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The spherical ensemble and
uniform distribution of points on the sphere

Kasra Alishahi* Mohammadsadegh Zamani®

Abstract

The spherical ensemble is a well-studied determinantal process with a fixed number
of points on $2. The points of this process correspond to the generalized eigenvalues
of two appropriately chosen random matrices, mapped to the surface of the sphere
by stereographic projection. This model can be considered as a spherical analogue
for other random matrix models on the unit circle and complex plane such as the
circular unitary ensemble or the Ginibre ensemble, and is one of the most natural
constructions of a (statistically) rotation invariant point process with repelling property
on the sphere.

In this paper we study the spherical ensemble and its local repelling property by
investigating the minimum spacing between the points and the area of the largest
empty cap. Moreover, we consider this process as a way of distributing points
uniformly on the sphere. To this aim, we study two "metrics" to measure the uniformity
of an arrangement of points on the sphere. For each of these metrics (discrepancy
and Riesz energies) we obtain some bounds and investigate the asymptotic behavior
when the number of points tends to infinity. It is remarkable that though the model is
random, because of the repelling property of the points, the behavior can be proved
to be as good as the best known constructions (for discrepancy) or even better than
the best known constructions (for Riesz energies).
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1 Introduction

1.1 Background

The aim of this paper is to study the statistical properties of a natural point process
on the sphere where the points exhibit repulsive behavior. This point process was
introduced in [25] and is known as spherical ensemble; see [23] and [24]. The model
was studied earlier in [12] and [15], but without observing the connection to random
matrices. It was shown in [12, 15] that there exists a connection between this model and
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The spherical ensemble

the one-component plasma on the sphere for a special value of temperature. See [17]
for further discussion.

Let A, and B,, be independent n xn random matrices with independent and identically
distributed standard complex Gaussian entries, and let {A1, A2, ..., A, } denotes the set
of eigenvalues of A, I B,,. We can consider these eigenvalues as a (simple) random point
process on complex plane C. The point process {1, ..., \,} can be described using the
k-point correlation functions pé") :C* - R29, 1 < k < n, defined in such a way that

/ F(z,... ,zk)p,(cn)(zl, ceoyzk)dp(zr) .o dp(zr) (1.1)
Ck

=E > F(h- ),
il,...7ik

pairwise distinct

for all continuous, compactly supported functions F : C* — C, where

n
d = ———d
w(z) (1 + [2[2)n 1 z
and dz denotes the Lebesgue measure on the complex plane C.
Krishnapur [24] showed that this random point process is a determinantal point

process on complex plane with kernel
K™ (z,w) = (1 + zw)"*

with respect to the background measure du(z), i.e. we have

p,&n)(zl,...,zk) = det {K(")(zi,zj)r. . (1.2)
1,)=
for every k > 1 and z, ...,z € C. We note here that a random point process is said to
be a determinantal point process if its k-point correlation functions have determinantal
form similar to (1.2). The corresponding kernel K (”)(z, w) is called a correlation kernel
of the determinantal point process. We refer to [22] or [23] and references therein for
more information on deteminantal point processes.

Let $2 = {p € R3 : |p| = 1} be the unit two-dimensional sphere centred at the
origin in three-dimensional Euclidean space R>. Also we let v denotes the Lebesgue
surface area measure on this sphere with total measure 47. As mentioned in [23], these
eigenvalues are best thought of as points on $2, using stereographic projection. Let
g be the stereographic projection of the sphere $2 from the north pole (0,0,1) onto
the complex plane C, seen as two-dimensional plane {(¢1,%2,0);¢1,t2 € R}, i.e., for
(.’131, xo, 1‘3) S 52,

Ty +ix
g1, 79, 3) = 5——2. (1.3)
1-— I3
If we let P, = g~1()\;) for 1 < i < n then the vector (P, ..., P,), in uniform random order,

has the joint density
Const. H Ipi — p;|*
i<j
with respect to Lebesgue measure on ($2)" where |p; —p;| denotes the Euclidean distance
between two points p; and p;. Note that this density is similar to the circular unitary
ensemble case and clearly this point process is invariant in distribution under the
isometries of $2. Consider the point process on $2,

xm .= Zn: Sp,.
j=1
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We know that %X (") converges almost surely to the uniform measure on the sphere. In
fact, it is also true in the more general case: Let A/, and B/, be independent n x n random
matrices with i.i.d entries with mean 0 and variance 1, and let {\}, \},..., A, } denotes
the set of eigenvalues of A 1B’ Based on the results of [35], Bordenave [8] shows that
1 Z = 10 1(x;) converges almost surely to uniform measure on $2 as n — +o0.

Moreover from the repulsive nature of determinantal point processes we expect that
the points of process X(™ are typically more evenly distributed than n independently
chosen uniform points on the sphere. This repelling property is the common feature
of many models in random matrix theory and has been comprehensively studied in
some special models such as the Gaussian unitary or the circular unitary ensembles.
For example, the distribution or the minimum or the maximum of the gaps between
consecutive eigenvalues have been computed and compared to simpler models as a way
to measure and understand the repulsive structure. One of the goals of this paper is to
do the same computations for the spherical model. We specially focus on the minimum
distance between the points, the area of the largest empty cap, the hole probability and
the limiting distribution of the nearest neighbors distances as natural two-dimensional
extensions of the so called metrics studied in one dimensional models.

On the other hand we apply this model and its properties to the classic problem of
distributing points on the sphere. The problem of distributing a given number of points
on the surface of a sphere "uniformly"”, is a challenging and old problem. Contrary to
the one dimensional case (i.e. distributing points on a circle) where the most uniform
arrangement clearly exists and is attained when the points are equidistributed, it seems
that there is no arrangement on the sphere that can be considered as completely uniform,
and the answer for the best arrangement depends on what criteria do we use to quantify
the uniformity of an arrangement. Among the mostly used criteria are those related to
the electrostatic potential energy and its generalizations where one tries to distribute
the points in a way that minimizes some energy function. Another common metric is
the discrepancy that measures the maximum deviance between the number of points
and the expected number, in some class of regions in the underlying space (sphere, in
our case). Both the energy and the discrepancy optimization problems, i.e. finding the
most optimum arrangement or even obtaining some relatively sharp upper and lower
bounds are open and challenging problems for the sphere. We study these metrics
(discrepancy and Riesz energies) to measure the uniformity of points of X(™. For each
of these metrics we obtain some bounds and investigate the asymptotic behavior when
the number of points tends to infinity. It is remarkable that though the model is random,
because of the repelling property of the points, the behavior can be proved to be as good
as the best known constructions (for discrepancy) or even better than the best known
constructions (for Riesz energies).

The main results of the paper are stated in the next subsection, together with
definition and some properties of the metrics discussed above.

