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POISSONIAN PAIR CORRELATION IN HIGHER DIMENSIONS

STEFAN STEINERBERGER

ABSTRACT. Let (z,)52; be a sequence on the torus T (normalized to length
1). A sequence (z) is said to have Poissonian pair correlation if, for all s > 0,

1 s
i — < < : — < — 3 = 2s.
ngnooN# 1<m#n<N:|zm xn‘fN} 2s

It is known that this implies uniform distribution of the sequence (zy). Hin-
richs, Kaltenbock, Larcher, Stockinger & Ullrich extended this result to higher
dimensions and showed that sequences () in [0, 1]? that satisfy, for all s > 0,

. 1 s
ngnooﬁ#{l <m#n<N:||zm— Tnlloo < W} = (2s)¢
are also uniformly distributed. We prove the same result for the extension by
the Euclidean norm: if a sequence (zr) in T9 satisfies, for all s > 0,

. 1 s
ngnooﬁ#{l <m#n<N:||lzm — zn|2 < W} = wys?,

where wy is the volume of the unit ball, then (z,) is uniformly distributed.
Our approach shows that Poissonian Pair Correlation implies an exponential
sum estimate that resembles and implies the Weyl criterion.

1. INTRODUCTION

1.1. Introduction. Let (z,,)22; be a sequence on [0, 1]. If the sequence is com-
prised of independent uniformly distributed random variables, then, for all s > 0,

1
lim N#{1§m7én§N:|xm—xn|§%}:2s almost surely

N—o0

which motivates the study of sequences with this property; the property is known
as Poissonian pair correlation and appears naturally in various places.

Hermann Weyl has shown that if « is irrational, then the fractional parts {and}
are uniformly distributed in [0, 1]. In light of this, one might ask about the spacing
between the elements of the sequence. Some of these questions are very hard.
Regarding the spacing between elements of the sequence and 0, an old 1948 result
of Heilbronn [7] is that for any real « the inequality

Inal S =2t

has infinitely many solutions (here ||-|| denotes distance to the nearest integer). The
exponent was improved to 2/3 by Zaharescu [25]. Returning to the original setup,
a natural problem is whether {n2a} behaves like a Poissonian random variable in
the sense of pair correlation. This inspired a lot of work by Boca & Zaharescu [3],
El-Baz, Marklof & Vinogradov [4], Heath-Brown [6], Marklof [11], Nair & Pollicott
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[16], Rudnick & Sarnak [17], Rudnick, Sarnak & Zaharescu [19], Rudnick & Za-
harescu [19, 20] and Walker [24] (among others).

Despite a lot of activity, until recently it was not clear how uniform distribution
of a sequence and the property of its gaps exhibiting a Poissonian pair correlation
structure were related. One would assume that having a rigid structure dominating
the behavior of the gaps should force the sequence to be uniformly distributed but
this was not proven until recently by Aistleitner, Lachmann & Pausinger [1] and,
independently, Grepstad & Larcher [5]. Moreover, their arguments are far from
straightforward.

00
n=1

Theorem (Aistleitner-Lachmann-Pausinger [1], Grepstad-Larcher [5]). Let (x,,)
be a sequence on [0,1] and assume that for all s >0
1 s
i AT < < : m — 4dn S -~ ( — 5
J\}E)nOON#{l_m#n_N |z Zn| N} 2s

then the sequence is uniformly distributed.

The two proofs are structurally quite different from one another. The result has
also been extended to a notion of pair correlation in higher dimensions.

Theorem (Hinrichs, Kaltenbock, Larcher, Stockinger & Ullrich [8]). Let (z,)5 4
be a sequence in [0,1]¢ and assume that for all s > 0
. 1 s d
J\}E}nooﬁ#{l <m#n <N ||Zm — Znlloo < W} = (28)%,

then the sequence is uniformly distributed.

The proof of this second result makes explicit use of the structure of /°°—unit ball
and does not seem to generalize to £?—distances. We will
(1) give a proof that Poissonian pair correlation with respect to Euclidean
distance ¢? implies uniform distribution
(2) give an especially simple proof of the original result in d = 1 dimensions
(3) and provide a quantitative description of the fact that Poissonian Pair Cor-
relation is a much stronger property than uniform distribution. We believe
this to be the most important contribution of our paper since we derive an
exponential sum estimate that is closely related to Weyl’s criterion.

