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ABSTRACT. We study expected Riesz s-energies and linear statistics of some
determinantal processes on the sphere S¢. In particular, we compute the ex-
pected Riesz and logarithmic energies of the determinantal processes given by
the reproducing kernel of the space of spherical harmonics. This kernel defines
the so called harmonic ensemble on S?. With these computations we improve
previous estimates for the discrete minimal energy of configurations of points in
the sphere. We prove a comparison result for Riesz 2-energies of points defined
through determinantal point processes associated with isotropic kernels. As a
corollary we get that the Riesz 2-energy of the harmonic ensemble is optimal
among ensembles defined by isotropic kernels with the same trace. Finally, we
study the variance of smooth and rough linear statistics for the harmonic en-
semble and compare the results with the variance for the spherical ensemble (in

s2).

1. INTRODUCTION

Let S? be the unit sphere in the Euclidean space R and let u be the nor-
malized Lebesgue surface measure. We study Riesz s-energies and the uniformity
(discrepancy and separation) of random configurations of points on the sphere S%
given by some determinantal point processes.

1.1. Riesz energies. For a given collection of points x1,...,7, € S? and s > 0
the discrete s-energy associated with the tuple z = (z1,...,x,) is

1
Ba) =S .
@ =2 =T

The minimal Riesz s-energy is the value £(s,n) = inf, E(x), where z runs through
the n-point subsets of S?. The limiting case s = 0, given (through (t*—1)/s — logt
when s — 0) by
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is the discrete logarithmic energy associated with = and £(0,n) = inf, Ey(z), is
the minimal discrete logarithmic energy for n points on the sphere.

The asymptotic behavior of these energies, in the spherical and in other settings,
has been extensively studied. See for example the survey papers [8, 9. One
problem in studying these quantities is to get computable examples. It is natural
then to study random configurations of points and try to estimate asymptotically
their energies on average. The next natural question is how to get good random
configurations on the sphere. It is clear that uniform random points are not good
candidates to have low energies because there is no local repulsion between points
and the sets exhibit clumping.

A method to get better distributed random points is to take sets of zeros of cer-
tain random holomorphic polynomials on the plane with independent coefficients
and transport them to the sphere via the stereographic projection. As the zeros
repel each other, the configurations exhibit no clumping. This idea was used in
[3] and the authors managed to get, in S?, the average behavior of the logarithmic
energy (other relations between the logarithmic energy and polynomial roots are
known, see [39]). See the works of Zelditch et al. [35] 43|, [44] [15] for an extension
to several complex variables.

We consider instead random sets of points given by a determinantal process.
Random points drawn from a determinantal process exhibit local repulsion, they
can be built in any dimension and they are computationally feasible, as proven in
[T1] and implemented in [32].

1.2. Determinantal processes. In this section we follow [L1, Chap. 4]. See also
2, 32] or [38].

We denote as X a simple random point process in S¢, that is a random discrete
subset of S? (the definition of a point process which is not “simple” is a little
more involved, see [I1, Sec. 1.2]). A way to describe the process is to specify the
random variable counting the number of points of the process in D, for all Borel
sets D C S% We denote this random variable as X' (D) or np. In many cases
the point process is conveniently characterized by the so—called joint intensity
functions, see [20, 21].

The joint intensities pg(x1, ..., ;) are functions defined in (S%)* such that for
any family of mutually disjoint subsets D;, ..., Dy C S%
E[X(Dy)--- X (Dy)] = / Pe(@1, - we)dp(r) - . dp(oy),
D1 XX Dy
we assume that pg(x1,...,25) = 0 when z; = z; for i # j.

A random point process on the sphere is called determinantal with kernel K :
S¢ x S¢ — C, if it is simple and the joint intensities with respect to a background
measure g (the normalized surface measure in our case) are given by

pk(th e ,l’k) = det(K(LU“ xj))lﬁi,jﬁka

for every kK > 1 and z,..., 2, € S©.
We will mostly restrict ourselves to a special class of determinantal point pro-
cesses, induced by the so called projection kernels.
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Definition 1. We say that K is a projection kernel if it is a Hermitian projection
kernel, i.e. the integral operator in L?*(u) with kernel K is selfadjoint and has
eigenvalues 1 and 0.

A projection kernel K (x,y) defines a determinantal process with n points a.s.
if its trace equals n, i.e.

/S K(w,x)du(z) = n.

In this case, the random vector in (S%)" with density & det(K (z;, 2;))1<i <k i a
determinantal process with the right marginals i.e. the joint intensities are given
by determinants of the kernel [2, Remark 4.2.6].

Determinantal processes on S? have been considered before. In [I] the authors
study the so called spherical ensemble. The points of this process correspond to
the generalized eigenvalues of certain random matrices, mapped to the surface of
the sphere by the stereographic projection. It was shown by Krishnapur [I§] that
this process is determinantal and the kernel is the reproducing kernel of a weighted
space of polynomials on the plane. In [I] the authors obtain, among other results,
the expected Riesz logarithmic and s-energies (for s in some range) and they use it
to improve previous bounds for the minimal discrete energies. This point process
does not have an immediate extension to arbitrary dimensions.

To compute the expected energy of a determinantal process we use the following
well known result:

Proposition 1. A projection kernel K, with trace n, defines a determinantal
point process on S which generates n points at random in S¢. Moreover, let
x = (x1,...,x,) be generated by the associated point process. Then, for any mea-
surable f : ST x ST — [0, 00) we have

Epe(styn (Z f(xi,fﬂj)> :/ . (K (z,2)K (y, ) — [K(x,9)%) f(z,y) du(x) du(y).
i#j Tye

The fact that K defines a determinantal point process in S? is granted by
Macchi-Soshnikov’s theorem [I1, Theorem 4.5.5] and from [I1, Formula (1.2.2)]
the formula above follows.

We will be interested in the values of the Riesz s-energy and the logarithmic
energy of points coming from the determinantal point process with a projection
kernel K, in particular we will use the following corollary.

Corollary 1. The expected value of the Riesz s-energy and the logarithmic energy
of n points given by the determinantal point process associated with K are given

by:

B, (Eu(0) = [
z,yeSd

Ee sty (Eo()) =/ (K (z,2)K (y,y) — |K(x,y)*) log |z — y| ™" du(z) du(y).

x,yeS4

In particular, if we let g(s) = Eyesayn (Es(x)) then Eyesayn (Eo(x)) = ¢'(0).

K(z,z)K(y,y) — |K(z,y)|?
|z —yl*

dp(x) du(y),
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1.3. Spherical harmonics. For a classical introduction to shperical harmonics
see for example [40, Ch. IV]. Given an integer ¢ > 0, let H, be the vector space
of spherical harmonics of degree ¢, and let h, = dim H,. It is known that

%+d—1G+d—1) 2

_s4ra—- _ 2 -1 d—1
= d_1 ’ 07 4 o(0).

e T(d)

For the Hilbert space L*(S?) of square integrable functions in S? with the inner
product

{f.9) = Sdf(ﬂ?)g(x)du(w), f.9 € L*(8Y),

one has that L*(S?) = D> He and therefore the expansion in an orthonormal
basis of spherical harmonics provides a generalization of Fourier series.
The Gegenbauer polynomials Cg(t) are orthogonal polynomials in [—1, 1] with

respect to the weight (1 —t2)°~2. We assume the normalization C¢(1) = (**TF71).

Let {Y;x}', be an orthonormal basis with respect to the norm in L*(S%). The
reproducing kernel Z,(z,y) in H, is then

a 24 d—1 a1 J
Zy(x,y) = Vir(@)Yer(y) = ——1 % (z,y)), .y €S,
k=1

where (x,y) is the scalar product in R*!. Observe that d(x,y) = arccos(z,y) is
the geodesic distance in S?. The function Z, is also known as the zonal harmonic
of degree /(.

We denote by I1 the vector space of spherical harmonics of degree at most L in
S% (which equals the space of polynomials of degree at most L in R¥™! restricted
to S). Its dimension is

2L+d (d+L—1
dimHL:WL: + (+

2 d d
y I ) = mL + o(L%). (1)

As the spaces H, are mutually orthogonal one can see using the Christoffel-
Darboux formula that the reproducing kernel K (z,y) of 11 is

L

T
Ki(z,y) =Y Zix,y) = (Lfd) PIM (e o)), 2,y € S,
=0 L2

where \ = % and the Jacobi polynomials PSH’A) (t) are normalized as

gy (D8 _ T(L+5+1)
PL (1> - - d .
L I(L+ 1) (4+1)

The following classical asymptotic estimate is a particular case from [41, Theo-
rem 8.21.13]

PS"”\’)‘)(COS@) — &\/QE) {cos((L—i—)\—i-l)e-i—V)‘i—%}, (2)
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if ¢/L <6 <m—(c/L), where c is a fixed positive constant and

g\ —A3/2 g\ —A1/2
k(6) = 7~ 1/? (sin 5) (cos 5) , Y =-— ()\ + g) g

Near the end points, the asymptotic behavior of the Jacobi polynomials is given
by the Mehler-Heine formulas

—1-X
™ (o 2) = ()

lim L_’\PSH”\) <COS <7r - %)) = <E> - JA(2), (3)

L—oo 2

where the limits are uniform on compact subsets of C, [41l p. 192] and the J, are
Bessel functions of the first kind (see the paragraph before Proposition @
By definition of reproducing kernel

P(x) = (P, Kp(-,x)) = y Ki(z,y)P(y)du(y),

for P € 1. Observe that Ky (x,z) = 7, for every z € S°.

