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Abstract

Let Sk = {z € R*"!; ||z|| = 1} be the unit sphere in R**! and consider the normal-
ized surface area measure o*. It is well known that a set of n points z1, ..., 2, € S*
is asymptotically uniformly distributed, i.e., the probability measure % Z?Zl 0z, con-
verges in the weak-* topology to ¢*, if and only if the spherical cap discrepancy of

the set P = {xy,...,x,}, defined as

D,(P)= sup |card(PNC(z,t))—no*(C(z,1))|,
C(x,t)CSk

where
Clz,t) ={y € S¥ (z,y) <t}

is a spherical cap on S* with € S¥ and —1 < ¢ < 1, converges to zero when n — co.
It is therefore natural to consider the velocity of this convergence as a measure of
the distribution of the sets P.

In a couple of papers from 1984, J. Beck established the following results, which
give the best bounds known up to now, [5, 6]:

e There exist n-element sets of points P C S¥ such that
D,(P) S nz"7 /log .

e For any n-element set of points P C S*

=
W
x-""

D, (P) Z n

It is not known if any of these bounds is sharp.

The lower bound uses Fourier analysis and the upper bound some random config-
urations in regular area partitions of the sphere. The main objective of this master
thesis is to study J. Beck’s work and the “almost tight” examples obtained through
determinantal point processes [9].

2010 Mathematics Subject Classification. 11K36, 11K38, 60G55.
Keywords: spherical cap discrepancy, L?-discrepancy, jittered sampling, determinantal point
process, spherical ensemble.
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Chapter 1

Introduction

Consider the following problem: which set of n points on the k-dimensional unit
sphere SF is better distributed? It seems to be clear that, in S!, it can be the set of
vertices of a regular n-gon, but what happens if £ > 17

One way to study the distribution is to study the spherical cap discrepancy
function, defined as follows: given an n-element set of points P on S*, its spherical
cap discrepancy is defined as

D,(P)= sup ‘Z(P,x,t) — na*(C’(x,t))},
C(z,t)CSk

where

C(z,t) ={y € S"; (z,y) <t}

is a spherical cap on S¥, o* the normalized surface area on S¥ and Z(P, x,t) denotes
the number of points of P that lie in C(z,t). So, to solve the problem, we must find
the set of points P on S*¥ with minimum spherical cap discrepancy. Unfortunately,
this is not possible in practice so one alternative is to study the asymptotic behaviour
of this function as we increase the number of points.

In 1984, the Hungarian mathematician Jészef Beck, in a couple of papers, [5, 6],
gave the best bounds known up to now for the spherical cap discrepancy of an
n-element set of points on S*:

e There exist n-element sets of points P C S* such that
D, (P) < nz~2/logn.

e For any n-element set of points P C S*

[~

D, (P) > n2 2.

bl

It is not known if any of these bounds is sharp. These results are presented in the text
as Theorem 3.2.1 and Theorem 2.2.4. The lower bound result is an immediate con-
sequence of another result, due to J. Beck, concerning the so-called L2-discrepancy



of an n-element set of points on S¥, defined by: given an n-element set of points P
on S¥, its L2-discrepancy is defined as

D, (P), = /_ 11 (ﬁ /S (2P - na*(C(:v,t)))2da(:B)> dt.

We will study also an upper bound concerning the L2-discrepancy of an n-element
set of points on S¥, due to K. B. Stolarsky, proved in 1973. The results are the
following;:

e There exist n-element sets of points P C S¥ such that

Jun

D,(P)y Sn' %,

e For any n-element set of points P C S*

It is known that the sets of minimal spherical cap discrepancy have L?-discrepancy
1

of order n'~&. These results are presented in the text as Theorem 3.2.2 and Theorem

2.2.3. To prove these results we will use Stolarky’s Invariance Principle:

e For any n-element set of points P C S*

n2
> o=yl + PP = s [ lleo =l doo)

1<i<j<n
zi,x;€P

where 7o = (1,0,...,0) € RFL,

From this formula we deduce that the problem of minimising the L2-discrepancy of
an n-element set of points on S* is equivalent to the problem of maximising the sum
of all Euclidean distances between the points of an n-element set on S*.

These are the main results of the thesis. The main objective is to study J. Beck’s
work, to study the proofs of these results and the techniques used in them, and to
get upper bounds for the ”almost tight” examples obtained through determinantal
point processes.

Chapter 2 is entirely dedicated to study the lower bound. The proof uses Fourier
analysis techniques. It is based on what is called J. Beck’s amplification method.
Basically, the discrepancy of an n-element set of points on S¥ can we written as a con-
volution of two functions, a geometric part and a measure part. Using Plancherel’s
identity, we can separate the geometric part of this convolution from the measure
part, and study them separately. To study all this in detail, we will recall some basic
notions on Fourier analysis and special function to provide the necessary background.



3 Chapter 1. Introduction

Chapter 3 is entirely dedicated to study the upper bound. The proof is based in
a technique called jittered sampling. Jittered sampling is a way of producing well-
separated semi-random sets of points. It applies in many different geometric settings
but we will use it on spheres. Independent and uniformly distributed random sets
behave very bad, in terms of well-distribution, while constructing sets with good
properties is a very difficult task. Jittered sampling consists on taking a partition
of our space into pieces with equal volume and almost equal diameter and then
taking a point uniformly random in each of the pieces, independently of the others.
In our setting, we will use regular area partitions of S¥. This type of partitions
were used by K. B. Stolarsky in 1973, but he only affirmed the existence, without
giving a construction nor a proof. In 1984, J. Beck quote K. B. Stolarsky and since
then many other mathematicians keep quoting them without having the existence
ensured. It was not until 2002 that U. Feige and G. Schechtman gave a complete
construction.

To get upper bounds for the discrepancy one needs to construct examples. J.
Beck used the jittered sampling but it has been recently proved that one can use
other random configurations, [9], given by the so-called determinantal point pro-
cesses. In Chapter 4 we will introduce the concept of determinantal point process.
We will follow [4]. The notion of determinantal point process was first introduced
by Odile Macchi, a French physicist and mathematician, in 1975, as a way to model
fermions in quantum mechanics. This type of point processes also arise surprisingly
often in random matrix theory and combinatorics. We will see, following [2], that
jittered sampling is a special case of determinantal point process. This means that
J. Beck’s approach on the proof of the upper bound can also be understood as the
new approaches that use determinantal point process. These new methodologies
open the problem of finding the optimal determinantal point process to try to ob-
tain better upper bounds that the ones given by J. Beck. Finally, we will study the
spherical ensemble, an example of determinantal point process in S?, and we will
see that the behaviour of its spherical cap discrepancy attains the best upper bound
known up to now studied in the previous chapters.






Chapter 2

Lower bounds

In this chapter we will present the best lower bounds known up to now for the spher-
ical cap discrepancy of an n-element set of points on S* and for the L2-discrepancy
of an n-element set of points on S*. Both results, due to J. Beck, are presented in [7].
The main result is Theorem 2.2.3, which is a result concerning the L?-discrepancy of
an n-element set of points on S*. For this result we will follow the proof presented in
[6]. Theorem 2.2.4, which is the result concerning the spherical cap discrepancy of an
n-element set of points on S¥, is an immediate consequence of Theorem 2.2.3. The
main techniques used in the proof of Theorem 2.2.3 are results on Fourier analysis
and asymptotic properties of special functions, so before starting we will introduce
some basic notions on Fourier analysis and some background on special functions:
Gamma function, Beta function and Bessel function.

