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Abstract. We evaluate the triple correlation of eigenvalues of the Laplacian on generic flat tori in
an averaged sense. As two consequences we show that (a) the limit inferior (resp. limit superior)
of the triple correlation is almost surely at most (resp. at least) Poissonian, and that (b) almost all
flat tori contain infinitely many gaps in their spectrum that are at least 2.006 times longer than the
average gap.

The significance of the constant 2.006 lies in the fact that there exist sequences with Poissonian
pair correlation and with consecutive spacings bounded uniformly from above by 2, as we also
prove in this paper. Thus our result goes beyond what can be deduced solely from the Poissonian
behavior of the pair correlation.

Keywords. Billiard, flat torus, long gaps, spectrum, Berry—Tabor conjecture, Poisson statistics,
pair correlation, triple correlation, Diophantine inequalities

1. Introduction

1.1. The Berry-Tabor conjecture for tori

A central objective in quantum chaos is the classification of quantum systems according to
universal statistical properties. We consider the energy spectrum A; < A, <---of a bound
Hamiltonian system, such as the geodesic flow on a compact Riemannian manifold, where
the energy levels are the eigenvalues of the associated Laplace—Beltrami operator. Accord-
ing to central conjectures [2,4], one expects a fundamental dichotomy between integrable
and chaotic systems. In particular, the local statistics of the sequence, normalized to have
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mean spacing 1, should imitate those of certain random matrix ensembles. In the former
case, the local statistical properties are expected to coincide with those of a sequence of
points coming from a Poisson process, at least in generic cases. In particular, the proba-
bility that a randomly chosen interval [X, X + r] of fixed length r contains exactly k of
the numbers A; is conjectured to be (k")~'rke~" . From a rigorous mathematical stand-
point these conjectures are completely out of reach, and we content ourselves here with
the simple, yet fundamental example of the following class of integrable Hamiltonian

systems.
Let A C R2 be a lattice of rank 2. Then R2 /A endowed with the Euclidean metric
2 2
is a flat torus and A = —;l—z - 36;—2 is the Laplace—Beltrami operator on R2/A. The

eigenvalues of the Laplacian A on R?/A are given by 472 ||w||3 with @ belonging to the
dual lattice A*. Thus the eigenvalues are integral values of quadratic forms,

qa(m,n) = aym? + aomn + azn?, o = (o1, 02, 3), (1.1)

where « is always constrained by 4003 > a% since g4 1s necessarily positive-definite,
and « is determined by the lattice A up to GL,(Z)-invariance. A standard fundamental
domain (up to boundary) is

D= {(o1,00,03) €R? | 0 <y <07 <3},

and for convenience we will restrict & to this set. Each quadratic form ¢,, has the automor-
phism (m,n) — (—m, —n), so each positive eigenvalue occurs with multiplicity at least 2.
It is therefore natural to desymmetrize the spectrum and consider only the values g4 (112, 1)
with m > 0 or m = 0 and n > 0. This does not catch all multiplicities (e.g. if « = (1,0, 1)),
but for typical & one may expect that desymmetrized spectrum is multiplicity-free.
Given & = (o1, 2, 3) we denote by 0 < Ay < A, < ---the ordered set of values

i
“qo(m,n) (1.2)
dajos — o2
where m > 0 or m = 0 and n > 0. Asymptotically the average spacing between the A;
is 1, thus we think of A; as the properly re-scaled multi-set of eigenvalues of the Laplacian

on R?/A (desymmetrized after removing the obvious double multiplicity of eigenvalues).

1.2. Triple correlation

In this setting, a consequence of the Berry—Tabor conjecture is that for “generic” tori
the distribution of the gaps A;+1 — A; should coincide with the distribution of nearest
neighbor spacings of the Poisson process.! Precisely, the number of i < N for which

! As an aside, the parallelogram rule implies that there are linear relations in the sequence of A;,
but they do not seem to influence the fine-scale statistical properties.
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Aiy1 — A; €]0,7] should be asymptotically N for e * du. The word “generic” implicitly
assumes a measure, and in this case the natural measure on D is the hyperbolic measure

dOl1 dOlz dOl3

dpnyp(ary, a2, 03) = W-

While the Berry—Tabor conjecture for generic flat tori remains wide open, some results
have been obtained for n-correlations

Tn(a;IZs"'aln;N)
L, . ;
= HGn i) € Fu(N) | Aij (@) = Ay (@) € 1 for2 < j < m},

where ¢,(N) C [1, N]" is the subset of tuples all of whose entries are pairwise distinct
and I, ..., I, are intervals in R. When I, = --- = I, = I we write T,(a; I; N). We
expect that the n-correlations coincide for all # > 1 with those of a sequence generated
by a Poisson process, i.e. for almost all o with respect to the measure fny, and for any
fixed intervals 15, ..., I,, we expect to have

Tu(o; 1o, ..., In; N) = pu(lp) - ...- u(ly) (N — 00), (1.3)

where 1 denotes Lebesgue measure.

Sarnak [14] established (1.3) for n = 2 for almost all & with respect to the hyperbolic
measure [ipy, (equivalently for almost all @ with Lebesgue measure on o, a2, @3). This
was generalized in [16] to four-dimensional tori. Eskin, Margulis and Mozes [7] gave
explicit Diophantine conditions on & under which (1.3) holds when n = 2.

In contrast nothing is known about correlations of higher order, that is, for n > 2.
(For higher-dimensional tori, VanderKam [17] has results for higher order correlations,
which are based on the fact that more Diophantine variables are available.) While the
pair correlation is associated to an orthogonal group of signature (2, 2), no useful group
structure seems to be available in the case of higher correlations. In particular, the methods
of [7] are not available. Our main result sheds some light on the case n > 2 by establishing
(1.3) for n = 3 in an averaged sense.

Theorem 1. Let R € D be a three-dimensional rectangle of finite hyperbolic measure
Mnyp(R), and let J C R be a finite interval. Then

Nlimoo T3(ee; In, I2: N) dpangp () = (1) (12) penyp (R), (1.4)
—oo JR
uniformly for all intervals I, I, C J.

A consequence of Theorem 1 is a sharp upper bound for lim inf 75(e; I; N) for almost
all @ € D with respect to fipyp.

Corollary 2. Let I C R be a finite interval. For almost all & € D with respect to the
measure |inyp(0r) we have

liminf T5(ee; I; N) < u(1)* and limsup Ts(a; I; N) > u(1)>.
N—oo N—oo
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Although the statistical investigation of the spectrum of a Riemann surface is a prob-
lem of mathematical physics, the main input of the proof of Theorem 1 is of Diophantine
nature and consists in an involved lattice point count in a certain 6-dimensional region;
see Section 3. It uses to some extent ideas of [14], but since Sarnak studies an L2?-mean
of the pair correlation, he has 8 variables at his disposal, while we have only 6. Con-
sequently, the Diophantine analysis becomes more delicate and depends, among other
things, on non-trivial bounds for Kloosterman sums. In fact, our result can be viewed as
a “thin subset” version of Sarnak’s result. These remarks are explained in more detail in
Section 1.4.

1.3. Long gaps in Poissonian sequences

Theorem 1 was originally motivated by the problem of establishing the existence of large
gaps between consecutive A;. This problem stands in sharp contrast with the problem
of establishing small gaps between consecutive A;. In the case of rectangular tori (i.e.
o = 0) it is possible to obtain nearly optimal results for almost all «, that is, gaps of
size N~!1*¢ among the first N eigenvalues (birthday paradox); see [3]. As long gaps
in a Poisson process typically grow at a logarithmic scale, their investigation is a more
delicate endeavour. In addition, long gaps are harder to detect from a technical point of
view. While a difference of any two eigenvalues is in particular an upper bound for the
smallest gap, no such approximation is available for a lower bound of long gaps.

It is therefore not surprising that comparatively little is known about large gaps
between consecutive A;. Using a variant of Corollary 2 (see Lemma 2) we obtain the
following partial progress on this question.

Corollary 3. Let G be the unique positive solution to the equation
35—18G —9G? + (12G — 10)v/6G — 5 = 0.
Then for almost all o with respect to the measure [iny, we have

limsup (Aj41(a) — Aj(e)) > G = 2.00636193892510... ..
i—00
Remark 1. In fact we prove a slightly stronger result: Given ¢ > 0, for almost all « there
exists a subsequence N; < N, < --- along which we have A;1; — A; > G — ¢ for a
positive proportion of i < N;j as N; — oo.

As mentioned above, the Berry—Tabor conjecture predicts that the gaps A;41(e) —
A;(a) are exponentially distributed (for generic &), which clearly would imply that the
maximal gap size is unbounded. However, proving this seems to be far out of reach. As a
remark pointing to this direction, note that by inclusion-exclusion it is not hard to see that
if we could show (1.3) for all n < 2k (k € N,k > k¢) and some e, then the corresponding
torus has infinitely many gaps in its spectrum that are of length at least k /2. In particular,
if (1.3) is known for all 2, one obtains unbounded gaps.
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The particular significance of Corollary 3 lies in the fact that the spacings that we
obtain are strictly greater than 2. As we show in the following theorem, there exist
sequences with gaps uniformly bounded by 2 and whose pair correlation is Poissonian. In
other words, Theorem 1 shows that the gap structure of almost all flat tori has properties
that cannot be derived from the pair correlation result alone.