Definition 2. The harmonic ensemble is the determinantal point process in S¢
with 7, points a.s. induced by the reproducing kernel K (z,y).

1.4. Linear statistics and spherical cap discrepancy. Given a simple point
process X on the sphere and a measurable function ¢ : S* — C, the corresponding
linear statistic is the random variable

()= [ 0ax = 3 olz))

When ¢ = x4 is the characteristic function of a Borel set A C S¢, we have that
X(xa) = X(A) is just the number of points of the process X in A. Characteristic
functions define rough linear statistics, when ¢ is an smooth function we talk
about smooth linear statistics.

A measure of the uniformity of the distribution of a finite set of points is the
spherical cap discrepancy defined by

D) = sup| - 3~ xa(ei) (4]

where © = (21,...,2,) € (S9)" and A runs through the spherical caps (i.e. balls
with respect to the geodesic distance) of S¢.

It is well known that a system of points {#(™},,, where (™ € (S%)™ is asymp-
totically uniformly distributed if and only if lim,,_,o D(2(™) = 0. Therefore, a mea-
sure of the similarity between the atomic measures an > it 0 and the Lebesgue
surface measure, u, is the speed of this convergence. '

It was shown by Beck in [5] that there exists an n-point set in S? with spheri-
cal cap discrepancy smaller than a constant times n’%(“ﬁ)\/log n. To prove this
result Beck uses a random distribution of points and the proof is therefore non-
constructive. The known explicit constructions are still far from this bound, see
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[23, 24] and [4] for the S? case. The random configuration used by Beck consist
of taking points uniformly in each set of a, so called, area-regular partition of the
sphere, see [19, 29]. For other interesting properties of this random process see
[10].

The upper bound above is almost optimal because, in [5, p. 35], Beck shows that
the spherical cap discrepancy of an n point set is bounded below by (a constant
times) n—z(1+a).

Following Beck [5], see also [1], we will deduce information about the spherical
cap discrepancy of a random set of points drawn from the harmonic ensemble by

using the rough linear statistic defined above.

1.5. Separation distance. We discuss also another measure of how well dis-
tributed a collection x = (x1,...,x,) € (S?)" of spherical point is, namely, the
separation distance

sep-dist(z) = rzr;l]n l|lz: — ]|

A well distributed collection of points should have all of its points well-separated,
so one can search for x maximizing sep_dist(z). This is a classical problem known
as the hard spheres problem, the best packing problem or Tammes problem since
[42]. In the 2-dimensional case, a surprisingly sharp result [34] is known:

8T 4
min sep_dist(z) = ([ —=n""%2 + O(n~?/3).
rmtor, Sy P =4 [ =)
For the d-dimensional case the precise value of the constant is unknown but we
still have that the minimal separation distance min,_(,, _..je(s) sep-dist(z) is of
order n~'/?¢. Collections of points minimizing the Riesz energy for s = d — 1 have
been proven to satisfy this bound with constant 2'/%, see [I3]. Following [I] we
will obtain a bound on the separation distance of points choosen at random from
the harmonic ensemble.

1.6. Notation. For two sequences x,,, y, of positive real numbers the expressions
Tn S Yny T = O(yn) and y, = Q(xy),

all mean that there is a constant C' > 0 independent of n such that

x
limsup = < C.
n—oo yn
We sometimes write the inequality in the opposite order z,, 2 vy, (which means
Yn S xy). Finally, if both z, < vy, and x,, 2 y, we simply write x,, ~ y,. We also
recall that =, = o(y,) means that

x
limsup —=* = 0.
n—oo yn
Acknowledgements. We want to thank the two anonymous referees for their
helpful comments and Lambert Gaulthier for spotting an inacuracy in a previous
version of the manuscript.
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2. MAIN RESULTS

2.1. Riesz and logarithmic energies of the harmonic ensemble. Our first
result is the computation of the expected Riesz s-energy (in this section for 0 <
s < d) of the determinantal process given by the reproducing kernel K (x,y) of
the space of polynomials of degree at most L, i.e. for points from the harmonic
ensemble. The closed expression for the energy is given in terms of a generalized
hypergeometric function.

Recall that for integer p, ¢ > 0 and complex values a;, b; the generalized hyper-
geometric function is defined by the power series

DN - (@) ... (ap)n z"
%) = 2 ), (g (4)

where (+), is the rising factorial or Pochhammer symbol given by (z)y = 1 for
x € C and

pFylar, ... a0, ..,

n

I'(z+n)
[(z) -
(Note that the formula involving the Gamma function is not defined for integer

x <0, but the finite product always is.)
The continuous s-energy for the normalized Lebesgue measure is defined as

’ oD () T ()
nE- | Sdnx—yn w ) = ey - ©

(@)p=z(x+1)---(z+n—-2)(z+n—-1)= n > 1.

Then (recall that A = (d — 2)/2) one can write this quantity in terms of the beta
function ey
120757
VS(Sd):‘““—B(AH,AH—f), (6)
Wq 2
where
e
Wq = 2 d (7)
(%)
is the surface area of S¢.
Theorem 1. Let x = (1, ...,7,) € (SY)", where n = 7, be n points drawn from

the harmonic ensemble. Then, E,csayn(Es(z)) is finite iff s < d + 2. Moreover,
for0<s<d,

20=1=50), 1n? r (%S)
(ngfwd F1+H)T(1+32)

E, ety (Bs(z)) = n?V,(87) —

d—s s d

2 2

where the constant Cs 4(L) satisfies:

F(L+4)T(L+4+1)D(L+5+1)
T(L+ 1T (L— 3 +d)

XCs,d(L)élFS (—L, d+ L,

Os,d(L) =

~ L% L — oo.
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The expression in Theorem [1] does not directly give us an insight on the depen-
dence of the expected value with respect to the number of points n, since L and
n are related and appear in different places of the formula. In order to get the
asymptotic expansion of the expected Riesz s-energy we show that the general-
ized hypergeometric function converges to a hypergeometric function and then we
use Gauss’s theorem. To prove this convergence we use classical estimates of the
Jacobi polynomials to get Proposition [6] which we think may be of independent
interest. With this result we get the following asymptotic behavior, which clarifies
the dependence on n of the formula in Theorem

Theorem 2. Let x = (1, ...,7,) € (SY)", where n = 7, be n points drawn from
the harmonic ensemble. Then, for 0 < s < d,

Epesan (Bs(r)) = VS(Sd)n2 _ Cs,dan/d + 0(n1+s/d)’
where d 1
Ly AT+ T (T (- 3)
VAl (14 3) T (1+ =£9)
The correct order of growth for the second term of the minimal Riesz s-energy

is known (see [19]) i.e. for d > 2 and 0 < s < d there exist constants C, ¢ > 0 such
that

Cya = 2°7V,(S%) (d!)

(8)

—en' 1 < E(s,n) — V(ST < —Cn't/Y, (9)
for n > 2.

It has been conjectured in ([8, Conjecture 3]) that there is a constant A, 4 such
that

Ay
E(s,m) = Va(8n? + —gn! T/ o(n /1),
Wa

Furthermore, when d = 2,4, 8,24
Asa = |Ad*Cn, (5), (10)

where |A4| stands for the co-volume and (y,(s) for the Epstein zeta function of
the lattice Ay. Here Ay denotes the hexagonal lattice for d = 2, the root lattices

D, for d = 4 and Eg for d = 8 and the Leech lattice for d = 24.
In the particular case of d = 2 the conjecture reduces to

(\/3/2)5/2@2(5) 14s/2
n
(47’(’)5/2
where (y,(s) is the zeta function of the hexagonal lattice. This zeta function can
be evaluated by using its relation with a particular Dirichlet L-series, see [§].
When n is of the form 7y, since £(s,n) < EE(n), we get from Theorem [2[ an
upper bound for the minimal energy, for d > 2 and 0 < s < d:

8(57”/) — ‘/s(Sd)n2 S _Cs7dn1+8/d + O(n1+s/d)’
for Cs 4 as in (§g)).

For d = 2 this bound is a bit worse (Csz is smaller) than the lower constant
27°I'(1 — 5) from [1], Corollary 1.4] given by the spherical ensemble, see figure .