Let S* = {x € R*"Y; ||z|| = 1} be the k-dimensional unit sphere, with || - || the
usual Euclidean distance. Given z € S*¥ and —1 <t < 1, we denote as C (x,t) the
spherical cap {y € S¥; (z,y) < t}, where (-,-) denotes the standard scalar product,
and given an n-element set of points P on S*, we denote by Z(P,z,t) the number
of points of P that lie in the spherical cap C(z,t). We denote by o the surface
area measure on S¥ and by ¢* the normalized surface area measure on S¥. Given a
spherical cap C(x,t) we denote its normalized surface area o*(C(z,t)) by o*(t).

Definition 2.0.1. Let P be an n-element set of points on S¥. We define the spherical
cap discrepancy of P by

D,(P)= sup ‘Z(P,m,t) — na*(t)}.
C(z,t)CSk

We define the L2-discrepancy of P by

D, (P), /_11 (U(;k) /S (Z(P,a,1) - na*(t)fda(x)) dt.

Given an n-element set of points P on S*, the objective is to prove the existence
of functions f(n) and g(n) such that f(n) <D,(P) < g(n) (also D, (P)s), where <
(2) denote smaller (bigger) than something times a constant only depending on k.

5
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2.1 Preliminaries

2.1.1 Basic notions on Fourier analysis

Let us start this section by introducing some basic notions and results on Fourier
analysis that will be very useful in the proof of Theorem 2.2.3. We will present all
these results without proofs.

Definition 2.1.1. Given a function f € LY(RY), the Fourier transform of f is

y _ 1 —i(x,t) N
f(t) —(\/%)N/RNe f(x)dz, teRY.

Definition 2.1.2. Given two functions f,g € L*(RY), the convolution of f and g
is the function

(f*g)(zx / flx—y)g(y)dy, =ecRY.

Basic properties concerning the Fourier transform and the convolution operators
are the following:

Proposition 2.1.3. Given two functions f,g € L*(RY) we have that
(i) fxg=fg,
(it) fg=[*7.
An important result on this field is the well-known Plancherel’s identity.

Theorem 2.1.4. (Plancherel’s identity). Given a function f € L'(RY) N L*(RY)

we have that
/ (@) Pz = / FP .
RN RN

The proofs of these results can be found in any introductory book in Fourier
analysis.

2.1.2 The Gamma function and the Beta function

The Gamma function and its relation with the Beta function will appear in the proof
of Theorem 2.2.3, so now we will present these functions and their most important
properties.

Definition 2.1.5. Given z € C with Re(z) > 0 we define the Gamma function by
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The Gamma function is one of the extensions of the factorial function and this
integral converges absolutely under the hypothesis Re(z) > 0.

It is easy to see that ['(1) = 1 and using integration by parts one can see that
I'(z +1) = 2I'(2), therefore, I'(n) = (n — 1)! for all non-negative integers. One
interesting value of this function is I'(3) = /7.

Definition 2.1.6. Given z,y € C with Re(x) > 0, Re(y) > 0, we define the Beta
function by

1
B(x,y):/ N1 =)yt at.
0

The Beta function, also known as Euler integral of the first type, is a symmetric
function, and one of its most important properties is its relation with the Gamma
function.

Property 2.1.7. (Relation between the Beta function and the Gamma function).
Given z,y € C with Re(x) > 0, Re(y) > 0, we have the identity

L(2)C(y)

B(z,y) = Twty)

Proof. We have that

F(x)F(y)—(/ooe_“xldu)(/ooe Uyldv)
// vy dud,

Now, using the change of variables u = zt, v = z(1 — t), we get that the absolute
value of the Jacobian is z, therefore

/ / (2t) N 2(1 — 1) I (2,1)| dtdz
— (/0 e LT 1dz) (/01 N1 =yt dt)
=T(z+y)B(z,y),

as we wanted to see. O

With these results one can prove the following important property of the Gamma
function, due to Legendre, which is called Legendre’s duplication formula.

Property 2.1.8. (Legendre’s duplication formula). If z € C with Re(z) > 0, then

I(22) = \/%222_§F(Z)F<z + %)
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Proof. By Property 2.1.7 applied to x = y = z, we have that

[(z)I'(2)

T2y ~ 27

1
= / =1 —t)* L.
0

Y/ 14w =l —u\ !
d
L) ()

1 1
— —222_1 / (1 — u2)Z71 du

1

Using the change ¢ = 14,

F2)l(z) 1
r(2z) 2

On the other hand, using the change t = u? in the Beta function, we obtain
1
B(x,y) = / w7 2(1 — u?)Y " 2u du.
0

Taking x = % and y = z,

Hence,
2z—1 1
227 T (2)(2) = F(2z)B(§, z>
(2)(3
=T(22) (2) (12) :
F(Z + 5)
and using that I’ (%) = /7 we obtain the desired identity. O

2.1.3 The Bessel function

We are going to introduce the Bessel function, different expressions of it and an
asymptotic expansion, due to Hankel (1869), that will be crucial in the proof of
Theorem 2.2.3.

Definition 2.1.9. Given a real or complex variable v and z € C we define the
Bessel function J,(z) by the series

To(z) = (%) i s!r(i_j);t 1) (g)z

s=0
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Using the M-test one can see that this series converges uniformly on compact
sets in the planes of v and z. Next result provides us the expression of the Bessel
function that we are going to use.

Proposition 2.1.10. If Re(v) > —3, then

From this expression, using Euler’s formula and some easy computations, we
obtain

1 ¥4 v ! 2 1/7% e(v _1
J(z) = m(§> /_lcos(zt)(l —t°)""2dt, Re(v) > 5 (2.1.1)

Proof. Let us start by manipulating the integral in the formula:

1 1 s _\N4n L
/ eizt(l . t2)u—% dt = / Z (ZZT)L't (1 . tz)u—§ dt

1 L n=0
0 /. \np 1
= <Z;'> /1t”(1 — ) dt
n=0 ’ -
= (12)*" /1 2k 2\v—1
=> (1 — ) dt,
—~ (2k)! ),

using the well-known Dominated Convergence Theorem and

1
/ 2R — 272 dt = 0.

1

Now, using the change u = t2,
1 ) o0 )k 22
/ (1 — 1273 dt = Z (
i k Qk(
k=0
2k
——8B

2

1
/ b~ 3 (1 —wu)” éalu)
0

since Re(v) > —%, where B is the Beta function. By Property 2.1.7,

/1 G#(1 — 2)773 dt i ) QkF(IH )0 +3) (2.1.2)

F'v+k+1)

N
2
P—‘
|
2

o %

é

N——

k
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Now, using Legendre’s duplication formula, Property 2.1.8, we can write

p(k+1) _ VLK)

2 221 T(k)
VT (2k+1)
T 2%D(k+ 1)
AR
22k
The result follows combining last expression and (2.1.2). ]

The next result is an asymptotic expansion of the Bessel function. We will
present it without proof, since it is quite involve and the methods used are out of
the scope of this thesis. The proof can be found in [8], page 133.

Given two functions f and g, the notation f(x) ~ g(x) means that the quotient

fgg goes to 1, as x goes to infinity. In this case we say that g is an asymptotic

expansion of f .