2. RESULTS

2.1. Main Result. We now state our main result: T¢ denotes the d—dimensional
torus scaled to have volume 1. wy will denote the volume of the unit sphere in R

Theorem 1. Let (x,,) be a sequence in T¢. If, for all s > 0,

. 1 s d
lim N#{lgm#ngl\]:||xm—a:n||2§m}:wd$,

N—o0

then () is uniformly distributed.

We will actually prove a stronger result: if (z,,) satisfies Poissonian pair correlation
at scale sSN~4 for all 0 < s < t, then

2
<

; (0)

e

li 3 L
im sup —
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N7 1 qlefa<e-1N1/a

N
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where ¢4 is a constant depending only on the dimension. However, the right-hand
side can be made arbitrarily small by choosing ¢ sufficiently large and the uniform
distribution then follows from Weyl’s criterion. The estimate (¢) is best possible
up to the value of ¢4. This shows, in a quantitative sense, that Poissonian pair
correlation is a much stronger property than uniform distribution: equidistribution
merely requires that all exponential sums tend to 0, here we require that a sum
over them is bounded (and small in the sense above). This is already close to what
is impossible: Montgomery’s estimate shows that if we extend summation to cap-
ture at least ¢4 2N terms (as opposed to N/t?), then the sum cannot be arbitrarily
small [2, 13, 14, 15]. This is mirrored in the not so surprising fact that we could
not expect any notion of Poissonian pair correlation to hold below the scale N~1/¢
which is the typical scale of gaps.

We believe this exponential sum estimate to be of quite some interest even in d = 1
dimensions, where we will show (see Theorem 2) an explicit estimate for sequences
(xy,) exhibiting Poissonian Pair Correlation: for any fixed ¢ > 0

1 |X
lim sup E N2 E etk
N=00 1 cp<(st)-1N k=1

2

1
< —.
-2t

If {1,...,xN} is a set of i.i.d. uniformly distributed random variables, then
2

1|, 11
E Z m;e%rzfmk _ Z Nzg

1<e<(80) 1N 1<e<(80) 1N
which shows that the bound is sharp up to a factor of at most 4.

2.2. Extensions. Our proof does not distinguish between Poissonian Pair Corre-
lation and weaker notions such as the ones introduced by Pollicot & Nair [16]; we
only a discuss this in one dimension but versions in higher dimensions can be easily
obtained. We say that a sequence (z,,) on [0, 1] is said to have weak pair correlation
for some 0 < o < 1 if

. 1 s
Our proof of the main result covers that case as well and shows that such sequences
are also uniformly distributed: the analogous exponential sum estimate that is
implied by this property is still much stronger than uniform distribution and, if it
is satisfied for all 0 < s < ¢, then

N
E E eQTriExk

1<e<t—1Ne |k=1

2
N1+oc
< cCq

- t

, (02)

We see that this condition interpolates between the case of Poissonian Pair Correla-
tion o = 1 and the case a = 0 (that follows more or less directly from the definition
of uniform distribution itself). Our approach allows for the derivation of versions
of that Theorem in higher dimensions as well.



2.3. Values of s. It has been pointed out by the authors of [8] that their proof
only requires
. 1 s d
J\}E}nooﬁ#{l <m#n <N :||Zm — Tnlleo < W} = (2s)
for all s € N as opposed to all s > 0. Similarly, our proof only requires
) 1 s d
lim N#{l <m#N SN ||Xm — 2nll2 < W} = wys

N —oc0

to be true for a discrete sequence (s )nen satisfying

Sn4+1 — S
lim max L7 — .
N—o00 1<n<N SN+1
Put differently, if we rescale {0, s1,...,sny} to the interval [0, 1], then we require

that the size of the maximum gap tends to 0 as N — oco. It is not clear to us
whether this condition is necessary.

2.4. Discrepancy estimates. All of this is quite distinct from classical notions
of discrepancy since we do not prescribe quantitative rates of convergence: purely
random sequences in [0, 1] exhibit Poissonian Pair Correlation almost surely but
their discrepancy is at scale ~ N—1/2 (ignoring logarithmic factors) and they are
not especially regular. However, we note that our proof suggests that imposing a
notion of speed of convergence towards Poissonian (or weak) pair correlation should
imply quantitative estimates on discrepancy (see also [5, 23]).

