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Abstract

We find minimizing configurations for most of the Riesz-s energies on the unit
circle S'. We also provide a complete asymptotic expansion of the Riesz-s energy
associated to N equally spaced points on the S'. Finally, we present Chui’s con-
jecture, prove a partial result and show how it leads to an interesting consequence
about function approximation in the Bergman space.
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Introduction

Smale’s 7th problem

In the late 20th century, Vladimir Arnold, the vice-president of the International
Mathematical Union, asked several mathematicians to propose a list of unsolved
problems in mathematics for the 21st century. Omne of the mathematicians was
Stephen Smale, who presented in 1998 a list of 18 unsolved problems, that would
later become known as Smale’s Problems [Sma98|. In this introduction, we will
present Smale’s 7th problem and explain how it motivates our work.

One of the first people to consider a similar problem was J. J. Thompson, best
known for his atomic model. He believed that an atom was a positively charged
sphere with negatively charged particles (electrons) on its surface. A natural ques-
tion in this context is what’s known as Thompson’s problem: how would these elec-
trons distribute themselves on the sphere, considering that they repel each other
according to Coulomb’s law? Mathematically, the question translates to finding a

configuration of N points wy = {xy,...,2x} C 82 such that their associated energy
Ei(w
H(ww) Z 7
#J J

is minimal. This question then gave rise to two natural generalizations of Thomp-
son’s problem. The first one was to find minimal configurations of the Riesz energies

1
Es = T
) =2 T

where s > 0 is an arbitrary real number. The second one was to find minimal
configurations (called in this case Fekete points) of the logarithmic energy

Elog WN Z log
i#£]

In a simplified way, Smale’s 7th problem asks the following: if we call

|z — CUJH

(01) my = min Elog(wN>a
wNCS2

find wy such that
Elog(wN) — MmN S ClOg N,

where C' is a constant independent of N.

More specifically, it asks to describe an algorithm that, given a natural number
N, produces a configuration of points wy satisfying (0.1)). For more details, we refer
the reader to |Bel20, Chapter 2].

Naturally, to find such a configuration of points, we would first need a good
enough understanding of the value my, which is sadly not the case at present.
However, there are some partial results that help us grasp how this value grows as

iii



0. THE PROBLEM IN THE UNIT CIRCLE iv

N increases. The first of these results that we are going to prove states that the

sequence
my

N(N —1)
is non-decreasing. It is also known that
im Y p(s?) = -
Az = WIS =5~ log2,
where W (S5?) denotes the Wiener constant

1 1
P log —— d dy.
W) = Gy / %8 [l

In fact, the most precise result related to the value my known at present is
the following theorem, to which different mathematicians have made significant
contributions (see |[BL23| and the references therein).

THEOREM. There exists a constant C € R such that
Nlog N
my = W(S?)N? — % +CN + o(N).
Moreover,

~ —0.0556

3 1.2 NZ3
—0.0569 = log2 — - < (' < 2log2+ —log - + 31
og 1 S0s 0g +20g3—|— OgI‘(l/?))
It is conjectured that the upper bound is indeed an equality, but it has not been
proven (see |[BHS12, Conjecture 4]). Analogous results can also be proven for the
other energies (see [BHS12)).

The problem in the unit circle

When a difficult question, such as Smale’s 7th problem, arises, it is often useful
to consider other (presumably easier) cases in the hopes that solving them will lead
to progress on the original problem. In our context, a natural and simpler case that
has also been studied involves finding minimal configurations of points on the unit
circle S* C R%. This is what we will explore in these pages: we will find minimizing
configurations for some Riesz energies and derive the complete asymptotic expansion
for the energy associated with NV equally spaced points, which was essentially done
in [BHS09].

In the first chapter, we will first introduce some basic concepts concerning Riesz
energies and minimizing configurations. However, interactions between points are
not only studied in the Riesz (or log) cases and a very interesting alternative set-
ting is to consider complete monotone functions for their connection with the so
called universally optimal configurations, as defined by Cohn and Kumar in [CKO07,
Definition 1.3]. For this reason, we will present this class of functions and we will
prove the important Hausdorff-Bernstein-Widder theorem.

THEOREM (Hausdorff-Bernstein-Widder). A function f : (0,00) — R is com-
pletely monotone if and only if there exists a positive Borel measure p supported on
[0, 00) such that

Fo) = [ dute)

for every r > 0.



0. THE PROBLEM IN THE UNIT CIRCLE v

In the later sections of the same chapter, we will find minimizing configurations
for the Riesz-s energies (and other results that also apply to completely monotone
functions) on the unit circle S* for some values of s, as well as solve the problem
of maximizing the sum of the pairwise arc distances of N points on the unit circle.
The results are summarised below.

o If s > —2 or s = log, then equally spaced points are optimal.

e If s = —2 then any configuration with its center of mass located at the
origin is optimal.

e If s < —2 and N is even, then a configuration with N/2 points located
at one endpoint of a diameter and N/2 located at the other endpoint is
optimal.

e If we are summing the pairwise arc distances, then balanced configurations
are optimal.

In the second chapter, based on [BHS09|, we will give a complete asymptotic
expansion of the Riesz energy of N equally spaced points wy, given by

Ly(N) = E,(wh) =2~ SNZ(SlH—)

We distinguish two cases depending on the value of s, which we can summarise
in the next two theorems.

THEOREM (general case). Let s € C with s # 1,3,5... and let p be a non-
negative integer. Then

L (N)=W,N?+ (s—2n)N'Ts2" L O, (N~HHRes=2) - N o0,

(2m)°

where W, = W,(S') is the Wiener constant of the unit circle (see Definition
and Theorem , the functions ay,(s) are defined in and ¢ is the Riemann
zeta function.

THEOREM (exceptional case). Let s = 2M + 1, M = 0,1,2,3..., and let p be
an integer satisfying p > M. Then

1(1/2)ar 50 1(1/2)m 2
L(N) = 7T22MM'N log N Gy + — — o) N
2 p
gy 2 (A~ 2N L 0L (NTEH), N oo
n=0
n#M

where the constant Gy is defined in (@, ¢ s the Riemann zeta function and vy is
the Fuler-Mascheroni constant.

This result shows that in the 1-dimensional sphere one can derive a complete
asymptotic expansion of the minimal energy (when s > —2).

Finally, in the last chapter we will study another minimization problem on
the unit circle. The motivation comes from investigating the magnitude of the
electrostatic field on the unit disk D

N

k=1



0. THE PROBLEM IN THE UNIT CIRCLE vi

generated by N unit point charges {z;,...,2y} C S! interacting through the
Coulomb potential

Observe that, indeed, grad U(z) = —E(2).
In 1971, C. K. Chui conjectured that the quantity

I

Z 1

1 Z — Rk
is minimized when the points {z1, ..., 2y} are the roots of unity, and in particular,
that the quantity above is strictly positive. Surprisingly, and in stark contrast to
the Riesz energy minimization studied in the previous chapters, this remains an
open problem and only a few results are known about this conjecture. Shortly
after Chui’s original paper, [Chu71|, D. J. Newman proved in [New72| that for any
{z1,...,2n} C St

dm(z)

al 1 us
Z dm(z) > —,
i 2 2k 18

which we will prove in this chapter. Finally, as an interesting application of the
previous bound, we will prove that there exist functions in the Bergman space A'(DD)
which cannot be approximated by functions of the form
AN
Sn(z) =) . lml=1 for k=1,...,N

Z—Z
k=1 k

in A'(D), but can be approximated by functions Sy uniformly in each compact set
of D.



CHAPTER 1

Optimal configurations on the circle

Most of the proofs that can be found in the first 3 sections of this chapter have
been adapted from [BHS19, Chapters 2, 4 and Appendix A].

1. Discrete energies and basic properties

Let (A, p) be a metric space and K be a mapping from A x A to RU{oco} (which
is called a kernel). Let also wy = {x1,...,2xy} C A be an N-point configuration,
which is understood as a multiset (that is, it can possibly have repetitions) and
has cardinality #wy = N (counting multiplicities). In this setting, we define the
K-energy of a configuration wy as

N

Exc(wn) =Y Y K(ziz;) =Y K(w,;),

i=1 j=1 i£]
i

L.

and we denote by
(1.1) Ex(A,N) =inf{Ex(wy) : wy C A}

the minimal discrete N-point K-energy of the set A.

In this paper we will work with continuous kernels (as extended real-valued
functions on A x A) and A will be a compact set, so there will be a K-energy
minimizing configuration on A and the infimum in (|1.1)) will in fact be a minimum.
Moreover, notice that in this case, if A; C Ay C A, then Ex (A1, N) > Ex(As, N)
and if B C A, then Ex(B, N) = Ex(B, N).

We present now the following basic property of the minimal energy, essential to
have a basic understanding of how it behaves as a function of N.

PROPOSITION 1.1. Let A be an infinite set and K an arbitrary kernel on A x A.

Ex(AN) . :
Then § =X 1S a non-decreasing sequence.
NIN-1) | y_g

PROOF. If we call wy an arbitrary N-point configuration, then fori € {1,..., N}

we have
N

Ex(wy) = Ex(wy \ {z:}) + > (K (w3, 2;) + K (2, 2:)).
=1
i
Now, if we sum over all values of i we get
N
(N =2)Ex(wy) =Y Exlwy \{zi}) > NE(A, N - 1),
i=1
and since this is true for all possible values of wy, we arrive at
(N —=2)Ek(A,N) > NEK(A,N — 1),
1



1. DISCRETE ENERGIES AND BASIC PROPERTIES 2

or equivalently
Ex(A,N) S Ex(A,N —1)

N(N—-1) = (N-1)(N-2)
REMARK 1.2. From the last inequality we see that if 2 < Ny < N, then
N(N —-1)
Z -~ @@ 7
No(No — 1)
This inequality tells us that if Ex(A, No) > 0 for some Ny > 2, then not only

is the original sequence non-decreasing (and hence it could be the 0 sequence) but
actually Ex (A, N) grows at least as fast as N*.

Ex(A,N) Ex(A, Ny) > %N(N —1)Ex(A,2).

We are going to primarily study the Riesz-s kernels.

DEFINITION 1.3. Given a metric space (A, p), the Riesz-s kernel on A x A is
defined as
plz,y)~*if s >0,
—p(x,y) 7 if s < 0.

K (v,y) = {

In some situations, the problem of maximizing the product of pairwise distances
comes up naturally, as a generalization of the diameter of the set A (the transfinite
diameter from classical potential theory). Observe that

log( H ]zi—zj|>:— Z log‘ZiiZH.

1<i<j<N 1<i<j<N

This equality motivates the following definition (and the study of its associated
energy).