Proposition 2.1.11. (Hankel). If © — oo, then
9 1/2 ) A2
J(x) ~ | — — Zumr— = J
(x) (mr) (COS (2 mr 7r ;0

o
— sin (a: — —V7T — —7r E AQJH )
1.2]-‘,-1 ’
J=0

where

A ) = =) _3)]-';5}'.(@ — (2= 1%

2.2 Main results

We are going to study J. Beck’s paper about discrepancies on the sphere, [6]. This
paper starts with some historical background and results on the area and then
focuses on proving our Theorem 2.2.3, which establishes a lower bound for the L*-
discrepancy of an n-element set of points on S¥. First we are going to use this result
to prove Theorem 2.2.4 and then we are going to study in detail the proof of the
main result in this section, Theorem 2.2.3. The techniques used in the proof are
basically Fourier analysis. We are going to follow also [7], J. Beck’s and W. W. L.
Chen’s book to see different approaches at some parts of the proof of Theorem 2.2.3.
We will start by Stolarsky’s invariance principle (1973), Theorem 2.2.1, due to K.
B. Stolarsky, which asserts that the sum of Euclidean distances between points on
S¥ plus the its L?-discrepancy is a constant times the square of the number of points.
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Let U(r) denote the surface of the (k + 1)-dimensional Euclidean ball centered
at 0 and of radius r > 0, i.e., U(r) = {x € R¥L; ||z|| = r} and denote by SF the
case 7 = 1. Let P be a set of n points 21, ..., 2, € S¥, with n > 2. We define

S(TL’k?P) = Z HZZ _ZJH7

1<i<j<n

and
S(n,k) = max S(n,k,P),

card(P)=n
where card(P) denotes the cardinality of P. Observe that this maximum is achieved

since S(n,k,-) is a continuous function defined on a compact domain. We denote
the set of points on S* that attains the maximum as P*.

The next result due to K. B. Stolarsky is the starting point of this thesis.

Theorem 2.2.1. (Stolarsky’s invariance principle).

S(n,k:,PH—/_l (%Sk) /S (Z(P,a:,t)—na*(t))Qda(:r)> dt = %;k)/g lwo—z|| do(z),

1
where o = (1,0,...,0) € RFL

Observe that the right hand-side of Theorem 2.2.1 is a constant times n?, i.e., if
we set

(k) = gz [l =] do(a).

the right hand-side of Theorem 2.2.1 is ¢o(k)n?. These constants can be explicitly
calculated, for example, ¢y(1) = 2 or ¢o(2) = 3.

Observe also that co(k)n? — S(n, k) is strictly positive. This is an immediate
consequence of Theorem 2.2.1, for P*, and the fact that we can enlarge a little bit

a given spherical cap preserving the number of points of P* that are in it.

Remark 2.2.2. As a consequence of Stolarky’s invariance principle, the set of points
on SF that maximizes the sum of the Euclidean distances between them is a set of
minimal L2-discrepancy, and thus, is a set of minimal spherical cap discrepancy.

Let us state the main result of this section, Theorem 2.2.3, and let us use it
to prove the result concerning the spherical cap discrepancy of an n-element set of
points on S¥, Theorem 2.2.4.

Theorem 2.2.3. (J. Beck).
cl(k)nl_% < co(k)n* — S(n, k).

Theorem 2.2.4. (J. Beck). Given an n-element set of points P on the unit sphere
Sk, there exists a spherical cap C(z,t) = {y € S¥; (z,y) <t} C Sk, with x € S* and
—1 <t <1, such that

| Z(P,z,t) — no*(t)| > cz(kz)n%_ﬁ.
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Proof. (Theorem 2.2.4). Let P be an n-element set of points on S*. By Theorem
2.2.3, we have that

/_ 11 (ﬁ /S (Z2(Pat) - no*(t))’ da(x)) dt > co(k)n* — S(n, k)

el

> cq(k)n

Now, there exist x € S¥ and —1 <t < 1 such that

=

(Z(P,x,t) — no*(t))* > e (k)n'

and therefore, )

|Z(P,J:,t) — na*(t)‘ > cy(k)n="2,

D=

because if 1
(Z(P,z,t) —na* (1)) < ey (k)n'

for all z € S¥ and —1 < ¢ < 1, then we get
co(k)n® = S(n, k) < e (k)n' "%,
and this contradicts Theorem 2.2.3. O

Once we know that, given an n-element set of points P on SF, there exists a
spherical cap satisfying such an inequality, taking the supremum over all spherical
caps on S¥ we get

1 1
> ni_ﬁ’

~

Dy (P)

which is the best lower bound, known up to know, for the spherical cap discrepancy
of an n-element set of points P on S*.

Proof. (Theorem 2.2.3). Let r be such that o (U(r)) is equal to n, i.e.,

INCEEARNS-
r= ( (5 )) nt :c;»,(k;)%n% :c4(k:)n%.

k+1

(2m)"

Let P = {z,...,2,} be an n-element set of points on S¥ and let P = {Z,...,%,}
be an n-element set of points on U(r). Let us introduce the following measures. For
any H C R¥*! denote by

and

the number of points of P (and P, respectively) that lie in H. We can write also
these measures in terms of the characteristic function of H,

Zo(H) =" xa(5). Z(H) =3 xu(5),
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For any Lebesgue measurable set H C R¥*! denote by o the normalized surface
area of the intersection H N S*, i.e.,
o(H NSF)

oo(H) =no*(HNSF) =n O

and for of the surface area of the intersection H N U(r), i.e.,
oo(H) =c(HNU(r)).

It is not difficult to see that the conditions of the definition of measure are satisfied:
non-negativity, null empty set and countable additivity.
Let B, = {z € R*? ||z|| < ¢} be the (k + 1)-dimensional ball of radius gq.
Consider the functions
F, = xB, * (dZy — doy)

and

F, = xB, * (dZg — doyg)

where % denotes the convolution operator. We can rewrite these functions as
Fi@) = [ xa,o - 9)(d - doo)ly)
Rk+1

-/ (i~ doy) )

q

:(ZO—O'())(l’—FBq)
= Y 1-no*((x+ B,)NE

zj€x+By

and

Fo= [ e =9)laz; - dz))

_ / (@ o))
= (Zy —of)(x + By)
= > 1-oa((x+B,)nU(r)),

2j El‘-i—Bq

since B, = —B,, where x + B, denotes the translated image of the ball B, by the
vector x.
The next step is a key step in this proof. We are going to see that

/5; (o [ Erwa)ins [ (cgm [ (@00 -0 0) dota) ) ar

(2.2.1)
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where 0(k) > 0 is a small constant depending only on k that we will specify later,
at the end of the proof. In fact, what we are going to see is that

/12 /Rkﬂ F(z) deds S /11 (U(;k) /Sk (Z(P,x,t) — na*(t))zda(x)) dt, (2.2.2)

and then we are going to pass from the left hand-side of (2.2.1) to the left hand-side
of (2.2.2). Recall that

Fi(z)= Y 1-no"((z+ B,)NSh).

zj€x+Bs

Observe that (z + B,) N'S* is a spherical cap C(v,t) C S* with ¢t = ¢(||z]|, s) given
by the expression
(z,y)

t= (el 5) =~

where y € S¥ such that ||z — y|| = s, and

x
V= -
l[I”

whenever —1 4+ s < ||z]|| < 1+ s (draw the case k = 1 to clarify). We have to see
that ¢ is well-defined. If we take another 3’ € S* with ||z — /|| = s, then

lz—yll=llz—y|=(—yz—y) =@&—y,z—y)
= (z,y) = (z,y'),

so t does not depend on the choice of y.

We are going to restrict all possible radius to 1 < s < 2 because it is what we
need in (2.2.2). Given z € R¥! we can write = pw with p > 0 and w € S*, so
p = ||z||. With this notation, t = t(p, s) and y = —w, we get

Fo(pw) = Z(P, —w, t(p, s)) — no™(t(p, s))-

Now,

2 2 ps+l
// Ff(ac)dxds:// pk/ F2(pw) do(w)dpds
1 JrEH 1 Js—1 sk

= [ [ A t00,9) o 100,50)* ot

_ /1 : /:1 o /S (Z(P,w,t(p, 5)) — no*(t(p, 5)))* do(w)dpds.