3. A SIMPLE PROOF IN ONE DIMENSION

The purpose of this section is to give a simple new proof that Poissonian Pair
Correlation implies the desired exponential sum estimates for d = 1. This proof
will then naturally generalize to higher dimensions; for d = 1 it has the advantage
of being completely explicit down to the level of constants. Our main idea is the
following: suppose we have pair correlation on all scales s/N with 0 < s < 1/2.
Let f : R — R be continuous and compactly supported in (—1/2,1/2), then

1/2

lim — Y (N (@m = 20)X e —anl<on) - = / f(@)dz.  (00)

1<m#n<N —-1/2
This follows from the continuity of f and the assumption of Poissonian Pair Correla-
tion (and is completely equivalent, indeed, in some papers the notion of Poissonian
Pair Correlation is defined in this way, see e.g. [4]). Our proof for d = 1 is based
on using this simple property for a rescaled copy of

flx)=(2- 4|$|)X\z\<1/2-

The relevant properties of f are that it is a compactly supported symmetric prob-
ability distribution all of whose Fourier coeflicients are positive; any other such
function could also be used, we chose this one because it is especially simple. Our
main result for d = 1 is the following exponential sum estimate.

Theorem 2. Let (z,,)ner be a sequence satisfying

1 S
im — < <N: <2l
A}gr(l)oN#{l_m;én_N | T :Cn|_N} 2s



for all 0 < s <t. Then

. 1
hj{{n sup Z e
T 1<e<(8)-IN

2

1
< —.
-2

N
E eQTrifwk
k=1

This estimate, as a trivial corollary, shows that for every k € N,

N

1 - 1
lim sup N Z e2mitek
k=1

< —.

T V2t

In the case of Poissonian Pair Correlation, we can pick ¢ arbitrarily large and thus
obtain equidistribution of (z,,) from Weyl’s criterion. As mentioned above, it also
shows that Poissonian Pair Correlation is a much harder condition for a sequence
to satisfy since all the exponential sums have to be simultaneously small.

N —oc0

Proof. Let us fix 0 < < 1/2 and consider the function

_ X[-4,9] ()
g(x) = o5

This function has average value 1, we can thus compute its Fourier coefficients as
g(0) =1 and, for k € Z and k # 0,

1/2 .

~ X[y|<8  _onik sin (2kmd)
k)= 2= Yduyds = "7/

4 /_1/2 25 ¢ YO = T ko

We will now work with the function f = g % g, where * denotes convolution; we

observe that )
-~ 1D sin (2km0)
o) =ga2 = (T > 0

There is also a simple closed form

flz) = (2% - %L) X|z| <25

We note that f strongly depends on the choice of § (which will be at the scale at
which Poissonian Pair Correlation holds). We will now compute a relevant quantity
in two different ways: firstly, we have, separating diagonal and off-diagonal terms
and using f(0) = 1/(20),

N N
Z f(@m —zn) = Nf(0)+ Z f@m — )

m,n=1 m,n=1
m#n

N N
= 2—5-1- Z f(@m — x4).

m,n=1
m#n

If the sequence satisfies Poissonian asymptotics for all scales up to scale §, then the
second summand simplifies dramatically since, using the alternative definition of
Poissonian Pair Correlation (¢0),

1 N 1/2
J\}i_r)noo N2 M;I flam —xn) = /_1/2 f(x)dz = 1. (009)
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However, we can also rewrite the sum as an inner product of two measures and
then use the Plancherel identity

(f9) = (F.9)
together with f(()) =1 to compute

£ a1 (0) )

m,n=1 k=1
2

N
_ E f E e —2milxy
LEZ =1

o~ [ sin (2070) ribay,
e (S ] Z”

This multiplier can be bounded from below: we note that for 06 < 1/8, we have
sin (2470) l
Pz 2

Zf SES SR

m,n=1 1<e<(86) 1
Altogether, this implies

N+ >

1<0<(85)~1

and thus

E QﬂZEmk

k=1

+Zf m = Tn)-

m,n=1
m#n

Setting § = t/N, dividing by N2, letting N — oo and using (¢ ¢ ¢) gives
2

N
1 .
li 2milxy -
w3 R <y
1<0<(86)~1 k=1
which is the desired result. O

The same proof also shows that weak pair correlation implies (¢2): we simply set
§ =t/N?, the rest of the argument is identical.