DEFINITION 1.4. Given a metric space (A, p), the logarithmic (“s = log”) kernel
on A x A is defined as

Kioy(x,y) = log :
esl:9) p(x,y)

With this definition, the maximization of the product is equivalent to the min-
imization of the logarithmic energy

Biog(wn) = Ex,,(wy) =2 > log

1<i<j<N

1

|z,-—zj|'

We will usually work with A being a subset of C, and in this case we have that

Elog(wy) = log ( I 1=- zj|) = —2log |V (z,...,2x)l,

1<i<j<N
where
1 = 21
ZQ e Zév_l
V(Zh . ’ ZN) - . .
1 2y Zy !

is the Vandermonde determinant.
We shall also mention that in the case s = 0 we trivially have

Eo(a)N) = go(A, N) = N(N - 1)
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As a final remark, we mention that if A is an unbounded metric space and N > 2,
we have E(A, N) =0 for s > 0 and E(A,N) = —c0 if s < 0 or s = log. Thus, we
can consider only compact spaces without loss of generality because the minimal
energies are trivial otherwise. Also, if A is compact, there will be a minimizing
configuration since the s-kernels are continuous.

2. Completely monotone functions

In this section we will study how Riesz kernels are related to a more general
class of kernels, those defined by completely monotone functions.

DEFINITION 2.1. Given an interval I, a function f € Cg2(I) is completely mono-
tone if
(—=1)" " (x) >0
foranyn >0 and x € I.

We will also consider the following special class of kernels.
DEFINITION 2.2. Given a metric space (A, p), the Gaussian kernel is defined as
Gi(w,y) = Grp(w,y) = eV pyec A teR

The class of Gaussian kernels is closely related to the Riesz kernels. For s > 0,
from the integral definition of the Gamma function we can write

1 /°°
1= e it 27 1 dt.
I'(s/2) Jo

Then, given x,y € A and calling p = p(z,y), if we do the change of variables t = p?u
in the integral above, we obtain

1 &0 2 . ps & _ 2 _
1= —/ pre (pPu)* P du = / e P U271 .
P'(s/2) Jo (s/2) J

This shows that for s > 0 we can write

— 1 — 1 - T s/2—1
o) = o oy G

Having introduced these 2 concepts, the remaining of this section will be dedi-
cated to proving the following theorem.

THEOREM 2.3 (Hausdorfl-Bernstein-Widder). A function f : (0,00) — R is
completely monotone if and only if there exists a positive Borel measure p supported
on [0,00) such that

F0) = [t duty
for every r > 0.

Recall that the support of a measure is the set of points for which every open
neighborhood has positive y-measure.

In order to prove this characterization of completely monotone functions, we
must first introduce their discrete counterpart.

NOTATION 2.4. Given a sequence v = {x,}°2,, we define A’x, = z,, Ax, =
(Az), = py1 — 2, and AFz, = A(A*Yax,. Note that for every k, AFx, is a
sequence in n.



2. COMPLETELY MONOTONE FUNCTIONS 4

DEFINITION 2.5. A sequence {x,}°% is completely monotone if (—1)*AFz, >0
for alln,k > 0.

We will now prove a result that establishes a connection between completely
monotone functions and sequences.

LEMMA 2.6. Given a sequence y = {yn}5°,, for every k > 1 we have
£k
Ay =3 ( l) (1) s
1=0
PRrROOF. We prove it by induction on k. If £ = 1 the result is clear, and if we
assume the result is true for &, then
Ny Ny
ARy — A(AFy,) = Z (l) (= 1)y — Z (l) (= 1)y,
1=0 1=0
Now making the change of indices s = [+ 1 in the first summation while leaving
the other sum unchanged, we get

k
Ak—Hyn = k—Hyn + Z (( ) )k+1 - + (l) (_1)k+1_l) Yn+i + Yn+k+1

which finishes the proof. U

LEMMA 2.7. If f is a completely monotone function, then so is the sequence
y={f(a+nh)}>, for every a >0 and h > 0.

PROOF. Consider the polynomial p(t) = cxt* +- - - +c1t + o that coincides with
f at the points a + hm for m € {n,n+ 1,...,n + k}, which exists and is unique
if we further assume that it has degree at most k (by the Lagrange Interpolation
Theorem). If we call g(t) = f(t) — p(t), we know by construction of p that g has
exactly k 4 1 zeros in the interval [a + hn,a + h(n + k)]. This allows us to apply
Rolle’s theorem in succession to g and conclude that there is a point ¢ for which
g®) (&) = 0. This implies that f*) (&) = p®*) (&) = Kl¢y..

Let us call b = a + hn, so that our points of interpolation are now x; = b + hl
with [ € {0,1,... k} Then by the Lagrange interpolation formula we have

i —b—hj
Zprrthxl_x =>f b+th T

= )
(2 1) J?él J#l
. k k
f(b+ hl )’f ! .
=0 =
J#l
where the formula
k 1 B (_1)k—l

L h(=3) ~ mRik =)
J#l
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follows from a simple induction on k.
Recall now that our sequence is 4, = f(a + hn). Since p*) = k!¢, taking the

derivative of order k in the last expression of (2.1 and using Lemma -, we obtain

that
k

f(b+ hl)(—1)F Y-t
=2 k=1 R Z( > f(b+ hi)

=0

1 & [k o 1
= g 2 () D e = g e
1=0
The proof is now over because we can write
(1) AFy, = (=1)*hFkle, = (=1)*p* FP(€) > 0,

where in the last inequality we have used that f is completely monotone. U

LEMMA 2.8. Let n be a positive integer and define, for k > n,

Then limy_,o0 gi(t) = t™ uniformly in [0, 1].

PROOF. Given j € {0,1,...,n — 1}, we can bound for ¢ € [0,1] and & > n

kt—j_t_j(t—l) n—1
k—3j | k=i | T k—n+1
Since this bound is independent of ¢, for every j we have that
. kt—3j
i gis(8) = Jim 5 =1

uniformly in [0, 1]. And now we observe that since ¢(t) = ¢ is bounded in [0, 1], the
product gr = Gr0 Gk,1 " gkn—1 converges uniformly to the product ¢". O

Having seen this result, we now briefly introduce the concept of weak™ conver-
gence for measures and state Helly’s selection theorem, which we will need later on
in this section. The proof of this theorem can be found in [BHS19| Section 1.6]; it
uses the Riesz Representation Theorem in the setting of continuous functions.

DEFINITION 2.9. A sequence of signed finite Borel measures in R converges
weak™® to a signed finite Borel measure p if for every function f € C(R) we have

/f ) dpin(x —>/f Ydu(z) as n — oo.

THEOREM 2.10 (Helly’s selection theorem). If {u,}5°, is a sequence of signed
Borel measures on a compact set A C R such that the sequence of total variations
{pn| 52, is bounded, then there exists a subsequence { i, }32, that converges weak*
to a finite signed Borel measure ju supported on A.

Now we are ready to prove Hausdorff theorem, which is the discrete version of
the theorem we want. Notice, however, that the functions inside the integral are in
this case monomials.
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THEOREM 2.11 (Hausdorff). A sequence {x,}>° is completely monotone if and
only if there exists a finite and positive Borel measure p on [0, 1] such that

1
xn:/ t"du(t), mn=>0.
0

PROOF. If we assume that such an integral representation exists, then we get
that

(-1 2k, = <—1>k2:j (5t =3 () [ ey

i= =0 M

- / L (’]‘f)(—tw) du(t) = / (0 du(r) > 0.

J

for all n, k > 0.
For the other direction, given £ > 0 and 0 < m < k, let

= (B) o,
m
Define now for each k£ > 0 the measure pu; which is supported at the m + 1
distinct points m/k with 0 < m < k, by imposing u,({m/k}) = A\
Fix n > 0 and let gx(t) = H;:OI ]ZT_JJ The reader can check with a simple
induction on n that

" (g) 1 m—j Comlk—n) (T)

Then if n > 1 we have

L))o
S (i) ()

Equality (1) follows from just applying the definition of binomial coefficient, and
equality (2) follows from doing the change of variables j = m + i and changing the
order of summation.
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If n =0, we can adapt the argument changing the n for a 0 to get

k
(2.2) Z Nem = To,
m=0

which by definition of the measures pu;, proves that they all have total mass equal
to Zo-

Choose € > 0 and fix n > 1. By Lemma [2.§ we know there is an integer K. > 0
such that

ge(t) — " < for te€[0,1] and (%)”gg it k> K.

Then for k£ > K. we have that

m=n m=0
k m ma k n—1 man
<2 Jo () = (7) ot X (5) M
k n—1 n k
<€Z/\km+z<%> )\km<5z)\k;m—€$o7
m=n =0 m=

where we have used multiple times that A;,,, > 0 since the original sequence z is
completely monotone by hypothesis. This calculation implies that

1
lim t"dpy(t) = x, forall n>0.

k—o0 0

The proof is over because in view of we can apply Helly’s selection theorem
to conclude that there is a subsequence {4, }7°, that converges weak™ to a positive
(because all the original measures are positive) and finite Borel measure p supported
on [0, 1]. By definition of weak® convergence we obtain that

1 1
T, = lUm [ " du,(t) = / t" du(t)
l—00 0 0
for all n > 0, as we wanted to see. O

We can now prove the last lemma which in essence constructs the measure we
are looking for.

LEMMA 2.12. If a function f :[0,00) — R is completely monotone, then there
exists a finite and positive Borel measure p such that

_ > —rt d
Fr) = [ et autn
forr > 0.

PROOF. First of all, by virtue of Lemma [2.7] the sequence {f(n)}22, is com-
pletely monotone. Secondly, by Hausdorff theorem we know there exists a finite
and positive Borel measure p with support in [0, 1] such that f(n) = fol t" du(t) for
allmn > 0.
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The same reasoning allows us to conclude that for fix m > 1, the sequence
{f(n/m)}>2, is completely monotone, and hence there exists a finite and positive
Borel measure v, such that

n

(2.3) f (—) = /1 t" dvp,(t) for n>0.

m

Consider now the finite and positive Borel measure p,,, also supported in [0, 1],
defined as dpi,,(t) = t"™ dv,,. We can then write

= s = [[emanato = [ anaie

This implies that a given polynomial has the same integral with respect to the
measure 4 and any of the measures p,. In turn, this means that since we can
uniformly approximate any continuous function in [0, 1] by polynomials (via the
Weierstrass Approximation Theorem), we know that any continuous function will
also have this property. Therefore,

P = [t = [ o = [ o,

where in the last equality we have used the previous argument applied to the con-
tinuous function q(t) = t"/™.
If we now define the (continuous) function

mwzlﬂm@,

we see that f and ¢ coincide at every rational in [0, 00), and so they must be equal.