1.2 Main results

Discrepancy

The geometrically most natural measure for the uniformity of the distribution of an
n-point set on $? is the spherical cap discrepancy. Let P,, = {x1,...,2,} be an n-point
set on $2. The spherical cap discrepancy of P, is defined as

D
D(P,) := sup ZID xj) n| |
DeAJ 1
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where A is the set of all spherical caps on $2. A spherical cap is defined as the intersection
of the sphere and a half-space. In [4], it was shown that there is constant ¢ > 0,
independent of n, such that for any n-point set P,, on $2 we have

en'/* < D(P,).

On the other hand, using probabilistic methods it has been shown (see [5]) that for any
n > 1, there exists n-point set P,, on $2 such that

D(P,) < Cn*/*\/logn.

The following theorem shows that the point process X' (™ has small spherical cap
discrepancy.

Theorem 1.1. Consider the point process X" = Z?:l dp,. For every M > 0 indepen-

dent of n, one has
D({Pi,...,P}) =0 (n1/4\/10gn)

with probability at least 1 — —7.

Note that for independent uniform points on sphere, the discrepancy is of order /n
(up to a logarithmic factor).

The key to the proof of Theorem 1.1 is an estimate on the variance of the number
of points of X(") on a spherical cap. The asymptotic expansion of this variance and the
proof of Theorem 1.1 will be presented in Section 2.

Largest empty cap

Given P,, = {x1,...,7,} C $2, define the covering radius of P, as the infimum of the
numbers ¢ > 0 such that every point of $? is within distance ¢ of some z;. If we let 7
be the covering radius of P,, then the area of the largest spherical cap which does not
contain any point of P, in its interior is equal to 772 (note that, for fixed ¢, the area of
the spherical cap {p € $% : |[p — ¢q| < r} is 7?). We will be interested in studying the
asymptotic behavior of the area of the largest empty cap for the spherical ensemble.

Let M, be the area of largest empty cap for random point process X("). In the
following theorem, we derive first-order asymptotic for M,,.

Theorem 1.2. Let
n

n = ———=M,
) 8m/logn

Then for any s > 0, X,, converges in L° to one,

X

E(|X,—-1/°) =0,

asn — +oo.

The proof of this theorem is given in Section 3. For the proof we need asymptotics of
the hole probability, the probability that there are no points of X'(™ in a given spherical
cap. The desired asymptotics of the hole probability will be given in Lemma 3.1. Then
we will prove Theorem 1.2 using a method similar to the proof of Theorem 1.3 in [3].
Notice that for independent uniform points on $2, the area of the largest empty cap is of
order loi .

At the end of Section 3 we study the nearest neighbour statistics of spherical ensem-
ble and show a connection between the local behavior of this model and the Ginibre

ensemble.
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Riesz and logarithmic energy

In Section 4, we compute the expectations of the logarithmic energy and Riesz s-energy
of the random point process X' (™ on $2. The discrete logarithmic energy of n points
ry,...,x, on $2 is given by

1 1
Eiog(z1,...,20) == logl I T = E log%
.¢,|$z_m]| Yy |xl
1#£] i#]

Also we define
Eiog(n) = min{ Eiog(z1,...,Tn);T1,...,2n € Sz}.

The n-tuples that minimize this energy are usually called elliptic Fekete Points. Define
C, by

1 1
Elog(n) = (2 — log 2) n? — inlogn + Cpn.
In [28] it was shown that (), satisfies the following estimates

—0.22553754 - - - < liminf C),, < limsup C,, < —0.0469945. ...

n—+00 n—+o0
For a given s, the Riesz s-energy of n points z1,...,z, on $ are defined as
1
Es(.rl, N ,.Tn) = Z m
e

Also, we consider the optimal n-point Riesz s-energy,

min{Es(x1,...,2,);T1,..., 0, € 9%} ifs>0
Es(n) :=
max{E(x1,...,2,);2T1,..., 2, €92} if s <O0.

The important special case s = 1 corresponds to electrostatic potential energy of
electrons on $? that repel each other with a force given by Coulomb’s law. We remark
that this problem is only interesting for s > —2. It is known that for the potential-theoretic
regime, —2 < s < 2, we have

Es(n) 1 1 21—s
li - = — —d d = . 1.4
nvioo n2 | (4m)? /SS p—qr VP =5 (1-4)
See e.g. [10]. .
Consider the difference &;(n) — %nQ Wagner ([36] lower bound for 0 < s < 2 and

upper bound for —2 < s < 0, and [37] upper bound for 0 < s < 2 and lower bound for
—2 < s < 0) proved that

21—3
n? < —en't? | —2<s5<2

—ernttS? < Ey(n) —

2—s

where c¢; and ¢, are positive constants depending only on s. In [28], an alternative
method which is based on partitioning $? into regions of equal area and small diameter
is used to prove the upper bound in the case 0 < s < 2 (and lower bound in the case
—2 < 5 < 0). Let € > 0 be arbitrary, this method gives

21*3

Es(n) — 5= an < —(2V2m)TE(1 =)t 0<s<2 (1.5)
21=s . :
E:(n) = 5 n?>—(2v2n) (1 + et/ | —2<s5<0 (1.6)
— S
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for n > ng(e, s). We show that the better bounds than (1.5) and (1.6) can be obtained by
considering the expectation of Riesz s-energy of point process X'("). It is conjectured
(see [10], Conjecture 3) that the asymptotic expansion of the optimal Riesz s-energy for
—2 < s <4, s # 2 has the form

2178 2+ (\/3/2)5/2CA2<8)7L1+5/2+0

Ealn) = 5—m (dm)/?

(n'*5/2) n — 400, (1.7)

where (y, (s) is the zeta function of the hexagonal lattice Ay = {m(1,0) + n(1/2,v/3/2) :
m,n € Z}. See the survey [10] for more details and further discussion.
In the boundary case s = 2, we have (see Theorem 3 in [26])

52(11) _ 1

1m = .
n—+oon2logn 4
Also, in [10] (see Proposition 3 and its remark therein), it is shown that

- in2 +0(n) < &(n) — inQ logn < inQ loglog n + O(n?). (1.8)
Considering the expectation of Riesz s-energy of point process X'(), we are able to omit
the loglogn term in this estimate. (See Conjecture 5 in [10] for the asymptotic expansion
of the optimal Riesz 2-energy.) We remark that the first term of the asymptotics of £;(n)
for s > 2 is not known.

In the following theorem, we give the expectations of the logarithmic energy and
Riesz s-energy of the random point process X'(") on $2.

