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Abstract. In this paper, we investigate pigeonhole statistics for the fractional parts of the
sequence /n. Namely, we partition the unit circle T = R/Z into N intervals and show
that the proportion of intervals containing exactly j points of the sequence (/1 + Z) 2’:1
converges in the limit as N — oco. More generally, we investigate how the limiting
distribution of the first s N points of the sequence varies with the parameter s > 0. A
natural way to examine this is via point processes—random measures on [0, co) which
represent the arrival times of the points of our sequence to a random interval from
our partition. We show that the sequence of point processes we obtain converges in
distribution and give an explicit description of the limiting process in terms of random
affine unimodular lattices. Our work uses ergodic theory in the space of affine unimodular
lattices, building upon work of Elkies and McMullen [Gaps in /7 mod 1 and ergodic
theory. Duke Math. J. 123 (2004), 95-139]. We prove a generalisation of equidistribution
of rational points on expanding horocycles in the modular surface, working instead on
nonlinear horocycle sections.
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1. Introduction

Let T :=R/Z denote the circle, N:={1,2,3,...} be the set of natural numbers,
Np := N U {0} be the set of non-negative integers and R* the set of non-negative real
numbers. We investigate pigeonhole statistics for the sequence /n modulo 1. Specifically,
we look at the limiting distribution of the numbers (/7 + Z),],Vzl among partitions of T
into intervals of length 1/N as N — oo.
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Rational points on nonlinear horocycles and pigeonhole statistics 3109
Fors > 0,x9 € [0, 1) and N € N with N > 1, define

Sn(xo,8) i=|{1<n<sN:yne Lo+~ )+z (1.1)
N (x0, 5) = <n<sN:4n X0 2N’x0 N . .

When xo ranges over the set Qy :={k/N:0<k <N —1} C [0, 1), the N intervals
[xo — 1/2N, xo + 1/2N) + Z will partition T and so the average value of Sy (xg, s) as
xo ranges over Qy willbe [sN]/N = s + O(1/N). As aresult, it is natural to investigate
the long term statistical properties of the sequences {Sy(xp, ) : xo € Qn} as N — 00
and, in particular, the proportion of terms equal to a given j € Ny as N — oo. Indeed, for
each j € Ny, we define

Ejn(s) :=%HO§I<§N—1:SN<%J>=jH. (1.2)

This is the proportion of the intervals {[xo— 1/2N,xo+ 1/2N)+Z : x9 € Qn}
containing exactly j of the points {s/n : 1 <n < sN}. Here we show the following.

THEOREM 1.1. For all j € Ng and s > 0, E;(s) :=limy_. oo E; n(s) exists. Moreover,
the limiting distribution function E j(s) is C 2 with respect to s.

Our proof of Theorem 1.1 builds upon the work of Elkies and McMullen in [7]. Here
ergodic theory and, specifically, Ratner’s theorem are used to determine the gap distribu-
tion of the sequence (\/n + Z)>° | via relating these properties to the equidistribution of a

family of closed orbits of a certain unipotent flow in the homogeneous space
X = (SL(2, Z) x Z*)\(SL(2, R) x R?). (1.3)
‘We elaborate on this further in §1.1.

Remark 1.2. The limiting functions E(s) are given more concretely by equation (5.7).
They give the probability the lattice corresponding to a randomly chosen point x € X
contains exactly j points in a fixed triangle of area s in the plane. The functions E; (s) agree
with the limiting distribution for the probability of finding j of the points of the sequence
{VA+7Z:1<n <sN}in arandomly shifted interval of length 1/N in T [7]. They also
agree with the limiting functions found by Marklof and Strombergsson for the probability
of finding exactly j lattice points of a typical (two-dimensional) affine unimodular lattice
in a ball of radius N whose directions all lie in a random open disc of radius proportional
tos/N 2 on the unit circle [14, Theorem 2.1 and Remark 2.3]. As we will see in §5, the
work of Marklof and Strombergsson allows us to immediately infer the aforementioned
differentiability of the limiting distribution functions.

Remark 1.3. We do not give exact formulae for the functions E(s) in terms of explicit
analytic functions in this paper. The analogous functions for rectangles were considered by
Strombergsson and Venkatesh in [17], who obtained explicit piecewise analytic formulae
for small j. Based on their work, we would expect the functions E;(s) to be piecewise
analytic with the functions becoming increasingly complex as j increases.

Remark 1.4. As is discussed in, for example, [18], the sequence of fractional parts of
the sequence +/n is of interest from the point of view of fine-scale statistics. The gap
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FIGURE 1. The proportion of N = 10 000 000 intervals in partition of T containing 0 < j < 6 points of n* + Z
forn < N when « is equal to % % and % For ¢ = 1/2, these proportions approximate E(s) for s = 1.

distribution of this sequence in not Poissonian (see also Remark 1.6), which contrasts with
the conjectured gap distribution of the fractional parts of n* for any other o € (0, 1) \ {%}.
In our case, if we instead considered the fractional parts of n* for a € (0, 1) \ {%}, we
would expect Poissonian pigeonhole statistics in the sense that the corresponding limiting
distribution functions E; (s) would equal s/e™J/j!. This contrasts with the case o = %, as

shown in Figure 1.

We can also recast our problem in a probabilistic setting. Indeed, for N € N, let Wy be a
random variable which is distributed uniformly on the set 2,y. Then, we define a sequence
of stochastic processes YV for N € N and s > 0 by setting

YN = Sy(Wy, s). (1.4)

With this notation, Theorem 1.1 states that the sequence P(Y, N — j)convergesas N — oo.
For each N, we can also think about each point xy € Qy as giving us a locally finite
Borel measure on R of the form

o0
N (xo) = Z 85, (x0)

r=1
where s1(xg) < s2(xp) < s3(xp), . . ., are the complete sequence of points s € (1/N)N
such that v/sN € [xg — 1/2N, x9 + 1/2N) + Z. Namely, these are points of discontinuity
of the map s —> Sy (xp, ). In this case, we have the relation

nn (x0)([0, s1) = Sn (xo, §). (L5)

Again, recasting this in a probabilistic setting, we define the corresponding sequence of
random measures/point processes £y by setting

En = nn(Wn). (1.6)

Equation (1.5) above tells us that for an interval (a, b] C R, we have that the point process
and stochastic process are related via

En((a, b)) =YY — YN (1.7)

a

In this setting, we establish the following convergence result which helps us to understand
how the limiting distribution of the points of our sequence varies with s.
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THEOREM 1.5. The point process (§y)5_, converges in distribution to a point process &.