(2.2.3)
Let us see the form of ¢t = ¢(p, s). Since

C(v,t) ={y € % (v,y) <t}
= {y € S*; ||v — y|| > arccost},
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and by some geometrical arguments, we get
(VT=82) + (p+12)? = &,

ie.,
2 —1—p?
t=t =
Recall that we have the restrictions 1 < s <2 and s —1 < p < s+ 1. We are going

to see that the function
ot 1—5%2—p?

ap(p, s) = 2

has no extreme points in the region A defined as

A:{(p,s);1<s<2,3—1<p<s+1}.

To simplify the notation, we write f = 5-. Since s > 1, we can easily chech that
af s
s —_2 £y
88 (p7 S) pg 7£ )
1 3+ p?
=—#0 2)=— 0
f(p’ ) 2 # Y f( Y ) 2p2 Y
s(1—s)
—1,s) = <0 1 <0
fls=Ls) = o <0 fls L) =~
Hence, we conclude that
ot
a—p(p, S) <0 in A,
therefore
: ot
llan @—(p,s) >c>0,
5—12225+1 P

for some constant c¢. Going back to (2.2.3),

/ /F dxd“/ o / / Z(P.w,t(p.s) = no* (H(p. )" do(w)dpds

<3’f/ /:H /S Z(Pw,t(p, 5) — no*(#(p. s))))QMda(w)dpds.

a_p(p7 8)
Applying the change of variables t(p, s) = T with

t
t(s+1,8)=-1, t(s—1,5) =1, g—dp aT

and that g—;(p, s) =U(T,s) < 0 with

inf |W(T,s)| >c>0,
1<s<2
~1<T<1
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we obtain

/12 /Rm F; (@) dwds < 3° /12 /1_1 /Sk (Z(P,w,T) - M*(T))Qm do (w)dTds
< 278 / (dék) | (@) - W(T>)2do<w>) a7

so we have seen (2.2.2). Using that for all ¢ > 0,

Fu(z) = Foylqz), (2.2.4)

we can get

/é o Ede)da=s0 [T (g [ F@de)a
— xT)ax o = — xT)ax S
5(k) rhrl Jgre " 1 rhFL Jri O(k)rs

where in the first equality we have done the change of variables a = §(k)s and in
the second one we have done the change of variables §(k)ry = x.

Since §(k) > 0 is going to be a very small constant depending only k, and since
we have some freedom to adjust it, if 6(k) < }1, then we have that all the spherical
caps that can be formed as an intersection of balls of radius in (1, %(k)) with S¥ can
be also formed with balls of radius in (1,2), so the integrals

2 T}k)
/ / F?(y)dyds and / / F2(y) dyds
1 JRRH 1 RE+1

are essentially the same. So, we have seen (2.2.1).

Recall that now we only have to see that

/6(k:) (/Rk+1 F2 (x) da:) da 2 T s g cs(k)n?, (2.2.5)

because of the choice of r. We are going to use the Fourier transform techniques
studied before. From this point on, we are only going to use F, Z; and oy, so to
simplify the notation we are not going to write the r nor the ~ in the notation. By
Proposition 2.1.3

N

e

F, = xp, * (dZy — doy) = X5, (dZy — doy), (2.2.6)
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and by Plancherel’s identity, Theorem 2.1.4,

/ F2 () di = / B ()] dt, (2.2.7)
RkJrl Rk+1

hence,

—

/R L Rw)de = /R G (0PIZ — dao) (1) dr. (2.2.8)

We will denote ®(t) = (dZy — doy)(t) to simplify the notation.
We want to, somehow, split (2.2.8) into two parts, one involving X, (geometric

part) and the other ® (measure part). Let us start proving that for a large enough
constant cg(k) > 0, that we will determine later,

/ D)2 dt > . (2.2.9)
lItl<ce (k)

The geometric background of (2.2.9) is the apparently trivial fact that any spherical
cap on U(r) with area 3 has discrepancy > 1. Let

o) = b T (2200

where the parameter b will be fixed later. By Proposition 2.1.3 we know that hwill
be the convolution of the Fourier transform of

J]=

with itself. Observe that

vl 1 —i(x
b (t> - W /Rk+1 e 7t>X[*bvb]k+1 (iL’) dx
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using Euler’s formula and that cos(x) is an even function. Hence, the Fourier trans-
form h of h is the convolution of the characteristic function of the cube [—b, b]**!
with itself, i.e.,

B(t) = (Xipperr * Xppern) ()

= ( / X[—b+tj,b+tj]m[—b,b](17j)dffj)
. R

where (y)* =y if y > 0 and 0 otherwise. Let H(z) be the convolution defined by
H(z) = (h* (dZy — doy))(z).

By (2.1.3),

and by Plancherel’s identity, Theorem 2.1.4, and the expression above
H?(z)dz = / |H(t)|? dt
RkE+1

= [ RorRF
_ /R (ﬁ (2b — ytj\)+>2!<1>(t)l2dt,

j=1

RE+1

and hence

H?(z) do < (20)2*+D) / |®(t)]* dt, (2.2.10)
Il <2bv/E+1

because the product inside the integral is different from zero if and only if |¢;| < 2b

for all j, hence [|t]| = /13 + ... 7., < 2bvk +1, and (2b— ]tj])+ < 2b for all j.

On the other hand, since 4 sin?(x) > 2? whenever x € [—1, 1], we have that

hiz) — 1 A 2sin(bxj) 2 1 (kD)
(#) = Gy =) > (2n)F
1

J

RkE+1

whenever x € [— %, ]kH.

=
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Given a point x € [ — %, %}kﬂ and y € S*¥ we have that

Wz —y) = W ﬁ <2sm(fc§xi ;jyj>>>2'

Jj=1

Observe that the difference in the denominator may cancel. In this case there is no
problem because the sine in the numerator fixes it. However, since we have to take
bounds, we need to control de differences z; — y; for all j, and there are a lot of
differences cases. We are going to cover the case where only one of the differences
x; — y; is very small (can be 0). Observe,

/U(r) hz —y) do(y) =/ G ﬁ( sin(b '_y]y )))2d0(y)

ARF1p20e41) B /i (Bl —y\?
</ H( ( ‘ J ]|)) dO’(y)
U(r) j=1

B (2m)k+1 blz; — yjl
2 k+1 k 1 2
< (;) b2(k+1)/ H (b 1__r > dU(y)
U(r) j=1 b Vel
9\ k+1 k 1
_ <;> b2<k+1>/ 11 (—2) do(y).
v 21\ \/ﬁ)

The small difference is the one that we remove using the sine in the numerator,
bounding the fraction by 1. Then, we have k terms remaining and we use that the

nearest point on U(r) to a point in [ — 1, %]kﬂ satisfies
| | r
i — sl = |= — :
I k+1

forall j=1,....k+1. Forb>%wehavethat
(1 —0br)*> >1—2br +br* > b*r* — br > 0.