Theorem 1.3. For the point process X" on $2, n > 2, we have
i) (Logarithmic energy)

1 1 1 1
EE(Pr,...,P,) = (2 - 10g2> n? — inlognﬂ— (log2 - %) n-y +0 (n) (1.9)

Here, vy is the Euler constant.
ii) (Riesz s-energy: s < 4 and s # 2)

2'=s 5, T(mIT(1-5/2) n2

EE,(P,...,P,) = — 1.10
(P ) = Y T T =52 (1.10)
iii) (Riesz s-energy: s = 2)
1 ¥ n 1 1
EFEy(Py,...,P,) = -n°l - ——40|— 1.11
2( 1 ) ) 4” Ogn+4n 8 48+ (n2> ( )

As a corollary to Theorem 1.3, we obtain the following bounds for optimal Riesz
s-energy.

Corollary 1.4. foreveryn > 2,

21—s I'l—s/2
Es(n) — n?g—wnlﬂ/2 , 0<s<2 (1.12)
2—s 28
21=s Ir'(l—s/2
Es(n) — n? > —wnm/2 , —2<s<0 (1.13)
2—s 28
L, 7 2
Ea(n) — —n“logn < =n (1.14)
4 4
Suppose that x1,...,x, are chosen randomly and independently on the sphere, with

the uniform distribution. One can easily show that

1 1
EEiog(z1,...,2,) = (2 10g2> n? — (2 10g2> n
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and also for s < 2 (see (1.4))

B 2175 9 2175

n
2—s 2—s

EE (x1,...,2,) n.

Minimum spacing

Define the minimum spacing by
my, = min|P; — P;|.
i#£]

We are interested in the asymptotic behavior of m,, as n tends to infinity. For 0 < ¢ < 2,
set

Gin =) lr-p<t) (1.15)
i<j
to be the number of non-ordered pairs of distinct points at Euclidean distance at most ¢
apart. Our result concerning distribution of G ,, is the following.
Theorem 1.5. Let G, defined by (1.15) and assume thatt = # then G, , converges
in distribution to the Poisson random variable with mean g—i.

The proof of this theorem is given in Section 5. As a consequence, since P(G;, =
0) = P(m,, > t), Theorem 1.5 clearly implies that

Corollary 1.6. For any = > 0,
3/4 —a!
lim P n = — .
m (n**my, > ) exp<64)

Suppose that x4, ..., z, are chosen randomly and independently on the sphere, with
the uniform distribution. It was shown that (see Theorem 2 of [11])
—X

2
i Plomin o — ;| > 0) = exp ().

2 Discrepancy

Let D be a spherical cap on the sphere $2. Define

Np := xXM™(D),
the number of points of X(™) in D. Clearly, the expected value of Np is equal to %. In
order to prove Theorem 1.1 we need to control the variance of Np. The following lemma
gives the asymptotic behavior of the variance.

Lemma 2.1. Let D be a spherical cap on the sphere (depending on n) such that

b7+ pe] = o(n). Then for any e > 0

n 1 € (&
VarlNp] = 7 \D\|DC|+0<log2+ (n|D||D |)) 2.1)

where |D| denotes the area of D and D¢ = $% — D.
Proof. The distribution of Np is invariant under isometries of the sphere, so we may

assume without loss of generality that ¢g(D) is a disk centred at the origin with radius
r. From [22], Theorem 26, the set {|\;|? : 1 < k < n} has the same distribution as set
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{Qk : 0 < k <n— 1} where the random variables @}, are jointly independent and @, for
0 < k <n—1 has density

WO
gt » 17
(Note that K (z,w) = 23—, (".") (2@)"* and u has density ¢(|2|) where ¢(z) = AT

Thus @ has the beta prime distribution with parameters k + 1 and n — £, i.e., 1?& has
the beta distribution with parameters as before.
Thus we have

Np L [{k:0<k<n—1,Q<r’} (2.2)
And so by the independence of Q, 0 < k < n — 1, we deduce that

d
Np ~mno+m~+ 4+ Mn-1 (2.3)

where the random variables 7, are independent and distributed as Bernoulli variables
with P(n, = 1) = P(Qx < r?). By the properties of incomplete beta function (see e.g.
[39]) we have

r? n—1\ k n n\,.2j
n(",)a D ikt (j)r
P < 7"2 = / k d == J J 24
(Qk ) o (1 +q)n+1 q (1 +7"2)n ( )
Now suppose Bj,..., B, are i.i.d. Bernoulli random variables with parameter a := 1:%

Let S,, := B1+---+ B,,. One can write the right-hand side of above equation as P(S,, > k).
Therefore, we obtain forevery 0 < k <n —1

P = 1) =P(Qr < r?) = P(S,, > k). (2.5)
We also note that )
4rr
D| = —— =4nra.
| D] T2 TO
Now from (2.3) and (2.5) it follows that for every spherical cap D,
n—1
Var[Np] = > P(S, < k)P(S, > k) (2.6)
k=0

where S, is a binomial random variable with parameters n and %.
Fix e > 0. Let

o =+/Var[S,] = /na(l — a)
and
M = o(log J)%“.

Since Var[Np| = Var[Npc|, by symmetry, we may assume that a« < 1/2. Using the
Bernstein’s inequality we see that for any ¢ > 0, one has

2t
P(|S, —nal > t) < 2exp (min (402,4>) (2.7)
(see for example Lemma 2 in [5] or Lemma 2.7.1 in [34]). We can use this to show that
(Let j = |k — na| and note that a < 1/2.)

> P(S, <k)P(S, > k) < (2.8)
|k—na|>M
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The assumption of the lemma implies that ¢ — 400 as n — +o0 and thus we have

> exp(—j/4) = o(1). (2.9)

o?<j<n(l-a)

Also, by comparing the integral of exp (%2) with its Riemann sum, we conclude that

-2 +oo 2
Z exp ) < o’/ exp - dz
’ 40’2 (log 0—)1/2+5 4

M+1<j<o?

“+oo
=0 ex x/4)dx
A%w%2fp(/)
20 1 -
< 75 eXp ——(logo)*t2 ) = o(1).
(log o)1/2+ 4

Thus, from (2.8), (2.9) and above estimate, we obtain

> P(S, <k)P(S, > k) =o(1).

|k—na|>M

Moreover, from the Berry-Esséen theorem we see that for some absolute constant C,
one has (see [6])

g g

’P(sn <k) - <

where ® is the cumulative distribution function of the standard normal distribution.
From (2.6), and by using the above two estimates, we conclude that

Var[Np] = > @ (i) ® (0‘7> + o((log o) 1/2+%),

ljl<M

knoz)’ C
<

By considering the Riemann sum of ®(z)®(—z), Making the change of variable z =
(log o)}/**¢y and letting ®(y) := @ ((log 0)'/2*y), we have

S a(2)e() o[ womc

1/2+4e€
lil<M —(logo)t/a

:\JI<M < ) (Xf> é(y)‘f(—y)dy

<o+ [ |@wi-yy

ysmn+/mkﬂmﬂﬂm%m=ou>

—00

Using the standard bound

+oo 5
e /24t =

1 [t 1 1
P(—z) = —= 7/ e P qt < ———e72
)= 7= / Nord PN Vo
for any x > 0, we have
+oo
/ O(z)P(—z)dx < 2/ O(—x)dx
{z:|z|>(log 0)1/2+<} (log o) 1/2+¢
2 1/2+5
=o(1/0).
EJP 20 (2015), paper 23. ejp.ejpecp.org
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Combining all these facts, we deduce that
“+oo
Var[Np| = 0/ ®(2)®(—z) da + o((log 0)/212%).