It is an interesting problem in its own right to determine the minimal possible value of
the largest gap of a sequence whose pair correlation is assumed to be Poissonian. To fix
notation, let us denote by .7 the set of all increasing sequences (y;) of non-negative real
numbers with mean spacing 1 and Poissonian pair correlation, i.e.

1 1
NyN — 1 and N E 1 - u(l) (N — o0) (1.5)
Yiy Vi €1
i1,i2<N, i1 #i2

for all finite intervals I C R.

Theorem 4. Let

v:= inf limsup(y;L1 —¥;).
o ip(ml Yi)

Thenv € [3/2,2].

The lower bound v > 3/2 shows that every sequence with Poissonian pair correlation
contains infinitely many gaps that are 1.5 times larger than the average gap.” By [7], this
applies for instance to the ordered sequence of values x2 + +/2 y2, x, y € N. The lower
bound is obtained using a reasoning similar to the one which leads from Corollary 2 to
Corollary 3.

The problem of determining v precisely is interesting in its own right since it touches
upon the questions of how one can construct a sequence having a preassigned pair cor-
relation distribution, and for which pair correlation distributions such a construction can
exist at all and for which it cannot. We will discuss this problem a bit further in the closing
remarks of the introduction (Section 1.6).

Finally, there are interesting sequences whose pair correlation is Poissonian, but
whose level spacing is not, for instance the (suitably normalized) sequence of fractional
parts of /n (cf. [5,6]), which has in fact gaps of unbounded length.

1.4. Outline of the proof of Theorem 1

Roughly speaking, establishing Theorem 1 amounts to evaluating asymptotically

1 2N 3
N /(oz,ﬂ)e&? /N ( Z 1> du der 4P

lu—am?2—mn—pBn?|<n
M<m,n<2M

ZDuring the course of the refereeing process, the number 3/2 was improved to 3/2 + 1072
in [1]. We also take the opportunity to mention related correlation results for fractional parts [12,15]
that were established during the refereeing process.
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as N — oo, with > 0 fixed, M? = N and R a fixed rectangle. Note that for ay # 0
we have A; (a1, a2, ®3)) = Aj((a1 /02, 1, 23/02)), so without loss of generality we can
assume «p = 1. Expanding the third power gives rise to three conditions |u — ozmi2 -
min; — Bn?| < nwithi = 1,2,3 and m;, n; € [M,2M] say. We detect each of them
using a Fourier integral. Subsequently we execute the integrations in u, , 8 and make the

following change of variables

ay =ny—nz, a=ny+ny, aAz=my—ms, a4 =mp+ ms,

by =my—ma, by=mi+my, bz=n;—n3, by=n1+ns.

Here the new variables are constrained by a; + a; = b3 + b4 and by + by, = a3 + ay.
After this change of variables and repeated integration by parts in the resulting Fourier
integral, we are led to the problem of understanding asymptotically an expression that
roughly looks like

1
_ 1.6
Z A+ M? (1.6)
M=<a;.bj<2M

[A1]|A2 | < A+M?
aj+ar=bz+by
b1+br=a3z+ay

where

A= aiazaszdyg — b1b2b3b4,
A1 = arasbzas + arazazbs —ai1bybsby — braszbzba,

Az = a1b2a3a4 + b1a2a3a4 — b1b2a3b4 - b1b2b3a4.

The expected main term for (1.6) is of size M 2. It is important to note that we are over-
simplifying the situation here by assuming that a;, b; are of size M. In practice this is not
necessarily the case, but we assume it here for the sake of simplicity.

In [14], Sarnak obtains the same expression as (1.6) but without the constraints a; +a,
= b3 + by and by + by = a3 + a4. As aresult his expression is asymptotically of size M*
and the counting problem is easier since there are fewer constraints. This explains our
earlier remark on our work being a “thin subset” version of Sarnak’s work.

When |A| > M*~% we can estimate (1.6) asymptotically by applying the Lipschitz
principle (that is, the Euler—Maclaurin approximation), getting a main term of size M 2. It
therefore remains to show that the contribution to (1.6) of the terms with |A| < M43 is
negligible, that is, < M2~ for some & > 0.

For |A| € [D,2D] with D < M*~% we use a substitution trick of Sarnak to see that
the condition |A;| < D + M? implies that |k/| < D + M? where

k= azdyg — b2b4, [ = b2b3 —djds. (17)

In Sarnak’s case this alone is enough to conclude via an elementary argument. In our case
his elementary argument is slightly insufficient, and we need to non-trivially exploit the
new condition that a; + ay = bz + by and az + a4 = by + bs.
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We proceed by

(1) solving for a4 in terms of a;, as, by, k, [ using the conditions a; + a; = bz + b4 and
as + a4 = by + by, definition (1.7), and the condition |A| € [D, 2D]; we refer to this
as the “geometric restriction” on ay;

(2) expressing b3 in terms of the variables ay, as, by, [ by requiring that a3 = —a3!
(mod b5) and
I
(bs =) 220
2

(3) expressing b4 in terms of the variables as, a4, b2, k by requiring that a4 = a3

(mod b,) and

—k
(ba =)% ~ M.
2

This leads to an upper bound for (1.6) that is roughly of the form

DI +1 m 2 > Y Cwwmri(as),  (18)

az,bo~M k,l~M? az=—azl (mod by) as=azk (mod b3)
(azax+1)/ba=M (azas—k)/bo~M
where @ is a smooth function capturing the “geometric restriction” on a4 in terms of the
variables a,, as, by, k,l that we mentioned in (1) of the preceding list. The function ®
only needs to capture a barely non-trivial piece of this “geometric restriction”. It is not
necessary for @ to be as precise as to allow one to exactly reconstruct a4 in terms of the
other variables a5, as, by, k,[.

We now apply Poisson summation on the variables a,, a4. The diagonal term gives a
negligible contribution thanks to the presence of ® (if ® were replaced by 1 we would
have obtained a diagonal of size matching the main term M? and this would not allow
us to win). The off-diagonal terms give rise to sums of Kloosterman sums and we win
by applying the Weil bound. It is, however, important to design & very carefully so as to
capture only a barely non-trivial piece of our condition (1), otherwise we encounter again
a counting problem with highly cuspidal regions which is hard to analyze.

We close by recalling that this discussion assumed that the variables a;, b; are in
generic position, that is, all of size about M. However, ranges in which a; are smaller
require different treatment. For instance in some ranges we continue after (1.8) by also
applying Poisson summation in k (and even /). Moreover, in the non-generic ranges the
diagonal gives an acceptable contribution and we do not need to introduce the function .
This is welcome, since the behavior of ® is complicated so we are happy to avoid it
whenever possible.

1.5. Outline of the proof of Theorem 4

The lower bound in Theorem 4 comes from noticing that if the gaps y;+1 — y; are uni-
formly bounded by, say 3/2 — ¢, then the distribution function of the gaps y;+1 — y; can
grow at most linearly between 1/2 — ¢ and 3/2 — ¢ because the pair correlation function
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is Poissonian. However, integrating by parts we see that there can be no such distribution
function unless ¢ = 0, since the average spacing of the sequence is 1 by assumption.

The construction of the upper bound is more involved and proceeds as follows. In each
interval [i,i + 1] we first select a point y; uniformly at random. The resulting sequence is
such that almost surely

(1.9)

1 b?/2 if b € [0, 1],
N Z 1—>{

Vi< b—1/2 ifb>1.
1>]
and the mean spacing of y; is 1 by construction.

We then make a deterministic correction to the above random construction by intro-
ducing a small amount of clusters of points. Since there are few clusters and they are far
apart, they will not interact with our random construction. Specifically, for each m < v/N
we insert into each interval [m2, m? + 1] a sequence of [v/2m] equally spaced points.
For b > 1 each such interval contribute an additional % . {\/ﬁ]z to (1.9), and therefore
a total of % when summed over all m < +/N. On the other hand, for » < 1 each interval
[m?, m? + 1] contributes an additional

1 2m b?
N-([ﬂ}(l—b)-w%vwr 3 k) ~ —-(b—j),
k<b[v/2m]

and summing over m < /N adds exactly the missing b — b2/2 to (1.9) when b < 1.

1.6. Closing remarks

We have not been able to construct a sequence with bounded gaps whose pair correla-
tion and triple correlation are both Poissonian; it would be interesting to know if such a
sequence exists, and which bound for the maximal gap size can be achieved. More gen-
erally, it is an interesting question to ask which distribution functions can occur for the
distribution function of the spacings y;+1 — y; given that the pair correlation function
of y; is Poissonian. Concerning the general problem of generating a sequence having
preassigned pair correlation behavior, there exist several results in this direction when
the sequence is given by a so-called random point process; see for example [10, 11] and
the references given there. However, these results only cover the purely random case. As
far as we know, the question which asymptotic distributions of the pair correlation can
be realized by a deterministic sequence (y;) has never been studied. We hope that our
investigations initiate further research in this direction.