E(s,n) = Vo(S*)n? + + 0(n1+s/2),
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V3/2)°/2(p, (s

FIGURE 1. Graphic of — s ! in black, 27°T(1 — ) in red
and the constant Cs 5 of (8]) in green (case d = 2). Note that Theo-
rem [2| only involves this constant for s < 2. We plot the constants

in a larger interval for illustration purposes.

For larger d, according to [22, Theorem 3.8.2] and [29], the known upper bound,
C in @D, equals 1/Q® where ) is the minimal constant such that one can con-
struct an area-regular partition {D;} of S? with diameter diam(D;) < Qn~'/%.
Observe that the area of the spherical cap of (small) radius r is essentially equal
to %wd_l and therefore the radius of a spherical cap of area wgy/n is approxi-
mately (dwg/wg_1)"%n~9. This implies, together with the fact that the spher-
ical cap has the smallest diameter among the sets with the same area, that
Q > 2(dwg/wq_1)"?. In fact, it is known how to construct area-regular partitions
with diameter 8(dwy/wy_1)/? (for d = 2 one can get better constants but always
with @ > 4). These constants are worse than the constant given by Theorem .

It has been recently shown, [28], that in the case of RY and d — 2 < s < d the
second term of the minimal energy has indeed the form B, 4n'™*/¢ for a constant
B, 4.

In the range d — 1 < s < d we get the following result.

Corollary 2. For any n > 1 (not necessarily of the form wp) ford—1< s < d
we have that

5(8, n) < V;(Sd)ng . Cs,dn1+s/d + O(TLH—S/d),
where Cs 4 is the constant in ().

Indeed, this Corollary follows easily from the fact that for n € (7p, 7r41)

E(s,n) < E(s,mp41) < Exe(sd)’ml(Es(Jf)),
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and both E,¢(sayr (Es(7)) and E,¢(gaymz+1 (Es(7)) have the same two first asymp-
totic terms. More precisely, if 7, = AgL?+O(L%™1), also 741 = AgLé+O(L*Y),
and

Eqe gy (Bs(@)) = Va(SHYAZLX 4 O(L*Y) — Oy g AL/ LA 4 o(LT+)
_ Vs(Sd)AZde _ Os,dAil+S/de+8 + O(Ld—i-s)
— V;(Sd)TLQ o Osdnl—f—s/d + 0<n1—|—s/d)7

when d — 1 < s<dandn € (7, mr41).
For the logarithmic potential the continuous energy is

Vil = [ [ 108 ) duty) = 5(0n(@) — dn(a/2) = g2,

where ¢y = (logI')’ is the dlgamma function. Note that we have

Vies(%) = | (vi("). (11)

In the computation of the derivative of the generalized hypergeometric function
in Theorem [If most of the terms vanish, and we get a closed expression for the
expected energy.

Theorem 3. Let z = (z4,...,2,) € (S, where n = 7y, be n points drawn from
the harmonic ensemble. Then,

E e sty (Eo(w)) = n*Vieg(S7) — 5 <Z 7, T e+ (1/2) - %(d/z)> )

where Hy, = Zf 15 L stands for the kth harmonic number.

Corollary 3. Let v = (x4, ...,7,) € (SY)", where n = 7, be n points drawn from
the harmonic ensemble. Then,

1
E,c(siy (Eo(z)) = nVieg(S?) — C—lnlogn + Cyqn + o(n),

where
1

2 d

In particular, for d = 2, we have 6’2 =1/2+1log2 — v~ 0.6159..., where v is the
Euler-Mascheroni constant.

For the logarithmic case it is known that
1
£(0,n) = Vige(SHn? — C—anogn + O(n).

There is a conjecture about the value of the asymptotic coefficient of n for d =
2,4,8 and 24 which is similar to the one above, see [§]. For d > 3 there is a
lower bound for this coefficient, see [7], and it is negative. But for d > 3, it is not
known if the limit lim,,_, [&Og(n) — Viog (SH)n? + %nlog n] /n exists. For d = 2,
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Bétermin and Sandier [6] show that the corresponding limit exists and that the

conjectured value
1

d
would be correct if the triangular lattice was a minimizer of the Coulombian
renormalized energy introduced by Sandier and Serfaty, [31].

As before, we can easily get upper bounds for the constant involved in the above
conjectures but, as the constant seems to be negative (it is for d = 2), we think
these bounds are not so interesting. For the sake of illustration:

When d = 2 we get Cy = log2 + % — v ~ 0.6159... while the constant is known
to lie in (—0.2254, —0.0556), see [6]. By taking the expected logarithmic energy of
the point process in S? given by the zeros of polynomials with random coefficients
via the stereographic projection, the authors in [3] get the value log2 — % =
0.1931.... By using the determinantal process with exponential decay introduced
by Krishnapur, i.e. the spherical ensemble, the authors in [I] get log2 — 1 ~
0.4045....

A final remark is in order: in the case d = 1 we have that V,,(S') = 0 and

ExE(Sl)"(EO(x)) - _nlogn + (]- - /}/)n + 0(”)7

while the minimal energy is known to be £(0,n) = —nlogn (the energy of the
roots of unity).

In the limiting case s = d the optimal continuous energy is not finite and this
case is called singular. In the discrete setting it is known from [19] that

n—oon2logn  dwg

Wy y
log — 0) = —0.0556...
0g |Ad‘ + CAd( ) )

It was shown in [8, Proposition 2| that

—c(d)n® + O(n*¥4logn) < E(d,n) — Y12 logn < Y12 loglogn + o(n?),
dwd dwd

with

o(d) = 2 (1 o5 S0 afy(d/2) — (1) — log 21) .

N dwd Wq
And it was conjectured [8, Conjecture 5] that

E(d,n) = Zjudl n?logn + Agan? + O(1),

where

As,d
wfl/ d
and A, is the constant in . Observe that when d = 2 we have Asy =
—0.0857....

In the case d = 2 it was shown in [I] that the correct order of the second term
is indeed n? by showing that the expected 2-energy of the spherical ensemble is

Aga = lim | Vi(S%) + ;
s—d

1 1
ZnQ logn + %nQ - g T +0(n™?).
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We get a similar result.

Theorem 4. Let x = (x1,...,7,) € (S9)", where n = 7, be n points drawn from
the harmonic ensemble. Then

E,csipn (Ba(z)) = “Lnlog n + Caan® + o(n?),
dwd
where
a1 d AN 1 1. 2
= d+1)— —4+1 — — | —=—=log—. 12
Ca,d Sy (Q/Jo( +1) = o <2+ )) Yo (2) 7387 (12)

For example, when d = 2 we get

1 3
E.coy (Ba(a)) = 1n?logn + (7 - g) 2+ ofn?),
so a larger energy than in [I], as v — 2 = 0.2022... and 7 = 0.1443....
As in Corollary 2| we get a bound for £(d, n) for all n (not only of the form )
and we get the correct order for the second asymptotic term.

Corollary 4. For any n > 1 (not necessarily of the form n = ),
Ea(n) < Y12 logn + Cyqn® + o(n?).
dwd
where Cgqq is the constant in .

Indeed, see discussion after Corollary [2|and observe that the computation works
when s = d.

2.2. Optimality for isotropic projection kernels. In our next results we deal
with more general kernels. We assume that our kernel is invariant by rotations
ie.
when d(x,y) = d(z,t) then K(z,y) = K(z,t), z,y,2t¢cS%

This implies that the random point field is invariant by rotations, or isotropic,
and that it can be written as K ({x,y)) for some K : [-1,1] — C. If we want that
this kernel generates a determinantal process, the function K should be positive
definite in S? and by Schoenberg’s Theorem we get that, see [33] or [12, Th. 1,
p. 123], it has the form

K(z,y) = K((z,y), K@) =3 aCp? (2), (13)

d—1
where C}.? is the Gegenbauer polynomial and the a; > 0 satisfy:
— [(d+k-2
trace(K) = K(1) = a < 00.
() =K () =3 (707
From the Macchi-Soshknikov theorem [11, Theorem 4.5.5] the fact that 0 < a; <

% is needed also to get a determinantal process as the operator has to have

d—1
spectrum in [0, 1] and 22:4=1C, 2 ((z,y)) (the zonal harmonic of degree k) is the
projection kernel onto Hy.
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As we want the process to have n points a.s. and it is known that the total
number of points in the process has the distribution of a sum of independent
d—1

Bernoulli’s with parameters ay3;7—, see [I1, Theorem 4.5.3], we impose that our

kernel is a projection kernel and therefore

2k+d—1 .
0 = {T for finitely many k,

. (14)
0 otherwise,

with

iak(d+ll§_2>:n. (15)

k=0
Note that such a sequence a; does not exist for all values of n. It does however
exist for an infinite sequence of n (which depends on d) including those n of the
form n = 7, for some positive integer L.

In such a general setup we get an expression in terms of the integral of the
kernel.