— 00

On the other hand, using integration by parts twice, we have

/@(w)@(—x) dz = 2®(z)®(—z) — \/% /xe‘é(@(x) —&(—x))dx

— 20(2)B(—2) — \/%? <e”5(¢>(x) —®(—2)) - \/% 9ot dx)
— 2 B(2)P(—) — \/12?6*%@(1:) —d(—2)) + %Q)(\@m)
Thus oo .
/_OO B(a)B(—z) dr = -
and (2.1) follows. O

Remark 2.2. Clearly, the restriction of point process X' to a spherical cap D is also a
determinantal point process with kernel 1, (2) K™ (2, w)1y4(py(w). Denote by Jifg((’g) the
integral operator in L?(g(D)) obtained by considering this kernel. Then the distribution
of Np is the sum of independent Bernoulli random variables, whose expectations are the

eigenvalues of Ji/g((rg) (see e.g. [2], Corollary 4.2.24). So from (2.3) we conclude that the

non-zero eigenvalues of operator %fg ((TB) are equal to P(S,, > k), 0 <k <n—1, where S,

is a binomial random variable with parameters n and %.

From Lemma 2.1 and the general central limit theorem for determinantal point
processes [31] (due to Costin and Lebowitz [13] in case of the sine kernel) we have the
following theorem.

Theorem 2.3. Let D be a spherical cap on $? (depending on n) such that ﬁ, |Bc‘ = o(n).
Then D]
Np — %~ d
T — N(0,1
semyiompe Y

asn — +oo.

Next we prove Theorem 1.1.

Proof of Theorem 1.1. We use the notation from the proof of Lemma 2.1. As we have

seen before
n—1

Var[Np] = > P(S, < k)P(S, > k).
k=0
Similar to inequality (2.8), we have

Y P(S.<K)P(S, > k) <

0<k<n-—1
j2
2| Y e (L) + X ewl-i)
0<j<o? j>o?

Also, we see

EJP 20 (2015), paper 23. ejp.ejpecp.org
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So we deduce that there exist absolute constants ¢y, co such that for any spherical cap D,
Var|[Np] < c10+ ¢y (2.10)

and since o < @ we have for some absolute constant cs,

Var|[Np] < c3v/n.

We know that for any spherical cap D, the random variable Np has the same distribu-
tion as M where 7, are independent Bernoulli random variables (see equation (2.3)).
From Bernstein’s inequality (see Lemma 2.7.1 in [34]) we get a concentration estimate
for Np:

t* t
P(|{Np —ENp|>1t) <2 —min (| —————, = t> 0.
(Vo ~ ENp| 2 0) < 2089 (<min (gt ) e

Let t = O(n'/*\/logn). Then for any M > 0 we have

Np =E Np + O(n'/*\/logn) (2.11)

with probability at least 1 — n~™ where the implied constant in the O() notation is

independent of D. It can be easily shown that there is a collection A’ of n¢ spherical
caps, for some absolute constant ¢ > 0, such that for any spherical cap D there exist
Dy,D5 € A’ (D; can be empty) having the properties D; C D C D, and |D3\D;| < 47”
and then we have

|ND — END‘ <1 +111321)J}§ |J\7D7 — ENDI

Thus we obtain
D({Pl,,Pn}) < 1+[r)na§ |ND/ 7END/‘.
/e I

So from the union bound, we see that the equation (2.11) is also true uniformly in D.
This completes the proof of the theorem. O

3 Hole probability and largest empty cap

3.1 Hole probability

In this subsection, we establish the asymptotic behavior of A, (a) := P(Np = 0),
where D is a spherical cap on $2 such that | D| = 47a. We use the notation from the proof

of Lemma 2.1. We know that A,,(«) is equal to the Fredholm determinant of Id — lfg ((73).
Also, from (2.3) and (2.5) we have

An(a) = ﬁ P(S, < k).
k=0

Proposition 3.1. There exist a positive constant ¢’ such that

2
log Ap(a) = %(a +1log(1 — a)) + O(nalog(na)) (3.1)

uniformlyind/n < a<1-d/n.

Proof. We can write

n—1
log A (@) = Y logP(S, < k). (3.2)
k=0
EJP 20 (2015), paper 23. ejp.ejpecp.org
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First, we estimate log P(S,, < k) using large deviation principle. By the exponential
Chebyshev inequality (See the proof of Theorem 1.4, Cramer’s Theorem, in [21].), we
have

P(S, < k) <e ™M) (3.3)

for any k < na where I(z) = sup,cp(tz — log(E e'51)) is the Legendre transform of the
cumulant generating function of B;. One easily computes that /(z) = xlogZ + (1 —
) log 1=%. On the other hand, from Stirling’s formula we know {nle"n™*t1/2} is bounded
away from zero and infinity and thus we have

n+1/2
P(S, <k)> ()bl —a)"*>¢ 1 ok (1 — a)n*
n=r =1\, = Ok’f+1/2(n — k)n—k+1/2

n 1/2 k
> = —nl(5)
= <k<n—k>) ‘

for 0 < k < na and some absolute constant ¢y. Therefore, for all 0 < k < na, we have

1
logP(S, <k)>—-nl(k/n)— 5 log(na) + log co. (3.4)

From (3.3) and (3.4), it follows that

1
Z logP(S, <k)+n Z I(k/n)| < na (2 log(na) — log c()) (3.5)
0<k<na 0<k<noa
for sufficiently large n (for & = 0, note that log P(S,, = 0) = —nlI(0)).
Since the median of binomial distribution is either |n«a| or [na], this implies that
P(S, > k) <1/2 when k > na. Using the bound —log(1 — z) < 2z, 0 < z < 1/2, we then
obtain

> —logP(S,<k)<2 > P(S,>k).

na<k<n—1 na<k<n—1

From (2.6), the right hand side of above inequality is smaller than 4 Var[Np], and then
from (2.10) we have

Z —logP(S, <k)<civ/na(l —a)+co (3.6)

na<k<n—1

for some constants ¢y, co. Also, by Riemann integration, we have
S I(k/n) - n/ I(z) da| < 1(0) — I(a) = — log(1 — ) 3.7)
0<k<na 0

(Since [ is a decreasing function on [0, a] and I(«) = 0) From (3.2), (3.5), (3.6) and (3.7),
we have