On a somewhat unrelated theme, we note that if we attempt to compute the 4-correla-
tions, then the first problem we face is that we have to estimate the number of solutions
in M < x1,Xx2,X3,X4, Y1, Y2, Y3, ¥a < 2M to

X7 —x3 X7 —x3 X7 —x3
—M* <det| y}—y3 yi—y3 yi-yi | =M%, (1.10)

X1Y1 —X2)Y2 X1Y1—X3)Y3 X1)1 — Xa)a
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asymptotically as M — oco. At present we do not know how to accomplish this, since this
corresponds to a very thin region. What complicates matters is that the variety in (1.10) is
highly singular. If it were smooth then the methods of [9] might offer some hope.

Any attempt to estimate the 3-correlations in an L? sense runs into a similar problem.
More precisely, we would have to asymptotically estimate as M — oo the number of
solutions in M < my,ma, m3, m'y,mhy, my,ny,ny,n3,n'y,nh,ny <2M to

2 2 2 2 ” ” 7 ”
my —m; my —msj my —my my —my
2 2 2 2 ” ” %) 2
ny—n nT—n ny —n ny —n
—D < det 1 2 1 3 3 1 3 1 <D
miny —mpany, mMiny —msns 0 0
!,/ /A /A /A
0 0 myny, —min|  miny —ming

uniformly in M® < D < M® and the case D = M © appears to be of comparable difficulty
to (1.10).

1.7. Notational conventions

For the rest of the paper, we will apply the following notational conventions. Boldface

letters like a or A denote vectors with components (a1, ..., a,) resp. (A1, ..., A,) whose

dimension n will always be clear from the context. Given a vector v = (vy,...,v,) and a

real M > 0, the notation v << M means that there exists an absolute constant C > 0 such

that |v;| < CM foralli = 1,...,n.In Section 3 we will make use of the notation X <Y

to mean X <, YM? for ¢ > 0 where the meaning of ¢ can change from line to line.
Given a Schwartz function & we define its Fourier transform as

h(Er ... En) = An h(xi,...,xn)e(=x181 — -+ — xn&p) d€1 ... dEp,

where e(x) := e2™X For two vectors v = (v1,...,vy)and w = (wq, ..., w,) we denote

by ¥ (v, w) the function ¥ (vy, ..., v,, Wi, ..., Wy). Moreover for v = (vy,...,v,) we

write

Zw(v) = Z Y(vi,...,0,), / Y(x)dx := / Y(x1,...,%p)dxy ...dxy,,
v V1,...,Un€Z R R

and we will also sometimes write d(xy, ..., x,) in place of dx; .. .dx,.

2. Proof of Theorem 1: Reduction to Diophantine problems

Since T3(Aw; 11, Io; N) = Ts(a; 11, I; N) by (1.2) for all A > 0, we find for « =
(a1,00,3) and R = [ x J x K € D withintervals I, J, K C R that

/ Ta(@: I, T; N) djtn (@)
R

da
=/[ / Ts((a1. 1, a3): It I N) dygp (1. 1oaz) — (2.1
J I/Ot2 K/(xz 052
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where
do 1 da 3

and I/ay, K/ap are the corresponding re-scaled intervals with the interpretation
I /oy = R for ap = 0. Since {& € D | ap = 0} is a null set, to prove Theorem 1
it is enough to obtain an asymptotic formula for

dhyp(alv I, O53) = (2.2)

/ T3(oe; Iy, 125 N) dpypor
R

with R € Dy = {(a1, a3) € (0, 00)? | 1 < a; < asz} arectangle, « = (o1, 1, @3) and
dpyp (o) defined as in (2.2). This is the purpose of Proposition 5 below. As before we write
ga(m,n) = aym? + mn + azn? for @ = (a1, 1, a3). We also define

1
D(ax) = —v4ajaz — 1,

i
so that {gy(m,n)/D(a) | m > 0orm = 0, n > 0} is the sequence of A; ().

Proposition 5. Let F, W; (i = 1,2), and V be fixed smooth functions with compact
support in Dy, (—o0, 00) and (0, 00) respectively. For M > 1 let

7o) = g [P Y (a2
0 X,y

8 D(x)
Ga (X1, y1) — qa(x3, y3) Ga(x1, Y1)
< D) ) (b ) e

where @ = (a1, 1,a3), X = (x1,x2,x3) € Z3, y = (y1, 2, ¥3) € Z3 and Y_" indicates
summation with the conditions

(x1,y1) # £(x2,¥2),  (x1,y1) # £(x3,3),  (x2,¥2) # £(x3,y3). (2.3)

Then
T (M) = vol(F)W; (0)W»(0)V (0)M? + O(M?>~1/258),

where
vol(F) = /@ F(@) dnpl@), @ = (a1, 1,a3).
0

The factor % is included to compensate for the fact that we are summing over x and y
of arbitrary signs, and it therefore takes care of the desymmetrization of the spectrum
mentioned in the introduction. Theorem 1 is an immediate consequence of Proposition 5:
choosing M2 = N and choosing F, W; and V to be smooth approximations to the char-
acteristic functions of R, I; (i = 1,2) and [2_k_1, 2_"] k=0,1,..., K = 1/e, say)
respectively, we obtain

/I; %H(l,],k) ’ Aj(ot) - A,’(Ot) eI, Ak(a) — A,’(Ot) € 12}

i, j.k} =3, 1<Aj(@) <N dnyper

~ fhyp (R) (1) p(12).
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as N — oo. Plugging this into (2.1) we obtain (1.4), noting that the condition N <
Aj(e) < 2N can be replaced by N <i < 2N, since the cardinality of the symmetric
difference of {i | N < Aj(¢) <2N} and [N,2N)is o(N) as N — oo. The rate of con-
vergence is continuous in the endpoints of I, and hence uniform as long as / varies within
a fixed finite interval J.

We start the proof of Proposition 5 by Fourier-inverting the weight functions Wy, W,
and V. The support of V, Wi, W, implies automatically x,y <« M. We remember this
by inserting a smooth redundant weight function v (x/M,y/ M), where ¥ is a suitable
smooth function that is constantly 1 on some sufficiently large fixed box in R® and con-
stantly zero outside some slightly larger box. We obtain

T(M) = 8/%F(a)§ ’”(M’M)
></]R3 V(Z)Wl(u)vf/z(v)e(u%(xhyl)DzaC;u(xz,yz))

y e(UQu(xl»J’1) — qa(x3, ya))e(zth(xl, y1)
D(a) M2D(x)

) d(u,v,z) 2.4)

o
73D(a)3’
We change variables z < z/D(e), u < u/D(a), v < v/D(a) and integrate over & =
(a1,1,03) € Dy € R2. This gives

1 * X
T(M) = 3 > W(H» %)f e(u(xlh —x2)2) + v(x1y1 — x3y3) + M2X1J’1)
X,y

%2 2
A zy
X G(u(xf —x3) +v(x?—x3) + Mz,u(yl2 — ) +v(yi -y + =Lz, v)

where
G(ay,03;z,U,v) = n_SF(oc)I}(zD(oc))Wl (uD(oc))Wz(vD(ot))

and the Fourier transform G of G is taken with respect to the first two variables o, 3.
Note that G is a Schwartz-class function in all variables. Therefore so is G, i.e.

PGU.V:z.u.v) <ag (L+|UDA + VDA + 2D + ) + o) ™" 26)

for all A > 0 and any differential operator .

Next we make an invertible change of integer variables as follows: each 6-
tuple (x1, ¥1, X2, y2, X3, y3) satisfying (2.3) is mapped bijectively to an 8-tuple
(ay,...,aq,by,...,by) satisfying

ay = ap (mod 2), by = by (mod 2) 2.7
as well as

(a1,az,a3,a4) # (b3,b4,b1,b2), (ai,az,a3,as) # (bs, b3, b2, b1),

2.8
(a1.b1) #(0,0),  (az.b2) # (0,0), (a3.b3) # (0,0), (as.bs) # (0.0) 8
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and
ay+az =bs+ by, asz+as=by+ by (2.9)
via
ay=y1—Y2, d2=Y1+Yy2, a3 =Xx1—X3, a4 =X1+ X3, (2.10)
by =x1—x2, by=x1+x2, b3=y1—y3, bs=y+ys ‘
Note that the conditions a3 = a4 (mod 2) and b3 = b4 (mod 2) follow automatically from
(2.7) and (2.9). This gives

ron =Ly b
T(M) = . ;} I//(M, M)J(’(a,b), 2.11)

where Z/ indicates conditions (2.7)—(2.9), 1/~/ is a smooth function such that

~ . by +by by—by as—as ay+ay a —ay; by —bs _
w(a,m—w( F02 220 Gamls Gikes G2 Bas )—Vf(x,y)
and
Jf(ab)-—/ e[ L(ar1bs + ashy) + ~(asbs + asbhs) + ——=(ay + az)(by + bs)
3 - R 2 102 201 2 304 403 4M2 1 2 1 2

z
4M?

z
4M?

X @(ublbz + vazaqs + (b1 + b2)*, uaias + vbsbs + (a1 + a»)?;:z,u, v)

x d(u, v, z).