Theorem 5. Let v = (xq,...,2,) € (S1)" be n points generated by the determi-
nantal random point process associated with the kernel K. Then, for 0 < s < d,

1 201 _ $2\d/2—1
. dy 2 Wd—1 |K<t)’ (1 t )
Bocion (Bu(a)) = Vi(Et = 2k [ SO

In the particular case of the Riesz 2-energy and S for d > 3 one can get, after
lengthy computations, the following explicit expression for the energy in terms of
the coefficients of the kernel. We haven’t been able to get simple expressions like
this one for other energies.

Theorem 6. In the setting of Theorem [, for s =2 and d > 3 we have

Eme(gd)n (EQ(I)) = %(Sd> <n2 — Zae <d + ﬁ - 2) (CLZ + 22@j>> .

=0 j>t

The following result provides a criterion to compare energies given by differ-
ent kernels. In particular it implies that the harmonic kernel gives the smallest
expected 2-energy among the different isotropic kernels with the same trace.

Theorem 7. Let K, and K, be two kernels with coefficients a = (ag, a1, ...) and
b= (bg,b1,...) satifying conditions , . Let E, and E, denote respectively
the expected value of Eq(x) when x is given by the determinantal point process
associated with K, and K,. Assume that for every i,j € N we have:

if t < j,a; =0 and a; > 0 then b; = 0. (16)
Then, E, < E,, with strict inequality unless a = b. In particular, the harmonic
kernel is optimal since is trivially satisfied in that case.

Remark 1. Note that the hypotheses just means that, if there are “holes” (i.e.
intermediate zeros) in the sequence ag, ay, . . . then the sequence by, by, . .. must also
have these holes (thus, informally, Theorem [7| means that more holes imply larger

energy).
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It is natural to ask if the optimality of the harmonic kernel remains true for
general s. We thus propose the following conjecture.

Conjecture 1. The harmonic kernel is optimal for all s > 0 in the sense that
if K is another isotropic kernel producing n = m, points in S, then the expected
value of Es(x) when x is drawn from the point process given by K, is larger than
the expected value of Es(x) when x is drawn from the harmonic ensemble.

In [26 Theorem 4.4] the authors show that among isotropic kernels the harmonic
kernel is optimal with respect to some measures of repulsiveness defined in terms
of the second intensity function (as in our case).

2.3. Expectation and Variance of linear statistics. Another measure of the
uniformity of the distribution of the harmonic ensemble is the computation of the
variance of linear statistics.

Let X the point process with 7; points a.s. in S? defined by the harmonic
ensemble. We denote by py the empirical measure associated with a realization
T1,..., Ty, € S? of this process i.e.

Recall: given a function ¢ on the sphere, we denote by X (¢) = >_, ., ¢(;) the
linear statistic associated with ¢. The expected value of X (¢) is easily computed
with the first intensity function of the harmonic ensemble:

E(X(¢)) =1 y oy ~ L.

When ¢ is the characteristic function of a spherical cap ¢ = x4, the random
variable X(x4) is the number of points in A that we denote as n4. For this case
of a rough linear statistic we get the following result.

Proposition 2. Let A = Ay, be a spherical cap of radius 0y, € [0,7) with
lim 0, € [0,7),
L—oo
and LO;, — oo when L — oco. Let ny be the number of points in A among 7y,
points drawn from the harmonic ensemble. Then
Var(n) < L% log L + O(L4™Y),
4limy o 01,971
ZdWF(g)Q
From the proposition above one can deduce, following Beck [5, Theorem 2] or

[T, Theorem 1.1] for this determinantal setting, the following result about the
spherical cap discrepancy.

where the constant is

Corollary 5. For every M > 0, the spherical cap discrepancy of a set of n = mp,
points x = (1, ...,2,) € (SN drawn from the harmonic ensemble satisfies

D(z) = O(L~ % log L) = O(n~ 2142 log n),

with probability 1 — ﬁ, 1.e. with overwhelming probability.
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When ¢ is a smooth function on the sphere we have a better result.
Proposition 3. Let ¢ € C1(S%) then
Var(X(6)) S L.

Moreover this cannot be improved in general. If ¢p(x) = x; where x; is any coordi-
nate function then

Var(X(¢)) ~ L4

Thus in the harmonic setting there is a gain of a log L term when we move from
rough linear statistics to smooth linear statistics.

This is in contrast with the spherical ensemble setting in S?, for which one can
see that the improvement is much better. Indeed, all we need to use is that the
kernel associated with the spherical ensemble, denoted as S, (z,y), satisfies the
estimate

(o llz=ylP\*® :
Sual == (1= 520) T S nes(-ca (o),
see [I, Formula (4.2)]. For the rough case, the variance of the number of points in
a spherical cap of constant radius, for n points drawn from the spherical ensemble,
was computed in [I, Lemma 2.1] and it is of order n!/2. In the smooth case, if we
take a Lipschitz linear statistic with symbol ¢ and X is the point process with n
points defined by the spherical ensemble we have that

Var(X(¢)) < /S » 1S, (2, y)|* & (v, y)dp(x)dp(y)

5/ n?*d*(x,n) exp(—Cnd*(z,n))du(z) < C,
S2

where n = (0,0,1) € S? stands for the north pole. Therefore, in the spherical
ensemble, there is a gain of a power n'/? when we consider smooth statistics
instead of rough statistics.

All this information has been condensed in Table [l For reference it is also
included the variance of linear statistics of the point process generated by random
elliptic polynomials which was studied in [36]. To get a fair comparison between
processes it is convenient to consider the case of n = L? points in the spherical
ensemble and in the random polynomial case.

2.4. Separation distance. Following [I] we also consider the probability distri-
bution of the separation distance sep_dist(x) of a given z € (S%)", and its counting
version

Gt x) = {0, 7) 11 < j, |z — x5 <t}

We have the following result which gives a sharp bound on the expected value of
G(t,x) for the harmonic kernel.



TABLE 1. Expectation and Variance of linear statistics with differ-
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ent rotation—invariant random point processes in the sphere

Harmonic Spherical Zeros of random
ensemble ensemble polynomials
(n ~ LY) | with n points |  of degree n
(d=2) (d=2)
Expectation L n n
Var. Rough | L% !log L nt/? nt/?
Var. Smooth LT n? n-!

Proposition 4. Let x = (z1,...,2,) € (SY)" be n = 7 points drawn from the

harmonic ensemble. Then, for

d+6
< —
= (2L +d)L

we have

L(L + d)miwi-1 4

]E’:L‘E(Sd)" (G(ta ZL’)) <

where
. F(d —|— 1)2/dwd_1
o 21+2/d(d+ 2)2wd'

Ca

Observe that C,; above behaves asymptotically (for large d) as %. Note
that sep_dist(x) < t implies G(¢,z) > 1, hence P(sep_dist(z) < t) < P(G(t,x) >
1) <E(G(t,x)). We thus have:

Corollary 6. Let x = (zy,...,2,) € (S be n = w1, points drawn from the

harmonic ensemble. For o € (0, @EI%)L) we have

2d+2 2d+2

< an” #50) < Byeny (Glan” #53,2)) < Caa™? 4+ o(1).

P (sep,dist(:r)

From Corollary |§|, an n-tuple (zy,...,z,) € (S%)" drawn from the harmonic

ensemble likely satisfies

_ 2d+2
sep_dist(z) = Q <n d2+2d) .

If each point is generated randomly and uniformly in the sphere S? it is easy to see
that one can just expect sep_dist(z) = Q(n?/?) which is a worse estimate since
2d + 2 2
—_— < -,
d?>+2d d
In the two-dimensional case ,d = 2, the spherical ensemble studied in [I] satisfies
sep_dist(z) = Q(n=%*) for large n (see [I, Corollary 1.6]). For the harmonic

d>1.
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ensemble we have also sep_dist(z) = Q(n~%/1) for d = 2. Moreover, the expected
value of G(a/n** x) in both cases satisfies (assymptotically for n — oo)
4

(0] (0]
B (G (0)) < 51

However, as pointed out before, the optimal separation distance is of order n~
Therefore, the separation distance of the harmonic ensemble is better (larger) than
the one obtained by uniform points in S, but it is still far from the optimal value.

1/d

3. PROOFS

3.1. Riesz s-energy. From Theorem [I] to Theorem [4, We start with a
lemma about integration of zonal functions.

Lemma 1. Let v € S and let f : S* — [0,00) be such that f(u) = g((u,v)) for
some measurable function g defined in [—1,1]. Then

[ dutn) = 2= [ g =)

Wy

Proof. This is a particular case of Funck-Hecke formula, see [27, Theorem 6]. It
can also be proved directly using the change of variables theorem for the projection
parallel to the space v defined from the sphere to the cylinder. U

We thus have:
Lemma 2. Letn = (0,...,0,1) € S¢ be the north pole. For 0 < s < d,

P(1+,\,A) ((x, n>)2 a1 1 N B
/ . L ||x — an dﬂ(-T) = 23/2wd /1 P£1+ , )<t)2(1 _ t)/\ 2(1 + t))\ dt =
e _

27w 1 Coa(L)T (45°) d—s s d s s ,
wal (1+3)T(1+ %) b (=L d+ L —5 g thd—o+L,—o—L; 1).