The process £ is defined similarly to the processes &y as the sum of Dirac delta measures
associated to the jump points of a stochastic process Y : X — R. Here the space X can
be the thought of as the homogeneous space of all two-dimensional affine unimodular
lattices (which we show explicitly in §2) and Y (x) gives the number of points of the lattice
associated to x € X within a certain triangle of areas s in the plane. More concretely, if the
lattice associated to x € X is L C R? and

7(00) :={(u,v) e R?:u >0, —u <v <ul, (1.8)

then

En= > (1.9)

(u,v)eLUt (00)

As we illustrate in §6, £ is a simple, intensity-1 process which does not have independent
increments.

Remark 1.6. The pigeonhole statistics we consider were previously studied by Weiss
and Peres for the fractional parts of the sequence 2"« (as well as higher dimensional
generalisations). In this case, the analogous processes converge to a Poisson point process
[19]. A Poisson point process is also (almost surely) the limiting process we would
obtain if, instead of generating our point processes via considering how the points of the
sequence /7 distribute among shrinking partitions of T, we instead consider the analogous
processes defined for a sequence of points in T generated by a sequence of independent and
identically distributed random variables which are uniformly distributed on T [8, §VIL.6].

Similarly to what is observed in [6], even though our limiting processes is not
Poissonian, its second moment is nearly Poissonian with an error resulting from the fact
that, asymptotically, +/N of the points {/n +Z : 1 <n < N} are 0.

COROLLARY L.7.

o

BRI 3 B2 45 = [ 1P dmy +5 =52 425

j=0 X

as N — oo. In particular,
Var[YN] — 2s

as N — oo.
Remark 1.8. If we desire the (more satisfactory) convergence of the variance of the random
variables YV to those of Y, one has to avoid the escape of mass resulting from the term
0 appearing regularly in the sequence of fractional parts of /n. This can be done via
removing the terms ﬁ when 7 is a square and, in this case, we would have Var[Y SN ]—s

which is the variance we would obtain if the limiting point process were Poissonian. We
will also use this approach in the proof of Corollary 1.7.
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L1. Ergodic theory. Let G = ASL(2, R) = SL(2, R) x R? be the affine special linear
group of R? with multiplication law defined by

M, x)(M',x") = (MM, xM"+ x'),

where elements of R? are viewed as row vectors. Let ' = SL(2, Z) x Z? be the discrete
subgroup of G consisting of elements with integer entries. As is discussed in §2, I is a
lattice in G, meaning we have a fundamental domain F with finite volume (and hence, up
to normalization, volume 1) under the Haar measure m on G. By restricting m g to Fand
projecting to X, we have a right-invariant probability measure m x on the space X := I'\G
which we call the Haar measure on X [4, Proposition 9.20]. Let

-y
(1) = < (e 0 6,0/2) , (0, 0))

a(N) := ®(log(N)).

and

As in [7], we shall be concerned with the equidistribution of points on certain horocycle
sections in the space X. Here, a horocycle section is a function ¢ : R — G of the form

1 2
ot) = ( (O 1’) (), y(r))),

where x(#) and y(¢) are smooth functions. We call o (¢) a horocycle section of period p €
N if there exists some yp € I' such that ypo (t + p) = ypo (¢) for all ¥ € R. Moreover, such
a horocycle section is nonlinear if there exists some «, 8 € Q such that the set {r € [0, p] :
y(t) = at 4+ B} has zero Lebesgue measure. For such horocycle sections, the following
equidistribution result is known.

THEOREM 1.9. [7, Theorem 2.2], [12, Theorem 4.2] Let o be a nonlinear horocycle
section with period p. Then, for any bounded continuous function f : X — R,

1 p
—/ S (To(x0)® (1)) dxo—>/ fdmx
P Jo X

ast — oQ.

Applying this to the nonlinear period 1 horocycle section

n(t) = ( <(1) 21t> (1, t2)>,

one can determine the distribution of {\/ﬁ}fl\;l among the intervals [xo — 1/2N, xo +
1/2N) 4+ Z when xq is uniformly distributed on [0, 1). In our setting, we restrict xo to
lying in the set Qy for each N and the corresponding equidistribution we desire is that of
rational points on such a horocycle section. We therefore prove the following result which,
like Theorem 1.9, applies more generally to functions f : X — R which are piecewise
continuous: functions f : X — R whose points of discontinuity are contained in a set of
measure zero with respect to my.
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THEOREM 1.10. Let o be a nonlinear horocycle section with period p. Then, for any
bounded piecewise continuous function f : X — Rand C > 1,

pN—1

k
pLN Z f<Fa<N>a(M)> —>/demx (1.10)

k=0
as N - ooand 1/CN <M < CN.

As we show concretely in §5, for an appropriate f : X — R, we can approximate
P(&n ((a, b]) = 0) (or more generally P(§y(B) = 0) for B as in Lemma 1.13(ii)) by a sum
of the above form in equation (1.10) and, using the above equidistribution result, show
Theorem 1.5. The same principle applies in the case of Theorem 1.1.

Remark 1.11. Although Theorems 1.1, 1.5 and 1.10 are stated for the points/interval centres
k/N for 0 <k < N — 1, one can see the methods presented in this paper also give the
analogous results when considering the points/interval centres (k + «)/N for any @ € R.
The choice o = % in particular results in considering the points of the sequence /7 in the
intervals formed via partitioning by cutting T at the points k/N for0 <k < N — 1.