For notational convenience we introduce the following functions in the variables
ai,...,das, by, ..., bs. Put

P = max(|aiaz|, lazaa|, |b1b2], |bsbal). A = aiazazas — b1brb3by,

Ay = arazbzas + arazasby — aibybsby — brasbsba,

Az = a1b2a3a4 + b1a2a3a4 - b1b2a3b4 — b1b2b3a4.

Note that (2.8) and (2.9) imply P # 0.
If A # 0, we can change variables

u = a3a4V—b3b4U _ alazU —b1b2V

A C Y A
to see that # (a, b) equals

1 A(U+z(b1+b2)2,

m G V+Z(al+a2)2'z azasV —b3bU alazU_bleV)
R3

4M? amMz T A ’ A

UAI VAz z
Xe( A Toa T 4M2(a1 + a2) (b +b2)) d(U,V,z). (2.12)
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By repeated partial integration in U and V' we conclude from (2.6) that

1 (. |A 1Ay A2l \\ 4
H(a,b —_— 1, — 1 1
(a.b) <4 |A|mm( P)(( e )\ Tiare e

< ;((1 + L)(l + L)) 2.13)
Al + P Al + P Al + P ’

forany A > 0 and all a,b < M. The final bound remains true for A = 0, which we show
now. Suppose without loss of generality that P = |ajas| # 0 (the other cases are similar).
We observe that A = 0 implies b1b, A1 = —ajazA,, in particular |A,| < |Aq]. In this
case we change variables simply by

b1b
ubiby + vazas = 22U, uayay + vhsby = U
aaz
and recast J(a, b) as
1 ] b b b b 2 2 U_b b
G 12U+Z(1+ 2)7U+Z(a1+a2) . sbav
laiaz| Jrs  \aiaz 4M?2 AM2 iy
U(biasz + bray) VA, z
by +b) | d(U. v, z).
e( 2aida; 2aias + aM2 (a1 4+ az)(by + by) ) d(U, v, 2)

Now integration by parts with respect to v confirms (2.13) again.

In order to evaluate asymptotically (2.11), we would like to apply a kind of Lip-
schitz principle and replace the sum over a, b by an integral. This is not directly possible,
because # (a, b) is quite oscillatory if A is small. Using Diophantine techniques, we will
establish in the next section the following crucial result, which basically tells us that the
contribution of small values of A can be absorbed in an error term.

Proposition 6. Let 0 < § < 1/2. For any € > 0 there exists € > 0 such that

’ 1
« M28/128+e
a,l§M |A| + P
|A|l<M4—8

AL AL (A[+P) T+

Let ¢ be a smooth function with support on [1/2, o] that is 1 on [1, co], and write

_-(a b |A|
®ab) =9 (0o o 5 ) (2.14)

From (2.11), (2.13) and Proposition 6 we obtain

T(M) = %Z' ®(a, b)H (a,b) + O(M23/129), (2.15)
a,b
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Note that condition (2.8) is now automatic since it is only violated in the case A = 0
(which is not in the support of ®). On the support of ® we deduce from (2.6) and (2.12)
that

1 M3
[V(@(a,b)H# (a,b))]| < A TAl &« M5+, (2.16)

Using (2.9), we interpret the main term in (2.15) as a sum over ay,dz, a3, by, b2, b3 subject
only to (2.7), and in the following we apply the same interpretation for all functions in
a,b, such as ®, #, P, A, A; and A,. By a standard application of the Euler—-Maclaurin
summation formula, using (2.16), we see that

1 1
-Z’cp(a,b)ﬂ(a,b):—/ [ ®(a,b)H (a.b) d(ay.az.a3) d(by. by, bs)
8 ab 32 R3 JR3

+ 0(M6_5+28).

The following continuous analogue of Proposition 6 allows us to remove the cut-off func-
tion ¢ in the definition (2.14).

Lemma 1. Let § < 1/2. For any & > 0 there exists & > 0 such that

1
—d d M28/4
/ / Al + P (a1,az2,a3)d(b1, b2, b3) K

a,b<M
|Al=M4—8
AL AL <L (A P+

We will prove this in the final section. Choosing § = 1/2, we have now arrived at

1 . b
TM) = 3_2/1[{3 /st(%’ﬁ)‘%(a’b) d(a1,az,a3) d(by, by, b3) + O(M?71/258),
(2.17)

At this point we invert the change of variables (x,y) — (a, b) in (2.10), undo the integra-
tion (2.5) over a1, a3 and revert the Fourier inversions (2.4). This shows that

1 ~ b
ﬁfR /R w(%,M)Jf(a,b)d(al,az,aa)d(bl,bz,ba) g, @18

where

1 Xy da(x1. Y1) — qa (X2, y2)
o0 =g [ Fe [ /n;s‘”(M’M)W‘( D(@) )

Ga (X1, Y1) — qa(x3,y3) Ga(X1,¥1)
X Wz( D) )V( MZD(oc) )dxdydhypoc

is the continuous analogue of 7 (M). Here we can drop the function vy (x/M,y/M)
because it is redundant. By a change of variables

1/2 1/4
Vi o 4oy — 1)

. . + _— . PR —
Y (x’ 2a1)(4a1a2 e T ey
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the arguments of V, W;, W, become independent of o, and we obtain

J(M) —Vol(F)/ / ((xl +yi)m )Wl((Xeryf—Jé—y%)ﬂ)

X Wz((xf + y12 — x§ — y%)n) dx dy.

Changing to polar coordinates, we get
rim

J(M) = (2n)3V01(F) Vv (—) %41 ((r1 — rz)n)Wz((r1 - r3)n)r1r2r3 dr.
[0300)3 M2

Next changing rj < rj27r, this simplifies to
J(M)ZVOI(F) V( Z)Wl(rl—rz)Wz(rl—r3)dr
[0,00)3 M

o'} Mrq Mrq
= vol(F)MZ/0 V(rl)/_ /_ Wi(r2)Wa(r3) dr,

and for M sufficiently large this equals vol(F’) 1% (0) 4 (0) W (0)M?. Combining this with
(2.17) and (2.18), we complete the proof of Proposition 5.

3. Proof of Theorem 1: Diophantine analysis

In this section we prove Proposition 6. For notational convenience we introduce the nota-
tion X <Y to mean X <, YM? for ¢ > 0, where the meaning of ¢ can change from
line to line. Next we observe that conditions (2.7)—(2.9) as well as |A|, P and the set
{|A1],]Az]|} are invariant under the following symmetries:

e interchanging indices 1 and 2;
e interchanging indices 3 and 4;
e interchanging indices 1, 2 with 3, 4;
e interchanging a with b.
These four involutions generate a 2-subgroup of Sg of order 16. In particular, without loss
of generality we can and will assume that
min(|az|, |as|. |bs]. |ba]) < min(la1]. |az|. |b1]. |b2]).
max(|ai], |azl, [b1]. |b2]) = lai]. 3.1)
|b2b3 — azas| > |azas — babal.
Now we put all variables into dyadic intervals and suppose that A7 < |a1| < 244, ...,

Ag < |as) <244, B1 < |b1| <2B1,...,Bs < |bs| <2B4with0 < Ay,..., By < M.
By (3.1) we have

min(A3,A4, B3,B4) < min(Al,Az, Bl,Bz), maX(Al,Az,Bl,Bz) = Al- (32)
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We write Py := max(A;4,, By By, A3A4, B3 B4) < M?. In addition we assume that
D <|Al<2D, 0<D<M*3, (3.3)

Let N (A, B, D) denote the number of 8-tuples (a1, ...,aq,b1,...,bs) subject to these
size constraints and
A, A <D+ Py (3.4)

as well as conditions (2.7)—(2.9).
Using (2.9) and a standard divisor bound, we have the trivial bound

N(A,B, D) < PZ min(A3, A4) min(B3, By) < Pg. (3.5)

First we dispose of two easy degenerate cases.

3.1. Degenerate case I: ayazazasb1babzby = 0

Let us first assume that one of the variables, say a1, equals 0, but none of the b-variables
vanishes. By a divisor argument we can choose the b-variables in < D ways, and then by
(2.9) we have A3 (say) choices for a,, as, aq4. This gives a total number of

X DA; < (D 4+ Py))M (3.6)

choices.
Next, if any three of the variables ay, .. .,da4, b1, ..., by vanish, then by (2.9) it is easy
to see that we have at most

< PyPM?* < (D + Py)'2M? 3.7)

choices for the remaining ones.

Up to symmetry, the only remaining case is that @; and exactly one of b,, b3, b4 vanish
(recall (2.8)). If b, = 0, then (3.4) gives azagarb; < Py + D in non-zero variables.
There are < Py + D choices by the usual divisor argument, and after choosing b3, b4 is
determined by (2.9), which matches the contribution in (3.6). If b3 = 0 (the case by = 0
is similar), then (3.4) and the first equations in (2.9) give

Py + D = azazashy — azbibyby = azaszbi(as — by).

If ag # by, then we fix as,as, by,as — by in X D + Py ways as well as a4 in < M
ways, then the rest is determined by (2.9), so that we end up with a contribution as in (3.6).
On the other hand, if a4 = b5, then everything is determined from a;, a3, a4, and we obtain
PL2M? <« (D + Pg)"/2M? solutions as in (3.7).