Proof. The first equality follows directly from Lemmal[l] The value of that integral
can be found in standard integral tables, see for example [14], p. 288]. This finishes
the proof of the lemma. O

Proof of Theorem[1. From Corollary [I] we have

1+
L P ()2

L+%)2
Epeapn (Bs(z)) =77 G dp(u)d
e (B =t [ = () dp(v)
1 P(l—l—)\,)\) 2
-2 [ O W )
uesa ||u—m] (LJLra) |u — n]*

where n = (0,...,0,1) € S? is the north pole. The last equality follows from
the rotation invariance of the functions involved. Now we see from that the
expected value of the energy F(z) is finite if and only if s < d+2. Indeed, sending
a small cap around the north pole n to R? through the projection onto the first d
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coordinates and using some trivial bounds, the integral in (17)) is finite if and only
if for some € > 0 we have

1 PV - [|z)2/2)2
/ A Sl 1 ) o I (18)

€R4 ||z||<e ”st (L+g)2
L

An elementary bound on the value of Jacobi polynomials is shown in Lemma [4]
Using that result we have

B al2) g A a o
(LE%) 2d+4 |

We thus have
14+,
L O st e e [ R

s d\ 2
|l (“+9)

~ Jll*7,

and passing to polar coordinates the integral in ([18)) is finite if and only if s < d+2.
Now we center in the case 0 < s < d. From the definition of V;(S?), see (], and
the invariance under rotations of || - || we get that

1

st [z —nlf*

dp(z) = Vi(SY).

For the second summand in ([17)) we use Lemma . This, together with the asymp-
totic formula for the gamma function, to get the asymptotic behavior C; 4(L) ~ L?,
finishes the proof of Theorem [I} O

Our goal is to study the first terms of the asymptotic expansion of the energy. To
some extent, it is possible to get information from the generalized hypergeometric
function but we will use estimates of the Jacobi polynomials to get a complete
answer.

Remark 2. Observe that our generalized hypergeometric function is a terminating
balanced series because (—L);, = 0 if & > L. Note also that using (—z), =
(—=1)*(x — k + 1) we have

(L+1)

L) =(-D*"L-k+1)p=(-1)fr"—— 0<k<L.
(<L) = (DML =k + D = (<) g 05k <
We drop the dependence on the dimension d and write

d— d
FL(s>=4F3(—L,d+L, 2 -5 +1,d—f+L,—§—L;1)

2 7 22 2
(=L)i(d+ L)e(F)u(=5)k 1

(£ 4 1)i(d — 5+ L)u(—5 — L) ¥!

Observe that, as a function of the variable s, Fy,(0) = Fp(d) = 1.

L
k=

0

By induction it is not difficult to show the following
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Proposition 5. For0<s<d, L>1 and 0 < k < L we have

(—L)g(d+ L)y
@5+ Du5- D = 2

and the quotient is decreasing in k.

0<

From this proposition it is easy to deduce that when (—%)k <0 forall £ > 1,
for example when 0 < s < 2, we have

d—s s d
22 411) < <
2F1( 2 ) 272+1a1)_FL(S>_1a

where oF}, is the (standard) hypergeometric function. By Gauss theorem (as
s> —1)

d—s s d F'(14+4)T(1+s)
2 F1 s~ L1 = d .
2 7 272 I'(1+3)0(1+ %)
In fact, when s is even, s = 2m for some m € N, the sum in the generalized
hypergeometric function (19) is just up to m because (—%)k = (—m), = 0, when
k> m.

From the asymptotic property of the gamma function

I
iy L+ a)

=1 eR
n—oo ['(n)n® > @ ’

and the observation above, it follows that for even s

d—s s d

FL(S)—>2F1 ( 5 '35 +1,1> (21)
when L goes to +0o0. We will see from our next results that this limit holds for
all 0 < s < d.

Now we prove the asymptotic expansion of Riesz s-energy. The main ingredient
in the proof of Theorem [2]is the following estimate in terms of Bessel functions J,
of the first kind. Recall that for v € C, Bessel functions of the first kind of order
v are the canonical solutions of the second order differential equation

1 1 . . 00 2
lim — / P2 (1= )M 3 (14 1) dt = 257 / Jala)”
1

0 33'1+S

: I (42 ~
_ 3 (‘2) gFl(d S’E;d+1;1)

2 2

Observe that from Proposition [6] we get the following
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Corollary 7. Given Fr(s) as in then for 0 < s <d

lim FL(S):2F1 (d_s i d+1 1)

L—+o0 2 7 22
Proof. From Lemma [2] we get that
F(1+9)r(1+2)

24210, o(L)T (%=

Fp(s) = ) /_11 P21 — ) 5(1 + )M dt.

Now from the Proposition above and Legendre’s duplication formula

Val(z) = 25T (x ; 1) r(3) (22)

we get the result. O

Proof of Proposition|[d. The second equality is from [14, p.47, (4)]. For the last
equality use Gauss theorem about the hypergeometric function and the duplication

formula (22)).
For the first equality, we split the integral

1
/ L= PN (02(1 = =5 (14 1) dt

/— COS + L /COb L /
COS T COS -

=A(c, L) + B(c, L) +C(c L)

L=PY V(2 (1 — 1) 5 (1 + 1) dt

where ¢ > 0 is fixed and ¢ < wL. For the boundary parts we do a change of
variables ¢t = cos(z/L) to get

C(c, L) =

c sz 2A+1 T —s/2
25/2 / L’2’2’\PL(1+’\”\) (cos %) ’ (SH; Z) (—1 1_ COS2Z> s d
0 L 3 (%)

L 2 \L

Using the Mehler-Heine estimates and the elementary limits

. sinf . 1l—cos?
lim =1, lim ———==1,
Lo % L—oo 1 (z)

L 2 \L

we conclude:

E ¢ Jl ,\(ZL’)2
ngI;OC’(c L) = 22+d/0 %dm.

For the other end of the interval, using the change of variables ¢t = — cos(x/L)
we get

c sz \ 2A+1 x —s/2
Alc, L) = / L’Q’Q’\PSH”\) (— cos %)2 (SH; Z) (—1 —E C;)QS Z) g,
0 = X

L I
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and, again using , this expression converges to zero when L — oo. For the
middle integral we get, after the change of variables t = — cos 6 and the use of the
asymptotic estimate for Jacobi polynomials

0<B(e,L) < L T L df < L Tt 1d«9
>~ <C7 ) ~ LS+1 % (Sin 9)5+2 ~ Ls+1 08+2

5 <
L

2

1 [ 1
< / 9 = .
Ls+1 % 98+2 (S + 1)cs+1

We have then proved that for all ¢ > 0,

2%+d ¢ J1+)\($)2d < 1 ! L—sP(1+)\,>\) 2 _on\A=2 by
—=""dx < lim " () (L —=t)"2(1+t)"dt
0 -1

rlts L—oo
R(s,d) sig [ Jia(2)?
S (S + 1)Cs+1 +22 /0 xlts dl’,

with R(s,d) a constant independent of ¢. Taking the limit as ¢ — oo, the result
follows. U

Proof of Theorem[3. From Theorem [I] we get that

Eqe(siyn (Es(z)) = 72 Vi(S7) — L / IOV PR o)
CHETES
When L — oo
d\? s/d
(;;)2 _2 (1d—!i_ 2) +o(1) and 7% = (%) L*(1+0o(1)).
From

2 d 142 (d! —ta d\? wi_1
Brce (B(0) - 2V = (F) T (145) pont

x (14 0(1)) / L PR~ (4 6

-1

and Proposition [6] we get the result with

Coa= |+ 2
2 Wa VAl (1+2)I (1

Finally, recall the value of V;(S%) from (6]) which yields

Wi pa1ps (4 d—s\ _ d _ S
oy F(Q)F( 5 >_2V;(S)r(d 2).
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Proof of Theorem[3. We compute the derivative at s = 0 of the expression given
in Theorem [I, which according to Corollary [1] equals the expected value of the
logarithmic energy. We then have (using for the first term):

E.cionn (Bo(e)) = 73 Viog(8) — Cu o |o_o» (Di(s) B () Fi(s)),

where
c 241wy 17TLF(L+ DT (L+4+1)
L — )
(bt: ) wal (L + 1) (14 4)

'L+:+1

DL(S) = ( 2 S )a
D(1+3%)

27°T (452
EL(S) — (82 ) 7

I'(L-3%+4d)

d—s s d S
F =, F L,d+ L, ——:=+1,d- = L—— L:1
1(s) 43( Ty gt AT gty >
L DM D 1
5+ Duld— 5+ L)e(—5 — L) k!
We have that
(¢
The derivatives at 0 of Dy and E}, are:
1 L
D} (0) = 3 - (L+1)-T(L+1)T" (1)) = EHL’

B(0
% (Hr+a—1—7 — to(d/2) — 2log2),
where v = —1)g(1) = —I"(1) is the Euler-Mascheroni constant.
Finally, from the series expression of Fp(s) and using that (0); = 0 when k£ > 0
we deduce that
, (L) D(Drai(=5)iomo 1~ d s d 1
FL<O):Z d _IZZ_[(__)’“} = E
pt (5 + Dr(d+ L)p(—L) Kl e=ds 1t 27Fs=od + 2k K

For k > we have:

A9 =4 (), (5 (=3) - (5) > o

and conclude that

E7(0) =

We have then proved that

dis oot (DL(s)EL(3)Fi(s)
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AN L
ot (1 a2 = ) -0 ).