4. THE GENERAL CASE
We now establish our main result for dimensions d > 1.

Theorem 3. Let (x,)net be a sequence satisfying

1
1imsupﬁ#{1 <m#n <N :||xm — xnll2 < %} = wgs?

N—o0

for all 0 < s <t. Then

lim sup Z %

N=00  Clefla<t—1 N1/

N 2

E 2mibxy,

k=1

Cd
> td

for some constant cq depending only on the dimension.



Proof. We give two different formulations of the first part of the proof: one abstract
and based on scaling and one with explicit functions for the sake of clarity (the
second path would yield explicit constants but comes at the price of having to work
with Bessel functions). Let ¢ : TY — R be a radial probability distribution centered
around the origin and compactly supported in the ball of radius 1/4. We define a
probability distribution at scale § via

i) =56 2)

and note by basic scaling that the coefficients of the Fourier series are real and

satisty

o~ 1
> <.
ps(l) 261 for  [|{f[2 < 105

We will then work, analogously to the proof of Theorem 2, with the function

fs = @5 % ¢s
which is another radial probability distribution, compactly supported in the ball
of radius §/2, with the additional property that its Fourier transform is positive
everywhere since
fs = 5.
Any such function would work; we could also give one explicitly: let us fix 0 < § <
1/2 and consider the function
_ Xl=l<s
g(l’) - (Ud(sd .
This function is a probability distribution, therefore g(0) = 1. There is a precise
formula for the Fourier coefficients given by
. Jas2 (27| k|[0)
k) = ca
|27k S|4/

where cq is a constant depending only on the dimension and Jg/o is the Bessel
function. We have that

Jd/Q(,T)
|:17|d/2

This tells us that

is continuous and positive around the origin.

Gk)>co  forall k| < %3
where cg,c3 > 0 are two positive constants depending only on the dimension. We
work again with the function f = g * g, where * denotes convolution and observe
Jey = forall k] < 2

Moreover, f has average value 1 and is compactly supported in a 26—ball. We will,
as in the proof of Theorem 2, compute the quantity

N N
Z f(@m — ) = Nf(0) + Z f(@m —zn)

m,n=1 m,n=1
m#n

in two different ways. We first note that

f(o):(g*g)(()):/ Xjzl<s , _ 1

Ta w3624 wgdd’




If the sequence satisfies Poissonian asymptotics for all scales up to scale 29, then
the same argument as above combined with the fact that f is a radial function
allows us to write

Jn e St = i [ g o e
o m#n
= hm / f |$H N2 Z 5||zm,zn||d$
m#n

/ " F(le]wadz] - dz = / f(@)de =
0 T4

We rewrite the sum as in the proof of Theorem 2 and make use of the bound on
Fourier coefficients to obtain that

N N
Z f(I — Tn _< <Z5Ik>vz5zk>
m,n=1 k=1
_ Z f(é) 262ﬂ1<l,zk>
k=1

2

Lezd
N 2
— N2 + Z /9\(6)2 ZeQWi(é,mk>
eezd k=1
£4£0

N
> N2 —|—C§ Z 262771'(6,&%)

lel2<ezs—1 [k=1
2#£0
Altogether, we have thus seen that
N 2 N
N2 + C% Z 262ﬂ1(2,1k> < Z f(fEm _ zn)
k=1 m,n=1

llellg<ezs—1
140

< Nf(0 Zf m— Tn)

m,n=1
m;én

and know that the last summand converges to N2 assuming Poissonian pair corre-
lation up to scale 5. We plug in 6 = tN~1/¢ divide by N2 and let N — 0o
2

2 N
h]Ian;lopl + N_ Z Z emilban) | < hm sup Z f@m — zn)
1<||]]2<N1/d /¢ lk=1 m,n=1
0 1
:limsupM—l—l: — + 1.
N— o0 wdtd

Altogether, this implies

2
lim sup % Z

1
= wqtd
N—veo 1<6<N1/d/t

E 6271'1 (l,xk)

k=1




and the right-hand side can be made arbitrarily small by making ¢ sufficiently
large. O

We see again that the choice of the scale § = tN~'/¢ is somewhat arbitrary; another
choice leads to exponential sum estimates for weak pair correlation at larger scales.

REFERENCES

[1] C. Aistleitner, T. Lachmann, and F. Pausinger, Pair correlations and equidistribution, Journal
of Number Theory, vol. 182, 206—220, 2018.