<

log A, () —|—n2/ I(z)dx
0

1
Jna log(na) — nlog(l — a) — nalog ey + c1y/na(l — a) + co.

So we conclude that for sufficiently large constant ¢/

= O(nalog(na))

log A, () — %(a +log(1 — oz))‘

uniformly in ¢/n < a<1-¢/n. O
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Fix z > 0 and let a = Llsg" From Taylor expansion (Note that log(l — a) =
—a— %2 + O(a?) for, say, o < 1/2.) and Proposition 3.1 we have

2
log A, (o) = —% logn + o(logn)

or equivalently

.2

A (o) = p~THo@), (3.8)

3.2 largest empty cap

Proof of Theorem 1.2. We follow the proof of Theorem 1.3 in [3]. Let € > 0 be arbitrary

and recall that n

X, = —F——M,
8m+/logn

We easily see the inequality
E(|X, —1°) <+ P(X, <1 —¢) + E(| X, — 1[*11x,>146})-

Hence, it suffices to show that the last two terms go to zero as n tends to infinity.
Integrating by parts, we get

—+o0
E(|X, — 1°Lix,>14e}) = / s(u—1)1TP(X, >u)du+ e P(X, > 1+e).
1+e

Next, we give an upper bound for P(X,, > u). We can choose on $? at most 4n points
q1,---,qm SO that every spherical cap with area 47 /n contains at least one of these points.
(We can find m < 4n spherical caps with area 7/n such that there exists no spherical
cap with this area that does not intersect these m spherical caps. Let ¢4, ..., ¢, be the
center of these m spherical caps. One can check that ¢4, ..., ¢, have desired properties.)
Let Y;, 1 <i < m, be the area of the largest empty cap centred at ¢;. Note that there
exists some ¢; within distance 2/4/n of the center of the largest empty cap. From this,
we can conclude that for any v > 1 + ¢ and sufficiently large n,

N
P(Xn>u)§P(Mn>87TOgn
n

< ip (Y > W:LOE(I+5/2)>.

(1+ e)) (3.9)

Thus, for sufficiently large n

2+/logn
n

P(X, > u) <4nA, ( (1+ 5/2)) . (3.10)

Using (3.8) and (3.10), we conclude that there is some § > 0 such that
P(X, >u) =o(n"°%) (3.11)
uniformly for v > 1 4 €. Also, we can write
+oo logn
/ s(u—1)""P(X, > u)du :/ s(u—1)"1P(X, >u)du
1+e€ 1+e

PV
+/2 P s(u— 1) P(X, > ) du.
1

ogn
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The first integral on the right hand side goes to zero as n — +oo, thanks to (3.11). Using
a similar argument as in (3.9) and the crude upper bound

Ap(@) <P(S,=0)=(1—-a)"
we conclude that for any fixed C' > 0, one has
P(X, >u)=o(n"%)

uniformly for v > logn. Thus the second integral also goes to zero as n — +oo.

To prove Theorem 1.2, it suffices to show that P(X,, < 1 —¢) converges to zero.
The following lemma is similar to Lemma 3.3 in [3]. The proof is based on negative
association property for the events such as {Np, = 0} and {Np, = 0} where Dy, D, are
two disjoint spherical caps on $2. Note that negative association property holds in this
case. See Theorem 1.4 in [18] or proof of Lemma 3.8 in [3].

Lemma 3.2. Consider a set of disjoint spherical caps on the sphere. Let F,, be the
number of such caps free of points Py, ..., P,. Then Var(F,) < E(F,).

Now consider ¢, = ) (n/\/log n) disjoint spherical caps D1, Ds,...,D., with area

(=e)8nvlogn 1 r he the number of such caps free of points P, ..., P, then from previous

n

lemma and Chebyshev’s inequality one has

P(X,<1-¢) <P(F,=0)<P(F,—EF,|>EF,)
Var(F,,) 1

= B(E)? CB(R)

Also, using (3.8) we have

E(Fn) = an" (2(1 - 6) logn) B nl_(1_€)2+0(1)a

n

which implies that P(X,, < 1 —¢) — 0 as desired. O

3.3 Nearest neighbour statistics

Consider the random point process X (n) = Z};l 1) P Definefor1 <j<n
d; := min|P;, — P;
) = min|P; — P

the minimum distance from P; to the remaining points. We define, as in [9], the nearest
neighbour spacing measure u(Py, ..., P,) on [0,4+0c0) by

1 n
w(Pr, ..., P,) = EZCS%d?. (3.12)
j=1
Let
Q) = —L B (x)
dz
where
n—1 k Jjj
_ 1 _ —x <
Ex(z) = ngr-&r-loo E,(z) , En(x)= e Z ik
k=1 7=0
We want to show that,
Theorem 3.3. Asn — +00,
w(Py,...,Py) — Q(x)dx. (3.13)
EJP 20 (2015), paper 23. ejp.ejpecp.org
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One can easily check that for independent uniform points on sphere, this measure
converges to e”* dz as n tends to infinity. See 1.

Proof of Theorem 3.3. For fixed z > 0 let
. n
Y, = {szlgjgn,zd?<x}

To prove (3.13) it suffices to show that

Y,
A B (a). (3.14)
n
First, we compute the expectation of Y,,. Let An(a) denote the probability that the
spherical cap D with area 4ma centred at P; has no other points of {P;,..., P, } in its
interior. With this definition we obtain
EY, =n(l1— A, (z/n)). (3.15)

We first show that )
An(a) =[] P(S. < k) (3.16)
k=1

where S,, is a binomial random variable with parameters n and a. Note that the law of
the point process conditioned to have a point at P; is independent of P; due to rotational
symmetry, so we can assume it to be conditioned at g~!(0) and D to be the spherical
cap (with area 47a) centred at g—1(0). It follows from [29], Theorem 1.7, that the palm
measure of a determinantal process is also determinantal and its associated kernel on C,
K% (z,w), is given by

{}ZU} _ 1 e K(va) K(Z,O) _ 210 n—1 _
K, )_K(0,0)dt<K(O,w) K(0,0) = (1+z0) !
n—1 n—1
= ()"
> (")

with respect to the measure dyu(z). Therefore, A, («) is equal to the Fredholm determi-
nant of I — %; ‘E%}), where Jifg {((g) is the integral operator with the kernel K {O}(z, w) on the
disk g(D). Let r be the radius of g(D), as in the proof of Lemma 2.1. Since the functions

2* are orthogonal on g(D), we get for 1 <k <n —1and z € g(D),

n—1 2k
/g(D> g(py T(1 4 Jw[?)r+t

r? n—1\ k
0

(1 + q)nJrl

Thus, from (2.4) and (2.5), we conclude that the non-zero eigenvalues of operator Ji/g {(OD})
are equal to P(S,, > k), 1 <k <n — 1, which implies (3.16) as desired (see the remark of
lemma 2.1).