We can make this assumption because r goes to infinity as n goes to infinity so,
since b is going to be a number like 60, this condition is satisfied. Therefore,

RS ) e mﬁ (ﬁ) )

Jj=1 VEk+1

k

<2
() T )
<
ok+

(3 | o

k
< b2(k+1) (i) — C7(k‘)bk+2,
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because o(U(r)) = 1 and r > I. In all the other cases, taking into account the
number of small differences, we get similar bounds. Taking b large enough satisfying
all the required properties (b = 60, for example), we get

1
h(z — z;) — / h(z —y)do(y) > ———b"F+D — e (B)pF L > 1, (2.2.11)
’ U(r) (2m)k+t !

whenever
1 1 :| k+1

e __’_
“ x+{ 60’ 60

in all the cases. Now, since clearly h(z) is a positive function and using (2.2.11),
[H ()] = |(h* (dFy — doo))(x)]

— /R b= y)(dR - dao)(y)'
- /R o h(z —y) dPy(y) — /R h(z —y) d%(y)‘
= Z h(z — z;) — /

z;€EP U(r)

bl 1) do(s)

> Z h(x—zj)—/U()h(-’ﬂ—y)dU(y)
S S S A )

60’60
101

k+1 j:l
zjex+ [7%,%]

where v(x) denotes the number of points z; € P that lie in the translated cube
T+ [ — &, %}kﬂ. Finally, since H*(z) > v*(x) > v(z), we have

H*(z) dv > / v(x)dr 2, Z 1 = cs(k)n, (2.2.12)

Rk+1

because

n

v(x dx:/ X kt1(2;) dx
/Rk+1 ( ) RIH_I; x+[7$,&} ! ( J)

n

- dy

9\ k1
=n|— .
(@)
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Taking b = 60, and cs(k) = 120v/k + 1, and using (2.2.10) and (2.2.12), (2.2.9)
follows:

O(H)2dt > — H2(2) dx
/|t||<12wm| (W) di = 1202541 Jpii (z)
1 2\ F!
> 1202(+1) (@) n
= co(k)n,

as we wanted to see.

Up to this point we have studied one of the two integrands in (2.2.8). Now, we
will also study the other, Xz, (t), in the ball ||| < cs(k) = 120vk + 1. Let 7 = ||¢||
and ¢(7,q) = X,(t) to make the notation lighter. So,

1 —i{x
9(7—7(]) = (\/%)k—l-l /Rk+1€ <7t>XBq(x) dxz

1 .
— 77,<I,t>
= ——— (& dx.
(V2r )kt /Bq

Doing the linear change of variables given by the orthogonal matrix taking ¢ to

(0,...,0,7) (it exists because the two vectors have same modulus), and using that
for x € By, /ol + ...+ 2 < y/¢® — 27, we have
1

9(7—7 q) = W /B e~ Tk dxy ... dCEkd.CL‘k_H

1 a
_ —iTY
= (\/%)k“ /q e (/Bk dxy .. .dxk> dy

q2—y2

1 \/7_Tk /q —ity( 2 2\
e T — Qd
Vi T(E ) ), O )

q o
= cm(k)/ e’”y(q2 — y2)§ dy.

—q

Applying the change of variables y = qu and making some easy computations we

get
1

9(7,q) = c1o(k)g"t! /_1 (cos(rqu))(1 — u?)? du. (2.2.13)

VID(5+1) sn
9(1.q) =clo(k)qk+l#ﬂl)2 > J1 ey (7)

(q7) 2
k41

— en (k) (g) * Ty am). (2.2.14)

By (2.1.1), and continuing in (2.2.13), since > —1 because k > 1, we have that
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By Hankel’s expansion, Proposition 2.1.11, we see that if z is big enough J%(Hl)(a:)

has essentially the form of 27/2 cos (;1: — ilm — %ﬂ') Also, if x is small enough, then

/1 cos(zu)(1 — u2)g du

1

almost equals

1 1
/(1—u2)§du:/ t72(1—t)" dt
—1 0

using Property 2.1.7. Therefore, if x is small enough, then by (2.1.1), J%(kﬂ)(x)
almost equals
x%(kﬂ)

25D (k 4 1)1 (E£L)

= Clg(k‘)l'%(k—i—l) .

Now, using (2.2.14), given € > 0, there exists ¢13(k, ) > 0 such that

1 (r)%(kﬂ)

O] 9(7.q)

a —1| <&, whenever g7 > ci3(k, )
1 1 1 ) ) b
=" Ccos (qr — gkm — §7r)
therefore,
qg 1 1 qg
‘g(T, q) — cl4(l<:)7_ngl cos (q7’ - Zkﬁ — 57?)‘ < 5014(1{:)E, (2.2.15)

whenever g7 > c¢y3(k, €). Also, there exists ¢15(k,e) > 0 such that

1 T l(kJFl)
(R (5)2 g(T, Q)

- —1
cia(k)(gr)2 D

< e whenever 0 < q7 < c15(k, ),

hence,
‘9(7, q) — Clﬁ(k)qk+1‘ < ec(k)g", (2.2.16)

whenever 0 < g7 < c¢15(k,e). We are going to use this bounds to see that the

quadratic average
/ (1, ar) da
5(k)

N|—=
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is uniformly large in the following sense: if (k) > 0 is small enough, depending only
on k, then

2 k
2
/6(k) g*(1,ar) da 2 min {_7_71;+2’r2k+2} >k = e (k)n, (2.2.17)

for all 0 < 7 = |t] < cg(k).
By (2.2.15), for q7 > c¢13(k, €), we have that

1 1
g(1,q) > (cos (q7’ — Zlm - éﬂ') — 5) 014(143);]1;“,
therefore, for qr > c13(k, ),
2 q*
g°(1,q) > Clg(k’)m. (2.2.18)

By (2.2.16), for 0 < ¢7 < ¢15(k, €), we have that

9(m,q) > (1 — &)ers(k) ",

therefore, for 0 < g7 < ¢15(k, €),

9°(1,q) > cro(k)g***2. (2.2.19)
In the integral (2.2.17) we have ¢*(7,ar), where a € (3(k),3), r = ca(k)n* and
0 <7 < cg(k), thus

art € ((5(/{:)7“7, %)

when 7 # 0 or art = 0 when 7 = 0. Now we have different cases:

1. art=0.

2. (5(]€)TT, %—) C (0, C15(/€, 8))

3. (6(k)r7, ) C (cr3(k, ), 00).

4. (8(k)rr, =) C (eis(k,€), crs(k, €)).

Let us start by case 1. We are going to use that
tim 249 _ (),
z—0+ Y

where ¢(v) > 0 is a constant depending only on v. By (2.2.14),

k+1

. . q 2
lim g(7,q) = llg(l) c11(k) (;) Jl(k+1)(q7')

70 2
k+1
) q\ 2 Jige) qr) Bl
=cy1(k) lim [ = 2 T) 2
a i (1) T e
J; qT)
= cur(R)g" ! lim 2
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So,

[

/2 g*(0, ar) da:/ cao(k)?(ar)* 2 da
5

5(k)

= cyo(k)2r2E 2 ( (%)%+3 — (5(k))2k+3)

2k +3

= C21 (k?)?“2k+2.

Cases 2 and 3 are direct applications of (2.2.19) and (2.2.18). Let us see them.

/2 g*(t,ar) da > /2 cro(k)(ar)* 2 da
5

k) 5(k)
2k+3
—=c (k>7,2k+2 (%) _<5(k))2k+3
19 2k + 3
— ng(kﬁ)?“2k+2,
and
2 ) 3 (ar)*
g“(t,ar da>/ c1g(k)— da
/5(k) ( ) 5(k) 18 )7“2
k1
. (k) ,,,k (%) _ ((5(k))k+1
I ki k+1
k
r
= C%(@m,

Finally, let us study case 4. We have that
c15(k,e) < art < ci3(k, ),
thus

015(l€,€) < n%T < Clg(k,é‘)’
acy(k) acy(k)

and from this we conclude that n 7 behaves like a constant depending on k. Hence,
1
7 behaves like coy(k)n~%. Therefore,

1

N |=

2 5 c n % c nta) do = —04(k)n%04 o 2 c c Q) ac
/5(k)g (eaulk)n™%, calknte) d /5(k) (cz4(k‘)n‘i) Ty lcatBlen®a)d
- b)) ()
ZnF Jé(k+1)(c4(k)024(k)5<k))(024(k:)) ( k+2 )
= cos(k)n T = cap(R)r? 2,

and we have covered all cases, so we get the first inequality in (2.2.17). To second
inequality in (2.2.17) follows immediately using that 7 < ¢g(k) and r > c4(k).
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If the interval (0(k)r7, %) is not entirely contained in one of the intervals (0, c15(k, £)),
(c15(k,€), c13(k,€)) or (c13(k,e,00), we integrate in the contained region to obtain
the desired inequality as in the other cases.