Then,
p((0,1]) = g(0) = f(0) = lim_f(x)

z—0t

= lim t* du(t)
z—0t [071]

= lim t* dp(t) < p((0,1]).

z—0t (071]

Since we always have 1((0,1]) < u([0,1]), we have the equality and p({0}) = 0.

If we consider now the measure v obtained by dv(t) = —logtdu(t), for r > 0 we
have
)= [ eaun = [ ean
0,1] [0,00)
and the proof is over. O

Having proven this auxiliary result, we can now finish the proof of the Hausdorft-
Bernstein-Widder theorem.

PROOF OF THEOREM [2.3] If we assume such an integral representation exists,
then by the Theorem of differentiation under the integral sign, we directly have

100 = [ et dutn 2 0

for r > 0 and all £ > 0.
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For the other direction, given § € (0,1), the function Fs(t) = f(t + 0) is com-
pletely monotone in [0, 00) (because f is completely monotone). Applying Lemma
2.12| we know there exists a finite and positive Borel measure vs supported on [0, 00)
such that

Fs(r) = /0 e " dus(t) = /(0 ; t* dpgs(t),

where dus(t) = e *dus(t) is a new measure. Now, given n > 1, we can use this
integral representation of Fs to conclude that

f(n)=Fs(n—90)= / "0 dus(t).
(0,1]

This just means that the last integral actually doesn’t depend on ¢, and therefore
if we define the new measure dns(t) = t=°dus(t), every polynomial p such that
p(0) = 0 will also have an integral over this measure independent of 4.

Using the same argument as before, this will also be the case for any continuous
function that vanishes at 0. Finally, applying this fact to the function h(t) = ¢*,
for any # > 0 and 0 < min{1,z}, we will have

f@)=Fle-5= [ dut) = /(] Eampt) = [ e ant)

(0,1]
where v is a new measure defined by dv(t) = —logtdn;,. This integral represen-
tation completes the proof of the theorem. O

We will finish this section by introducing the concept of universally optimal
configurations, as it was defined by Cohn and Kumar in |[CKO07].

DEFINITION 2.13. We say that a configuration wy is universally optimal on a
compact metric space (A, p) if it minimizes the K-energy of any kernel of the form
K(z,y) = f(p(x,y)?) where f is completely monotone.

Notice that Theorem [2.3] allows us to write such kernels as
K(2.) = Fp(e.9f) = | Gupler ) dute).
0

Notice that the Riesz-s kernels for s > —2 are of this form, if we take into
account that minimizing a negative energy is equivalent to maximizing its positive
version (with f(z) = x7%/2). Therefore, universally optimal configurations in the
S1 will be minimal energy configurations for these kernels. We end this section
with the following characterization of universally optimal configurations, which is
a direct consequence of Theorem [2.3]

THEOREM 2.14. A configuration wy is universally optimal on a compact metric
space (A, p) if and only if it is optimal for all Gaussian kernels Gy with t > 0.

PROOF. The direct implication is clear. And if a configuration w} is not uni-
versally optimal, then there exists a kernel of the form K(z,y) = f(p(z,y)?) with
f completely monotone and a configuration w3, such that

Z K(ZEZ',ZL']') > Z K(ZE“I])

a;i,ijw]lV Ti,Xj Ew?\,

i#] ]
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By Theorem [2.3], this is equivalent to saying that for some Gaussian kernel Gy,

/ Z Gy p(, ;) dp(t) / Z Gy p(, ;) dp(t),

xl,x]EwN azl,IJEwN
i i#]
and by the monotonicity of the integral we obtain that w} is not optimal for some
Gaussian kernel, which proves the result. U

3. The optimality of equally spaced points

Our objective in what follows is to study which are the optimal configurations for
the Riesz-s kernels for diferent values of s. Our first goal is to prove the optimality
of equally spaced points in the unit circle for the case s > —1. We will first prove
it for the geodesic distance, and then we will obtain the result for the Euclidean
distance as a corollary.

DEFINITION 3.1. Given a rectifiable simple closed curve I' C RP with a chosen
orientation, the geodesic distance between any two points x,y € T', denoted by l(x,y),
1s the length of the shortest arc of I' connecting x and y.

We shall now prove the aforementioned result for this distance in a slightly more
general setting.

THEOREM 3.2. Let f : (0,|I'|/2] — R be a convex and decreasing function
defined at t = 0 by lim;_,o+ f(t) and let K be the kernel on I' x I' of the form
K(z,y) = f(l(x,y)). Then any configuration consisting of N equally spaced points
with respect to the arc length will minimize the K-energy. If f is strictly conver,
then such configurations are the only ones attaining a global minimum.

PROOF. Let us denote by L(z,y) the distance from the point x to the point y
along I' in the direction given by the orientation.

[z, y)

L(x,y)

FIGURE 1. The geodesic distance [(z,y) and L(x,y) for the points
r = (—1,0) and y = (0,1) in S! with the counterclockwise orienta-
tion.

We will also assume that given an arbitrary configuration wy = {z1,...,2y} C
I', the index of the points increases in the direction of the orientation, and we will
denote xyy; = x; fori=1,...,N. For fix k € {1,..., N — 1}, we have

k

N N
Zl Tj, Tivk) < Z (25 2500) = Y D L(@jin—1,Tj40) = K |T|

j=1 n=1
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(changing the order of summation) and also

Zl(xj,ijrk) < Z(|F| — L(wj,2441)) = (N = K)|T|.

If wly = {z,..., 2n} denotes instead a configuration of N equally spaced points,
we have
RN |
(3.1) NZZ(xj,xj+k) < 7 min{k, N =k} =iz, 254).
j=1

Ex(wy) =Y > fllz,2j4)) > Z (% o %7%‘+k)>
k=1 j=1 k=1 j=1
N-1
> N Z f(l(zhszrl)) = EK(“’?V)a
k=1

where in the first inequality we have used the convexity of f and in the second
one, that f is decreasing together with (3.1)). Notice also that strict convexity of f
implies an strict inequality. Il

Notice that the restrictions on f are similar to those we have in a completely
monotone function, so this result also works for them.

We can now establish this result with the Euclidean distance in the more familiar
S1, where we have an easy connection between the 2 distances.

LEMMA 3.3. If P,Q € S, then

[(P,Q)
B

PROOF. If we call O = (0,0), we first of all have that P/O\Q = [(P,Q). Then
notice that by the law of cosines,

[P = QP =2~ 2cos(I(P,Q)) = 2(1 — cos((P, Q))),

while by a well known trigonometric identity,

1 — cos(z) = 2sin? (%) :

Combining these results we get the desired equality. O

|P — Q| = 2sin

COROLLARY 3.4. Let f:(0,2] = R be a convex and decreasing function defined
at t = 0 by limy o+ f(t). If we define again the kernel K(z,y) = f(|z —y|) on
St x S, any configuration of equally spaced points will minimize the associated
K-energy. If f is strictly convex or strictly decreasing, then these are the only
minimizing configurations.

PROOF. Using the previous lemma, we know that for z,y € S*,
I(z,y)
5

|r —y| = 2sin

Since f is convex and decreasing on (0, 2] and Sin% is concave and increasing

n (0, 7], the composition g(t) = f(2sin %) is convex and decreasing. Now we can
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apply Theorem [3.2] and obtain that equally spaced points are energy minimizing
for the kernel K(z,y) = g(l(z,y)) = f(|]z — y|). We notice also that if f is either
strictly convex or strictly decreasing, then g is strictly convex and by Theorem
such configurations are the only optimal ones. O

REMARK 3.5. Since the functions f(t) =t for s > 0, g(t) = —t=° for —1 <
s <0 andh(t) = log% are convez and strictly decreasing on (0,2], we conclude that
the N-th roots of unity are the only energy minimizing configuration for the Riesz
s-kernels for s > —1 and s = log.

In the last case, we can even compute exactly the minimal energy as a conse-
quence of this famous identity.

LEMMA 3.6 (Euler’s Identity). If N > 2 then
NoL
3.2 in— =2"VN.
(3.2) H sin —
k=1
PROOF. First of all, notice that by Lemma [3.3] we have

ok |1—e
sin —— = -——

N 2

Therefore,
NoL N-1
. _ ;2mk
|| sin — = 2!V ” |1 —e"N|.
N
k=1 k=1

Notice now that the numbers 1 — ¢'% with k = 0,..., N —1 are the N roots of
the polynomial Q(z) = (1 — z)" — 1. If we now exclude the solution z = 0, which
corresponds to k = 0, we find that the numbers 1 — eV with k = 1,...,N—1are
all the roots of the polynomial

Q@) _(1-=)V-1

P(z) = = =ay_1 2V 4+ @z + ao.
x x

Now, by the binomial theorem, ay = N and ay_; = 1, while by Vieta’s formulas,
N-1

[T -e%) = ("= = (-)"N
Pty aN-1
Taking the modulus on both sides finishes the proof. U

PROPOSITION 3.7. The minimal energy for the kernel s = log is given by
Slog(Sl, N)=—NlogN.

PROOF. By the symmetry of the roots of unity, we have that

N-1 N—-1
Eog(S',N) = —N Z log |z — xny| = —N log H |z — 2N |
k=1 k=1
N-1 N-1

[
= —Nlog H QSiDM
k=1

k
= —Nlog H 23111% = —Nlog N,
k=1

where in the last equality we have used (3.2)). O
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Before moving on to different values of s, we will now present a theorem that
gives a similar result which is true for the n dimensional sphere S™.

THEOREM 3.8. Let f : (0,4] — R be a convex and decreasing function defined
att =0 by limy o+ f(t). If 2 < N < n+ 2, then the vertices of reqular (N — 1)-
simplices inscribed in S™ with center at the origin minimize the energy in S™, n > 2,
with respect to the kernel K(z,y) = f (|lx —y|?). If f is strictly convex or strictly
decreasing, then these are the only optimal configurations.

Recall that a regular N-simplex is the N-dimensional convex hull of N+1 points
with equal pairwise distances.

PROOF. Let wy = {x1,...,2x} be an arbitrary configuration on S™, so that
N N N N N2

M) =SSl — P =32 - 20, 25) =2N? — 2|3 | <2N?,
i=1 j=1 i=1 j=1 i=1

with equality if and only if Zf\;l x; = 0, which is the case for the vertices of a
regular (N — 1)-simplex centered at the origin. As a consequence, we have
(3.3)

Eln) = 203l = NO-0F (il ) 2 M0 (527 ).
i=1 j#i

where in the first inequality we have used the convexity of f and in the second one,
that it’s decreasing. Moreover, we again have an equality if

N
(3.4) \z; — x| = |xp, —ay| for @+ j,k#1 and in:O.
i=1
Thus, the vertices of a regular (N — 1)-simplex in S™ centered at 0 are energy
minimizing. If f is strictly convex or strictly decreasing, then we have equality in
(3.3) if and only if (3.4)) holds, or equivalently if and only if the given configuration
is a regular (N — 1)-simplex in S™ centered at 0. O

REMARK 3.9. Notice that in this case the minimal enerqgy is

Ex(S",N) = N(N — 1)f (;—Tl) .