We summarize that the number Ny (A, B, D) of tuples where one of the variables
vanishes is at most

No(A,B, D) < (D + Po)M + (D + Po)'/*M?. (3.8)

From now on we focus on Ny (A, B, D) where ajasazasb1bybsby # 0.
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3.2. Degenerate case II: araq = byby
In this subsection we treat another degenerate case, namely the case
aras = byby.
We call this contribution Ny (A, B, D). Fixing b,, b4 (non-zero), the values for as, as

are prescribed up to a divisor function. Moreover, using (2.9) we have

D
b > d :=ajas —bibs = ai(by — as) + az(bs — az) — (as — ba)(az — by).
204
Fix a value for d and suppose initially d # 0. Then automatically (b, — a4, by — as) #
(0, 0). Choosing a suitable one of a; or asz, the other one is determined, and then also
b1, bz from (2.9). So the total number of choices is

< ByB, (A1 4+ A3) < DM < (D + Py)M.

BBy

Now suppose that d = 0, so that ajaz = b1b3. Putr = (a1,b1) and t = a1/r,s =
by/r. Then (s,t) = 1 and a; = rt, by = rs. Since (s,¢) = 1, we must have s | a3, say
a3 = su. Then b3 = tu. Similarly, we can parametrize the equation bybs = aza4 as
by = xy,by = zw, a, = xz,a4 = yw with (y,z) = 1. Then (2.9) becomes

rt+xz=tu+zw, su+yw=rs+xy,

in other words
tr—u)y=z(w—x), s(r—u)=yw-—x).

We have r = u if and only if w = x, which is equivalent to the opposite of (2.8), so that
this case is excluded. On the other hand, if » — u # 0 # w — x, then by coprimality s =z,
z =y, so that

aq =b1, an =b2, as =b3, ag =b4.

Invoking also (2.9), we find in this case at most
K A1A2A3 K PgAz K (D + Po)M
solutions. We conclude that
Neo(A,B, D) < (D + Py)M. (3.9)

From now on we assume axay # byby.

3.3. Substituting

Solving the first inequality in (3.3) for b; and substituting into the bound for A in (3.4),
we obtain
(a2a4 — bba)(b2b3 — azasz) <

(D + Py)+ D <« D+ Py

by
ai

az
ai
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by (3.2). We write
k = ardy — b2b4, | = b2b3 —djyds. (310)

By (3.1) we have |k| < ||, and by the assumption from the previous subsection we have
kl # 0. We assume K < |k| < 2K, L <|l| <2L with

L>K>1, KL=<D+P,. @3.11)

Note that ay, by are determined from the other variables by (2.9). We call the correspond-
ing contribution N« (A,B, D, K, L).
Let_d = (as,b,) and a, =ia’2, by = db,. Then we must have k = dk’, | = dl’ and
as = ayk’ (mod |b}|), az = —a)l’ (mod |bS)).
For the remaining part of the argument, p is a parameter such that
0<p<i/4 (3.12)
with § as in Proposition 6, and 7 is a parameter with

0<n<l1/6.

For later purposes we take the opportunity to dispose of another somewhat degenerate
case at this point. Suppose that

B, < Mn, K < AA4 or B3 < Mn, L < A,As5. (3.13)

The second set of conditions is analogous, so we focus on the first. In this case we fix
d,al,bl,as,bs,l’, a3, which then determines k and b3. Thus we see by elementary means
that

N«(A,B,D,K,L)

2DIDIDIDD > 1< A232A4B4D —I:PO (%z + 1)

d dybyasbs I az=—ahl’ (mod b))

& (A3 + By)B4(D + Po) < (D + Po)M' 7. (3.14)

under condition (3.13). This is sufficient for our purposes, and from now we therefore
assume that (3.13) does not hold.

Let W be a smooth non-negative function with support in [1/2, 3] that is 1 on [1, 2].
We now fix d, a5, a%, k', l', as, as;then b, by are determined, and we obtain

N.(A.B.D.K,L)
2 > 3 (i) o (5 ()

d Ba<|b2]|<2B> (a},b})=1

x > Doyt —1iay3:(@3) Y Purpknagp@s),  (3.15)
az=—a5l’ (mod b)) as=ak’ (mod |b})
where x| W |
X arxX —n
D s =w|=|wl=——). 3.16
a b, (%) (A) ( BIE}) ) 10
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‘We have

i1 aJ2 97 BB
3! 3£28’113<Da’b'2,n;,4,3(x) ST min(A A_z) (
2

Bb/ —Jj2 o
e DGRy

for j1, j2, j3 = 0, which we apply with (n, A, B) = (k’, A3, B3) or (', A4, By).
In this analysis we could have interchanged the roles of a5, a3, a4 and by, b3, b4 (leav-
ing |k| and |/| invariant), so that without loss of generality we may and do assume

Ay > Bs. (3.18)

We now distinguish two principal cases which require different treatment of the right
hand side of (3.15).

3.4. Case l

Let us assume that

min(A;,..., A4, B1,...,Bs) < M'™ or KL < (D + Py)'™". (3.19)

3.4.1. Application of Poisson summation. Here we start with an application of Poisson
summation in (3.15) with respect to the a3, a4-sum, getting

2,2 ) o) (@), 2 (™)

d (a).b})=1

1 —xh4 — yh3
x W[RZ qDa/z,b’z,k/;A4,B4(x)qDa/z,b’z,—l/;A3,B3(Y)e(T d(x,y). (3.20)
2 2

By partial integration and (3.17) we can truncate the /;-sum (j = 3,4) at

By/d 1 (B A 1
i — 2/ =——2+—2 = —Hj,
mln(Aj,Bsz/Az) d Aj Bj d

say, at the cost of a negligible error. For future reference we note that the double integral
in (3.20) is trivially bounded by

B4B BsB
min( Ay, ——2 ) min( 43, ——= ).
AZ A2
3.4.2. The diagonal terms. The total contribution of the h3 = hqy = 0 term, say
N*,diag(Av B,D,K, L), is

<X X Y | P s n, ()5 )
2

d (abbl)=1K"1"

min min min 3,
Bz A2 Bz A2 3
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so that
N*,diag(A, B,D, K, L) < KLM min(Al, ... A4, By, ..., B4)

by the first inequality in (3.2). By our current assumption (3.19) we obtain

Nedgiag(A, B, D, K, L) < (D + Po)' " M? + (D + Po)M>*. (3.21)

3.4.3. The off-diagonal terms. Let us now assume (h3, h4) 7# (0,0) in (3.20) and call this
term Ny orf(A, B, D, K, L). We now apply Poisson summation also to a’z. This gives

1 k' 4
222, |b;|3W(K/d)W(L/d) S Y SWha—1'ha, 1B

d b/2 k7 h3<H3,h4<Hy T2
(h3,h4)#0
zd —yh3 —xhg —zrp
<[ W(—) S TCS SR (y)e( : d(x, v, 2).
R3 Az b5 |

(3.22)

Here S denotes the usual Kloosterman sum

ad + bd
S(a,b,c) = Z e(T),

d (mod ¢)
(d,c)=1
which satisfies the Weil bound |S(a, b, ¢)| < cl/z(a, b, c)l/zr(c) [13, 18] where t is the
divisor function.
By partial integration with respect to z and (3.17) we can truncate the r,-sum at
B A A
Ri=—24+224422
Ay  Bs  Bs

UN

n
at the cost of a negligible error. Again we distinguish several cases.

3.4.4. Off-diagonal case 1. Suppose that
BzB4 > A2A4M7” and BQB:), > A2A3M77’. (323)

In this case we apply the Weil bound in (3.22). We first treat the degenerate case where
ry» = k'h4q — I’h3 = 0 in which the Kloosterman sum is large (and in which case h3/4 # 0).
This contributes at most

d . (KHy LH3\ A, . B4 B, . B3 B,
< ;B—Zmln(ﬁ,?)7mln A4,A—2 min A3,A—2
1 ((By Ay\(B, A 1/2 B4B B3B
< —((2Z2+2 )2 +22 kL) Aymin( A4, 2222 ) min( 45, 2222
Bz A4 B4 A3 B3 A2 A2
< (KL)'2(B2(B3B4)"? + (A243B2B4)"/? + (4244 B2B3)"/? + A2(A344)"?)
< (D + Py)/?M?2,




Triple correlation and long gaps in the spectrum of flat tori 61

The remaining terms contribute, by Weil’s bound,

d3? KL (Hs H, HsH, B4B, _ B3B,
< : _323/2?(74‘74- PP )(1+R)—m1n(A4, 5 )mln(A3,A—2)

KLA, (B A B A B A B A
<T;(_2+_2+_2+_2+(_2+_2)(_2+_2))
B Ay By Az B3 Ay B4 )\ Az  Bs

B, Ay Az . BiBy\ . B3 B,
142008 A, 2222 A
( +A2 * +Ba)mm( ", )mm( A, )

BsA AxA A4B ArA
<<KLle/z(A4+A3+A2+B4+33+Bz+ 473 2208 Tl 4)

B3 B; By By

Bids ApAs  A4Bs  AnA
< D P M3/2 Bl/2 4413 243 403 2414 ) 324
(+0)( R (3.24)

So far we have not used our assumption (3.18), but we use it now. Combining (3.18)
with our current assumption (3.23), we must have B4 > A4M ~7 and B3 > A3M ™", so
that (3.24) is bounded by

< (D + Po)M* (1 + By/As) < (D + Po)M3/>*7,
which gives in total
Nuoit(A, B, D, K, L) < (D + Po)M>*>*" 4 (D + Py)'/?>M? (3.25)

in our present case.