Remark 1.12. There are many known results related to Theorem 1.10 when considering
the equidistribution of discrete collections of points on expanding horocycle orbits. An
effective equidistribution theorem for rational horocycle points {k/N + iy},l(vz_o1 in the
modular surface is proved by Burrin, Shapira and Yu in [1, Theorem 1.1]. Using spectral
methods, [1] shows such points equidistribute when the number of such rational points N
being considered at height y satisfies N > y~(3%/64+€) for some € > 0. This contrasts with
Theorem 1.10, which corresponds to the case when N < y~!. Using dynamical methods,
Einsiedler, Luethi and Shah prove effective equistribution results for the rational points

—1/2
{(SL(z,Z) <(1) k/lN) (NO N?/z)*%JFZ):OEKSN_I}

in the more general space SL(2, Z)\SL(2, R) x T [3]. The equidistribution of such points
when projected SL(2, Z)\SL(2, R) is implied by Theorem 1.10. Finally, in [13], Marklof
and Strombergsson prove for fixed § > 0, there is full measure set of « € [0, 1) such
that the points {ma + iy}fzzl equidistribute in the modular surface as y — 0 whenever
y = N7%.

1.2. Outline of proof. Recall the following conditions which are sufficient to give the
convergence in distribution of a sequence of point processes [11, Theorem A2.2].

LEMMA 1.13. [11, Theorem A2.2] Let (§,),2, and & be point processes defined on Rt

with & being simple. Suppose the following:

(i) E[én((a,b])] — E[E((a,b])]as N — coforall0 <a < b < o0;

1) PEN(V)=0]— P[(E(V) =0] for all V of the form U];-:](aj, bilwith0 <a; <
by<ay<by<---=Za < by

d d . L .
Then &y — &, where — denotes convergence in distribution.
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For our processes &y defined by equation (1.6), we will see that condition (i) merely
amounts to the fact the average number of points of an affine unimodular lattice in a
triangle of area s is s. We prove this more generally in Lemma 5.1.

Turning to (ii), we define the measures (vy);2 ; on X by

NZO ( ( )a(N)) (1.11)

In §5, for a given set V as in Lemma 1.13(ii), we show how to choose the function
f : X — R such that vy (f) approximates P({y(B) = 0). The same is true in proving
Theorem 1.1, where we choose a function f : X — R such that vy (f) approximates
P(Y, SN = j).Bytaking N — oo, we can then show the required limiting values are attained
using Theorem 1.10. For the remainder of this section, we thus focus on the proof of
Theorem 1.10.

VN(f)=/deVNI

Proof outline of Theorem 1.10 for o (t) = n(t). By a standard approximation argument, it
suffices to show we have vy (f) — fx f dmy forall f € C.(X). This allows us to reduce
to understanding weak-star limit points of the sequence of measure (vy). In particular
it suffices, by the Banach—Alaoglu theorem, to show any accumulation point v of the
measures (Vy) is my.

As is shown in Proposition 3.1, moving from n(k/N)a(N) to n((k + 1)/N)a(N)
corresponds, up to some negligible error, to right multiplication by the unipotent element

u(1l), where
u(t) = < ((]) 2t) 0, 0)) (112)

for t € R. It will follow that any such v is invariant under the action of the subgroup
{u()}rez.-

The right-action of this subgroup on X is mixing, as is shown in Lemma 3.4. A
consequence of this is that the system (X, U;, my), where U, (x) = xu(t), is disjoint from
the linear rotation flow on [0, 1) in the sense introduced by Furstenberg in [9] (as is shown
in Lemma 3.3). To be precise, the linear rotation flow R, : [0, 1) — [0, 1) is given by
R;(s) = {s + t}, where {-} gives the fractional part of a real number. This is used to extend
to the flow U; to U, X x[0,1) - X x [0, 1) given by U,(l"g, s) = (Tgu), {s +t}).
Disjointness then tells us that the only Ut -invariant measure on X x [0, 1) whole marginals
(projections to X and [0, 1)) are m x, and the Lebesgue measure ds on [0, 1) is the product
measure my X ds.

To use this fact, we consider the corresponding special flow under the ceiling function 1:
namely, the flow T; : X x [0, 1) — X x [0, 1) given by

T;(T'g,s) = (Tgu(ls + 1), {s +1}).

This flow has v x ds as an invariant measure and is also conjugate to the flow U;. Keeping
track of the measure v x ds under this conjugation map (described explicitly in the proof
of Proposition 3.6) and using Theorem 1.9, we see the resulting measure on X x [0, 1)
indeed has marginals my and ds, and so is the product measure mx x ds. This in turn
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gives us that v x ds = my X ds by applying the inverse of the conjugation map and so
Vv = my, as required. O

2. The space X

Here we overview, for completeness, some of the basic properties of the space X = I'\G

which we will be using. More details can be found in [12, §3.1] and [16, §1].

e X is a T? = R?/Z? bundle over the base space B := SL(2, Z)\SL(2,R). If F is a
fundamental domain for the left-action of SL(2, Z) on SL(2, R), then a fundamental
domain for the left-action of I" on G is

F={(, x)(M,0):x €[0,1), M € F}
={(M,x)eG:M € Fandx € [0, 1)>M}.

We fix such F and F for the remainder of paper.

e Let mspor) be the Haar measure on the unimodular group SL(2, R), normalised so
that mgy 2, g)(F) = 1. Using Fubini’s theorem and the translation invariance, it is easy
to see mg = msp2,R) X dx is a (left) Haar measure on X, where dx represents the
Lebesgue measure on R%. The right-invariant measure my on X is obtained by then
restricting this measure mg to F.

e There exists a left-invariant Reimannian metric dg on G inducing the same topology
on G as the product topology on the space SL(2, R) x R?. Fixing one such metric dg,
we construct a metric d on X via defining

d(I'g1, 'gy) := inf dg(vg1, &2).
yell

For more explicit details on these constructions, see [4, §9.3]. Throughout the
remaining sections, continuity of functions f : X — R will mean continuity with
respect to this metric.

e Any element (M, x) € G gives us an affine unimodular lattice in R>—namely the
lattice Z>M + x. Moreover, for any other (M’, x’) € G, the lattice associated to
(M, x")(M, x) is given by Z*M'M + x'M + x. These two lattices are identical if
and only if (M’, x") € I'. Thus we have a natural identification between elements
of X = I'\G and such lattices. We will use this identification in §5 to construct the
functions f : X — R to which we will apply Theorem 1.10.

3. The special flow under 1
Throughout this section, whenever (X1, (1) is a measure space, X is a measurable space
and 7 : X|; — X» is a measurable map, we will define the measure 7,1 on X; by

Tem1(A) = w1 (T71(A)

for any measurable A C X».