We are in position to finish the proof. Recall that by (2.2.1), it is enough to see
(2.2.5). By Plancherel’s identity (Theorem 2.1.4), (2.2.8) and Tonelli’s Theorem,

/ / dxda—/ / |F2 (t)]? dtda
RkJrl k‘) Rk+1
% 2
/ / R, (D219 (1) deda
RIH—l
%
-/ |<1><t>|2( / |>sz<t>|2da) d
RE+1 5(k)

Since g(7, ar) = X, (t), with 7 = ||t||, and using (2.2.9) and (2.2.17),

/ / x) drdo —/ |<I>(7f)|2</2 g* (7, ar) da) dt
RE+1 RE+1 J(k)
> [ jewp( [ rarda) ar
T<ce(k) d(k)

1
3

> (/ ]q)(t)|2dt) min / g*(r,ar)da > n?,
r<co(k) 0<7<cs(k) Jo(k)

and (2.2.5) follows, so we have proved the desired lower bound. ]

NI

As we have seen, this proof is based on the fact that we can write the spherical cap
discrepancy of an n-element set of points P on S* as a convolution of two functions.
This method is called Beck’s amplification method. Thanks to this, using Fourier
analysis seems a good idea since, by Plancherel’s identity, Theorem 2.1.4, we can
separate the geometric component and the measure component of this convolution,
as we have done in (2.2.6), and we can study them separately. In [1], there is an
extensive overview of this method in full generality.
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Chapter 3

Upper bounds

In this chapter we will present the best upper bound known up to now for the
spherical cap discrepancy of an n-element set of points on S* and a sharp upper
bound for the L2-discrepancy of an nm-element set of points on S*. Both results,
the first due to J. Beck and the second due to K. B. Stolarsky, are presented in
[7]. Unlike what happens with the lower bounds, the result concerning the spherical
cap discrepancy of an n-element set of points on S*, Theorem 3.2.1 (1984), is not a
consequence of a result concerning the L?-discrepancy of an n-element set of points
on S*. Theorem 3.2.2, due to K. B. Stolarsky, was proved in 1973, some years
earlier than the work of J. Beck, but the strategies and techniques used in their
proofs are almost the same. We will study the proof of Theorem 3.2.1 presented in
[7] complementing it with a more general proof presented in [5].

The techniques we use are probabilistic. The first one, called jittered sampling,
will be presented in Subsection 3.1.3 and, roughly speaking, it allows us to take an
n-element set of points on S* in a semi-random way. Independent and uniformly
distributed random sets behave really bad, in terms of well-distribution, while trying
to construct sets of points is extremely hard. On the other hand, the sets taken
using this technique have reasonable good properties related with the spherical cap
discrepancy. Jittered sampling is based on regular area partitions, presented in
Subsection 3.1.1. Basically, these are partitions of S* into pieces that have equal
surface area and their diameter is uniformly controlled. This technique can also be
applied in cubes, balls, rectangles, etc. The second one is the combination of the
Bernstein-Chernoft’s inequality, Lemma 3.1.7, and an approximation of the family
of all spherical caps on S¥ by a finite subfamily with certain controlled cardinality.

3.1 Preliminaries

3.1.1 Regular area partitions

We start the section studying regular area partitions of S*. We are going to see the
main definitions and a result concerning the existence of such partitions.

27
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Definition 3.1.1. We say that {S;}7., C S* is a partition of S* if

NZU&

with ¢(S;N.S;) =0 for all ¢ # j.

Definition 3.1.2. Let {S;}; C S* be a partition of S*. We call it an equal-area
partition of SF if

foralli=1,... n.

Definition 3.1.3. Let {S;}"; C S* be an equal-area partition of S*. We call it a
reqular area partition, with constant c(k) > 0, if

bl

diam(S;) < c(k)n™
foralli=1,...,n,

It is clear that in the k-dimensional unit cube there exist regular area partitions,
1
for example, take disjoint squares of side-length n~#%, but it is not so clear in the
case of SF.

Remark 3.1.4. The isodiametric inequality tells us that spherical caps have the
biggest surface area among all the sets on S* of a given diameter. Hence, for a set
A C S* with

diam(A) = diam(C'(x, t)),

where C(x,t) is a certain spherical cap on S¥, with € S¥ and —1 <t < 1, we have
that
o(A) < o(C(z,t)) = c(k) diam(C(x,t))* = c(k)diam(A)*,

with ¢(k) > 0 a constant depending on k. As a consequence, for the sets {S;}?, C S
of a regular area partition we have

o (S*)

—= = 0(S)) < c(k)diam(5))",

ie.,

diam(S;) > ¢ (k)n" .

We have seen that for these type of partitions the diameter of the sets is not only

1 . 1 .
controlled by above by n~% but we know that is of order n™%. So the sets of this
partition are quite regular (we may even thing that too regular to exist).

The next result, due to P. Leopardi, ensures the existence of regular area parti-
tions of S¥ and gives an explicit value for the constant. The proof can be found in
[11].
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Theorem 3.1.5. (P. Leopardi). For all n € N there exist reqular area partitions
{S:}™, of S with constant cor(k) given by

cor(k) =8 <k;§2>> %.

The history of these partitions, as D. Bilyk and M. T. Lacey comment in [2], is
curious. In 1973, in one of his works, Stolarsky asserts that for £ > 2, there exist
regular area partitions of S¥, without giving a construction nor a proof. Later, in
1984, J. Beck and W. W. L. Chen, in [7], quote Stolarsky. Bourgain and Linden-
strauss that worked also on these problems, quote J. Beck and W. W. L. Chen in
1988. Finally, in 2002 U. Feige and G. Schechtman gave a complete construction of
a regular area partition of S¥. In 2009, P. Leopardi found the value for the constant
stated in Theorem 3.1.5.

3.1.2 Concentration inequalities

Unlike the lower bound results, which use Fourier transform techniques, the tech-
niques used in the upper bound results are probabilistic. In this preliminary sub-
section we are going to study an inequality, due to Bernstein and Chernoff, that
plays a key role in the proof of Theorem 3.2.1 and also in the proof of Theorem 4.3.2
in Section 4.3. The word concentration points out the fact that these inequalities
measure the probability of a random variable to be far from its expectation, i.e.,
measure its concentration.

Lemma 3.1.6. (Markov’s inequality). If X is a non-negative random variable and
a >0, then
E(X)

P(X >a) <
(Xza< =

Proof. Consider the event {X > a}. Clearly, since E() is a monotone increasing
function, whenever X > a,

E(a]]-{XZa}) = E(a) S E(X),
and
E(al{xse) = aP(X > a).

Since a > 0, we can divide by a on both sides and we obtain the desired inequality.