3.4.5. Off-diagonal case 2. Suppose now that
BzB4 < A2A4M7n, but BzB3 > A2A3M7”.

Then necessarily A, A4 < K, otherwise k = aaq — bab4 has no solution. Since we are
assuming that (3.13) does not hold, we have By > M". We claim now that the present
assumptions imply that only the terms i4 = 0, h13 # 0 contribute non-negligibly to (3.22).
Indeed, applying Poisson summation to (3.22) with respect to k’, we see that up to a
negligible error the dual sum has length < B4_1 + B,/K <« M™", in other words, only
the central Poisson term survives. Since

Y S(k'hy—1U'hz.r2.|by]) =0 (3.26)
k (mod [b4])

unless i4 = 0, we conclude that this forces 4 = 0, so that i3 # 0.
Having established our claim, we apply Weil’s bound for S(—h3l’, 2, |b}|) and bound
Ne,oit(A, B, D, K, L) in (3.22) as above by

KL/d? Hj B4By\ . B3 B,
< Z W 7( + R)—mm(A4, 1 )m1n(A3, A,
< (D + Po)(M3/2 + B)/? B;A3)
3

& (D + Po)M3?41(1 4 By/45) < (D + Po)M 3T, (3.27)
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3.4.6. Off-diagonal case 3. Of course, the dual situation B, B3 < A, A3M ™", but By B4
> A, A4M ™" is handled similarly to the previous case.

3.4.7. Off-diagonal case 4. Finally, we treat the case
BBy < A2A4M_n and B,B3 < A2A3M_n.

Here we can apply Poisson in both &,/ in (3.22). By the same argument as in (3.26) this
forces h3 = hq = 0, up to a negligible error, but this case is excluded in the off-diagonal
contribution.

3.4.8. The final bound. Collecting (3.25) and (3.27) we have shown that
Nuoit(A. B, D, K, L) < (D + Po)M3/>*" (D + Py)"/2M?2.
Combining this with (3.21), we see that altogether
Ne(A,B,D,K,L) < (D + Py)!""M? + (D + Po)M*~* (3.28)

in the present case (3.19).

3.5. Case 2

We now turn to the second case
min(Ay,..., A4, By,...,By) > M and KL > (D + Py)'™". (3.29)

We could proceed in this case as in Case 1, but we will find that the diagonal term is too
large. Therefore we need to introduce an additional constraint into our upper bound for
N«(A,B, D, K, L). In this case we will obtain additional constraints for the variable aq4.

3.5.1. Creating an additional constraint on a4. Solving (3.10) for b3, b4 and substituting
this as well as (2.9) into the definition of A, one finds by brute force algebraic manipula-
tion 5

1 k b

as=(ba+ —|) = Haz bz a3.k. 1) = —=A, (3:30)

2 a asl
where
Cl3b2k a%k b2 Cl3k bzk k2

H(az, by, a3.k.1) = —— ; Tt e et
2

Solving instead (3.10) for a3, a4, we may exchange the roles of as, as, a4 and by, b3, ba,
so that again without loss of generality we may assume (3.18). Using the coarse bound

JXFy = J/x+ O@/|y]), this implies
as = G+(az.by.as. k. 1)+ O(EY?), E:=DJL, (3.31)
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where G (as, by, a3,k,1) = %(bz +k/az) + \/H(az,bz,a3,k, 1). For future reference
we note that

3} H(az.br.az. k1) <; M?A37. 98] H(az.ba,as.k.1) <; M*7  (3.32)

for j > 0, where we have used the fact that (3.18) implies K/A4, < M.

Notice that because of (3.30) and the bound |%| < E = D/L, if we have
H(az,by,a3,k,1) < —CD/L for a sufficiently large absolute constant C > 0 then there
are no solutions for a4. Hence we can attach a factor W((a4 — G+ (a2, bs,a3,k, Z))/El/z)
to the a4-sum in (3.15). Unfortunately, G+ may be highly oscillatory in a», a3, which is
problematic for the application of the Poisson summation formula in a moment. How-
ever, since we are facing a counting problem where all terms are positive we are free to
“enlarge” E and G+. By (3.29), (3.11), (3.3) and (3.12) we have

D__ D puziei2 o g @90tz 2 pp2
L = (D + Py)(-0/2 = - -

We choose a parameter 0 < o < 1/6 and write
D +1\*
Eo = (T+) M20-0) 5 | (3.33)

and obtain
ag = Gi(az. ba.az. k. 1) + O(EN?)

with

k

- 1
Gi(az,by,asz, k1) = E(bz + Z) + VH(aa, by, a3, k,1) + Eo.

This gives

al k' I
N«(A.B.D. K, L) < Z Z W(Azjd)k/zl,W(K/d)W(L/d)

d (d)by)=1

x > Doy by,—17:45,85(a3) > DPaal bhaz ki (@s)  (3.34)

a3s—gl/ (mod |b5) a45@k/ (mod b5 )

with ® as in (3.16) and

~ _ X abx —k"\ - x—Gi(a’zd,bgd,a3,k’d,l’d)
de,a’z,bé,as,k/,lf(x)—W(A—4)W( Babl, )W( E

for a suitable smooth weight function W . From (3.32) we obtain
M? M3
- + — -

1/2 2j-1)/2°
AyEy""  AJEg
M2 M7

1/2 + 2j-1/2
E, Ey

35, Gx(az.by.a3.k.1) <;
(3.35)

3£3 Gi(az,by,asz. k1) 3

for j > 1. We see now why it is useful to have E( not too small.
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3.5.2. Application of Poisson summation. We now apply Poisson summation in a3, a4 to
(3.34). This giyes an expression very similar to (3.20) except that qDa/z,b’z,k’;A4,B4 (x) is
replaced with q)d,a’z,b’z,y,k/,l’(x)- More precisely, we get

a K I alk'hy —all'hs
S % wma) 2w (a) = ()
Ax/d ) £ " \K/d Ljd), 4=, bS]

d (a4,b5)=1

—xhg — yh3

1 .
X e /Rz (Dd,a’z,b’z,y,k’,l’(x)q)a’z,bé,—l’;A3,B3(Y)e(T) d(x,y). (3.36)

In this case, it follows from (3.35) and (3.17) and integration by parts with respect to x
and y in

. —xha — yh3
/ q’d,a’z,b;,y,kf,l/(x)q>a’2,b/2,—1/;A3,B3(y)e(—, d(x, y)
R2 1b3 |

that we can truncate the /;-sum (j = 3, 4) at

B,/d 1 (B, Ar B,M 1 -
h3 < N = 5\ —— = _H37
min(As, B3By/Az, Eo/M) d\ A3  Bs Eo
, B,/d (B A B\ 1. (3:37)
4 X . 1/2 —E A_+B_+_1/2 —EH4
mm(A4, B4Bz/A2, EO ) 4 4 EO

As before, we denote by Ny giag (A, B, D, K, L) the contribution of the diagonal terms
(h3,ha) = (0,0) and by N (A, B, D, K, L) the contribution of the off-diagonal terms
(h3,ha) # (0,0).

3.5.3. The diagonal terms. The introduction of ® shortens the a4-sum a bit and by the
same argument as in the treatment of diagonal terms in the previous Case 1 together with
(3.33) and (3.11), the central term h3 = h4 = 01in (3.36) is bounded by

VEy A4 B As B
N ging(A, B, D, K, L) <<A232min( 0 —4—4)min(—3 3

’ k] s T KL
Bz Bz A2 Bz A2
< Ml—ol(D + 1)Q/ZB3KL1—0£/2 < MZ—(I(D + l)a/Z(D + PO)I—a/4
< M?>™(D + D**(D + Py). (3.38)

3.5.4. The off-diagonal terms. It remains to obtain an acceptable bound for the contribu-
tion of (h3, hq) # (0,0).

Because of condition (3.29) all variables have roughly the same size, so this case is
much less delicate. As in (3.22) of Case 1 we apply in (3.36) Poisson summation in the
a,-variable. By (3.35) the dual variable can be truncated at

B, Ay As  ByM?