PROPOSITION 3.1. Let o be a nonlinear horocycle section of period p. Define the

e¢]

measures (vy),2 | on X by setting

pN—1

1 k
i) = [ gami= oo 3 r(ra(fJew) G

k=0
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for any continuous bounded f : X — C. Then, any weak-star limit point of the measures
defined in equation (3.1) is invariant under the map T : X — X given by

T (r'g) =Tgu(l), (3.2)
where u(1) is defined by equation (1.12).
To see this, we will need the following lemma.

LEMMA 3.2. Any f € C.(X) is uniformly continuous in the T2 direction. More precisely,
for any € > 0, we can find 8§ > 0 such that for all M € SL(2,R) and u, v € T? with
dra2(u, v) <8, we have

|f (12, u)(M, 0)) = f((I2, v)(M, 0))] < €.

Proof. Take f € C.(X) and let K be the projection of the support of f to the base space B.
Here, K is a compact set and so the map K x T2 5 (M, x) —> f((Ih, x)(M,0)) e Ris
uniformly continuous. This means f is uniformly continuous in the fibre direction over K
in the sense that for any € > 0, we can find 8 > 0 such that for any M € K and u, v € T?
with dp (u, v) < §, we have

Lf (12, w)(M, 0)) — f((I2, v)(M, 0))] <e.

Hence, since f is identically zero on the fibre above all base points outside of K, f is in fact
uniformly continuous in the fibre direction over all of B. O

Proof of Proposition 3.1. Suppose v is a weak-star limit of the sequence of measures (vy;)
where N; 7 oo.

Now, forany N € Nand 0 < k < pN — 1, we will see via equations (3.3) and (3.4) that
the two points o ((k + 1)/N)a(N) and o (k/N)a(N)u(1) are identical in their SL(2, R)
components and, as the functions x and y are smooth and so bounded and Lipschitz on
[0, p], differ by a distance O (1/N) in the T2 direction. Using this, we will see the measures
{Tyvw,}jen given by

T, (f) = —— Z f(ro( )a(N >u<1>) f € CeX)

will also converge to v as j — oo in the weak-star topology, since, for compactness, f €
Cc(X), f(o(k/Nj)a(N;j)u(l)) and f(o((k + 1)/N)a(N)) will be uniformly close across
all 0 < k < pN; — 1 in equation (3.5). This will follow from the Lemma 3.2.

Indeed, we have
—1/2 —1/2
(S )= ("o R ) (S (5 )w)
< (<k+1),y<k+1)_2(k+1)x<k+l>>) (3.3)
N N N

N7V2 20+ 1H)NT/2
X(( o i )’(O’O)>
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(o= (s ((3)o3) 23)) oo

N2 2k + HNT!/2
(025 ),

and

Take f € C.(X) and let € > 0. Choose § > 0 as given by Lemma 3.2 for such €. By the
fact x, y are bounded and Lipschitz on [0, p], for any sufficiently large j sufficiently large,
we have that

(%) (57) -5 (50 () (5) -3+ (5)
dp (| x , Yy — X Axl— )yl — ) — —x| — <4
Nj N; Nj N; Nj N; Nj \N;
forall0 < k < N; — 1. Hence, for such j,

T 0w (f) = v, ()

pN;j—1
<Ly f(ﬂ;(i)a(zvj)u(l)) - f(r,,(i)a(]\,j))'
PN Nj N;
Ly k k+1 I £
= — f<r0 <—>a(N)u(l)> — f<F0‘< )a(N))’ + 0( oo)
PN; ]; N; J N; J N;
[IES
So limsup;_, o |Te(vn;)(f) — v, (f)| < € for any € >0 and so Ti(v) =lim; 0
To(vn))(f) =limj 0 vi; (f) = v(f), as required. 0

Next, as mentioned in §1.2, we will use the special flow under the ceiling function
1 to show that any weak-star limit point v of the measures (3.1) is the Lebesgue measure.
Specifically, the special flow will give us a system with invariant measure v X ds conjugate
to a joining of the systems (X, Uy, mx) and ([0, 1), R;, ds), where U;(I'g) = I'gu(¢) and
R;(s) = {s + t}. This will imply v = mx due to the following.

LEMMA 3.3. The flows (X, U, mx) and ([0, 1), R;, ds) are disjoint.
To see this, we will use the following lemmas.
LEMMA 3.4. The system (X, Uy, my) is mixing.

Proof. This follows from applying the proposition from [10, §2.2] to the system
(X, U;, my) (instead of a diagonal flow) and using that the horocycle flow on B is
ergodic. O

LEMMA 3.5. [2, Proposition 2.2] Let T : X — X be an ergodic measure-preserving
transformation with respect to the measure my. Then, (X, T, my) is disjoint from any
measure-preserving system given by the identity map I : Y — Y on a probability space
(Y, w).
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Proof of Lemma 3.3. Let p be a joining of (X, U;, mx) and ([0, 1), R;, ds) an invariant
measure on X x [0, 1) for the map ﬁ,(l"g, s) = (Cgu(t), {s + t}) whose marginals are
my and ds. Here, ;1 will be invariant under the map Uy, and so is a joining of the systems
(X, Uy, myx) and ([0, 1), Ry, ds). Additionally, R; is the identity and, by Lemma 3.4,
U, is mixing and hence ergodic. Thus it follows from Lemma 3.5 that u = my x ds,
as required. O

We are now in a position to prove the following.

PROPOSITION 3.6. Any weak-star limit point v of the measures (3.1) is the Haar measure
my on X.

As mentioned, the main construction we will use in this proof is the special flow under
the ceiling function 1.

LEMMA 3.7. [4, Lemma 9.23] Let v be a finite measure on X which is invariant under u(1).
Then v x ds is an invariant measure for the map T; : X x [0, 1) — X x [0, 1) given by
T;(Tg,s) = (Tgu(ls + 1), {s +1}).

Proof. If v(X) > 0, the result is given by [4, Lemma 9.23] (which applies to probability
measures and hence any non-zero finite measure via normalizing). Otherwise, the result is
trivial as v x ds is the zero measure. O

Proof of Proposition 3.6. Note that for a weak-star limit point v of the probability
measures in (3.1), we have v(X) € [0, 1]. Thus, Lemma 3.7 implies v x ds is T; invariant,
where T; is as in the statement of Lemma 3.7.