Next, we show that

|An(z/n) — Ep(z)] _o<1°g”>. (3.17)

n

For this, we will use identity (3.16) and Poisson approximation. Let & = z/n. From
Theorem 1 of [19] we have

k- .
sup [P(S, <k)—e ™) —|<=—=0mn"). (3.18)
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From (2.7) we see that there exists M = O(logn) such that for every k¥ > M we have

k
P(S, < k) >1—7 Z (3.19)

=07

where, for the second inequality, note that from Taylor’s theorem
zJ

1—6_“32_— <e Tle¥ —

k
|
j=0 J: j=0

LUj (Ek+1

ERTE]

<

and then use Stirling’s formula. Therefore, using the inequality

n—1 k

g,

Bn(z/n) = Ea(z)| = | [] P(Sn < ¥) H Z*
k=1 k=1 :o
n—1 k Ij
<Y PSS <k)—e "y =,
k=1 7=0 J:

(3.18) and (3.19) we get (3.17). From (3.15) and (3.17) we deduce that

In [27] (See Theorem 3.5 therein) it has been shown that for every 1-Lipschitz function
on finite counting measures on $2 such as f, (This means that deleting or adding one
point to a configuration of points on $? changes f by at most 1. The point process on
$2 can also be viewed as a random counting measure on $2.) satisfies the following
concentration inequality:

2

a
P —Ef| > <5 —_— .
(1 =Bl 2 0) < 5o (1525 )
Fix r > 0 and let f count the number of points of point process {Pi, ..., P,} such that
d; < r. It is simple to check that f is Lipschitz with some constant ¢’ > 0. (If one point
is added then f increases by at most ¢’. Using a simple geometric argument, one can
choose ¢’ = 7.) Applying previous inequality to f/¢/, we conclude that

a2
Py, —EY,| > < —_— .
( | _a)_5exp< 16c’(a+20’n)>

Using the Borel-Cantelli Lemma, this gives (3.14) as desired. O

Remark 3.4. The infinite Ginibre ensemble is a translation invariant determinantal
point process on the complex plane C with kernel K(z,w) = e*” with respect to the
Gaussian measure %e“z‘z dz. It can be viewed as the local limit of the law of eigenvalues
of random matrices from the complex Ginibre ensemble (see [23] for more details). From
(3.17) we deduce that

lim A, (z/n) = exp(—z)Ex(z).

n—-+oo

The right-hand side of above equation is equal to the probability that a disk of radius /=
in the complex plane contains no points of infinite Ginibre ensemble (see e.g. [16]). Also,
if we consider the complex Ginibre ensemble, then F, (z) is the conditional probability
that if one eigenvalue (of an n x n random matrix with i.i.d. standard complex Gaussian
entries) lies at the origin, all n — 1 others are further away than /z. Compare with the
definition of A and see (3.17).
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Figure 1: Comparison between the density of nearest neighbour spacing measure p (see
(3.12)) in the case that the points are independently chosen as uniform distribution (on
sphere) and spherical ensemble case in the limit n — +o0.

4 Riesz and logarithmic energy

The purpose of this section is to establish Theorem 1.3 and Corollary 1.4. We start
with computing the correlation functions of X'(™ on $2. Let ;356") (p1,...,pk), k > 1, be the
correlation functions of the point process X' (™) with respect to the surface area measure

dv(p). Set g(p) = z and ¢(q) = w. Since dv(p) = W dz we conclude that

A (1o pr) = det (K™ (pipy))1<ign

where
KO (pg) = oKW
(L4 [27) 7= (L + |wf?) =
Also, we have
p—ql 2z~ ul (4.1)

IRV ENFENGES TR

(To see this, one can verify that the right-hand side of (4.1) is invariant under the map
(z,w) = (¢(z), p(w)) where transformation ¢(z) is defined by

az+p
"= 5va

such that o, 8 € Cand |o|>+|B|? = 1. (It suffices to show this for ¢(z) = 122 and ¢(z) = az
where |a| = 1.) These transformations correspond via stereographic projection to the
rotations of $2, see [23]. So it suffices to check (4.1) for z,w € C such that |z| = |w| = 1.

But in this case, from definition of g it is obvious that [g~1(2) — g~} (w)| = |z — w])
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Recall that K™ (z,w) = (1 4 zw)"~'. A short computation then shows that

0 y: (1 T Jewf + 2Re<zw))"_1 (4.2)

dn) (L P21+ [w]?)

:<£JQO‘<L+Z5§;MﬂQWJ
_ (47;)2(1_ |p—4q| ) _

Thus from above equation, the 2-point correlation function ﬁén) is given by

o | KO0 EOa | e g\ 43
2 (p:) = | o o = (4 - | w3
K (Q7p) K (q,q) s

Proof of Theorem 1.3. We begin with part ii). Similar to (1.1), we have for a suitable test
function F'

K0 (p, ) = (

B PR = [ P .0 dvip)dvto) @.4)
i#] x87

Thus by setting F'(p, q) = |p — ¢|~° we obtain

EExaquaw5/ P — a5 (0, q) du(p) du(q).
§2 x §2

Notice that the point process is invariant in distribution under isometries of the sphere
and so by Fubini’s theorem we conclude that

EE,(P,...,P,) =4x /82 p—al~*55"” (p, ) dv(p)

where ¢ = g~1(0). Thus we can write

2 1 2n71_1
EE,(Pi,...,P,) = — /z|§ * 12]) dz
7 Jo

2 1+|Z|2>n+175/2 :

(This can also be obtained directly from Equation 1.1, letting

B 2|z — w -
F%m_<w+m%ﬂ+ﬁg

and using suitable linear fractional transformations corresponding to the rotations of $2
by stereographic projection). Changing to polar coordinates, we get

n? [t 1 (14t -—1
EE,(Py,....P,) = 25_1/0 T (L2 dr. (4.5)

Making the change of variable u = r2, we see that

2 n—l +o0
n n—1 1
EES(Pl,...,Pn): 273 ( j )A us/ij(1+u)n+175/2 du (46)

j=1
n? s T +1-5/2)
2 = T(n+1-s/20( +1)
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In the last line, we have used the beta function identity

“+o00 1 1 . /2 1
- du = AR O A L s 7
/0 us/Qﬂ(l ¥ u)n+175/2 u /0 ( )

TG +1—s/2T(n—Jj)
'n+1-s/2)

By using induction on n, one can show that for s £ 2,

+1—s/2) _I'(n+1-s5/2)
= rG+1)  (1-s/2)(n)"

(4.7)

M

Note that I satisfies the functional equation zI'(z) = I'(z + 1) which implies that

F'n+1-5/2) T(n+1-5/2) (n+1-5/2)I(n+1-5/2)
(1—5/2)L(n) L(n+1) (1—-5/2)L(n+1)
I'n+2—s/2)

T 1-s/2T(n+1)

Combining (4.7) with (4.6), we obtain (1.10) as required.
For s = 2, from (4.6) we have
n—1

2
EEQ(Pla-”aPn):Z

M

S =

Jj=1

Also, from Euler-Maclaurin Summation Formula, we know (see the first part of the proof
of Theorem 3 and equation (2.1) in [7])

| 1 1 1
E Z =1 - - 4.8
and hence

4 8 48 n?