Next, we will characterize the configurations that minimize the s-energy when
s < —2. In order to do so, we first introduce some notation.

We will denote as M(A) the set of all Borel probability measures on a compact
set A C R™. We will also denote by B" the n-dimensional ball

B"={z e R": || <1},
so that S"~1 C B™. We also define the following concepts.

DEFINITION 3.10. We say that a point b = (by,...,b,) is the center of mass of
a measure p € M(A) if and only if

bi—/xidu(x), i=1,...,n,
A

where we write x = (T1,...,%,).
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The following result due to Bjorck |Bjob6| shows that the problem is trivial for
the Riesz kernels of order s < —2.

THEOREM 3.11. If s < —2, a measure yu € M(B") minimizes the energy

(35) L) == [ [ el duta) duty)

if and only if p = 3 (6, 4 0_a), where a € S™' is arbitrary.
If s = =2, a measure u € M(B™) minimizes the energy if and only if
€ M(S"1) and the center of mass of u is the origin.

REMARK 3.12. Notice that if we consider a simple measure p = %Zjvzl Oz, 5
then the energy becomes the familiar expression

A
L) = — 2 DY e -l
i=1 j=1
so rephrasing our problem like that is just restating it in a different way.

PROOF OF THEOREM [B.11] Case s = —2: Let u € M(B") and b = (by,...,b,)
be its center of mass. Then

//:vydu ) dp(y //:myzdu ) dpi(y)

:;U 2 dpla ) Zzﬁ b2,

Using that —|z —y|? = 22 -y — |z|> — |y|* and the previous calculation, we have

—— [ [ o= yPdu(o) duly
(35) =2 [ [ oyt duto) 2 [ 1ol duto

> 20b)? —2 > -2,

with equality if and only if b = 0 (that is, x has its center of mass at the origin)
and

(3.7) /B 2 dpu(z) = 1.

Since |z| < 1 on B, can hold if and only if |z| = 1 p-almost everywhere, or
equivalently if ,u is supported on S™"!. Therefore we have proven that y minimizes
the energy if and only if e M(S"1) and b = 0, as desired.

Case s < —2: Using (3.6|), we have

// —y|7 e — y|P dplz) du(y)

(3.8)
—282/n/n |z — y|* du(x) duly) > =271
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Now if yi, = 3 (6, 4 0_,) with a € S arbitrary, we get

2 2

1 —s 1 —s —5—
L(pa) = =3 DD |ei =™ = —Zla+a[ " = =277,

i=1 j=1

so it is sufficient to prove that there are no other measures that attain the equality
in .

If there was such a measure p, then in particular it would satisfy I_o(pu) = —2
which we have seen implies b = 0 and u € M(S™1). Then,

L= [ [ el duteyauto)

2232/5 —1/3 e =yl du(e) duly).

Similarly as before, since |z — y|™* < 2757%|z — y|?, then necessarily |z — y| = =
27572z — y|? u x p-almost everywhere on S"1 x Sn~L.

If n = 1, then S° = {1, —1} and the measure would be of the desired form. If on
the other hand n > 2 and the support of p contains 3 or more points, then there are
2 points 21, 2o € supp(p) such that |27 — 25| < 2. This implies the existence of two
spherical caps C;,Cy C S™ ! centered respectively at z; and 2, such that for any
z € Cy and y € Cy, we have |zr—y| < 2. But this means that |z—y|™* < 2757 2|z —y|?
for (z,y) € C1 x Cy, which has positive p x p-measure (by definition of support of
a measure), which is a contradiction with our previous findings. Hence the support
of u contains at most 2 points, and since b = 0, those must be the endpoints of a
diameter with each point having mass 1/2. g

We can now finally state the exact result that matches our situation.

THEOREM 3.13. If s < —2, a measure p € M(S™) minimizes the energy

(3.9) I(p) = — / / |z —y|™* du(r) du(y)

if and only if p = % (0q + 0_0), where a € S™ is arbitrary.
If s = =2, a measure p € M(S™) minimizes the energy if and only if the

center of mass of i is the origin.

PROOF. Simply observe that such a measure p minimizing the energy (usu-
ally called equilibrium measure) satisfies 4 € M(S™) € M(B"*!), and apply the
previous theorem. Il

We finish this section by mentioning that in the case —2 < s < —1, the unique
optimal configuration is again the one consisting of N equally spaced points. We will
however not provide a proof of this fact since it uses linear programming methods,
a different technique than what we are using here which is beyond the scope of this
project (see [CKO7] or [BHS19, Chapter 5]).

4. A result for the geodesic distance

Our goal in this section is to tackle the problem of maximizing the sum of the
(g) pairwise arc distances (that is, the one given by the geodesic distance I(x,y))
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determined by a configuration w, = {x1,...,z,} of n points on the unit circle (case
s = —1 of the s-kernels),

Ej(wn) =Y Y Ui, z)).

i=1 j=i+1

In the previous section (see Theorem [3.2) we found a sufficient condition for a
given configuration to be optimal: having equally spaced points (here we make use of
the fact that minimizing a negative energy is equivalent to maximizing its positive
version). In this section we will go a step further and characterize minimizing
configurations, following the work from Minghui Jiang in |Jia08]. We are going
to see that if we change the distance the results are quite different, showing in
particular that there is no uniqueness in the minimizing configuration.

Given 2 points p,q € S, call angle(p, ¢) the angle of counterclockwise rotation
from p to ¢, which clearly satisfies angle(p, ¢) = 2m — angle(q, p). Given a point set
P, define §(P) as

[Pl |P|
S(P)y = Y Uwiw))
i=1 j=it1

and given a positive integer k& > 2, denote by d(k) the maximum possible sum of
the (g) pairwise arc distances determined by a configuration with & points in S*.
Lastly, we call a point set P balanced if for each line that goes through the center
and touches no point of P, the number of points on each side of the line differs at
most by 1.

We can now state the aforementioned characterization.

THEOREM 4.1. Let k > 2 and P be a point set such that |P| = k. Then 6(P) =
d(k) if and only if P is balanced. The mazximal energy is (k) = |k/2|[k/2]m.

In order to prove this theorem, we first need to characterize the property of
being balanced in a more convenient way.

We will always consider that a point set P in S! has its points ordered coun-
terclockwise by their non-descending polar coordinates in [0, 27). We will therefore
denote by P(i) the i-th point in the sequence, where we agree for convenience
that P(i) = P(i mod n) and that angle(i, j) = angle(P(7), P(j)). We now define
diff(i, j) = (j —4) mod n and P(i,j) as the subsequence consisting of 1 + diff(s, j)
consecutive points: P(i), P(i +1),..., P(j).

We will call {i, 7} a pair of indices if diff(7, j) # 0 (that is, they don’t represent
the same point). A pair of indices is median if diff(i, j) = diff(j,i) = n/2 and
non-median otherwise. Notice that if n is odd, all pairs are non-median and if n is
even there are n/2 median pairs.

We denote by (i,7) an ordered pair that satisfies 0 < diff(i,j) < [n/2]. An
ordered pair (i, j) is short if angle(i, j) < 7 and antipodal if angle(7, j) = 7. Lastly,
we denote by P(i) the antipodal point of P(7), which in general will not belong to
the point set P.

LEMMA 4.2. A point set is balanced if and only if every ordered pair is short.

PROOF. Suppose P is balanced and call (4, 7) an arbitraiy ordered pair and let
P(k) and P(I) respectively be the points closest to P(i) and P (i) (with P(k) # P(i)
and P(l) # P(i)) in the counterclockwise direction. Consider a line that goes
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through the circle that, by construction of the points P(k) and P(l), partitions
P into 2 subsets P(k,l — 1) and P(l,k —1). Since P is balanced, we must have
|P(k,l — 1)| > |n/2] which in turn means that |P(i,l — 1) > |n/2] + 1. But
diff(é, 7) < |n/2] implies that P(j) € P(i,l — 1) and consequently angle(i,j) <
angle(i, [ — 1) < 7 (by definition of P(l)), so (i, ) is short.

We prove the other direction by contraposition. Assume that P is not balanced,
and consider a line that goes through the center partitioning P into 2 subsets whose
size differs by at least 2. Let P(i,j) be the larger subset and P(k,[) be the smaller
one, with diff(y, k) = diff({,7) = 1 (that is, P(k) comes after P(j) and P(i) comes
after P(l) in the counterclockwise direction). We have |P(k,l)| < |n/2], which
implies |P(j,7)| < [n/2] + 1. It follows that diff(j,7) < |n/2]| while angle(j,7) > ,
so we have found an ordered pair not short. Il

We are now ready to prove the main theorem.

PROOF OF THEOREM 4.1l By the previous lemma, we need to show that the
sum of arc distances is maximum if and only if every ordered pair is short. For this,
we consider median and non-median pairs separately and prove the result for each
of them.

Median pairs: The arc distance [(7, j) of a median pair is maximal if and only
if the points are antipodal, which happens if and only if the pairs (i, ) and (7,1)
are short. This proves that the sum of arc distances of median pairs is maximum if
and only if all ordered median pairs are short.

Non-median pairs: Assume first that P is a point set with the maximum sum
of arc distances of non-median pairs, and that there exists an ordered non-median
pair satisfying angle(é, j) > 7. Choose this pair such that diff(¢, j) is minimum.

Consider, as before, a line partitioning P into 2 subsets P(j,7) and P(i+1,j—1).
Move now the point P(i) in the counterclockwise direction for a distance e until
it is on the partitioning line. This movement makes all the arc distances from the
point P(i) to each of the points in the subset P(i,j — 1) decrease by €. Similarly,
the arc distances from the point P(i) to the points in the subset P(j,4) increase
each by €. This simply means that the sum of arc distances increases by a total of
xe, where x = diff(j,4) — diff(é, j — 1). Our goal is to see that x > 1 in order to
reach our contradiction.

Since (i, 7) is an ordered non-median pair, it must satisfy diff(z, j) < [n/2] and
diff(i, j) # n/2. For even n, this means that diff(¢, j) < n/2 — 1 while for odd n,
diff(i, j) < (n —1)/2, so we can always bound it by (n — 1)/2. Therefore,

n—1
2
so x > 2. Leaving out one possible median pair when n is even, we still obtain that
x > 1, which means that P wasn’t optimal since we’ve found another set with a
bigger sum of arc distances. We have reached a contradiction and the result follows.