Now let ¥ : X x [0, 1) = X x [0, 1) be given by ¥(I'g, s) = (I'gu(s), s) and recall
the extension of the flow U; to X x [0, 1) is given by l7,«(x s) = (xu(t), {s +t}). Usmg
that s +¢t = |s+1t| + {s +1t}, we see that Y o T; = Ut o v, meaning 7; and U, are
conjugate via ¥ and p := ¥, (v x ds) is an invariant measure for the flow U,. Denote
the projection maps from X x [0, 1) to X and [0, 1) by Py and Pjo,1), respectively. Here
Ppo,1y, () is invariant under all R; : [0, 1) — [0, 1) with# € R and so, if it is a probability
measure, it is the Lebesgue measure ds on [0, 1).

We now show (Pyx).u is the Haar measure my on X, which in turn shows u is a
probability measure. To do this, take f € C.(X) and let N; /' oo be a sequence of natural
numbers such that vy; converges weak-star to v as j — oo. Then

/de(Px)*(M)=/f0Pxowd(v x ds)

1
=/ ff(xu(s)) dv(x)ds
0 X

1
J ,aw 3 (v s o)
j'%o i pN] Z f(n;( )a(N )u(s)) (3.6)

where the last equality follows from the dominated convergence theorem (as f is bounded).

I
3
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Similarly to as in the proof of Proposition 3.1, n((k + s)/N)a(N) and n(k/N)a(N)u(s)
have the same base point and are a distance at most O (1/N) apart in the T? fibre direction
whenever s € [0, 1]. Hence, by Lemma 3.2, given any € > 0, we can ensure

/O Z f(Fo( >a(N,)) a7

and the integrals in equation (3.6) differ by at most € provided j is sufficiently large.
However, by making the substitution t = (s + k)/N;, we see that
Jew)

[ S (o (o) as= 5 [ (e (5

1 PN sy Ny
= Z / f(To(t)a(N;)) dt
=_/ f(To()a(Nj)) dt (3.8)
P Jo

and, by Theorem 1.9, equation (3.8) converges to [ f dmx as j — oo. Hence, we have
shown that for any € > 0,

‘/ fd(Px)*(M)—f fdmyx| <e
X X

Therefore, (Px)«() = myx and so u is a joining of (X, U;, mx) and (T, R;, ds). Since
Lemma 3.3 shows these two systems are disjoint, we conclude u = my x ds. To see
finally that this implies v = myx and note, since my is invariant under the right-action
of G, we have

1
fgd(v de)=/gd1/f*_l(M)=/ f g(xu(=s), s) dmy(x) ds
0 X

1
=/ / g(x,s)dmyx(x)ds = /g dimyx x ds)
0 X

forany g € C.(X x T). Thus,v x ds =myx x ds andsov = my. ]

4. Completing the proof of Theorem 1.10
Proof of Theorem 1.10. By the by the Banach—Alaoglu theorem, any subsequence of
the measures (vy) defined in equation (3.1) has a further subsequence which converges
weak-star to some limiting measure v. By Proposition 3.6, v = myx. This shows the
sequence of measures (vy) indeed converges weak-star to my.

Notice that for any constant function f : X — R, it is immediate that |, x fdvn —
[ f dmx as N — oco. This convergence therefore also holds for continuous functions
which are constant outside of a compact set, being the sum of a constant function and
a function in C.(X). Now, let f : X — R be a bounded continuous function and let ¢ > 0.
Then we can find continuous functions f_, fy : X — R, which are constant outside some
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compact set, with f_ < f < f4 and for which

/ f+— f-dmyx <e.
X
Then we have

/f dmy — € < /f_ dmy = lim inf vy (f_) < lim inf vy (f)
n—00 n—0oo

< lim sup vy (f) §limsuva(f+)=/f+ dmy f/f dmy + €

n—o0 n—o0

meaning

llmmva(f)—llm sup vy (f) = /fdmx,

n—oo

as our choice of € > 0 was general. Thus, (vy) converges weakly to my and so vy (f) —
[ f dmx as N — oo for all piecewise continuous f : X — R by the continuous mapping
theorem.

Finally, let C > 1 and (My)%;_; be a sequence satisfying (1/C)N < My < CN for all
N e N. Take an arbitrary subsequence (My J)OO | of the sequence (My). By compactness
of the interval [1/C, C], we can find a further subsequence of (My;), which we will still
index by N;, such that (MNJ./N]-) —ce[l/C,C]as j — oo.Let f € C.(X) and define
h € C.(X) by setting

h(T'g) := f(T'ga(c)).
Note that

vy, (h) = — Z f(m( )a(cN ))
J

Using the metric d defined in §2, we see

d(ra(i> (cN;) Fa(i) M )) <d ( (MNf>>—>0
N] alc j)s Nj a Nj sdagle,a CN]

uniformly in k as j — oo. Using this and the fact that as f is continuous and compactly
supported, f is uniformly continuous, we have

1 kzo f<F0< )a(cN )) l;) f(Fa( )a(MN))‘

as j — oo. Thus, given vy, (h) — fhdmx and [y hdmyx = [y fdmx by the
right-invariance of mx, we have

pN Z f(m( )a(MN )>—>/fdmx 4.1)
J

as j — oo. Since our original subsequence was arbitrary, equation (4.1) holds in the case
where N; = j as required. This can also be extended to any piecewise continuous function
f : X — R by the standard approximation argument above. O
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5. Pigeonhole statistics
As mentioned in §1.1, to prove Theorem 1.13, we are going to apply Theorem 1.10 to a
family of functions f : X — R such that vy (f) gives us, up to some error of o(1) in N,

P(én((a, b]) = 0). _

For a non-negative measurable function f : R*? — R, we define f : X — R by setting
f(x) to be the sum of all the function values at the lattice points corresponding to x € X.
Explicitly,

FIOM, x) =" fmM +x).
meZ?

For such functions, the following simple version of Siegel’s formula holds [15].

LEMMA 5.1. Let f : R — R be a non-negative measurable function. Then

/demX:/szdx.