Note that

i (¢ p) R

1

MI&

We have proved that
E.esiyn (Eo(2))

oo L
=77 Viog(S?) — 2; d+ 3 (kz I + Hpyq1 +¢0(1/2) — ¢0(d/2)> :

Finally, by using the duplication formula one can easily check that
CuT (4) I
I'(d+ L)

= Tp.

g

Proof of Corollary[3. We compute the asymptotic behavior based on the equality
of Theorem [3l From the recurrence relation

Yoz +1) = tho(x) + —

d d 2
- (f) - (2)
k12+k 2 2 d

we get that

>

Recall the asymptotic expansions (for z,n — 00):

1 1
o(z) = logw — o +o(x™1), H, =vyn+1)+vy=logn+~y+ 5 +o(n™h)
So when L — oo we have from Theorem [3| (¢0(1/2) = —v — 2log 2)

Evcio (o) = Vie(5) — 7 (log L~ g2 — v () = 3 +0(1)).

From the asymptotic expression (|1)) we have as L — oo:

1 log(2/d!
log L = Ogd“ - Og(d/ ) 4 o(1), (23)

so we have proved:

1
Exe(gd)n (EO('%')) = ﬂ-i‘/iog(gd> - EWL log L
L. 2 d\ 1
+ (8 log dl +log 2 + 1 (5) + E) 7L+ o(mp),

as wanted. O
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To prove Theorem |4 we use the following result.

Proposition 7. We have that

. d d—s s d s
nglgoﬁ [4F3( L.d+ L, 5 ,—5,5 1,d—2+L,———L,1)Ld
d d— I~ (=9, 1
:d_{ﬂ?l( 23 ﬂ 52 ¢(1 2 )k !
S k=1 (§+1)k

NN

Proof. Let, as before,

2 7 2°2 ’ 2

w2 [(45)] -

1< —Lkd—i-Lk—%lk 1
2:(( )i ( )i(—3%)

d— d
ﬁu@:4@(—gd+g S—f—+1d—f+L—§—Lﬂ>.

Then from the fact that

we get that

Fr(d) = —5
k=1

TH DM+ Dul—f — Dk
Observe that, as in the discussion before Proposition [, when d is even, the
sum in the generalized hypergeometric function is up to d/2 and then as for all

k=1,...,d/2,

li =1
e (T4 D)(—2— L)y
we get that
/2 d
1 (%)% 1 d d—s s d
lim F;(d) = —= 2 _ — — |,F -5+ L1
m 1.(d) 2;(%+1)kk ds {2 1( 2 2’2—'— ’ )Ld

For odd d also Fj(d) converges when L — 400 to

d d—s s d e (%) 1

— |oF , +11)] = —= 2=,

dsk 1( 2 7 22 o 222(3+1Mk
Indeed, we have that for 1 < k < L,

(B _ e TG+
(4 + 1)y F(¢+k+1)T(4—k+1)

By Euler’s reflection formula for the Gamma function and Stirling approximation

we get that
d d d
r E—i-k—i-l r §_k+1 ~ k%,

2
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and therefore

1
i (3 Lk

Given € > 0, we choose ng such that

o0

Y

and we get from inequality that for sufficiently large L > ng

- (—L)r(d+ L)(=9)r 1

2 T DI Dnk

Now the result follows as before from the fact that for all kK =1,..., no,

< €.

and therefore

when L — 4-o00.
The last equality follows from Gauss theorem

- I'd+1)r
i{zFH(d s_f,C_ile;l)} _1IM(d+1)
s=d

(4+1)—T(@+1)I" (§+1)
ds 2 7 272 2 T

d+1)T ($+1)

= SWo(d+1) o + 1)
[

Proof of Theorem[J. The function V,(S¢) is meromorphic with a simple pole in
s = d (because of the term I'(45%)) and the residue in d equals
Wd—1

. d B _
lim Vo(8%)(s — d) = 2.

We can write from Theorem [1]

where

and Fy(s) = 4Fy (—L,d+ L, %%, =59 4 1,d— 5+ L, -5 — L;1). As U(d) = 1

we have that

Il
&
D
—
=~
S
—
QL
S~—

lim B, 50y (B ()
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We compute this derivative by writing U(s) = Fp(s)GL(s) with

Gils) = %

and using

=240 (40) o (2 )

and the asymptotic formula for the digamma function

d o 12
i — Liog s — Slog =+ o(1).
wo(z* >+d+2L g 108 = glog g +o(l)

Finally, we get

where

d d— d
Fi(d)—£[4F3 (—L,d+L, 52 1,d—§+L,—§—L;1>} .
s=d

2 22
The result then follows from Proposition [7} O
3.2. Optimality among isotropic kernels. Proof of theorems [5, [6] and
Proof of Theorem[J. From Corollary[T]and using the rotational invariance we have

Evcioe (Eia) = [ sl du(u) d(o) =

Vs(Sd)nQ_/ \K((u,n>)]2 du(u)

est (2= 2(u, m))*/?

The theorem follows from Lemma [Tl O

Remark 3. We can substitute K () by its expansion to get a formula for the
second integral in Theorem

VIR - 2
/_1 (EDECE

Z axa; / t)42=1- 8/2(1+t)d/2*10,?1 (H)C; % (t)dt (24)

o 2 () T () T (3
=2 aa T+ DTk + 1T (

7,k=0

E)T(d—1+5)T(d—1+k)

%)F(2d+2j s) F(d—1)2

d—s s d
2

17—71__7
2 2

FS(_k7k+d_ >d__+]71_2_ja1)

2
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3.2.1. The special case s =2 and d > 3. Proof of Theorem[f One can use Theo-
rem o and to write

w
ExE(Sd)"<E2(x)) ‘/Q(Sd 2Z)d1 Z aka]Qk]7 (25)
7,k=0

where
1 d—1 d—1
QL = / (1= 221+ 72107 ()0 (1) dt.
-1
The following lemma shows that these integrals can be solved exactly.

Lemma 3. Let d > 3 and s = 2. Then for all 0 < k < j we have

d+k—2 d d d+k—2
d d d d—2 d
k:Qk,j:Qk,kzz ( k >B<§7§_]—> :( L )Qo,o‘

Remark 4. The value of the integral in Lemma |3| seems to be known just in the

case k = j (see for example [16, p. 803] which gives an alternative but equivalent
expression). Note also that we have

wd 1 d—1

= V,(S? :

QO ,0 2( ) 2d — 4

The proof of Lemma |3| will be a long computation. We will use the following

basic integral, valid for a,b > 0:

(26)

1 1
/ (1—8)*(1+8)dt "2 2a+b+1/ (1—u)u’ du = 29" ' B(a+1,b+1). (27)
_ 0

1
We will also use Legendre’s duplication formula in the following form.

d—1\  al(d-2)
(1) - e, o5

Proof of Lemmal[3. We start by computing a few cases for small k, j. For k = j =0

we have:
1
-1

For k =1,5 = 0 we have:
1
4= / (1— 02721 4 21 (d — 1) dt

1

——(d-1) </_l (1= 21+ )21 -t 1) dt)

1

= —(d—1) (/1 (1 -t + )2 at — Qg,o)

1

—(d-1) <2d 'B (g g) — Qﬁ,o) =2"B (g %l - 1) = Qoo
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For k£ = 7 =1 we have:
1

. / (1= £)22(1 4 2271 (q — 122 dt

1

- (d-1)? (/1 (1= 1+ 1) at — Qg,o)

-1y (ﬂ; (557 ) ~ ) = (@~ ety

We are now ready to prove the general case. Recall the recurrence relation satisfied
by Gegenbauer’s polynomials:

(CIPT2 () = (204 d—3) t OV () — (0 +d —3) Y2V (1) =

—(20+d—3) (1-t) TP (20 +d = 3) CT V() — (L 4+ d — 3) OV ().
We thus have
kQp = (2k+d—3)Qf,,; — (k+d—3)Qf_,,

1

@k +d—3) / (1 — )21 0212y 2112 ) gy

J
-1

[

which implies for k£ > 2:

(2k+d —3) ,H] —(k+d-3) HJ E#j+1

k d-: 7r3_d — .
Qs j (2k+d—3)Qf_,, — (k+d—3)Qf_,, W k=j+1
(29)

2
These equalities together with Qg’j = Q;{k and the values of Q&O, ‘f,o and Q‘il
define the value of in ; for all £, j,d. We finish the proof with five claims.
Claim 1. For all £ > 0 we have Qf , = Qf ;.