Now we will prove the other direction directly. For this, consider two arbitrary
point sets P and @ in S' with |P| = |Q] = n and assume that every ordered
non-median pair in them is short. Define for every such pair (i, j) the quantity

Ay = UQ(), Q()) — I(P(E), P(4))-
Our goal is to prove that Z(i, i) A;; = 0, where the sum is taken over all non-
median pairs, since this will mean that P and () have the same sum of arc distances

diff(j,z’)znTH and  diff(i, j —1) < Y
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of non-median pairs. Since every non-median pair is short, we have

(P(i), P(7)) = L(P(i), P(5)) and [(Q(i),Q())) = L(Q(), Q(7));
where L(x,y) denotes the distance from z to y in the counterclockwise direction.
It follows that

Ay =1Q(i),Q(7)) — I(P(), P(j)) = L(P(j), Q1)) — l(P(i), Q(4)).

Notice now that for each index 1 < k < n, there are the same amount of ordered
non-median pairs (i, k) and (k, j). The term [(P(k), Q(k)) is included as a positive
term in each A, and as a negative term in each Ay ;. Therefore, >,y A;; = 0
and P and () have the same sum of arc distances of non-median pairs. If these point
sets did not have the maximum sum and another point set P’ had the maximum
sum of arc distances of non-median pairs instead, then P’ would have at least one
ordered non-median pair that is not short, which contradicts the other direction of
the lemma we proved before.

To provide the value of the maximum sum, we only need to calculate the sum
associated with one balanced configuration. We consider the configuration that
consists of [n/2] points in one endpoint of a diameter, and [n/2| points in the
other endpoint. It is clear that in this case the sum of arc distances is |n/2]|[n/2]mr,
which finishes the proof of the theorem. U



CHAPTER 2

The Riesz energy of the roots of unity

In the previous chapter, we studied optimal configurations of N points that
minimised the energy associated to a variety of different kernels. We can summarize
our results in the following way:

o If s > —2 or s = log, then equally spaced points are optimal.

e If s = —2 then any configuration with its center of mass located at the
origin is optimal.

e If s < —2 and N is even, then a configuration with N/2 points located
at one endpoint of a diameter and N/2 located at the other endpoint is
optimal.

o If we are summing the pairwise arc distances, then balanced configurations
are optimal.

We remark that in two cases, namely the sum of arc distances in the circle, and
in the case of logarithmic energy, we could compute the value of the optimal energy
exactly.

We can actually do the same for the s-energy associated to N equally spaced
points wy;, which we will call from now on

L(N) = E,(wy).

If s € Cand wiy = {z1,...,2y5} are the N-th roots of unity in S', then by the
symmetry of these points

N-1 N-1 N—-1 Tk
Es (,d* — N o — 2 -5 _ N 1 o 627”:% -5 _ 2—3N Sin— :
R =N Lol =N - =g ()

where the last equality follows from Lemma [3.3]
We know that &(S', N) = L,(N) in the case s > —2. Our goal in this section
is to derive a complete asymptotic expansion for this expression as N — oo.

1. Preliminary concepts

We will now introduce concepts from potential theory as well as special functions
that will be necessary for the main theorems of this chapter. The main reference
for this chapter is [BHS09].

The first definition we need is what’s called the Wiener constant.

DEFINITION 1.1. Given a compact set A C R™ and a symmetric and continuous
kernel K, the (possibly infinite) Wiener constant is defined as

Wi (A) = uelj{}[f(A) I (1),

where

IK(M)Z/A/AK(M/) dp() du(y),
19
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and M(A) denotes the set of all Borel probability measures supported on A.
If a measure pg a satisfies I (pr a) = Wi (A), then we call g 4 an equilibrium
measure.

This constant appears in the following theorem, which can be proven using
potential theory.

THEOREM 1.2. If A has Hausdorff dimension d and 0 < s < d, then

. &(AN)
A =N = WA

Here we will focus on the case A = S, for which we can compute the Wiener
constant (from now on, we will write W instead of W,(S')).

LEMMA 1.3. The equilibrium measure for the circle A = St is the normalised
Lebesgue measure.

PROOF. It is known that such a minimizer measure must be rotation invariant,
and we know that the Lebesgue measure has this property. In order to see its
uniqueness, we will adapt the proof in [Rud90, p. 2|.

More precisely, we want to see that given two non-negative regular, rotation
invariant measures (also called Haar measures) p and 4 (in the S'), there exists a
positive A such that p/ = A\p.

For that, fix g € C(S") such that [, gdp = 1 and define \ as

A= / " g(e ) du (6).

Then, for any other f € C'(S'), we have

2

= / ge@ydutt) [ £ dy(0)
S 0

0

B / " g(e") dpu(t / " FE0) dyi(6)
N /0 " (0) /0 " (e F(e ) dpa(t)
_ / "l (0) / " (e 0) f(e) du(t)

2
0

= [ e [ e ao) =x [ san
0 st

where we have used Fubini’s theorem twice.

Thus, the Lebesgue measure is the unique rotation invariant measure up to
multiplication by a constant, and since the equilibrium measure is in particular a
probability measure, the result follows. U

THEOREM 14. For s € C, s #1,3,5..., we have
27°T((1 —s)/2)
V(1 — s/2)

(1.1) W, =
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PROOF. By the previous lemma, we know that the equilibrium measure is the
normalised Lebesgue measure. Thus,

1 2w 2 ] ) 1 2w 27 )
W, = —2/ / e — |7 dt df = —2/ / 11— @7 dt df
47T 0 0 47T 0 0
1 27

= — 11— e™|*dt.
2 Jo
Then, using Lemma, and the identity [PBMS86|, Chapter 2, Section 5.3.1|, we
obtain
27 [T t ol=s [m/2 I((1—s)/2
s = / sin~® = dt = / sin"*udu = 2’5M. ]
27 J, 2 T Jo V(1 — s/2)

Next, we need to introduce the sinc function, defined as

sinc z = sin(rz)/(mz) if z # 0,
lif z=0.

Notice that the sinc function is analytic, and has no zeros in the unit disk D.
This means that it has a logarithm that is analytic in D, where we choose the
branch such that logsinc0 = 0, which means that sinc™®z = exp(—slogsincz) is
well defined as an holomorphic function. Moreover, sinc™® is even, so it admits a
series representation of the form

(1.2) sinc™*z = Zan(s)z%, |z| < 1,s € C.
n=0

For 0 <y < 1, we can write
(1.3) sinfry=n"%y *sinc *rz=n" Z o (8)y*"*
n=0
uniformly in compact sets of (0,1) (for fixed s). Therefore, if (a); denotes the
Pochhammer symbol (or rising factorial)

E—1
. I(a+k
=1 ant (@0 =[Ja+i) - Mt eeckz1
then we obtain
dm —1)ym &
(1.4) a sin™* rxy = ( 773) % n(8) (5 — 2n),, 22 Sy2nmsTm,

Integrating now term by term, we can also obtain an expression for the anti-
derivative of sin™* 7y in (0, 1),

1 e y2n+1—s
15 Ay = =S an(s)-L—— i 1,3,5...:
(15) =5 Yy e
if s=2M 4+ 1 with M =0,1,2..., then

OéM(S) 1 > y2n+1fs
1.6 A(y) = 1 - ()L
(1.6) (y)=—_Tlogy+— > a ()5 1T

n=0

n#
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In order to continue, we need to have some additional information about the
coefficients a,(s).

LEMMA 1.5. The functions a,(s) satisfy

ag(s) =0 and a(s) = Z am(s)w, seC,n>1,

where the Riemann zeta function is defined in .
PROOF. Taking the derivative with respect to s in (|1.2)), we obtain

(1.7) (—logsincz) sinc™%z = Za;(s)z%, |z| < 1,s € C.
n=0
Moreover, we have

log sincz = log ﬁ( ) Zlog (1— )

k=1
=YY A=Y e
k=1 n=1 n=1
Therefore,
2z
—1 = —((2 m
(— log sincz) sinc™°z = (Z " ((2n ) (Za )
00 n—1
z Z am(s)—n —
n=1 m=0
and comparing terms with the expansion in (1.7]) finishes the proof. O

PROPOSITION 1.6. For every n > 0, a,(s) is a polynomial of degree n in s with
non-negative coefficients.

PROOF. We prove it by induction. The base case is clear since sinc 0 = 1 implies
that ag(s) = 1, and then we simply integrate the expression for o/ (s) we obtained
in the previous lemma taking into account that ((2k) > 0 for all £ > 1. O

By Proposition [1.6] we get |a,(s)| < au(|s]) < e, (R) for |s| < R, which implies
that for fixed y € (0,1), the series expansion in converges uniformly for s in
compact subsets of C by the Weierstrass M-test. Thus, As(y) is an holomorphic
function in s in C\ {1,3,5...} for fixed y € (0,1).

For Re s < 1, sin™* 7y is integrable on [0, 1]. Therefore (see Theorem , we
have

1

o ' 1/2
W, = —/ 11— et dt = 218/ sin”* my dy = 2170 A(1/2).
27 0 0

Since both Wy and 2'7*A,(1/2) are holomorphic in C\ {1,3,5...} and coincide
in Re s < 1, by analytic continuation they must be the same function and so

(1.8) W, =2"°4,(1/2) = Wi Z&n(s)% if s#1,3,5...

n=
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If on the other hand, s = 2M 41 with M = 0,1,2.. ., then using (1.6)) we define
the constant

19 Gu=27 A2 = 2 o = > e
i

We will compute the value of this constant in Theorem [3.7]

2. The Euler-Maclaurin summation formula

In this section we will introduce the Euler-Maclaurin summation formula and the
Riemann zeta function. We start by defining the Bernoulli numbers. The reference
used for this section is [Buel3].

DEFINITION 2.1. The Bernoulli numbers By, are defined as the coefficients of
the series expansion
-1 Z

The Bernoulli numbers are closely related to the Bernoulli polynomials, defined
as follows.

DEFINITION 2.2. The Bernoulli polynomials are defined as the coefficients of the
Series erpansion

etz

(2.1)

=\ Bi(t) 4
=2 kE)Z

k=0

We can derive a closed form for these polynomials by taking the product of
power series

L Bi(t) . zet? Bk
e () (B 5 ns

1']'
k=0 n=0 k=0 i+j=k

Therefore, we obtain

k
k
Bi(t) = By t™.
k(t) 2;2(m> K

Since By = 1, By(t) = 1. The Bernoulli numbers satisfy the relation B =
By(0) = Bg(1) with the exception of k = 1. In that case, since By (t) =t —1/2, it is
taken by convention in the modern literature that B; = B;(0) = —1/2. Bernoulli
numbers have very interesting properties, such as the following one.