Proof. Using the non-negativity of f, the fact SL(2, R) consists of matrices on determinant
1 and the form of the Haar measure m x described in §2, we see

/ fdmy :/ / fdx dmsLor)
X [0,12M
/ / Z f((m+x)M) dx dmsyoR).
0.1 4

The result then follows from the fact that

f[m)z Z f(m +x)M) dx —f f) dx. 0

For a set A C R?, we denote by f4 : X — R the function X, where x4 denotes
the indicator function of the set A. Following [12, §4], we see how such functions can
be used to approximate the values of the functions Sy. This will allow us to show the
random variables Y, sN defined by equation (1.4) converge to the same limit of a sequence of
random variables IZ.N which will be defined by evaluating such a function f,4 at the points
n(k/N)a(N) uniformly at random.

Indeed, fixing some s > 0 and setting N’ = [sN |, the counting function Sy (xg, s)
defined in equation (1.1) is given by

N
Sy (x0, 8) = Z Z Xi—1/2,1/2 (N (v/n — xo + m)). (5.1)

n=1 meZ

It turns out Sy (xo, s) can be well approximated by f7 (n(xop)a(N)), where
T=1(s5):={(x,y) € R?: x € [0, Vsl y € [—x, x1} 5.2)

is a triangle of area s in the plane (see Figure 2).
To see this, it is first useful to rewrite Sy (xo, s) using the constraint imposed on the
summation over m in equation (5.1) by the inner indicator function. Indeed, the constraint
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FIGURE 2. The boundaries of A s (left) and t (right).

imposed on the inner sum is equivalent to

1\? 1\?
(xo—m—m> §n<<x0—m+m>,

which amounts to

_1_<__2_121_
N(XO m) <n— (xo —m) <m <N(X0 m),

giving us that

NY2(n — (xg —m)? — (1/2N>2>>

X-1/21/2(N(V/n — xo +m)) = X[—l’l)( N=12(xg — m)

Note also, |/n — xo +m| < 1/2N, whenever (m, n) contributes to the sum in equation
(5.1). So, the summation bound 1 < n < N’ can be replaced by

—m+ O(1/2N
x<o,1](x° ” «/ﬁ( / )) (5.3)
giving us
xo—m+ O(1/2N) N2 — (xg —m)> — (1/2N)?)
SN (x0, 8) = Z X(0,1]< N )X[—],l)( N1 (g — ) )

(m,n)eZ?

whenever xg # 0. The case xg = 0 can largely be ignored as the random variable Wy,
which is uniformly distributed on the set Qy = {k/N : 0 < k < N — 1}, has probability

1/N of taking this value and we are interested in the limit as N — oo.
Therefore, the counting function can be bounded above and below using the follow-
ing family of functions depending on parameters € and §, which can be realised as
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functions on X:

Z (xo—m NY2(m — (xo —m)?) + 8 if x0 % 0
X(—e/s+el\ —v12 - JXI-LD =y if xq ,
SN.e5 (X0, 8) =\ (umez2 NV N=12(xg —m)

0 if xo = 0.
5.4

Note that equation (5.3), together with the fact that N’ = |sN |, implies we have

SN.—e,5(x0,8) < Sn(x0,5) < Sn.e.s(x0,5) (5.5)

for € = ey 1= 1/2N(N)/2 + |(N)/2/NV2 — /5|, 8 = 8y := —1/4N3/? and x¢ # 0.
As N — oo, the difference between the upper and lower bounds on Sy (xg, s) given by
equation (5.5) converges to zero in probability as xo runs over Qy according to Wy, as is
shown in Proposition 5.3.

The utility of introducing the functions Sy ¢ s is that they can be interpreted as functions
of the form f4 : X — R for suitable sets A C R2.

PROPOSITION 5.2.
SN.e.8(x0, 8) = fa.s(Tn(xp)a(N)), (5.6)
where Acs = Acs(s) == {(x,y) € R?:x¢ (—e, \/E—i— €l, (y+98)/x) e (—1, 1]}.

As one would expect, as € and § converge to zero, the domains A5 = A¢s(s)
increasingly better approximate the triangle T = t(s). This is shown in Figure 2.

Proof of Proposition 5.2. From equation (5.4), if we make the substitutions (m, n) —>
(—m, —n) and then n — n + m? in the sum over n, we get

X0+ m NY2(n — x3 + 2mxg) + 8
SN.es(x0,8) = Z X(—e,/5+el <W>X[_l’l)< N=12(xg 4 m0) .

(m,n)eZ?

To realise this as the value of a function of the space X, note for

N=12 2xyN1/2 X0
(M, x) := n(xp)a(N) = (( . o )’(N1/2’X5N1/2>)’

we have that

X0 +m

(m,m)M + x = (W,

2mxo+n + xS)Nl/z)
Thus,
SN.es(x0,8) = fa.s(Tn(xo)a(N)),

where Acs = Acs(s) = {(x,7) € R2:x € (=€, /5 +€l, (v +8)/x) € (=1, 1]}, as
required. O

To relate the random variables YSN to those defined on the space X, we set §N (x0, 8) :=
Frsy(Tnxo)a(N)), YN := Sy(Wy, s) and, more generally, YNNI := Sy o s(Wy, ).
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As we will now see, the limiting distribution of the variables Y} is identical to that of ?SN .
To see this, we first show the following.

PROPOSITION 5.3. P(YN # YNNV) — 0as N — oc.

Proof. In light of equation (5.5), it is sufficient to prove
P(YN—endv < yNewvdny 5 g
N S
as N — oo. Note

SN.en o (X0, 8) = SN, —ey sy (X0, 8) = (faey sy — fA_cys5y)Tn(x0)a(N)))
= fay(Tn(xo)a(N)),

where Ay 1= Acy.sy \ A—ey.sy- Now, we let the set A’N be the union of the two rectangles
[—en, en] x [—n, 1] and [1 — ey, 1 + €n] x [—n, ], where n := /s + 1. Then, for N
sufficiently large, Ay C A?v and A/N N\ Ao := {0, 1} x [—n, n] which has (Lebesgue)
measure zero. Therefore, whenever n < N are sufficiently large,

Py mew v <y Nenony < vy (fay).