[2] D. Bilyk, F. Dai and S. Steinerberger, General and Refined Montgomery Lemmata, to appear
in Mathematische Annalen.

[3] Boca and A. Zaharescu, Pair correlation of values of rational functions (mod p). Duke Math.
J. 105 (2000), no. 2, 267-307.

[4] D. El-Baz, J. Marklof and I. Vinogradov, The two-point correlation function of the fractional
part of /n is Poisson, Proceedings of the American Mathematical Society 143 (7), 2815-2828,
2015.

[5] S. Grepstad and G. Larcher, On Pair Correlation and Discrepancy ,Arch. Math. (Basel) 109
(2017), no. 2, 143-149.

[6] D. R. Heath-Brown, Pair correlation for fractional parts of an?, Math. Proc. Cambridge Philos.
Soc. 148 (2010), 385-407.

[7] H. Heilbronn, On the distribution of the sequence n26 (mod1). Quart. J. Math., Oxford Ser.
19, (1948). 249-256.

[8] A. Hinrichs, L. Kaltenbock, G. Larcher, W. Stockinger and M. Ullrich, On a multi-dimensional
Poissonian pair correlation concept and uniform distribution, arXiv:1809.05672

[9] G. Larcher and W. Stockinger, Pair correlation of sequences (anc)nen with maximal or-
der of additive energy, to appear in Math. Proc. of Cambridge Philosophical Society, Preprint
arXiv:1802.02901

[10] G. Larcher and W. Stockinger, Some negative results related to Poissonian pair correlation
problems, arXiv:1803.052361.

[11] J. Marklof, Pair correlation densities of inhomogeneous quadratic forms. Ann. of Math. (2)
158 (2003), no. 2, 419-471.

[12] J. Marklof, Distribution modulo one and Ratners theorem, Equidistribution in number theory,
an introduction, 217-244, NATO Sci. Ser. IT Math. Phys. Chem. 237, Springer, Dordrecht, 2007.

[13] H. Montgomery, Minimal theta functions, Glasgow Math. J. 30, p. 75-85 (1988).

[14] H. Montgomery, Irregularities of distribution by means of power sums, Congress of Number
Theory (Zarautz, 1984), Universidad del Pais Vascom Bilbao, 1989, 11-27.

[15] H. Montgomery, Ten Lectures at the Interface of Harmonic Analysis and Number Theory,
American Mathematical Society, 1994.

[16] R. Nair and M. Pollicott, Pair correlations of sequences in higher dimensions. Israel J. Math.
157 (2007), 219-238.

[17] Z. Rudnick and P. Sarnak, The pair correlation function of fractional parts of polynomials,
Comm. Math. Phys. 194 (1998), 61-70.

[18] Z. Rudnick, P. Sarnak and A. Zaharescu, The distribution of spacings between the fractional
parts of n2a. Invent. Math. 145 (2001), no. 1, 3757.

[19] Z. Rudnick and A. Zaharescu, A metric result on the pair correlation of fractional parts of
sequences, Acta. Arith. 89 (1999), 283-293.

[20] Z. Rudnick and A. Zaharescu, The distribution of spacings between fractional parts of lacu-
nary sequences, Forum Math. 14 (2002), 691-712.

[21] E. Stein and R. Shakarchi, Fourier Analysis: An Introduction. Princeton University Press,
2003.

[22] S. Steinerberger, Localized Quantitative Criteria for Uniform Distribution, Acta Arithmetica,
180, 183-199 (2017).

[23] S. Steinerberger, Poissonian Pair Correlation and Discrepancy, Indagationes Math. 29, 1167—
1178 (2018).

[24] A. Walker, The primes are not metric Poissonian, Mathematika 64, 230-236, 2018.

[25] A. Zaharescu, Small values of n?a (mod 1). Invent. Math. 121 (1995), no. 2, 379-388.


http://arxiv.org/abs/1809.05672
http://arxiv.org/abs/1802.02901
http://arxiv.org/abs/1803.05236

10

DEPARTMENT OF MATHEMATICS, YALE UNIVERSITY, NEw HAVEN, CT 06511, USA
E-mail address: stefan.steinerberger@yale.edu



	1. Introduction
	1.1. Introduction.

	2. Results
	2.1. Main Result.
	2.2. Extensions.
	2.3. Values of s.
	2.4. Discrepancy estimates.

	3. A simple proof in one dimension
	4. The general case
	References