O
With this result we can now study the important concentration inequality.
Lemma 3.1.7. (Bernstein-Chernoff’s inequality). Let &, ..., &, be independent
random variables with |§;| < 1 fori=1,...,m. Let

m

B=> E(&—-E(&))?).

i=1
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Then,

u 277 if > f,
p(%}@—w&ﬂZv)g{th oy

Proof. Without loss of generality we can assume that the random variables are
centered, i.e., E(¢§) = 0 for ¢ = 1,...,m. This is because of the linearity of the

expectation. Set
m
X=D &
i=1

We are only going to prove that P(X > ) is as stated because following the same
steps we can prove that P(X < —+) also satisfies the required inequalities.
Using Lemma 3.1.6,

P(X > 7) =P(e#* > e¥) < e VE(e?Y), (3.1.1)

with y satisfying 0 < y < 1 that we will determine later. Since X is a finite sum of
independent random variables

E(e?X) = HE(ey&). (3.1.2)

Let us study the term [E(e¥%) separately. By the exponential’s series expansion, and
since || < 1, we have

E(e¥s) = E ( > y;—'n)

n=0
2 2 X nen
2 ~ n!
2 2 X nle|n
2 —~ n!
2 2 00 2
y'E(&) y"|&]
<1 E —
* 2 * ; n!
2 ’ (n+3)!

By induction one can easily prove that (n+3)! > 6-3". Continuing the computations
we get

2 6 e 3n
2 2 3 2
vEE) | vEE) (1
=1
S R 14
QEZ 3E 2
_ L VEE) | yEE)




31 Chapter 3. Upper bounds

Using that 1 + z < €*, for x > 0, and applying these last computations to (3.1.2)
we get

E(eyX) < H <1 n y2E2(§2) + yg%(gi))

2

o (1452) T B

IN

Using this in (3.1.1), we obtain

P(X 2 7) < % () o,

because f = > 7" E(&). Hence, if v > S, let y = 1 to conclude

38
4

w2

P(X >7)<et 7<e”

Y

and if v < B, let y = % to conclude

,‘/2

2
]P(X > 'y) < e%ﬁ(prﬁ)*? < e 98,

‘4
™ N

3.1.3 Jittered sampling

As we will see in Section 3.2, both upper bound results, for the spherical discrepancy
of an n-element set of points on S¥, Theorem 3.2.1, and for the L?-discrepancy of
an n-element set of points on S¥, Theorem 3.2.2, are based in a technique involving
regular area partitions of S¥ called jittered sampling. We are going to follow [2].

Basically, jittered sampling is a way of producing semi-random sets of points.
In our case, we are going to use this technique in generating sets of points on S*
but it applies in many geometric different settings: balls, rotated rectangles, cubes,
spherical caps, etc. The general structure of the jittered sampling technique is the
following: we first divide our original manifold in n regions of equal volume and
almost equal diameter, then we take a point uniformly random in each of these
pieces, independently of the others. In our setting, we use regular area partitions
of Sk, where instead of volume we use surface area (normalized) and the diameter
of the pieces behaves like the number of pieces to the power —% times a constant
depending only on k.

Intuitively, this construction guarantees that the set of points which results is
well distributed in the sense that there are no large gaps. In many situations this
distribution yields nearly optimal discrepancy. This is consistent with the fact that
purely random constructions are far from optimal and deterministic sets are very
hard to construct, in terms of well-distribution.

As we will see in Section 4.2, following the proof presented in [3], this technique
can be viewed as a determinantal process with a specific kernel.
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3.2 Main results

We are going to study [5], J. Beck’s paper about upper bounds in the theory of
irregularities of distribution. Concretely, we are going to study Theorem 2, page
117. In [5] there is a more general version than the one presented in this thesis,
but since we are only studying discrepancies on S¥, we are going to complement the
study with [7], J. Beck’s and W. W. L. Chen’s book, because it contains a spherical
version of this result, which is the following result:

Theorem 3.2.1. (J. Beck). For an arbitrary integer n > 2, there exists an n-
element set of points P on the unit k-dimensional sphere S* such that, for any
spherical cap C(x,t) = {y € S¥; (z,y) <t} C S* withx € S* and —1 <t < 1, we

have
| Z(P,z,t) — no*(t)| < 028(/-1:)71%_i V/ logn.

Proof. We use the jittered sampling technique presented in Subsection 3.1.3. Let
us consider a regular area partition {S;}7; of S* with constant co7(k). We know
its existence by Theorem 3.1.5. Let us associate with each S;, for ¢t =1,...,n, a
uniformly distributed random point &; € S;, i.e., these random points, or random

variables, {&;}7, satisfy
HNS;)

o
P € H) = ~— 2V 3.2.1
G =T (321)
for every measurable set H C S* and for every i = 1,...,n. We can also assume
that {&}7, are independent.
Let us prove the existence of {¢;}7 ;. For every i = 1,...,n, defining

Fi={HNS;; HC Sk measurable}

and

o(HNS;)

o(Sk)
we have that each triple (S;, F;,P;) is a probability space and the identity function
& 0 S; — S; is a random point having the desired distribution. However, we cannot
ensure the independence. But there exist independent copies of {&}!, that we will
denote also by {&;}™,, which can be defined in the probability space

(Sl X...XSn,.F,IED)

where
F={(H,NS,...,H,NS,); H,...,H, CS measurable}

and
P(HiNSy,...,H,NS,) =Py(HNSy)-...-P(H,NS,),

as the projections & : S; X ... x S, =S¥, &(s1,...,8,) = s, foralli =1,...,n.
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Let us fix a spherical cap C' = C(z,t) C S*, with z € S¥ and —1 <t < 1. We
denote by C' the union of all S; contained in C| i.e.,

S;cC

Clearly, C' contains as much & as S; contained in C. So we need to study the
discrepancy of C'\ C. Denote by Z(C) C {1,...,n} the set of indices such that, if
i € Z(C), then

CNS;#0 and (SF\C)NS; #0.

We can easily check that
c\C= J sino). (3.2.2)
1€Z(C)

Note that, in fact, it is a disjoint union since the sets {S;}!; are pairwise disjoint.
We claim that )
card(Z(C)) < cog(k)n' ", (3.2.3)

To see this observe that, for each i € Z(C), S; intersects the boundary of C.
Because of the properties of this regular area partition, (see Definition 3.1.3), each
S; is contained in the (027(/{:)71_%)—neighbourhood of this boundary, which means
that the whole union is in there.

The surface area of a b-neighbourhood of a (k — 1)-dimensional sphere inside S*
is bounded above by the surface area of the b-neighbourhood of the equator of S,
which at the same time is bounded by a constant cgo(k) times b. Therefore, since
all S; have the same surface area, we conclude that

k
card(z()) 2 < olk)
n nk

with cog(k) = cor(k)eso(k), as we have claimed.

To visualize this a bit more, we can think in the case k = 2, so we have S? C R?.
All S; with i € Z(C) are included in a (cy7(2)n~2)-neighbourhood around the
boundary of the spherical cap, which in this case is a spherical zone with high
h = 2027(2)71’%. Recall that in this case the boundary is rS!, with 0 < r < 1. The
surface area of this spherical zone is 4r7h, with r the radius of the boundary of the
spherical cap. This value is maximized in the hemisphere, when r = 1.

Let us define the random variables 7;, i € Z(C), as follows
L 1 if @ ceCn SZ',
10 i &EECnS,.