Each of the functions f4/ is piecewise continuous as discontinuities of f4/ correspond to
lattices with points in the boundary of A/, which has (Lebesgue) measure zero. So, taking
lim supy_, o, and using Theorem 1.10, we get

lim sup P(YN-—eV N <y Neewovy < f far dmx
X

n—oo
for all n sufficiently large. Taking n — oo and applying the dominated convergence
theorem (as each set A), is uniformly bounded and hence f, A, is uniformly bounded by
an integrable function for n sufficiently large), we have . x Sfa, dmx — / x fas, dmx. By
Lemma 5.1, f X fas dmyx = 0, which shows the required result. O]

The above then allows us to prove the following.
PROPOSITION 5.4. P(YN # YN) = 0as N — oo.

Proof. This goes along similar lines to the proof of Proposition 5.3. First note that, by this
result, it is sufficient to show

PyNevov £ ¥Ny - 0

as N — oo. Points in 2 where these random variables differ correspond to lattices with
points in exactly one of the sets T or A¢, s, . Hence, IP’(YSN’EN’SN #?SN) < vy (ftAAersN).
We can also find a sequence {ty}%_; of regions in RR?, each consisting of a triangular
region with a smaller triangular region removed from its interior, such that TA A, 5y, C
Ty for all N and =iy \( W, where W has (Lebesgue) measure 0. By taking limsups and
using Theorem 1.10, we get

lim sup P(YN-evov £ YNy < / Jz, dmx
X

N—o0
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for all n. Taking n — oo, using the dominated convergence theorem and Lemma 5.1 again
gives the result. O

Using these two propositions, we are now in a position to prove Theorems 1.1 and 1.5
using Theorem 1.10.

Proof of Theorem 1.1. Let j € Ng and s > 0. By Proposition 5.4, it is enough to show
lim P(YN = j)
N—oo

exists. We have P(YN = j) = (1/N) Yo Xiwo:vxoy=j) K/ N) = v (fj.s), where
fis = Xif:(s)=j)- Now, note that the points of discontinuity of x{y,, =j} correspond
to lattices with points in the boundary of the set t(s), dt(s). Namely, if ['(M, x) is
a discontinuity point of f;, then the lattice {mM + x},,.> contains a point in dt.
However, then fjy.(s)(I'(M, x)) > 1. By Markov’s inequality and Lemma 5.1, the set of all
such discontinuity points is contained in a set of measure zero, namely the set { f(s) > 1}.

So we can apply Theorem 1.10, which gives us that
Jim BT = )= [ £, dm.
Hence, we see the limiting distribution E; (s) of the quantities Ey ;(s) is given by
Ej(s) =mx({T(M, x) € X : (Z*M + x) N t(s)| = j}). (5.7
Reference [14, Proposition 8.13] immediately tells us this function is C 2, O]

Proof of Theorem 1.5. LetYs : X — R be given by Yy = f;(s) and let & be the associated
point process. Given a point I'(M, x) € X, this point process takes the form

o0
EM(M,x)) =) 8,

j=1
where s; = inf{s > 0: Y,(I'(M, x)) > j}. In this setting we have, analogously to equation
(1.7), that £((a, b]) = Y — Y,. This agrees with equation (1.9) due to the definition of
T(s). If s; = 541 for some j, it must be the case that the lattice defined by (M, x) contains
multiple points on the boundary of the triangle 7(s;). Now, for any s > 0, the boundary
of the triangle 7(s) is contained within the lines y = x, y = —x and x = 4/s. So, if the
lattice defined by (M, x) € X does intersect the boundary of the triangle t(s) in a set of
size at least two for some s, then either:
e the lattice contains a point in the line y = x;
e the lattice contains a point in the line y = —x;
e the lattice contains multiple points in the line x = /s for some s > 0.
By Lemma 5.1, the measure of the set of all points I'(M, x) € X whose corresponding
lattice intersects the lines y = x or y = —x is zero. Moreover, in the case where we have
multiple lattice points on the line x = /s for some s > 0, we can find (u, v) € Z? such
that (1, v) M has first coordinate equal to 0. So, for (u, v) € 72, define

Guy:={M,x) e G: (u,v)M = (0, y) for some y € R}.
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For all (u,v), Gy, is a codimension-one submanifold of G and so mx(G,,) =0.
Therefore, the set of all lattices with multiple points on one of the vertical lines x = /s
has measure zero. Consequently, the points (s j)?i | are almost surely distinct and so the
process & is simple.

To verify condition (i) in Lemma 1.13 holds, take an interval (a, b] C R*. Then,
Elén ((a, b])] = ]E[YbN — YaN] — b —a as N — oo since, for any s > 0, the interval
[xo — 1/2N, xo + 1/2N) + Z contains, on average, s + O(1/N) points from the sequence
(\/ﬁ)IES:AiJ as xp varies across Qy. By Lemma 5.1, mx(&((a, b])) =mx(Yp —Y,) =
b—a.

To verify condition (ii) holds, let k e N and a; < by <ar <by <...<ay < by be
non-negative real numbers. Set V = U];=1 (aj, bjl.

PEn(V) =0) = ( ﬂ{Y,,, =7, ) (5.8)

Now let Vy := ﬂ’;zl({yf‘j( = ?,jj} Ny = Zﬁj}). By Proposition 5.4, P(Vy) — 1 as
N — o00. Therefore,

(P -22) -+ - )

N—o00

j=1
< lim sup ]P’( ﬂ{Yb = YN}A ﬂ{Yb = YN}>
N—o00 j=1 j=1
< lim sup P(Bj,) = 0. (5.9)
N—oo
Moreover,
k
P( m{Yg = Y,;’;’}> = vv (X{fp=0})s (5.10)
j=1
where D = D(ay, by; az, by, . .. ; ag, by) is the set U§=1(T(bj) \ 7(a;)). Note that the

function yqf,-0} has discontinuities at points in X whose corresponding lattice contains
a point in the boundary of D. Since the boundary of D is a union of the boundaries of
the triangles 7(a;) and 7(b;), it has measure zero. Thus, we can apply Theorem 1.10 and
deduce that

v (X{fp=0}) = mx(fp =0) (5.11)

as N — ooc. Finally, given

k
my(E(V) = 0) = mx< et = fab,.)}) —mx(fp=0), (512
j=1
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we get
lim Py (V) =0)=mx(EWV)=0)
N—o00
by combining equations (5.8), (5.9), (5.10), (5.11) and (5.12), completing the proof. O]

The proof of Corollary 1.7 relies on the following consequence of the Siegel integral
formula.