PROPOSITION 2.3. If k > 2 is an odd natural number, then By = 0.

PROOF.

2 B 22+ z(e* = 1) z2(e®+1)  2(e*/? 4+ e %?)
es—1 ! 2(e* — 1) ez —1)  2(e*/? — e=#/2)

. z . . . .
Consequently, the function — T~ Biz is even and its series expansion has no
e _

non-trivial odd terms. O



2. THE EULER-MACLAURIN SUMMATION FORMULA 24

Other properties relating the Bernoulli numbers and the Bernoulli polynomials
are:

e For real z = z, if we replace t by 1 —t¢ and « by 1 —z in (2.1)), the left-hand
side remains unchanged, and we obtain the relation

(2.2) B,(1—2xz)=(-1)"B,(z) for ze€R,n>1.

e The Bernoulli numbers satisfy (—1)""!' By, > 0 for n > 1.
e Forn > 1,

(2.3) /01 B, (x)dxz = 0.

LEMMA 2.4. Fork > 1,
By(t) = kBy-1(t).
PROOF. Differentiating (2.1)) with respect to ¢, we get

(recall that the first Bernoulli polynomial is constant). This implies
ze*  Bilt) o1 x Beat)
e D D T _kzzo(k:Jrl)!z

k=1

And comparing the powers of z term by term with ((2.1]) gives the result. U
DEFINITION 2.5. We denote the Bernoulli periodic function C,, as

Cn(z) = Bu(z — |x]).
We are now ready to state and prove the Euler-Maclaurin summation formula.

THEOREM 2.6 (Euler-Maclaurin summation formula). If f is a smooth function
in [a,n], where a < n € Z, then for all m > 1 we have

n—1 n
fk / fx)de + Z fE V(@) + Ry,
k=a a
where
R, = ﬂ ! C (x)f(m) () dx
™l . '

PROOF. We want to prove that

(2.4 /f das+2 Dt vy

holds for all m > 1.
We first prove the base case, m = 1. Since

+/Ox f'(t)dt
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we can integrate with respect to z from 0 to 1 and get

/Olf(.r)d:v:f(0)+/01/0$f’(t)dtda::f(())_|_/01f/(t)/t1xdxdt
v [ roa-va=s+ [ rwa

Adding the last two equations and dividing by 2 gives the equality

/f );—f()-i-/o (%—t)f/(t)dt,
= [y LOI0 4 [ (- 3) Fas

:/Olf(x)da:—l—Blf(x) 1+/01 B (z)f'(x) d,

and the base case is proven. Now assume that (2.4) is true for all & < m. By
Lemma [2.4] Bj(z) = kBj_i(z), and so

L Biia () L B

B ®) (1) dp = ZFE\") -~ | B B+ () d.

| Binsmar= S0 @) - [ B

The case m + 1, using the previous calculation, can be written as

1 m Bk (5-1) 1
Z/Of(x)dx+2gf (x)
k=1

or equivalently

0

F® ()

1

(=)™ [ By (2) (m) 1 /1
m ——— | Bn (D) (1) da | .
o )| g [ B ) da
Now we observe that when m is odd, (—1)™" = 1 and when m is even,
B2+1(0) = Bui1(1) = 0. Consequently,
mil p ( 1)m+2

(m—+1)'/0 By () " () da.
. !

/f dI+Zk|f(k1

Applying this formula to the functions g;(x) = f(j + x) for any integer number
a <7 <n-—1, we obtain

f(G) = g;(0)
' & B (o) o™ [ (m+1)
/ g(x) d + Z ) )| K m/o B (2)g™ () da
S B g [0 (mt)
/ flx dm+zk|f j +m/j Consr () F4 (1) .
Adding them up for all @ < j < n — 1 we obtain the result. U

We end this study about the Bernoulli numbers with the following formula,
sometimes used as a definition instead of the approach we used.
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COROLLARY 2.7. Forn,m > 1,

—1 m
m—+1
B m—l—l—k.
S () e

PROOF. To prove this result, we will use the Euler-Maclaurin summation for-
mula to the function f(x) = 2™. Notice first of all that for | < m,

fO(@) =m(m =1)---(m =1+ 1)z"",
which in particular means that f™ = m!. By (2.3), we also have that

Ry = (—1)m+! /On Con(a) dz = n(—1)"+! /01 Bon(x) dz = 0.

We can now write

ikmzim

n

:/ ™ dx + Zk—k m—1)---(m—k+2)z™ " +R,
k=1 0
nm—i—l m m-+1 ]
= m+1k§:( )Bkn
_ 1 m+1B m—k+1 dJ
m+1 k

The last special fufiction we need to introduce is the famous Riemann zeta
function.

DEFINITION 2.8. The Riemann zeta function is defined as

(2.5) Q(s):ZE, Re s > 1.

n=1

This function has been extensively studied since Euler first computed it for some
real values of s (the Basel problem) and Riemann considered its generalization to
complex values.

There are plenty of results about the zeta function, and deep connections have
been found relating it to other areas of mathematics. We will see that it also plays
an important role in the computation of the complete asymptotic expansion we will
present in Section [3, a seemingly unrelated topic.

Notice that the expression in (2.5) converges only when Re s > 1. The main
result we will need about the Riemann zeta function later on is that it can be
analytically continued to the rest of the complex plane, having a simple pole at
s=1.

THEOREM 2.9. The Riemann zeta function can be analytically continued to the
half-plane Re s + 2p > 0, where p is an arbitrary natural number, using

1 1 - Boy, (8)2p+1 > o
(26) ((s)= s—1 + 9 + ; m(S)%_l - W/l Copt1(x)x =1y,
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PROOF. The idea is to apply the Euler-Maclaurin summation formula to the
function f(x) = 2~*. Thus, given a natural number p, if Re s > 1 we can write

C(S)ZZ”_SZ/lmﬂf_sder@Jr tim LY

N—oo 2

[e.9]

P By, (2k—1) ; 00 - )
—i—;(zk)!f M= () +(2p+1)!/1 Cop1 () D () da.

Using then that

1

fO(r) = =s(=s = 1) (=s = k)" = (=1)" (s)pa™*"

we obtain the desired formula. Note that the last integral in the right-hand side of
(2.6)) converges if Re s + 2p > 0 and the whole expression coincides with ¢ in the
half-plane Re s > 1, and so it is the analytic continuation. O

After knowing that the zeta function can be analytically continued to the entire
complex plane, one may wonder what its zeros are. The ( function is known to have
its “trivial” zeros at the negative even integers s = —2, —4, —6. . .; this is something
that Riemann himself knew. The Riemann hypothesis states that every other zero

1
of the function (known as the non-trivial zeros) has real part equal to —.

We finish this section with the following definition.

DEFINITION 2.10. Let p be a non-negative integer, y > 1 and s a complex number
such that s # 1. Then we define the incomplete Riemann zeta function as

p

1 1 By, (8)2pt1 /y oop1
Cyp(s) = 1 + 5 + kz:; (2k)!(8)2k—1 p+ 1)1 ), Copt1(z)x dzx.

We also define (notice that (1), = m!)

: 1 1 B y o
(2.7) Wyp = }glm <<y,p(3> - ) =5 + 2—;: — / Copi1(z)x P72 .
k=1 1

—1 s—1

Notice that since the periodic Bernoulli polynomials are uniformly bounded
(|Cp(z)|] < K,), we have for Re s +2p > 0

|Gy (s) = Cls)| = ‘% /yoo Coprr(z)x ™57 da

(2.8)

< |(S)2p'+1K2p+1| —Res—2p _ Os,p(@/iRe sf2p)’
(2p + D)!(Re s + 2p)

where O, , denotes that the constant associated with the O notation may depend
on s and p. Consequently,

lim ¢, ,(s) =((s), Res+2p>0.

Yy—0o0
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3. A complete asymptotic expansion

As we have mentioned before, in this chapter we will find a complete asymptotic
expansion in terms of powers of N of the s-energy of N equally spaced points

(3.1) = 27°N Z (sm —>
as N — oo. Before we start, let us restate Euler-Maclaurin’s formula (Theorem
in a more convenient way.

THEOREM 3.1. If f is a smooth function in [1,n], then for allm > 1 we have

/f Yo+ 5 (£(1 Zm:B% 0|

+ Romy1,
1

where

R2m+1

/ Comi1( f@mﬂ( ) dz.

We first establish the following lemma that allows us to write this energy as a
series expansion.

2m—|—

LEMMA 3.2. Let p be a non-negative integer and s be a complex number. Then
e Fors#1,3,5... we have

L (N) = W,N? @y Z (5)Cnyap(s — 2n) N1Fs—2n,

=0

o Fors=2M + 1 with M =0,1,2... we have

s

L,(N)=2" sanls >N2logN—|— (G + 2 7r( >\I/N/2p) N?

p - Con
+ o 2 () Cuapls = 2N
n=0

n#M
where Gy is defined in and W yyo,, ts defined in .

PROOF. The main idea of the proof is to apply the Euler-Maclaurin’s summation
formula. Given a natural number N fixed, define the function f(x) = (sin 57)~* for
0 <z < N, so that

N-1

The function f satisfies that f(N — 2) = f(x) and therefore f™(N — z) =
(=1 fm (z).

Now, notice that |[N —z| = N+ |—z| = N — |z| — 1. Then, applying property
(2.2)), we find that

COn(N =) = Bp(N — 2 — [N —2]) = Bn(1 — (x — |2])) = (=1)"Cu(x).
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Both of these relations mean that the function Cy,,; PV is even about N/2,
and so applying Theorem we have

=

-1 N/2 p
=2 [ s s -2y 2

) N/2
+ m / CQp+]_ (:v)f(2p+1)(:v) dﬂf
- J1

B
Il

Next, recall that in (1.5) we defined an antiderivative of sin™* 7wy for y € (0, 1),
so that

N/2
Iy =2 f(.:E)d:UzQN/ sin™* my dy = 2N (As(1/2) — As(1/N)).
1 1/N
Now, if s #1,3,5... from ([1.8)) and ((1.5) we obtain

stQn

2 [o@)
Iy =2°NW, + — n(8)————,
N +7T5n2:0a(8>8—2n—1

while for s = 2M + 1 with M =0,1,2..., we obtain from ((1.9) and ([L.6)) that

an(s) 2 & Ns—2n
Jy =2°NG 2——~Nlog N 4+ — n(§)————.
N M+ s o8 +7r5nz:%a(8>s—2n—1
n#M

Moreover, from the series expansion in ([1.3)), we see that

and from its derivative version in (|1.4)), we obtain

", By 2 o ", By

. (2k—1) _ = s—2n .

