposition 1.3.2 and Theorem 1.3.6 in [A], see formulas

(1.3.7)-(1.3.10) there. Let &,n € R¥, Z € Hy, and v = < é g > € I'y. Then one has
_1
10k(2,&,m)| = [det (CZ + D)["2 |0x((Z), AS — By — ky/2, C§ — D — n, /2))| (5.11)
for some vectors k., n, € 7ZF depending only on the matrix 7. If X = (&,...,&,) isareal n x k

matrix with the i-th row being &;, for 1 <i < n, then by (5.2)

00,(Z, X,0)| = | det (CZ + D)| ™2 [0, x(v(Z), XA' — K, /2, XC' = N, /2)| (5.12)

for some matrices K., N, € Z"*% depending only on the matrix ~. Let us recall the following
quantity associated to a positive matrix Y € RF**,

min(Y)= min Yz-z (5.13)
TE€ZL™,x#0

It is clear that u(Y) < min(Y'), and it follows from (5.8) that pu(Y) ~ min(Y) if Y is reduced.

Proposition 5.2. Let X € R™* T ¢ ZF** such that T > 0, and 7 > 0 be given. If (C, D) is a
coprime symmetric pair, then for Z € Ip[C, D] one has

10n.k(Z,X,0)| < |det (CZ + D)| 2 (5.14)

Let q=det(C), [y] =[C,D] and Y = Imy{(Z). If q# 0, and for every P € Z"**

X —P/2q| > T (5.15)
then one has
0.5(Z,X,0)| < |det (CZ + D)2 (eﬁmin(y) + e*CTz,u(CtYC)> (5.16)

for some constant ¢ > 0 depending only on the dimension k.

Proof. By formula (5.12) it is enough to show that

Onk(v(Z), XA" — K, /2, XC' = N, /2)| S 1 (5.17)
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Since v(Z) € Fy, there is a U € GL(k,Z) and a symmetric S € ZF¥** such that v(Z) = U*Z,U + S
with Z; € Dy. Taking absolute values in (5.3) one obtains (using the notation A[B] = B'AB)

|9n,k(’7<Z>7 XAt — K7/2’ xXot — ny/2)| < Z e—ﬂtT(Y[CXt_Mt_ny/Q])
Me7Znxk

_ Z e—ﬂ'tr(Yl[ClXt—Mf—Nf/Q]) (518)
Mleznxk

where M; = MU' runs through Zmk Cy =UC, Ny = N,YUlt and Y, = ImZ; = U'YU. Since
Z1 € Dy, Y1 > ¢, Ey, for some constant ¢ > 0. Let My € Z"** be such that

|XC! — Mo — N1/2| = min |XCt — M — Ny /2|
M€Z7L><k

and write My = M; — My. Since Z; € Dy, one has that (Y1) =~ min(Y1) 2 1 see [A,..], thus the
right side of (5.18) is further estimated by

efc’\XC'ffMofN1/2|2+ Z efc’min(Yl)\Mz\Q 51 (519)
Ma#£0

If ¢ = det(C) # 0 and one assumes (5.15), then det(Cy) = +q # 0 and (Mo + N1/2)(CY)~! = P/2q
for some P € Z"™*. Thus

tr(V[C1 X" — MY — N}/2]) = tr((CLYIC1) (X! — P'/2q)) > 7u(CIViCh)

Thus the expression in formula (5.18) is bounded by

—cr?u(Cty1CY) + —cmin(Y7)

e e

for some constant ¢ > 0 depending only on k. Since C1Y,C; = C*YC and min(Y1) = min(Y),
the proposition is proved.

O
We will estimate below the sum of the integrals
JrxlC, D] = / 0, (Z, X,0)] dX (5.20)
Ir[C,D]

over all coprime symmetric pairs [C, D], using bounds (5.14) and (5.16). Most of the estimates
needed, were done in [K] in the proofs of Propositions 1.4.10 and 1.4.11, which we recall without
proofs, however we give detailed proofs of similar estimates not discussed in [K].