It remains to prove (1.9). By differentiation right hand side of (4.5) with respect to s at
s = 0, we conclude that

1 1 1
EEs(Py,...,Py) = 4n2logn+”n2—”—+o<>.

d

dS s=0+

_d [21_3 n?— L(n)l(1 —s/2) n2:|
ds [2—s 25T (n+1—15/2)

EFEioe(P1,...,P,) = —EE(P,....P,)

s=0+ .
Thus,
1
EE(P1,...,P,) = 5~ log 2

—3'()T(n+1) — (T(n+1)log2 — IV (n + 1)) r
I'(n+1)2

(n)n

Moreover, we have (see, e.g. 6.3.1-2 of [1])
/ 1 /
I'(n) =T(n) wa; , T(1) =—y.
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Using above identities, it follows that

1 1 |
EElog(Pl,...,Pn):(2—1og2>n2+ —%+log2—§ —7+Zf n.

=1
Finally, from (4.8) we obtain (1.9). O

Proof of Corollary 1.4. For 0 < s < 2, from Theorem 1.3, we conclude that there exist
n-point set {x1,...,z,} such that

91-s T(n)D(1 - 5/2)
E < 2_ 2
s(@1 o) S 5 T )"

Thus, by definition

2!=s L)1 —s/2) ,
< — . 4.9

2 s = 2 T(n+l-s/2)" (4.9)

It is well known that (see e.g. (1) of [38] or 6.1.46 of [1])

Es(n) —

) F(n)nlfs/Z
lim ————
n—otoo I'(n 4+ 1—5/2)

Also, For 0 < 5 < 1 and z > 0, we have (see (7) of [38])

r _T@+p)

8
G S T <7 (4.10)

Hence, for 0 < s < 2,
Dint1-5/2) _ 1y
I'(n) -

Consequently, from (4.9) and above inequality we obtain for 0 < s < 2

213 Ir'(1—s/2
85(7’7/) _ oy SnQ < — ( 258/ )nl—&-s/Q’

as desired. If we set 5 = s/2and x = 1—s/2in (4.10), we getfor 0 < s < 2, T'(1—s/2) > 1.
Thus, for 0 < s < 2, we have

F(l QSS/Q) > (QM)_S

and this shows that the bound (1.12) is better than (1.5). See Figure 2.
Similarly, for —2 < s < 0, from (4.10), we have

I'n+1-s/2) I(n—s/2) _s/2 1—

Sl S e e A PR A Sl S M A S — §/2)78/2 > pl-s/2, 4.11
0 (0= 5/2) = 2 nln = 5/2)7 2 (4.11)
Therefore, using similar argument as above, we get (1.13). If we set § = —s/2 and z =1

in (4.10), we then have for —2 < s < 0, I'(1 — s/2) < 1, thus

I'(1-—s/2)

5 < (2v2m)®

which implies that the bound (1.13) is better than (1.6). See Figure 2.
From (1.11), we easily obtain (1.14). To control the error term O(1/n?) in (1.11) see
the proof of Theorem 3 in [7]. This term is positive and bounded by W. O
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Figure 2: Blue curve: The bound for (n? — £(n))/n'**/? given by Corollary 1.4. Black
curve: The asymptotic bound for (n? — £(n))/n'**/2 given by 1.5 and 1.6. Red curve:
conjectured value of (n? — £(n))/n'T*/? as n — 4o0.

Remark 4.1. For s > 4, the expected value of Riesz s-energy for X' (™) is infinite. Compare
with the points that are chosen randomly and independently on the sphere, with the
uniform distribution. in this case, the expected value of Riesz s-energy is infinite for
s> 2.

Remark 4.2. Another interesting random point process on $2 is the roots of random
polynomials via the stereographic projection. Let f(z) = Z?:O aj 23 where the coefficients
a; are independent complex Gaussian random variables with mean 0 and variance (?)
Let zy,..., 2z, are the complex zeros of f(z). In [14] the expectation of the logarithmic
energy for point process {g=1(21),...,9 (2,)} was computed. It was shown that

1 1 1
EElog(g_l(zl), g M) = (2 — log2> n? — inlogn — (2 — 10g2) n.

Compare with (1.9).
Remark 4.3. Another criterion for the quality of the distribution of points on the sphere
is the spherical cap L?-discrepancy, which is given by

9 1/2

! - n|D(p, )|
Dollared) = | [ 4 [ D i

Here D(p,t) = {q € $? : (p,q) < t}. Stolarsky’s invariance theorem says that (see [33])
1 ) 2,
B Z |z — x| + D5({z1,...,20}) = 3"
ij=1
Consequently, by letting s = —1 in (1.10) we see that

EDS(Pl,...,Pn):W

EJP 20 (2015), paper 23. ejp.ejpecp.org
Page 21/27


http://dx.doi.org/10.1214/EJP.v20-3733
http://ejp.ejpecp.org/

The spherical ensemble

From (4.11) and taking s = —1, we have I'(n + 3/2) > n%/2T'(n) and thus
ED;(Py, ..., P,) <T(3/2)vn.
By the Cauchy-Schwarz inequality and above inequality, we then obtain, for n > 2,

EDy(Py,...,P,) < /T (3/2)¥/n.

5 Minimum spacing
Point pair statistics

Recall the definition (1.15) of the function G, ,. We first compute the expectation of G .
The argument is similar to what was done in the proof of Theorem 1.3 in Section 4. Let
F(p,q) = 1{jp—q<t}- From (4.4) and Fubini’s theorem we have

YEG, — /S P00 (0.0) dv(p) dvla) (5.1)
2>< 2
— 4r /$ ) F(p,q)pS"” (p, ') dw(p)
. / A (0, q') dv (D).
{p:lp—q’|<t}

where ¢ = ¢g=1(0). Since dv(p) = >dz, from (4.1) and (4.3) we obtain that

4
(1+1=1%)

n? 1 1
EGt,n = — ( - ) dz
2 {z€C:|2|< \/tf} (]_ —+ |Z‘2)2 (]_ + |Z‘2)n+1

4—¢2
2 4
=n /
0

—t2 1 1 d
a2 " @) @
n’*t? n

:7—5(1—(1—9/4)”).