<R:=-2 .
"2 L B T8 T AR
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We now run the same computation as already done in Case 1. The terms with rp = kh4 —
lh3 = 0 contribute

d . (KHy LH3;\A, . B4B> B3 B,
<<ZB_2mm(7’?)d (A‘“ A ) (A3’ A )
d

2 2

M2
<M?*(KL)Y?(H3H)'? « M?*(D + P, )1/2(MP - )
0

by (3.18) and (3.29). Similarly, the remaining terms contribute

d3? KL (Hy Hy HsHs - A, . BiB>\ . B3 B,
<;Wﬁ(7+7+ 72 )(1—|—R)7m1n(A4, 4 )mm(A3, 4 )

. . L. . M2\3
< (D + Po)M*2(fls + fiy + AsFie)(1 + R) < (D + Po)M3/2(Mp + E—)
0

‘We have shown

2 1/2 M? 3/2 M?\?
Nioft(A,B, D, K, L) < M*(D + Po) M”+E— +(D+ Po)M M”+E— )
0 0
By (3.33) we have
MZ/EO S LOIMZ—Z(I—C{) << M4d

1/(2—2p)

and we recall M < P, <(D + Po)l/ (2-20) Hence in total we obtain

Neoit(A, B, D, K, L)

max (p

(D + P )M3/2+mdx(3p,12(x) + (D + P0)2+ M2 (339)

3.5.5. The final bound. Combining (3.38) and (3.39), we conclude under the present
assumption (3.29) that

No(A,B, D, K, L) < M*™%(D + )¥*(D + Py)

max (o

+(D+PO)M3/2+max(3p,12a)+(D+PO)%-}— 2—210‘)M2 (3.40)

for a parameter 0 < o < 1/6 that is at our disposal.

3.6. The endgame

We summarize our findings. Suppose that

4 1
max(p.do) 1 _ (3.41)

1
3p,12a) < = — p,
max(3p, 120) < 5 =p. —— = =3

Combining (3.5), (3.8), (3.9), (3.14), (3.28) and (3.40) and summing over (log M)? values
of K, L, we obtain

N(A.B, D) < (D + Po)min(P2, M2 + (D + Po) "M? + M>™(D + 1)*/%)
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in all cases, where 0 < p, @ < 1/6 are subject to (3.12) and (3.41), but otherwise at our
disposal. By (3.3), we can simplify

N(A,B, D) < (D + Po)M?min((Po/M)*, M~ + Py * + M~*/%),
Since min((Po/M)?, Py ) < M~2P/C+0) we obtain finally
N (A.B, D) < (D + Po)M?(M~2/CF0) 1 pp=edlt)

Choosing p = §/4 < 1/8, a = 1/32, both conditions (3.12) and (3.41) are satisfied, and
Proposition 6 follows.

4. Conclusion of the proof of Theorem 1: The continuous case

It is now a simple matter to prove Lemma 1, which follows the strategy of the previous
section, but without any arithmetic input. We symmetrize the 6-dimensional integration
region and consider all 8 variables ay, ..., das, by, ..., bs subject to (2.9). We put all
variables into dyadic intervals A; < |a;| < 24;, B; < |bj| < 2B;, D < |A| <2D,
A1, Ay < A + Py where the meaning of Py is the same as in the previous section. The
numbers A;, Bj, D run through logarithmically many positive and negative powers of 2
and are bounded by M~100 < A;,Bj <K M, M~10 < D« M45, (If one of these is
&« M~100 the coarsest trivial estimates suffice.) The same substitution as in Section 3.3
yields
kl := (azas — byby)(babs — azasz) < D + Py.

We also put k, [ into logarithmically many dyadic intervals K < |k| <2K, L <|l| <2L,
KL < D + Py, and assume K < L. We also have relation (3.31), so that the region of inte-
gration for a4 is of length E/2 = (D/L)"/2. The total volume of this region can be com-
puted, of course, just as the central Poisson term. We integrate over a4, by, b3, as, bs, as
in this order and see that it is bounded by

L K
< AyB,—B3;—+~E = KL'?*D'/? B,
Ay "B,

&L (D + Po)**DY?M < (D + Po)DV*M < (D + Po)M?>75/4,

Lemma 1 follows.

5. Proof of Corollary 2

The main purpose of this section is to deduce Corollary 2 from Theorem 1. The following
general lemma implies Corollary 2, but it is stated in such generality that it can also be
used in the proof of Corollary 3 in Section 6. We prove only the lim inf part of the claim
since the proof for the lim sup is identical (up to reversing inequalities).
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Lemma 2. Let 0 be a measure with bounded support in R and let y be a real number.
Then for almost all o with respect to [iny, we have

liminf/oo T3(e; [y, x]; N)do(x) < /oo(x — )% do(x).
y

—00 y

Remark 2. The lemma implies a bound for T5(ee; /; N) as in the conclusion of Corol-
lary 2, by writing I = [a, b], picking y = a, and setting o = §;, with §;, denoting the Dirac
measure centered on b. Then the right-hand side of Lemma 2 becomes (b — a)? = u(1)?,
and thus Corollary 2 follows from the lemma.

Proof of Lemma 2. Let ¢ > 0 be arbitrary. Let B = B(e, y, o) denote the set of & such
that for all N > Ny (e, y,0) we have

/oo T3(e; [y, x]; N)do(x) > foo(x —y)?do(x) +e. (5.1)
y y

We need to show that jipy, (B) = 0. Suppose the contrary, i.e. ihyp(B) > 0 for some & > 0.
For some small 0 < g7 < 1/2 to be determined later we choose a (finite) rectangle R with
Mhyp(R) > 0 and ppyp(B N R) > (1 — &1)nyp(R). Such an R exists by the Lebesgue
density theorem. By Theorem 1 we have

/R(fy Ts(e; [y, x]; N) da(x)) dpypot = [y A Ts(a; [y, x]; N) dpypoe do(x)

< / (x — 1) do () jungp(R) + €1
Y

for N > N1 = Ni(e1,y,0, R), so that for all such N there exists a set Sy C R such that

Mhyp(Sn) > 2&1 pnyp(R) and
([ (x —yp)?do(x) + 81) (5.2)
Y

foo Ty(e: [y x): N) dor(x) < —
y 1—281

forallee € Sy and N > Nj. Let

S:=limsupSy = () |J S~v S R.
K>1N>K

The set S is the subset of those & € R which belong to infinitely many Sy . It follows
from Lebesgue’s dominated convergence theorem that finy,(S) > 21 nyp(R), so that
Hhyp(S N B) > fnyp(S) — pnyp(R \ (B N R)) > &1 tnyp(R) and in particular S N B # @.
On the other hand, if

[Camrrae ez ([ @ praow <o)

then S N B = @ by (5.1), and this can be achieved by choosing ¢; sufficiently small. This
contradiction shows pyp(B) = 0. |
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6. Proof of Corollary 3

In this section, we show how Corollary 3 can be deduced from Corollary 2. We assume
that Theorem 1 holds, and that consequently we may apply Lemma 2. For » > 0 let

fra®) = 1 <0< N = 1] Agsa(@) — Ai@) < b

This is a piecewise constant non-decreasing function. Let ¢ > 0 be given. We will show
that there is an infinite sequence of indices N for which fy (G —¢) < 1, with G as
in the statement of Corollary 3, thus establishing the existence of infinitely many pairs
of consecutive elements of the sequence which are more than G — ¢ apart. Suppose to
the contrary that fy o (G —¢) = 1 for all large enough N > Ny(e, ). Then, by partial
summation,

N-1 G—¢
M@= M@ = S (hsa@-Ai@) = -0 (G=e1 [ fratnar).

i=1
The left hand side is (1 + 04(1))N since the A;(a) are normalized so that the average
gap between them is 1 + o(1). In other words,

G—¢
G>1+(- 10—6)s+/ e (x)dx (6.1)
0

for every N > Ny = Ny(e, €). We now record three elementary inequalities:
e For all indices i we have

1A, 1—Ai<b = Z 1— Z 1. (6.2)

Jj>i k>j>i
Aj—AiSb Aj—A,'fb
Ax—A;<b

e For all indices i we have

1—% > oL (6.3)

2
1Ai+1—1\i§b z 3

SN

k>j>i
Aj <b Aj—AiSb
Ax—A;<b
e Forall i > Ny(e,¢),
1Ai+1—AiSb =1- 1Af+1—Ai€(b,G—€] > 1= Z L ©4)

j>i
A_/' —A[ G(b,G—é‘]

To prove the first two inequalities notice that if there are exactly £ > 1 values A; in the
interval (A;, A; + c] then inequalities (6.2) and (6.3) amount to, respectively,

126—(€) and lzzﬁ—l(ﬁ),
2 3 3\2
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which are easily seen to hold. Since moreover (6.2) and (6.3) are trivially true when there
are no Aj’s in (A;, A; + ¢], we conclude that (6.2) and (6.3) always hold. The final
inequality (6.4) follows from our assumption that A; 1 — A; <G —eforall N > Ny(a, €)
and from the trivial upper bound

lAi+1—Ai€I E Z 13
j>i
Aj—Al'EI
which holds for all intervals I C R.
Summing each of (6.2), (6.3) and (6.4) over i gives, respectively,

fra(b) = To(e:; [0,6]: N) — 1 T5(e; [0, 5]; N),
INa(b) = 2 Ta(a:[0,b]; N) — £ T3(a: [0, 5]; N),
fnab) =1 —=Ta(e;[b,G —¢]: N),

where each of these inequalities holds for all possible values of b. Let C = +/6G — 5 —
1 (= 1.65). Using the above inequalities we see that

G—¢ 1
/0 fnab)db > /0 (T2(et; [0,6]; N) — 5 T3(e; [0,6]; N)) db
C
+ [ BT 0.b1 ) - L2 0,01 M) b
1

G—¢
+ / (1 = Ta(e; [, G — ]; N)) db. (6.5)
C

We evaluate the integrals using Sarnak’s pair correlation result [14] (where it is easy to
see that the convergence is uniform in intervals [0, ] for b < 1, say), and using Lemma 2
with y = 0 and o a measure equal to %dx on 0 < x <1 resp. %dx onl <x <C and
vanishing otherwise. In this way we find that for almost all & there exists a subsequence
N1 < N, < --- along which the right hand side of (6.5) is at least

G—¢

1 C
/(b—b2/2)db+/ (%b—%bz)db—i—/ (1—(G —e—b))db—10"%.
0 1 C

Inserting this lower bound into (6.1) gives
G=1+(1-10%e+1+ (3G -31V6G6G-5-(3G +5) - %)
+(Ge—G*/2—e2/2+ V6G —5-(G —¢) —3G +3) — 10"%.
Using the definition of G this simplifies to
0>(1-2-10"°+ G — vV6G —5)e — £?/2.