Indeed, we have already proved it for £ = 1. We now use induction, so we let
k > 2 and assume that the claim is true up to £ — 1. From , we have

Qko— ((2k+d 3) Q1 10— (k+d-3) k20) Qg,ov

as wanted.
Claim 2. For all k£ > 1 we have Qf, = Qf ,.

Indeed, we have

1 723-90(d) .,
Q21— <d+1) ( )Qo1 “d 1\2 2) = W@i,1>
( r(5-3)

where for the last equality we use . Again by induction on k£ we assume that
k > 3 and the claim is true up to k — 1. Then, from

Q= (@4 d=3) QL — (h+d—3) Qo) = Q.

as wanted.
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Claim 3. The lemma holds for 0 < k < j.

Indeed, from Claims [1] and [2] we know this for £ = 0, 1. Again using induction
and , as long as k < j we have

1
Qg,l :E ((Qk + d— 3) Qz—l,j - (k + d— 3) Qz—lj)

:Q%{O ((2k+d—3) (dﬁz?)) —(k+d-3) (dﬁ;él))

d+Fk—2
:( 2 )Q&Oa

Claim 4. For all j > 1 we have Q?HJ = 3{]-.

Indeed, using and Claim |3l and denoting
w2 (d 45— 1)
= o 2
I+ 1)r(4-1)

as wanted.

we have

d ] .
s e (1) (7))

j—1
d .
0,0 . d+j—2) )
=— +d-1 4 —R|.
]+1((j )( J

From we have

72374 (d + 5 — 1 d+j—2
R=— - 1)2:((1_2)( ‘ )Qg,o.
We have then proved that
Qo (d+j—2 d+j—2
d : : d d
9 G ) i J+d=1-(d=2))= i Qo0 = @5

as claimed.

Claim 5. For all £ > 0 we have Q4 = @,

Indeed, from Claim [4 the equality holds for £ = 1. Reasoning by induction on
¢, assume that the equality holds up to ¢ — 1. From (29) and Claims |3| and 4| we
have

1 . .
Qj+e,j:m((23+%+d—3) G- l+d=3)Q5;) =Qf;

This finishes the proof of Claim |5/ and of the lemma.
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Proof of Theorem [0l Note that by reordering the terms:

00 00
E : d E 2d E : d E : d
akank’j = <GZQ€,Z + (lganZ’j + CLkCLng!)
7,k=0 =0 j>t k>¢

00

d+0—2
_ d
Lem;amQO’Ozzzoa& ( )(a‘+22“j>'

>0

We then have

o0

Wd— (126)
Eoconn (Ba(r)) = Va(8")n* = 502 37 arajQf
4,k=0

V2(S%) (nz—iag(d+§_2> (ag+2zaj)> ,

£=0 j>t

as wanted. O

The following gives an alternative formula for the expected value computed in
Theorem [I| for the case s = 2 as well as an asymptotic estimate. Note that the
harmonic kernel K, is obtained when in the general setting of this section we let

2hid—1 L <],
" { M ok<L,

30
0 k> L. (30)

From Theorem [6] we readily have:

Corollary 8. Let © = (z1,...,2,) € (SY)" be n = m points generated by the
determinantal random point process assoctated with harmonic kernel K. Then,
Epesayn (B2(x)) equals

L .
Wad—1/d+0—2\ [204d—1 2 +d—1

d 2

A ATET L oy TaT )
VQ(S)(” £ a1 ( ¢ )( a1 jzz d—1 ))

Remark 5. It is possible to recover the asymptotic estimate of Theorem [2| from
Corollary [8|in the case s = 2, that is

pl+2/d I\ 2/4
E,esayn (B2(2)) = Va(S%) <n2 — (d—fZ)ﬁ <d§') ) 4 O(n1+2/d>.

3.2.2. Optimality of the harmonic kernel. Proof of Theorem [7. We now prove
that the harmonic kernel gives optimal values of the expected 2-energy among
rotationally invariant kernels.

Proof of Theorem[7. Let r € N be such that a; = b; = 0 for j > r, and assume that
a # b. Note from (25) and Lemma |3| that E, < E, is equivalent to F'(a) > F(b),
where

F(z) = 2" Muz,
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and where M = M, is the symmetric matrix given by

(d§2) (d§2) (d§2) L. (d§2)
(G e (1)

o o | e
M = ((d+$$§:j’§_2)kﬁj:()’.w) = <d02) (dll) (2) (2) € Zrrx ),

() ()@

We also consider the vector

(T

and, for 0 < i < j < r we let w;; € R™™ be the vector all of whose components
are zero except for the ¢th component and the jth component that satisfy:

(w3): = (dﬂ— 2) *1’ (w,), = _<d+j - 2) *1'

t J

Note that, for coherence in the exposition, we are numbering the entries of wj;
from 0 to r instead of doing it from 1 to r + 1. Then,

whV =0, Vij,0<i<j<r (31)

An elementary computation shows that if i < j then all the components of the
vector Mw;; # 0 are positive or zero. We thus have

2" Muwy; >0 for all z € [0,00)" .
Note now that if z € [0,00) ™! then for all 4, j we have
DF(z)(wij) = w;Mz + 2" Mw;; = 22" Mw;; > 0. (32)

Moreover, if z; > 0 then DF(x)(w;;) > 0 and the function is strictly increasing in
that direction. We will now construct a sequence

0 t

b=2a"2', ... 2t =a

with the property that 2% —2*~! is a non-negative multiple of w;; for some i, j with

i < j. Although the coordinates of z°, z! have a particular form given by ,
the coordinates of #* are just non-negative real numbers. For the construction,
let i be the first index such that a; # 0,b; = 0 and let 5 be the greatest index
such that b; # 0 and a; = 0 (these 7, exist because a # b and the hypotheses
> a; (d+?_2) =>b (d+§_2) =n). Note also from that necessarily 7 > 7. Then,

we define
21 d+1—2
ot =2+ (1—|— y 21) ( +Z‘ )wij € [0,00)" ",
- i

and in general to construct zF*! from 2% we let i be the smallest index, among
those such that a; # 0, such that z¥ # a; = 1+ 2i/(d — 1) and j the greatest
index such that, xf > 0 and a? = 0, if those indices exist. It can be easily seen

k
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by induction that is also satisfied changing b to z* and thus, if such 4, j exist,
we have © < j. Then, we let

o 9 9
zh ! :xk—k)\wzj, A = min d+‘z 5 1+ ! — F d+@, .
j J d—1 ! i

From and the comment after it is clear that
Fb)=F(°) < F2") < F(#*) < --- < F(2), VEkeN

We just have to prove that the sequence satisfies ¥ = a for some k € N. First
note that from we have for all k € N:

T - 2
(M)V = @DV =... =2V =n, that s, Z zt (d +Z, ) =n. (33)

! i
=0
Moreover, by construction we have ¥ € [0,1 + 2i/(d — 1)] for all ¥ and i. On
the other hand, the sequence can only finish if some of the indices 7,7 in the

construction do not exist. Namely, the sequence stops when:

(i) For every i such that a; # 0 we have zf = a;, or

(ii) For every j such that x;“ # 0 we have a; > 0.

From and the similar equality > ._, a; (d+;‘:_2) = n it is clear that these two
conditions are equivalent and actually imply z¥ = a. This proves that, if the
sequence finishes, then its last element is equal to a. Now note that at each
iteration % — z**1 either one coordinate of z* is set to 0 (and in this case, that
coordinate remains untouched in further iterations), or one of them is set to its
maximum value 1+ 2i/(d — 1) (which, again, implies that this coordinate remains
untouched in further iterations). So the number of iterations of the sequence is at
most the total number of coordinates in a or b, that is at most » + 1. This finishes
the proof of the theorem. O

3.3. Linear Statistics. Proof of propositions 2| and [3] The objective is to
estimate the asymptotic behavior of the variance of the number of points of the
harmonic ensemble to be found in a spherical cap. To get this estimate we study
the trace tr(4 — K%), where K4 is the integral operator of concentration on the
spherical cap A C S,

KAQ(u) = / Qo) K1 (u, v)dp(v), Q €T

The proof of Proposition 2] is similar to [25, Proposition 3.1.]. The idea in
that paper was, following Landau’s work, to study the density of discrete sets
(Marcinkiewicz-Zygmund and interpolating arrays) relating the density with spec-
tral properties of the concentration operator in “small” spherical caps. The hy-
pothesis are now different (we consider “big” spherical caps also) so we will sketch
the proof.