2> —<2k>!f ()= > an(s)N @) (5 — 2n)p_1.
k=1 n=0 k=1

Finally, we also have

9 N/2
(2p + 1)'

5— 2n —2n )2P+1 N7z 2n—s—2p—1
Z a,(s)N (2p 1) Copt1(z)x d.
1

Capa () 2 () da
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Combining all of these expressions, we obtain that

N—-1 00
- _ 2 s=2n
Ly (N)=2 N; Fk) = N*W, + @) nzgozn(s)]\[l—i- 2

1 1 <~ B
4 —2n)a
X(s—?n—1+2+z(2k)!<s )21

) N/2
B (S n>2p'+1 / 02p+1 (:L_)xf(szn)prfl dl‘)
. 1

- .
(27)s Z an(8)Cny2p(s — 2n) N2
n=0

as we wanted to see.

If instead, s is of the form s = 2M + 1 with M = 0,1,2.. ., substituting all of
the expressions we found, and making use of the fact that the Pochhammer symbol
in this case satisfies (s — 2M ), = k!, we obtain

. 9 QOéM(S) 2 = 1+s—2n
L, (N) = N>Gy + ) N?lo Z s)N

1 1 <& B
Ly )
x(s—?n—1+2+;(2k’)!(s )21

_9 N/2
. (3 n)?p-i—l / 02p+1($)$_(8_2n)_2p_1 d[L‘)
1

(2p +1)!
2007 (8) 119 1 sz /N2 —op-2
—=N*| = C P=2d
+ (21)° 2 op+1(2 x|,
which finishes the proof by definition of the incomplete Riemann zeta function
(ny2,p(s —2n) and the definition of Wy/o 4. O

We are now ready to present the main theorems that give us the complete
asymptotic expansions. The first one corresponds to the general case.

THEOREM 3.3. Let s € C with s # 1,3,5... and let p be a non-negative integer.
Then

(3.2)
L (N)=W,N*+

(s — 2n)N1+8*2” + (QS,ID(N*HRe 5*2”), N — oo.
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PROOF. Let ¢ be the smallest integer such that Re s + 2¢ > 2. By Lemma [3.2]
we have

P
L,(N)=W,N?+ 2 Z an(8)C(s — 2n)N1Hs—2n

@ry &
(3.3) + (272r)s Z an(s) (CN/Q,erq(g —2n) — ((s — Qn)) T
n=0
2 [e.e]
* (2m)s n%l o (5)Cny2,p4q(s — o) N1+s=2n,

Now, by ({2.8])
| (Cny2prq(s — 2n) —((s — 2n)) N'T720| < K N Re s72p—2at2n ylHRe s=2n

_ 1—2p+Re s—Re s—2¢q —1—-2p+Re s

since Re s+2¢ > 2. It follows that the associated sum in (3.3) is O ,(N~172PFRe s),
It only remains to study the last term of (3.3)), which we will rewrite as

9N—1+s—2p o0
W Z Bn(s,p, N),
n=p+1

where

—2(n—p-1) 2(n—p-1)
Bl N) = 0 ($)Gmpals — 20) () G)

We will now bound these coefficients (3,,. First of all, from the fact that the radius
of convergence of is 1, we know that (with s fixed) limsup, . |a,(s)|"/™ < 1,
which implies that |a,(s)| < (1 +¢)" for any € > 0 if n is large enough.

Since the periodic Bernoulli polynomials C,, are bounded and (s — 2n),, is a
polynomial in n of degree m, we have that

N —2(n—p-1) s —9n N/2
(5" e [
: 1

< Kopl(s = 2n)2p+2q+1|N72("7p’1)N*Re s+2n—2p—2q

< K87p|(3 - 2”)219-1-2114-1|N_Re SRt < K87p|(3 - 2”)2p+2q+1| = Os,p(n2p+2q+1)

if N > 2and n > p+ 1. Consequently, since the other terms in (n/244(s —2n) are
also in O ,(n?P™2771) | we conclude that

N —2(n—p—1)
mals —20) (3) = Ouplar

it N>2andn>p+1.
Combining these results, we obtain that for n large enough and e small enough,

1\" 1\"
Buls.p, N)| < Ka(1+ ) m2 o2t <1> < K, (é) ,

where the constants K, and K, depend only on s and p.
This implies that the last term of (3.3)) is in O(N 'R s72P) "and the proof is
over. U



3. A COMPLETE ASYMPTOTIC EXPANSION 32

REMARK 3.4. Since the Riemann zeta function has its trivial zeroes at z =
—2,—4,—6..., if s is an even integer, the asymptotic expansion of L;(N) has finitely
many terms. Specifically,

L(N)=W,N? if s=-2-4,-6...,
and for s = 2M with M =1,2,3 ... we get

2
()’

M
L(N) = Z an(5)C(s — 2n) N1 Hs—2n,
n=0

Finally, we note that if s = 0, then the expression in reduces to Lo(N) =
N(N — 1) (since Wy = 1), which coincides with the s = 0 Riesz energy for any
kernel, and is also the limit as s — 0 of Ls(N) in .

REMARK 3.5. Notice that Theorem [1.9 is a direct consequence of Theorem [3.5
for the special case when A = S, since in that case E(S', N) = L,(N) and we can
use the complete asymptotic expansion we just found.

We also state without proof, since it’s similar to the one we just presented, the
resulting theorem for the exceptional cases s =1,3,5...

THEOREM 3.6. Let s = 2M + 1, M = 0,1,2,3..., and let p be an integer
satisfying p > M. Then

L(/2)m 0 LA/2)wm\ o
LlN) = oy V108 N Our + Zomnyy ) Y

+

2 p
) D an(s)C(s = 2n) N2 4 O, (NTH7) N — o0,
n=0

n#M
where the constant Gy is defined in (@ and vy 1s the Euler-Mascheroni constant.

We will finish this chapter by computing the value of the constant G5, that has
appeared in the previous theorems.

THEOREM 3.7. If s=2M +1, M =0,1,2..., then we have

_ (A/2)u (o 2M+1) 1 1 B
G = o \a@ar 3 1) T 2V M D) - gv(M 4 1/2) —log )
where ¢(z) = (2) is the digamma function.

()
PROOF. First of all, notice that since the I' function satisfies I'(2)['(1 — z) =
7/ sinmz, we can obtain from ((1.1]) that

_ 27°T(s/2) tan(7s/2)
SV V(NS

Substituting this expression into (|1.8]) and separating out the term where n = M,
we obtain for s # 1,3,5... that

1 «— (1/2)%* 2751 (s/2) tan(ms/2)  an(s) (1/2)*M
(3.4) EZO‘”(S)Qn—sH: JrD(1+s/2) @ 2M-—s+1

s#1,3,5...

n=0

n#
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In the comment right after Proposition we saw that the left-hand side of
is holomorphic at s = 2M + 1. The main idea of the proof it to now construct
another function defined in a neighbourhood of s and study its behaviour.

For this, call s(e) = 2M + 1+ 2¢, |e| < 1 and define the function

Hue) =~ > an(s(g))%.
nedr

Since the left-hand side of (3.4)) is holomorphic at s = 2M + 1, it implies that
H)y(e) is continuous at 0. Then, using identity (1.9) we deduce that

(3.5) lli% Hy(e) = Gy + 92M 2M+1 log 2.
Now, since the tangent function is m-periodic, we have that
tan(rs/2) = tanw(M + 1/2 + ¢) = tan7(1/2 4+ €) = — cot 7e,

where the last equality is just a trigonometric identity. Using this, we obtain from

that
2-2M oy LM +1/24¢) m\2%
(36) Hu(e) =5 (aM(s(s)) Sy vy (5) (e cot m)) .

Since the limit of this expression as ¢ — 0 exists (since Hj(¢) is continuous at
e = 0), we must necessarily have that

li_r)r(l) (OéM(S(€)) — M \1;(%]\112;41_{21—:_?) <g>2€ (me cot 7T€)) =0,

or equivalently that

1/2
(3.7) an(2M +1) = ot (L2,
M!
since T'(M +1/2) =T(1/2)(1/2)p = V/7(1/2) 01
Now, adding ([3.7)) into the bracketed expression of (3.6)), we obtain that
(3.8)

. 2—2M . QM(2M+1+2€)—OCM(2M+1)
iy Hw(©) = v 1 2

272M (1/2 1 (M +1/2 'M+1 2
(/>Mlim— 1-— (M+1/2 4 )T(M + ><E> (me cotme) | .
2 M! 0¢ I'M+1/2)T(M+1+4+¢) \2

One can verify (using tools such as Mathematica) that the Taylor expansion of

the bracketed expression in the last term of (3.8)) around € = 0 is

(210g% — (M +1/2) + (M + 1)) e+0(E%,

is the digamma function.

where 9(z) = B
Therefore, we can compute the limit to obtain

, 22M ot (DM + 1)
ll—% Hu(e) = 71' M

™

_ 2_7 (1ﬁ?M (%w(M +1/2) — %w(M +1) +log g) .
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Finally, substituting this expression into (3.5)) and using (3.7]), we get
272 (2M 4 1)

T 2M

_ ?%@ (%w(]\/[ +1/2) %w(M +1)+ 1og7r) ,

or equivalently (using again (3.7)))

B 272M (1/2) <a§w(2M~|— 1)
G M!

Gm

Gm

1 1
anr(2M +1) + §¢(M+ 1) — §¢(M+ 1/2) —log7r> . O



CHAPTER 3

Chui’s conjecture

1. Original statement and known bounds

Given z € D and an N-point configuration wy = {21,22,...,28} C S, we

define

Sx(2) =Y ——

k=

[y

In his original paper [Chu71|, C. K. Chui conjectured that the average of these
functions over D is minimized if the chosen configuration wy consists of N equally
spaced points. That is, he conjectured that

>
Z — Zk

(1.1) /D > dm(z) > /D

Chui also found that the right-hand side of is bounded below, so that if
the conjecture were true, we would have a uniform bound for these area integrals.
However, D. J. Newman showed shortly afterward in [New72] that the following
bound can be obtained independently of Chui’s conjecture.

N N

1
> |

k=1

m(z).

THEOREM 1.1. For any 21, 2o, ..., zy in the S', we have
N
1
/ Z dm(z) > -,
D%~ % 18

To prove Newman’s bound, we need a few properties of the Poisson kernel.