1

If we sett:o(\/ﬁ

) then we see that

n3tt
Ethn = H(l + 0(1))

and for ¢ = 7, where z > 0 is fixed, we get

1‘4

ngr-‘,r-loc EG:, = o1 (5.2)
The above equation shows that the correct scaling for the minimum spacing is n=3/4.
To prove Theorem 1.5, similar to [3], we will use a modification of the method from
Soshnikov. This method has been used in [3] and [32] (see also [30]) to solve similar
problems in one-dimensional case.
The following two lemmas will be used frequently in the proof.

Lemma 5.1. For p, q € $? such that |p — q| = O(n=3/*) we have
55 (p,q) = O(n®/?). (5.3)
Proof. The proof is immediate from equation (4.3). O
The next lemma will be used to control the k-point correlation function in terms of

the lower order correlation functions. For the proof see [20].
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Lemma 5.2. (Hadamard-Fischer inequality) Let M be an n x n (Hermitian) positive
definite matrix and let w C {1,2,...,n} be an index set. Let M,, be the submatrix of M
using rows and columns numbered in w. Then

det(M) < det(M,,) det(My)

where w = {1,2,...,n}\w.
Fix z > 0 and let t = —~. Define for p € §*

CM(p)={geS?:p—q <t}

Consider the random point process

xm = Zn: Sp,-
i=1

We define a new point process X(™) . First consider all unordered pairs (P;, P;) such that
|Pifpj| < tand

C(p)={p} , C"™(P)={P}.
Then from each pair select independently with probability % one of the two items, and
consider all this points as xm, (Compare this with the modified processes that have
been used in [3, 32] in similar cases.) Then let Z, = X ($2).

Lemma 5.3. For fixed x > 0, lett = # Then
d
Gt,n — Zn — 0.

1
Proof. We show that G, ,, — Z, r;> 0. First note that we have

E |Gy — Za| < / / P (01 a2) dv(q) du(g) dv(p).  (5.4)
§2 JC) (p)xC™ (p)

To see this, observe that G¢, — Z, is equal to number of pairs (P, Pj) such that 0 <
|P; — P;| < t and there exist some point P, where 0 < |P; — Py| <tor0 < |P; — Py| < t.
By considering the triples (P;, P;, P) or (P}, P;, P;) we see that

Gin —Zn < Z 1{Pj€C(">(Pi)7Pk€C<")(Pi)}'
i,jk
pairwisg distinct
Thus, taking expectation gives (5.4).
If 1,92 € C™(p) then |q; — ¢o| = O(n~3/*) and using Hadamard-Fischer inequality

and (5.3) we obtain

oM olhn oM n o(Mn

P;(s )(Pa q1,q2) < Pg )(P)Pé )((J1,CI2) = Eﬂé )(CJ1,(I2) = 0(715/2)-
By integrating on the domain of area 47|C(™ (p)|> = O(n~?), we conclude E |G;.,, — Z,,| —
0 as n goes to infinity. O

Our goal is to prove G; 4, Poisson(g) where ¢ = —77. Thanks to the Lemma 5.3,

it thus suffices to show that Z, —& Poisson(g—i). Denote ﬁ,g") (p1,...,pr) as the k-point

correlation function X, From (1.1) we have

Zn! _(n)
E T N . e .
T = 00 ) i)
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So using the moment method it suffices to show that for every k£ > 1

N
~(n) r-
/(52)k P (D1, o) dv(pr) ... dv(pr) n::o (64) . (5.5)

( The k-th factorial moment of the Poisson distribution with mean X is equal to \F)

Proof of Theorem 1.5. Let py,...,p; be fixed distinct elements in ($2)*. First we show
that

(n zt \"
A ) = (25%) . (5.6)

By taking n large enough we can assume that for i # 7,
|pi — pj\ > 4¢.
From inclusion-exclusion argument, we have (see [32])

ﬁ](gn)(plv s 7pk) =
n— 2k:

2k Z m' x/C(")(pk) /C<n) pl)/ C(")(PL)UC(")(ql))m

p;k)ﬂn(pl,ql, e Pk Qhy Ty - - T ) A (1) o du(r) dv(qr) - du(gr). (B.7)

First consider the m = 0 case. From determinantal formula, we have

(n) K™ (p;,p;) K™ (p;, Qj)>

p°2k <p17Q1a-~-7pk7qk) - 1<(%ejt<k ( (58)

K™ (q;,p;) K™ (qi,q5)
Consider the (7, j)-th 2 x 2 block of above determinant. First assume that ¢ # j. Since
p; and p; are fixed and distinct we conclude that if ¢; € C™(p;) and qj € c™ (p;), then
for sufficiently large n, |p; — p;l, |pi — ¢;l,1¢; — p;| and |¢; — g;| are greater than a positive
constant (say |p; — p;
exponentially small in n.

Now if ¢ = j, then from (5.3) the determinant of (i,i)-th 2 x 2 block is

n

= K™ (p;,q:)
o(n 4 A
55" (i 0i) = det ( " .| =ow
K" (thl) ir

where ¢; € C(™) (pi). So from the expansion of the determinant in (5.8) over all permuta-
tions of length 2k we conclude that only the terms contain the entries in the diagonal 2 x 2
blocks can have a non-zero limit (note that |K(”)\ < 1=). Thus for ¢; € cm (pi), 1 <i<k,
we get

p;k)(plafhw'wpkaqk +H,0(n) quz

s(n )

where o(1) term is exponentlally small. Since the integration domain of p;,” in the m =0

case of (5.7) has size O(n 3 ) then from above equation, (5.1) and (5.2) we obtain

/ / P;k)(ph(hw~~>pkan)dV(QI)'HdV((Ik)
() (pi) C) (py)

= +H/ plaql) dr(g:)

“”(m
=o(1) + % N )"
=0 o 1287
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as n — +o0o. By Hadamard-Fischer inequality we conclude that the contribution of the
terms corresponding to m > 1 in (5.7) is bounded by

/ / ﬁg]z)(ph(ha---7pkan)dV(QI)~--dV(Qk) X
C (py) C (p1)

n—2k

1 / O(n) >m.
— pp (ry)dv(r .
Z m!< LI, (C(")(Pi)UC(n)(Qi)) vy

m=1
The integration domain | ||, (C™(p;) U C™(g;)) has size O(n~%/2) and A (ry) = =.
Thus the second term of the above product goes to zero as n — +oo. Also the first factor
of the above product is just the m = 0 case, which we show converges. Thus the whole
expression goes to zero as n — +oo and (5.6) is obtained.
Also for all (py,...,px) € ($2)* we have

ﬁ,ﬁ")(pl,..~7pk) S/ / 552)(p1,q17...,pk,qk)dV(qﬁ...dV(qk)
C™ (py) C™) (p1)

4

k k
o(n) X
< iy @) () = | 5= | -
_i|:|1 /C(n)(m)pz (pi>qi) dv(q;) (1287r>

Finally, From (5.6) and the dominated convergence theorem, one obtains (5.5), and the
claim follows. O
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