Since 2 < G < 2.1, this is a contradiction for all ¢ sufficiently small. This proves Corol-
lary 3.
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7. Proof of Theorem 4

7.1. The lower bound

Let
| 1
S (x) = ﬁ|{’ SN-1]yvit1—vi =x}| and To(x;N):= ¥ Z 1.
vi—v; €0,x]
1<j<i<N

Suppose without loss of generality that the gaps y;4+1 — y; are uniformly bounded by
some G > 0 for all sufficiently large i. Then by integration by parts (as in the previous
section), we obtain

G
G>1 +f fv(x)dx +0(1) (7.1)
0
as N — oo. Notice now that for all i large enough,
11’i+l_yi§x =1- lyi+1—yi6(x,G] = 1— Z 1.
yi—v; €(x,G]
I<j<i<N

Therefore, summing over i < N and dividing by N we get
IN(x) = 1= (T2(G; N) — T2(x; N)) + o(1) (72)

uniformly in 0 < x < G as N — o0. Given ¢ > 0 there exists an Ny(e) such that for all
N > Ny(e),

To(G:N) —Tr(x:N) < (G —x) +¢ (7.3)
forall0 <x <G.In particular, fixing & > 0, combining fy (x) > 0 and (7.1)—(7.3) and
taking N to infinity, we conclude that

G
Gzl—i—/ 1-G+x)dx +e.
G-1

Squeezing ¢ to zero this implies that G > 3/2.

7.2. The upper bound

We define a semi-random sequence (y;)i>1 = (Yi(®))i>1 in the following way. Let
X1, X»,...be asequence of independent random variables defined on a probability space
(2, X, P) such that X; has uniform distribution on the interval [i,i 4+ 1] fori > 1. We
may assume that none of the X; has an integer value. Furthermore, for every m > 1 we
define numbers

I
[vV2m]’

Note that the numbers yt.(m), 0 <i < [+/2m], are all contained in the interval [m?, m? + 1].

= m? 4

0<i<[v2m].

3To see this, it is enough to split [0, G] into a disjoint union of intervals Iy, I, ... of length &2
and find an Ny large enough so that 7 y (/) is less than p (/) + €2 forall k.
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Thus these point sets do not intersect or overlap for different values of m. Our sequence
will consist of the random numbers (X;); from above, as well as of the deterministic num-
bers (yi(m))i,m. To prevent the random components of the sequence from mixing with the
deterministic ones (which would make it unnecessarily complicated to sort the sequence
in increasing order), we discard those random numbers whose index is a perfect square,
since their values lie in the same range as the values of some of the deterministic numbers.
More precisely, we define (y;)i>1 = (yi(w))i>1 as the sequence which contains

e all numbers X;,i > 1, for which i is not a perfect square, as well as
e all numbers yi(m) form>1land0 <i < |_\/2m-|,

sorted in increasing order. Note that the gaps between consecutive elements of (y;) are
uniformly bounded by 2.

We split the index set N into two classes N7 and M. The first class N; contains all
those indices i for which the value of y; comes from one of the random numbers (X;);>1.
Furthermore, we set N, = N\ Ny, that is, N, contains those indices i for which y; comes
from one of the clusters of deterministic points. The set N, decomposes into classes Cy,,
m > 1, such that C,, contains those indices i € N, for which y; € [mz, m? + 1]. Tt is
easily seen that

fieM|y=N)< D (V2m+1) < N4
m2<N
Consequently,
i €N |y <N} =N+ 0N,
which implies
yi/i > 1 asi — oo.

In other words, the average spacing of (y;) is 1, as required. We claim that the pair corre-
lation of this sequence is Poissonian, P-almost surely.

Assume that b > 0 is fixed. We split 75(b; N) into different parts in the following
way. We write

L. . . .
T>(b;N) ﬁ|{(11»12) |1 <iy <iz <N, v, — Vi, <b}

= %(21 + Zz + 23 +§Z4,m)’

where all sums are taken over indices 1 <i; < i, < N such that y;, — y;, < b, subject to
the following additional restrictions:

Zl : 11,1y are both in MN;

22 : exactly one of iy, i is in N7;

23 .11 and i, are both in N, but not in the same set C,, for some m;

24 .11 and i, are both in N, and both in the same set C,,,.
m

>
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Recall that for y; € N; we have y; = X; = i + Y; where the Y; are independent and
uniformly distributed on [0, 1]. Therefore,

1 1 1
TR N C D DERIED S CD DENRI B RS ETETEY
£>1 k+L{<N £>1 k+L{<N {<b+1
Yk+e—Vi=<b Yiqye—Yr<b—t

P-almost surely as N — oo by the strong law of large numbers, where X, Y are uniformly
distributed on [0, 1]. Since X, Y are independent, we have

X
PX-Y <x)= / hx—y()dv, hx_y():= / 1 1<y<0-lo<y—y<1dy.
—00 R

Therefore,

b
Y P(X-Y <b-0) =/ > hxy(x — ) dx.

>1 0 >1
‘We now notice that

Shxr-= [

R

L1<y<o (Z 105x—£—y<1) dy

=1 =1
1 ifx>1,
:/ 1i<y<o-1x—y>1dy ={x if0O<x<=<I,
R
0 ifx<0.
Combining the above two equations we conclude that
0, b <0,
Z]P’(X—Y <b—10)=1b2)2, belo,1], (7.4)
1 b—1/2, b>1.
Furthermore, we have
1 i e Ny i <N} _ N3/
sz < v <= =0 (7.5)

since for each i € N, there are at most 2[b] indices j € N such that |y; — y;| < b.
Finally, we have

1
NZS -0 asN — oo, (7.6)

since b is assumed to be fixed and the gaps between Cy, and Cp,+1 grow to infinity as
m — oo. Thus it remains to calculate the contribution of the sums ), .. So let m be
given, and assume that C,,, C {1,..., N}. Consider

Y., =i € Colit <iz i, =y < b}
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If b > 1 then by construction all such pairs of indices are within distance b of each other,
and thus for » > 1 we have

Z4m = [{(1.i2) € Cpy | ir < iz} ~ |C|?/2 ~ m.

The maximal m for which C,, C {1,..., N} is of order ~/N (1 + o(1)). There may also
be one set Cy,, which is only partially contained in {1, ..., N}, but its contribution is of
order at most |G, |2 < m <« +/N and thus negligible. So overall in the case b > 1 we

have
> N
ZIZW~ > me~
m=

1<m<+~N
Thus, together with (7.4)—(7.6), for b > 1 we obtain

1 1
T,(b;N) — b — 3 + 3 =b as N — oo, P-almost surely,

which coincides with Poissonian behavior.

It remains to consider the case b € [0, 1]. So fix b in this range. Let a set Cy, be given,
and assume again that it is contained in {1, ..., N }. The points y;, i € C,,, are positioned
at the values
1 2 2
s Mt —, ...,
[V2m] [V2m]

We could give an explicit formula for the number of pairs of indices i; < i, for which
Yi» — ¥iy < b, butitis sufficient to know that the cardinality of this set of pairs is of order

2

m,m2+ m? + 1.

b
~ |cm|2((1 —np+ [ ydy) ~ 2m(b— b)),
0

which is easily verified (for example, by looking at the problem in terms of counting
lattice points of a square lattice contained in a certain polygon). Thus for b € [0, 1] we
have

> 24,,, ~ > 2m(b—b*/2) ~ N(b—b*/2).
m=1 ’ 1<m<+/N

As a consequence, again in combination with (7.4), (7.5) and (7.6), we obtain
To(b;N) — b?/2+b—b%/2=b as N — oo, P-almost surely.

This gives the desired result for b € [0, 1]. Finally, we note that by continuity it is sufficient
to consider all b contained in a countable dense subset of [0, 00), such as Q N [0, oo). For
each individual b there is an exceptional set of P-measure zero, and since the union of
countably many sets of measure zero also has measure zero, we conclude that there is an
element w € Q2 for which T, (b; N) — b holds for all b > 0. This completes the proof of
Theorem 4.
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