To be more precise, define the quantities
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JY[C, D] :/ |det(CZ + D)|~2 dX (5.21)
Ir[C,D]
JEC, D] = / |det(CZ + D)|~2 e~¢m»Y) 4x (5.22)
Ir[C,D]
J3..[C, D] = / |det(CZ + D)| "2 =<7 MEYO) g x (5.23)
I7[C,D]

where Y = Im~(Z) and v € I';, such that [y] = [C,D] € I'y oo\I'. The following estimates are
proved in [K], (see Proposition 1.4.10 together with Lemma 1.4.4. and estimate (39) there)

Proposition 5.3. Let T be a positive integral matriz, and let [C, D] be a coprime symmetric pair
such that det(C) # 0. Then one has the following estimates

ST IC,D+CS) S det(T) 2 |det(C)| % (5.24)
St=S8
3" JHC,D+CS] S det(T)* 2 | det(C)| ™ min(T)"*7 (5.25)

St=S

where the summation is taken over all symmetric integral matrices S.

Using the same argument as in the proof of the above statements given in [K], one obtains

Proposition 5.4. Let T be a positive integral matriz, let 7 > 0, and let [C, D] be a coprime
symmetric pair such that det(C) # 0. Then

n—k—1 n—2k

> JEC.D+CS] < det(T) 2 [det(C)| 72 (r2u(T))” T (5.26)
St=S8

where the summation is taken over all symmetric integral matrices S.

Proof. Using the fact that

Im~(Z) = ((CZ+D)ImZ) " (CZ+ D))~

it follows for Z = X + T~ that

Y[O] = (T[X +C'D+iT )" = (T[X + C~'D] + T~ 1)~

Thus by (5.23)
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Y Ji.lC,D+CS)
St=S8

< > / |det(C)|7% [det(X + CTID + § + 4T 71) |75 emom mIRFCTIDHSIHTTH T g x
st=g" 1k

< Jdet(C)[ / o [det(X 4 71| mert ML) gy (5.27)
R™ 2

Let T3 denote the positive square root of T', and let X; = X [T%] Then by a change of variables
dX = det(T)f%Xm, the expression in (5.27) takes the form

n—k—1
2

n n —_ 1
det(T) |det(C)‘7§ /k(k+1) det(}(l2 + Ek)iz 6707-2 u((XE+Ey)~HT2]) (528)
R™ 2

Note that the above expression depends just on the conjugacy class of the symmetric matrix X;.
Thus writing X; = V' diag(ws,...,wg)V for some orthogonal matrix V' € O(k), with |wy| > ... >
|wg| being the eigenvalues of the matrix X7, it follows that

(T2 (X3 + B)7'T2) > (1+wf) ™ u(T) (5.29)

By the Weyl integral formula:

k-1

dXy =[] lwi—wsl dwr...dwedV < [] Q+w)) = dwy... dw,dV

1<i<j<k 1<i<k

Since n > 2k, using the above change of variables, one estimates the integral in (5.28) by

n—2k

/ (1+wd) 8455 e n@ U™ gy < (r2(T)) " (5.30)
Rk

This proves the proposition.

O

The map [C, D] — C~'D provides a one-one and onto correspondence between the classes of
coprime symmetric pairs [C, D] € I'y 5 \I'x, and the space of symmetric rational matrices R of
order k, see Lemma 1.4.6 in [K]. Note that the pairs [C, D + CS] correspond to the matrices
R + S with symmetric S € Z***. Thus using Proposition 9, one needs to estimate the sum
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of Y qi_gJrx[C,D + CS] = Jr x[R] over the space of modulo 1 incongruent symmetric rational
matrices, which we will denote by Q(1)***, where Q(1) = Q/Z, Q being the set of rational numbers.

Let us introduce the notation: d(R) = |det(C)| for R = C~!'D, and recall the following estimate,
proved in Lemma 1.4.9 in [K]; for u > 0 and s > 1 one has

1
—s —k —k—s < 1—s
WY AR Y AR TS24 —)u (5.31)
1<d(R)<u d(R)>u

where the summation is taken over [R] € Q(1)F*.