DEFINITION 1.2. The Poisson kernel for z € D and 0 € S! is

1]z

o=z

0
LEMMA 1.3. The Poisson kernel Py(z) = Re 9+Z

P@(Z)

for z € D and 0 € S,

)
—Z

1
satisfies Py > 0 and the sets Sy = {Py > 2N} are discs of radius N 1

inside D.

ncluded

PROOF. Notice that by a rotation argument, we can assume without loss of
generality that § = 1. Calling 2z = re®, we have

=(1+2) zkzl—i-ZZrkeikt.
k=0 k=1
35

1+ =2
1—2
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Thus,

142 > . > .
Re T, 1—1—2;7" cos(kt) :Z()rke’kt—i-;?“ke_’kt

1 re” 1 —re" +re (1 —re")
1 —reit * I—re—it  1-— r(et 4+ ei) + r?

_ 1—r? 1 zP

1—2rcost+r2 |1 —z*

Observe that being the real part of an holomorphic function, the Poisson ker-
nel is harmonic, meaning that AP, = 0, which follows from the Cauchy-Riemann
equations.

In order to find what the sets Sy are, we call z = x + iy and rewrite

2
i > 92N
1—2z+ |22

as

(14+2N)2? — 4Nz + (1 +2N)y* <1 — 2N,
We now complete the square for the terms with z, so that

ANz
14+2N)2?2 — 4Nz = (1 +2N) | 2% —
(1+2N)x r=(1+ )(x 1+2N)

= (1+2N) ((‘”_ 1?\2[]\[)2 N (1?2[]\[)2) '

Simplifying and substituting this result into our inequality, we obtain

oON \? 4N? 1
(1+2N)((x— ) +y2>§1—2N+ =

142N 1+2N 142N’

D . . . . 2N :

which is an expression equivalent to the equation of a disc centered at TN with
di . O

radius - TN

PROOF OF THEOREM [L.1l. Call

Puz)=Re 212 p—1....N
Zk — X%

Sy ={ze€D: P, > 2N} and xx = xs, the characteristic function of S;. Define
also the set S = |J,_, Sk. Since

we have
N N
1
>t (T )
k:lz—zk 2z — o — 2
Therefore,
> - P.— N
>ty ().
k=1 k=1




and we obtain that

J

N

1
ji: Z — Zk

k=1
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N
>y
zZ —-Zk

dm(z) > /S 3

> %/D (;Pk—N> dm(z).

Since P, > 0 it clearly satisfies P, > P.xx. Also notice that in the set S we
have Eff:l Xk > 1, so we deduce that

N
Zpk_ Zzpk—
k=1

Observe also that by definition of Sy we have (P, — N)xx > Nxy, which means
that in S we have the bound

N N
> Ph=N>=N> x
k=1 k=1

dm(z)

Hence, we obtain

/D dm(z) > g/SZN:X’“ dm(z)

Also, by the previous lemma, we know that

Joedmt) = g

N

1
EE: Z — Zk

k=1

and we finally conclude that

TN? s
d —>—. O
/SZX’c ) = SeN 12 2 18

k=1

2. An approximation problem

Our goal in this last section is to present a surprising approximation result
related to what we have proven in the previous section.
For this, we need to introduce the Bergman space AP(D) of analytic functions,

which is defined as

A2(D) = {f e 1) 17l = ( [ 170 dm<z>)1/p < oo}.

The space AP(D) is therefore the subspace of holomorphic functions of the Ba-
nach space LP(D). Remarkably, the space AP(D) is also a Banach space, which is a
consequence of the following bound.

LEMMA 2.1. If f € AP(D) and K is a compact subset of D, then there is a
constant Cx > 0 such that

sup [ f(2)] < Ck[|fllp-
zeK



2. AN APPROXIMATION PROBLEM 38

PROOF. Since f is holomorphic in D it satisfies the mean value property, so
given zy € K we have for r sufficiently small

2T
f(z0) = /o f(zo +ret)dt.

Multiplying both sides by r and integrating from 0 to § > 0 (choosing ¢ such
that D(zo,9) C D) we get that

1
fe) =g [ G dmEa)

Using Holder’s inequality, we obtain

£ < - 1) dm(e) < =5 [ 1] am:)

2
T D(z0,0

)
Dli/a 1/p
| 7T|52 < 1f(2)P dm(z)) < Ck || f1lp,
Q

where 0 only depends on K. This means that the bound is uniform in K and the
result follows. O

IN

THEOREM 2.2. The space AP(D) is a Banach space.

PROOF. Assume that {f,} is a Cauchy sequence (in the LP(D) norm) of holo-
morphic functions. Since LP(ID) is complete, there exists a function f € LP(D) such
that [[f, — fll, - 0.

By the previous lemma, the sequence is also Cauchy uniformly in compact sub-
sets of D. Since H(D) is complete, there is an holomorphic function g such that
fn — g uniformly in compact sets. This implies that f = g almost everywhere, and
since functions are defined up to sets of measure 0, f € H(ID) which completes the
proof. O

In the special case where p = 2, Lemma implies that A%(D) is a reproducing
kernel Hilbert space since point evaluation is bounded.
Notice that by Theorem [I.T], the set of functions

N

Sw(z) =" _12k

k=1

(where the points z; belong to S') cannot be dense in A'(D), since we cannot
approximate the 0 function. However, we will see now that the functions Sy are
complete in H (D). We follow the work of Z. Rubinstein and E. B. Saff in [Rub68|
and [RST71].

LEMMA 2.3. If P(z) is a polynomial of degree m with no zeroes in D, then the
zeroes of the polynomial P(z) + 2P P*(z), where P*(z) = 2™P(z™!) and p=1,2...,
have modulus equal to 1. Moreover, |P*(z)| < |P(2)| if |2| < 1.

PROOF. Notice that if all of the zeros of P satisfy |z| > 1, then the zeros of P*
are in D. Then we can write

P*(z):C’H(z—zk), €D for k=1,...,m
k=1
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Moreover, since P(z) = 2™ P*(z71), we can also write
:€H1—zkz 2 €D for k=1,....m
Now, if P(z) + 2P P*(z ) = 0, then in particular

|z|pH |z — 2| = H 11— Zz].
k=1 k=1

Assume for the sake of contradiction that all z satisfy |zx| < 1. Since

Z — Zk

<1 if |z <1,

1—2k2

(because it’s a Mobius transformation that maps D to itself), we obtain that for

|z] <1
m m m
[I1z— 2l <]t ==zl = 2P ][] 12 — 2,
k=1 k=1 k=1

which is a contradiction. Similarly, since

Z — Zk

>1 if 2| > 1,

1—7Z,z

we obtain for |z] > 1

m m m
2P T 1z = 2l = [T 11 = Ze2l < [] 12 — =),
k=1 k=1 k=1

which is again a contradiction.
If any (or all) of the z, satisfy |zx| = 1, then |z — z;| = |1 — Zxz| for all z, so we
can eliminate this zj, reach the same contradiction and conclude that |z| = 1.
Finally, the fact that |P*(z)| < |P(2)| if |z| < 1 follows from the fact that

[Tlz—zl <=2zl if [z <1z <1 0
k=1 k=1

THEOREM 2.4. Let f(z2) =1+ 12 + c22% + -+ be an holomorphic function in
D without zeroes. Then there exists a sequence of polynomials with zeroes in S*
converging to f uniformly in compact sets of D and having value 1 at z = 0.

PROOF. Let s,(2) = 1+ c12 + 222 + -+ + ¢,2" and let r, be any sequence of
positive numbers strictly increasing to 1. Then there exists a strictly increasing
sequence of positive integers ny such that s,, (2) # 0 and

1
]snk(z)—f(z)|<z for k=1,2,3...

for [z| < 7. Define t,, (2) = sy, (1%2) and B, (2) = t,,,(2) + 2"t (2). We can apply
the previous lemma to the polynomials P,, to deduce that their zeroes lie in S.
We now need to see that the sequence P,, converges uniformly in compact sets of
D to f. To that end, let p € (0,1) and € > 0 be fixed and call M, = max.|—, | f(2)|.

Notice that we can choose a positive integer kg satisfying 1/ko < €/2, 1, > p
and

[f(riz) = f(2)] <&/2
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for all k > ko and all |z| < p (by continuity of f).

Then, for all ny (for which k > kq) and |z| < p we have

[tni (2) = F(2)] = [, (r62) = f(2)] < |8, (re2) = f(ru2)| + [ f(re2) = f(2)] <e.
This, together with the previous lemma, imply that
Py (2) =ty (2)] = [, (2)] < p™[tn, (2)] < ™ (M, + €).
Thus,
1Py (2) = F(2)] B (2) =t (2)| + [ty (2) = f(2)] < p™ (M) + ) + ¢,

and taking the limit as ny — 0o, we conclude that

limsup |P,, (2) — f(2)| <e,

k—oo, |2[<p

which implies the convergence in compact sets of D to f. U

COROLLARY 2.5. If f is an analytic function in D, then there exists a sequence
of rational functions

1
(2.1) Sn(z) =) o |wl =1 for k=1,....N

1 Z — Zk
converging to f uniformly in compact sets of .

ProoOF. Consider the function

6(2) = exp ( | 1w dt) ,

which is holomorphic and zero free in . By Theorem [2.4, we know there exists
a sequence {p,} of polynomials with zeroes in S' converging to g uniformly in
compact sets of D. Therefore, in a compact set K C D

/ /
o 229G
noopn(z) - g(2)
because p/, — ¢ uniformly in compact sets of D by Weierstrass theorem and both

|pn| and |g| are bounded below by a constant strictly greater than 0 in the compact
set K. The result follows from the fact that p!, /p, is of the form ({2.1)). d

Thus, we have proven that there exists a function f € A'(ID) which cannot be
approximated by functions Sy in A'(D) (since they are not dense in the space), but
can be approximated by functions Sy uniformly in each compact set of D.

REMARK 2.6. Although the original conjecture remains open, the problem was
recently solved for a wide class of Bergman weighted spaces (see [ABF21|]).

If g is an integrable positive function in [0, 1], then the weighted Bergman space
corresponding to g s

A%g) - {f € HD): ||f||%g) = Cg/ﬂ) |f(z)|2g(1 - |Z|2)dm(2) < oo},

where C, = fol g(t) dt. What was proved is that if g Z 0 is a concave non-decreasing
function in [0, 1] satisfying
1
t
/ w dt < oo
o ¢
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and g(0) = 0, then for every natural number N > 2 and for every configuration of
points {z1,..., 2} C S, we have

We would like to finish with a question that follows naturally from Chui’s con-
jecture. Given z1,...,xy € S?, the electrostatic field in the unit ball corresponding
to the Coulomb potential

>
)

(g

A
k=1
is given by
N r — T 3
gradU(x):—Zm, reR’  |z| <1
k=1
Is it true that v
/ S LI () > ©

for some constant C' > 07
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