Proof of Proposition[3 It is clear that the variance of the random variable, n4,
counting the number of points in A, is invariant w.r.t. rotations of A, because the
process is also invariant. So to compute Var(n,) we assume that A = B(n,0})
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FIGURE 2. Value of Y32 a,(“"7?) (ag +23 sy aj> for different

kernels in dimension d = 4. Black dots correspond to the harmonic
kernels, i.e. when the a;’s are given by , while red crosses cor-
respond to other kernels. For some values of n (for example, n = 4)
there is no kernel that attains this number of points. For other val-
ues of n (for example, for n = 6) there is only one such kernel. For
yet another collection of values of n (including for example n = 196
and n = 540) there are several choices of kernels which produce
this number of points. In these two particular values, one of the
choices corresponds to the harmonic kernel. The optimality of the
harmonic kernel proved in Theorem [7] is clearly visible: the sum is
maximal when the harmonic kernel is used, hence from Theorem [
the expected value of Fy is minimal.

with n being the north pole and 6, € [0, 7]. Denote 6, = o /L with a, = O(L),
and o — 0o when L — oo. The following formula to compute the covariance can
be found in [30, Formula 28]

Covif.g) = [, [ (Fa) = F)late) = s (o) Fdu(o)duts). (34

for bounded f, g. In particular

Var(na) = Cov(xa, xa) = /A/c | K (2, y) Pdp(z)du(y) = tr(Ks — K%).
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FIGURE 3. Same as Figure [2| but for dimension d = 6. Again the
optimality of the harmonic kernel is clearly visible.

By rotation invariance

/ | K1 (2, y)[du(z)duly)

A J A
0L, T

:AZ,L/ sin™ " (/ ]PSH”\) (cos 0)]?sin?™* ¢9d9) dn,
0 0r—n

where

91—
Aup = TrWa—1 _ Ld/2_|_0<Ld/2>

(L+ )wd I (5)
For some fixed ¢ > 0, we split the inner integral above in three summands corre-
sponding to

c

{%g@gw—%}zl, {0>W—Z}:H, and {%<e}:111.

The integral over I can be bounded above, by using classical estimates for Jacobi
polynomlals

/ / ) |P£1+A’>‘) (cos 0)|?sin®™* 0dfdn

L

A2, 2071 T 1
o Aar? [ / = d0d
B LA \/0 K max( L1 £) 7L sin® g g
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A% 9d=1 par max{ag —n,c}
_ > d—1 L 777 C . i
= a /o n (cot( 5T > tan <2L>)dn.

The main term comes from the first summand of this last integral because the
second is of order L=2a¢. For the first summand we split the integral again and
do a change of variables

ay,
wi, (maxfor—n.c)
/0 n - co oL, n
o d—1 N o ¢
—/ (o, — 1) cot <Z> dn+/ n®" cot <Z> dn. (35)

L—C

The second summand in above is of order LadL_l. For the first summand in
we expand the polynomial in 7 and use the estimate zcotx < 1 for z € [0, 7/4]
to get the bound

Sin(g‘—f)

sin(57)

5T + LO(a%’l)

=2Lat ogay, + LO(ad™).

ar,
ofil/ cot <i> dn+ LO(a%™) = 2Lat ! log

For the integral over II we bound the Jacobi polynomial by C'L?* getting a term
of order L7204 = O(a7?). Finally for the integral over III we bound the Jacobi
polynomial by its maximum C'L%? getting another term O(a$!).
Putting all together we get
227d
Var(na) < ﬁad{l log oy + O(af™).
s

—~
[JISH
~—

We now turn to the smooth case.

Proof of Proposition[3 Given a bounded function ¢ : S* — R we denote by T}, the
Toeplitz operator on II; with symbol ¢, i.e. Ty(h) := Kr(¢h) where K, denotes
the orthogonal projection from L?(S%) to Il

Kuf(e)= | Kil@.y)f@)dpty). fe LA,

i.e. Ty is the self-adjoint operator on II; determined by

(TyP, P) = (¢P, P)
for any P € 1. Then it follows from that for ¢ Lipschitz

1
Var(X(O) S 5 [ Kulo) e g)dua)dn)

S4 xS

Now, setting ¥ (z) = z; for a fixed index i € {1,...,d}, we get

VarX(e) < [ IKuaa)l? (66) = 6(0) duta)dto)



36 CARLOS BELTRAN, JORDI MARZO AND JOAQUIM ORTEGA-CERDA

On the other hand, an elementary computation shows that

1

2 /desd [Kp(z,9)]* (0(x) = (y)* dp(e)dp(y) = e T3 — tr Te.

We note that there exists a vector subspace V;, in II;, with dimension dim V; =
7, — O(L* ") such that when restricted to Vi, Ty(P) = Py and Tj(P) = Py?>.
We can take V7, to be the space spanned by the restrictions to S¢ of all polynomials
of total degree at most L — 2, i.e. 1l 5.

If we denote by Wy, the orthogonal complement of V;, in II; then dim(WW},) =
7L — 7o = O(L471). Setting Ay = Ti — Ty gives A, = 0 on Vi, and hence

d—1
< LY,

Y

tr Tli —tr Ty = 0+ tr ALlWL
using that (TP, P) < (P, P) supga |¢| and dim W, = O(L41).
In the other direction, if we take ¢(x) = x;, then

1

Var(@(@) = 5 [ Kule. )l (6(o) — o) Pdu(a)iuty).

Therefore (recall that n stands for the north pole)
Var(X() 2 [ [Kue )l o midu(o) = [ sin® OBPL Y cos) .
sd 0

Using the classical estimates for Jacobi polynomials as before we get Var(X(¢))

2
L, O

3.4. Separation distance. Proof of Proposition Apply Proposition (1} to
f(u,v) = 1||u_v||§t, which yields

2K, csayn (G(t, ) —/ st ||<t(KL(u’u)2 — | K5 (u,v)[2) dp(u) dp(v).

The integrand depends only on the scalar product (u,v), so by rotation invariance
and using Lemma [1| we have

2001 1 PN (2 .
QExe(Sd)n<G(t,$)) :w/ (1 _ L—(S) (1 . 82>d/2 1 ds
1

Wy 29 (L+Ld/2)2

2 2/2 P(1+/\A) 1 — )2
:%/ R ( > 5) (25 — 52)d/2_1 ds.
a )

From Lemma [] below we conclude

w1 /t2/2 2(L? 4 Ld)
0

L(L + d)ﬂ%wd,l d+2
2(d -+ 2)2wd ’

Eresan (Gt @) < s (29)7% 7 ds =

2wy d+2
as claimed.

We have used the following elementary lemma bounding Jacobi polynomials, a
short proof is included for completeness:
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Lemma 4. Let L,d > 1. Then, for alls e R, 0 < s < (QSIS)L we have

9 LAN) (g 9
Lald PPV —s) L4 Ld

S S = - ]
d+2 @Tﬂ) d—+2

1 —

for some constant ky € (0,00). In particular,

L%+ Ld PN 92 9124 Ld
(L + )s—k:082§1— L ( 23) < (L + )s.
d+2 G?ﬂ) d+2

Proof. Let q(s) = P£1+’\”\)(1 — 8). The expansion of ¢ in the standard monomial
basis is easy to compute from the derivatives for 0 < k < L (see for example [16,
p. 1008)):

d* d* (-D*C(L+k+d) (L+d/2
a —(—1 k_P(1+)\,)\) 1) —
g5+ 1(0) = (U g b ) %T(L + d) L—k
We thus have for s € R:
_ji kFL+k+dM“W38k
(L+d/2 — 2k‘k|1—‘ L + d) (L+£Z/2)
i: DED(L+ k + d)T(L+ DI(1+d/2)
~ PHT(L + dT(L — k + DDk + 1+ d/2)
L*+L
=1- i ds + R,

d+2

where R stands for the terms in the summation from £ = 2 to £ = L. We will
show that R > 0, which finishes the proof. The terms of R, with the possible
exception of the last one if L is even, have alternating signs. It is then sufficient to
show that for £k =2,4,6,..., and k < L, the kth term in the summation is larger
than the (absolute value of the) (k + 1)th term, that is we have to show that for
those values of k,

D(L+k+dIT(L+1)0(1+d/2)s
2EIT(L + d)T(L — k4 D)D(k+1+d/2) ~
(L+k+d+ 1)L+ Wﬂ+dﬂ)“1

261k + D)L+ T(L — K)T(k+ 2+ d/2)

This is satisfied whenever

(k+1)(2k +2+d)
T (L-k)(L+k+d)

S

It is a trivial exercise to check that the hypotheses on s guarantee this last in-
equality. U
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