LEMMA 5.5.[5, (3.7)] Let Fi, F>» € L'(R?). Then

Z Fi((miM + x)F>((maM + x))dmx (M, x) :/2 F) dx /2 F> dx.
R R

mi #szZZ

We will also use non-escape of results proved by El-Baz, Marklof and Vinogradov in
[6], which is the content of equation (5.13) below.

Proof of Corollary 1.7. Expanding the formula for | Yy (M, x)|?, we see that

/ |Ys(M, x)[*dmx (M, x) =/ Z Xr(s) (MM + x) Xz (s) (m2M + x)dmx (M, x)
X

mi ;ﬁmzeZz

+ Z Xe(s)(mM + x)dmx (M, x).

meZ?

This equals s> + s by Lemmas 5.5 and 5.1.
As in [6], we define

Py :={/n+7Z:1<n <N and n is not a square}.
Also, for an interval I C R, we define the function Zy (7, -) : [0, 1) — R by setting
Zn, @) = |(IPyI7 T +a+Z) N Pyl.

This gives the number of points of Py in the interval / when normalized and shifted by «.
Now, equation (2.5) in [6] tells us

lim lim sup f ZyU,a)da =0. (5.13)
R—00 Nooo J{Zy(I,)>R}

Fix s > 0. Forany N € N, one can see from the inequality JE+1— JE > 1/2«/t+_1 that
all points Pyy lie a distance at least 1/2+/Ns + I away from 0 € T. As a consequence,
when N is sufficiently large, the only points of the sequence {/n+Z:1<n < sN}
which lie in the interval of width 1/N centred at O are themselves 0 and correspond to
squares less than s N. Therefore, when N is sufficiently large, we have Sy (0, s) = L«/m ]
and, if we define E j,N (8) to be the proportion of the intervals {[xo — 1/2N, xo + 1/2N) +
Z : xo € Qy} containing j points of Pyp;

o~

1
[Ejn(s) — Ejn(s)| < v (5.14)
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Now, for a large natural number R, we have that
’E[(YSN)Z] — f YZdmy —s

2
3 ‘W_SM% > sweo?— [ 12y

x0€QN\{0}

Sy (0, 5))2 o
S‘%_ + Z ]ZE]"N(S).

s‘ +
j=R+1

R 00
Y FPEjnG) =Y JPEj(s)
j=0 j=0

The first term above here clearly tends to 0 as N — oo, whilst the second tends to
Z;’o: Rl J2E j(s) as a consequence of Theorem 1.1 and equation (5.14). So, to complete
the proof, we need to show

o0
lim lim sup J2E;n(s) =0. (5.15)
R—00 N0 j=§+l J

First, note

[o)e]
o~ 1
Z JzEj,N(s):ﬁ Z SN(XO,S)ZX{SN(-,s>zR+1}(x0)

J=R e\ (0)
2
1 ¢ s .
= N Z ‘ZSN([ Ty §>,x0> X{Zm([s/2,s/2),.)2R+1}<ﬁ>’
X0€RN

since the shifted intervals IPSNI’1 [—s/2,5/2) + xo +Z contain [xo — 1/2N, xo +
1/2N) + Z.

Second, for any « € [xg — 1/2N, xo+ 1/2N), as the interval |Pen |~ =s, s) +
o +7 contains |Pyn|"—s/2,5/2) +x0+7Z, we have Zin([—s/2,5/2),x0) <
Zsn([—s, s), ) for any such «. Thus, we get

| 2
N Z Zszv<[—%, %)Jo) X(Zsn ([=5/2.5/2),)>R+1}(X0)
X()EQN
1 xo+1/2N 5
sy 2N / ox 1Zon ([=5. ), O X(Zyw (—5.9).0=R+1) (@) dat
X0—

)C()GQN

_ / Zon (=5, 5), @) 2 dar.
{Zsn([—5,5),))>R}

Taking N — oo and applying equation (5.13) gives us equation (5.15) and hence the
result. O

6. Properties of the limiting process

As we noted in §1, £ is a simple intensity-1 process which does not have independent
increments. The simplicity of this process was shown in the proof of Theorem 1.5. The
fact it has intensity 1 follows from Lemma 5.1 since for any interval (a, b] C [0, 00), we
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4

h Y
h N

.
XL

FIGURE 3. Any lattice containing a single point in B will contain one in either Aor C (left). An example of a
lattice with no points in A U C (right).

have that

mx[§((a, b =mx(Yp —Ys) =b —a.

To see that £ does not have independent increments, consider the intervals A := [0, 2),
B :=[2,+/5) and C := [v/5, 3). Then,

mx(EAUC)>11&B)=1)=1,
but
mx(EAUCQC)) < 1. 6.1)

This follows from the fact that if there is exactly one point of the lattice given by
x € X in the set B = {(u, v) € T(c0)|[4 < u < 5} then, by Minkowski’s theorem, there
is another lattice point in 7(co) which lies a distance at most 2/./m away. Given
E(x)(B) =1, this point must lie in either the set A= {(u,v) € T(0c0)|0 < u < 4} or
C = {(u, v) € 1(00)|5 < u < 9} giving us £(x)(A U B) > 1. Conversely, it can easily be
seen via analysing the form of the Haar measure on X that a positive proportion of our
affine unimodular lattices contain no points in AUB. An example of such a lattice is
shown in Figure 3.

In terms of understanding the distribution of the points {/7 + Z : 1 <n < sN} among
our partition intervals, the lack of independent increments in the limiting point process
tells us when (a, b] N (c, d] = ¥, the points {\/n +Z:aN <n <bN} and {\/n +Z:
c¢N < n < dN} donotdistribute among the partition intervals independently in the limit as
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N — oo. For example, when Sy (xo, 2) is large, then, on average, Sy (xo, V5) = Sn(x0,2)
will be also. This is made intuitively clear by the fact that if A contains many lattice points,
then we would also expect B to do so also.
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