Proposition 5.5. Let T be a positive integral matriz, let T > 0 and qo € N. Let X € R™*F such
that for all1 < q < qo and P € Z"*F

X —P/ql =7 (5.32)

Then one has

n—k—1 9 _ n—2k—2 n—2k—2
> Jrx[R] < det(T) = ((7°u(T))” 4 +q ° (5.33)
REQ(1)*xk, d(R)#0

Proof. By formulas (5.14) and (5.24), one has

n—k—1

Jrx[R] < det(T) = d(R)": (5.34)

thus by (5.31) applied for s =n/2 —k>1and u=1

S JrxlR] S det(T)" (5.35)
(R)#0
If X satisfies (5.32) then for 1 < d(R) < qo/2 one has by (5.16) and (5.25)-(5.26)
Jrx[R] < det(T)" 5 (d(R)_%(TQM(T))_n_fk +d(R)_’“min(T)_n_42k) (5.36)
Clearly |7| < 1, thus 72u(T) < min(T) so the right side of (5.35) is bounded by
Jrx[R] S det(T)" 2 d(R) ™ (ru(T)) "7 (5.37)

By inequality (5.31) applied for s =n/2 — k, u = qo/2
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n—k—1

S JralRl S det(T)" T (g0 (Pu(T) T 4qy 2 )
d(R)#0

which is bounded by the right side of formula (5.33).

0

Next, we estimate the sum Jr x[C, D] over the classes [C, D] of coprime symmetric pairs for which
det(C) = 0. We will use the estimate

JrxlC,D] < JC, D] = / |det(CZ + D)% dX (5.38)
Ir[C,D]

which follows from (5.14) and (5.20). First we show that one may assume 7' is reduced in our
estimates below.

Proposition 5.6. Let T € ZF** such that T > 0 and let Ty = T[V] for some V € GL(k,Z). Let
0 <r <k, and let rank(C) stand for the rank of the matriz C'. Then

> J.[C, D] = > JY[C, D] (5.39)

[C,D], rank(C)=r [C,D], rank(C)=r

Proof. Let U € GL(k,Z) such that U~! = V*. Then T~ = T, '[U~!], and writing Z = X + T~
for Z € Ip[C, D] a straightforward calculation shows that

]det(CZ + D)’ = |det(6’121 + Dl)’

with Cy = C(UY™!, Dy = DU, X; = X[U~!] and Z; = X; + iT;"". Notice that Z, = h(Z) with

_(@H "t o Y A o . (s
h = ( o0 v Jadifr=_ o p)theny-h=qywithn={ - p | It follows
Y(Z) =y (Z1), hence X € I7[C, D] exactly when X = I7, [C1, D] and one has

/ |det(CZ + D)|~% dX = / |det(CZy + Dy)|~ % dX,

Ir[C,D) It [C1,D1]

The map [C,D] — [C1, D] = [C(U')~!, DU] is one-one and onto from the classes of coprime
symmetric pairs [C, D] with rank(C) = r to itself, and the proposition is proved. O

Let T > 0 be integral, and let 71 = T[U] be reduced, with U € GL(k,Z). We recall that T} =~
diag(tia, ..., tg k), where t;; (1 < i < k) denote the diagonal entries of the matrix 77, see (5.8). For
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reduced matrices the estimate of the sum in (5.39) goes back to [S], and was done p.e. in Lemma
1.4.11 in [K], which we recall without proofs, see formulas (39) and (43)-(44) there.

Proposition 5.7. Let T} € Z*** be reduced, and let 0 < r < k. Then

n—r—1
Z J%l [07 D] S (tk,k Teeet tkfrJrl,kfrJrl) 2 (540)
[C,D], rank(C)=r

where t;; (1 <i < k) denote the diagonal entries of the matriz T'.

It is easy to see that

e(Th) S e(T) (5.41)

Indeed

t171 == T€1 c €1 = T(U@l) . U61 > /L(T) and

|T| > sup Tl(U_lx)'U_l:n 2 sup tpg (U_lac)% > lpk
|z|=1 |z|=1

as U1 is integral, where (U~'z); denotes the k-th entry of the vector U~ 'z.

Finally, one has r(n—r—1) < (k—1)(n—k) for 0 < r < k— 1, thus Proposition 5.7 and inequality
(5.41) implies

Corollary 5.1. Let T € Z*** such that T > 0. Then

(k—1)(n—k)

S ReD) g (5.42)
[C,D], det(C)=0

Note that a proof of this corollary is also given in [R], see formulas (25)-(26) there.

Lemma 2.2 follows immediately from Proposition 5.5 and Corollary 5.1, and this finishes to proof
of Theorem 1.3.
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