Then,

Zl—na(c): 3 1—n§((0)—|— 3 PR RPN

k k k
&ieC U(S ) &eC,s;cC S ) &eC,S;¢C U(S )
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Observe that the difference of the first two terms in (3.2.4) is zero. Using that C' is

the union of the disjoint sets S; contained in C'; and that all of them have the same

a(S*)
measure, =,

o(C n
Z 1_”0((Sk)) = Z 1- o (SF) Z o (S:)

& eC.s;cC &eC.S5;cC S;cC

= ) 1-> 1=0.

n,€C,S;CcC S;cC

Back to (3.2.4), using (3.2.2), the definition of the random variables {n;};cz(cy and
the equation (3.2.1),

o(C) n
DT RPIREE U VL)

&eC i€Z(C) i€Z(C)
O'(SZ N C)
i€Z(C) !
= Z (m —P(& € Sin0)).
i€Z(C)

Since {n; };ez(c) take values 0 or 1, its expectation is E(r;) = P(§; € S;NC'), therefore

> 1- ”2((;)) = > (0~ E(m)). (3.2.5)

&eC i€Z(C)

Now, we are going to apply Bernstein-Chernoff’s inequality (Lemma 3.1.7). Let
v = ¢ (k)n2~ 2 /Tog n, where the constant ¢z (k) > 0 will be specified later. Recall
that the 3 appearing in Lemma 3.1.7 satisfies 8 < card(Z(C)) < cg9(k)n'~* since

B=Y_ E((n—E(m)?)

1€Z(C)
and using (3.2.3). Therefore, applying Lemma 3.1.7 to (3.2.5), since v < 3

P< 2.1 —”ZESCQ) > (m—E(m))' > v)

&eC i€Z(0)

11 )
_(e31(k)n2 " 2k \Togn)
< e 4(:29(1@)77.17%

1
ncgg(k) )

with c3o(k) = Zi;glz; — 00 as c31(k) — oo.
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The strategy we have followed, proving the result for a fixed spherical cap, has one
big problem: the family of the spherical caps on S* is an uncountable family of sets.
A priori it is not clear that we can pass the bounds obtained for the discrepancy
of a fixed spherical cap to bounds for the discrepancy of the whole family of the
spherical caps on S¥, and to preserve the order of the discrepancy.

But, it can be seen that there exists a finite subfamily S of the family of all
spherical caps on S¥, with cardinality n®), where cs3(k) > 0 is a constant depend-
ing only on k, satisfying that, given a spherical cap C’ = C(2/,t') on S*, there exist
A, B € § with

AcccB and 78D 1
o(SF) n

If A,B € S are as before, with respect to a spherical cap ¢’ = C(2/,t') on S¥,

we have that

o(B\C)
(Sh)

|Z(P, 2, t') —no*(t')| <

Smax{‘Zl—n%SBk)) }+1.

This tells us that the discrepancy of the family of the spherical caps on S* is of the
same order as the discrepancy of the subfamily S, and hence, that we can restrict
ourselves to spherical caps in §. So, using this reduction, we can bound the spherical
cap discrepancy of the union of the sets of S by

o(A)

&eA

Y

a(C) 11 1
IP’( gzcl _ HW > cg1(k)n2"264/logn, for some C' € S) < Card(s)nc32(k)
i€
1
— pes2(k)—cs3(k)
1
< 5
-2

if c32(k) > c33(k), and recall that in the expression of cz,(k) it appears c3; (k) for
which we have some freedom in adjusting it, and this finishes the proof because we

have seen
o(C)
IP’( Z 1-— na(Sk)

&eC
so the probability with the reverse inequality is bigger than %, which ensures the

existence of such an n-element set of points on S*. ]

As an immediate consequence, taking the supremum over all spherical caps on

S*, we have that
\/logn,

‘ =

D, (P) < n2e

Eal
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which is the best upper bound, known up to now, for the spherical cap discrepancy
of an n-element set of points P on SF.

We have studied two results concerning lower bounds, due to J. Beck, Theorem
2.2.3 and Theorem 2.2.4, in Section 2.2. The first one, Theorem 2.2.4, gives a lower
bound for the spherical cap discrepancy of an n-element set of points on S*¥ and
is an immediate consequence of the second one, Theorem 2.2.3, which is the main
result concerning lower bounds. Its starting point is Stolarsky’s Invariance Principle,
Theorem 2.2.1, and it gives a lower bound for the L2-discrepancy of an n-element
set of points on S*.

Unlike before, the best known upper bound for the spherical cap discrepancy of
an n-element set of points on S¥, Theorem 3.2.1, it is not a consequence of a result
concerning the L?-discrepancy of an n-element set of points on S¥, but such a result
exists. K. B. Stolarsky, in a work previous to all these results due to J. Beck, in
1973, established the best upper bound for this L2-average and it is known that the
bound he gave is sharp.

Theorem 3.2.2. (K. B. Stolarsky).
co(k)n? — S(n, k) < csa(k)n' k.

Proof. We have to find an n-element set P on S* such that

[ gy [z o @f aoto) ars w26y

-1

because

co(k)n® = S(n, k) < co(k)n* — S(n, k, P)
- /_11 <@ /s (2(P.at) =na" (1)) da(x)) dt.

We follow exactly the same strategy, step by step, as the proof of Theorem 3.2.1,
until the moment before applying Lemma 3.1.7, equation (3.2.5). Basically, we use
the jittered sampling technique presented in Subsection 3.1.3 and then, defining
random variables for a subcollection of sets of the partition with certain properties,
we find out that

do1 —n% = > (m—E@m)).

&eC i€Z(0)
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Observe that

E((EZ(W—EW»Y>=E(‘ Ej(mllﬂ%ﬂwh—E%JO

1€Z(C)

just using the linearity of the expectation and that, since {n; };cz(c) are independent
random variables, in the last equality only remain the terms where 7; = 75. Hence,

(2t maw) ) ==(( 3 oem=o0)))
-X E( m—E@m))

using these lasts expressions and that |n;| < 1. By equation (3.2.3) of the proof of
Theorem 3.2.1, we get

o(C)\? 1-1
_ <
E((Zl nU(S’“)) ) _029(1{:)71 .
&eC
Finally, by (3.2.7) and Tonelli’s Theorem,

E(/ ( (d )ﬁ)g@g@#ﬁ.

As a consequence, there exists an n-element set of points on S¥ satisfying (3.2.6), as
we wanted to see. O]

Eal

(3.2.7)

Combining Theorem 2.2.3 and Theorem 3.2.1 we have that the L2-discrepancy
of an n-element set of points P on S* satisfies
cl(k)n' "% < Dyp(P)y < csa(k)n' %,
As a remark, observe that the cases k = 1 and k£ > 2 are completely different. While
in the case kK = 1 the L2-discrepancy of an n-element set of points on S¥ remains
bounded as n — o0, in the case k > 2 the L?-discrepancy of an n-element set of
points on S¥ goes to infinity as n — oo with polynomial speed.
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Chapter 4

Determinantal point processes

In this chapter we will introduce the notion of determinantal point process, first
introduced by Odile Macchi in 1975, we will see that the point process given by the
jittered sampling technique, explained in Section 4.2, can be viewed as a determi-
nantal point process and finally we will study a result due to K. Alishahi and M.
Zamani, presented in [9], that gives a construction of a specific determinantal point
process which achieves the bounds presented in the previous chapters, in S2. We will
start by presenting the basic definitions and concepts related with the determinantal
point processes, in full generality, to provide the necessary background for the next
sections. To do so, we will follow [4]. To see that the point process given by jittered
sampling technique is a determinantal one we will follow [3].

4.1 Basic concepts and setting
Let us start this introductory section with some definitions.

Definition 4.1.1. We say that A is a locally compact Polish space if it is a topological
space which admits a topology induced by a complete and separable metric.

Definition 4.1.2. We say that p is a Radon measure on A if it is a Borel measure
which is finite on compact sets.

The examples that would have bigger relevance in this thesis are the following:

1. Let A be an open subset of R* and pu the k-dimensional Lebesgue measure
restricted to A.

2. Let A be a finite or countable set and u such that it assigns unit mass to each
element of A (the counting measure on A).

Definition 4.1.3. A point process X on A is a random integer-valued positive Radon
measure on A. If X almost surely (a.s.) assigns at most measure 1 to singletons, it
is a stmple point process.

39
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In this case, X’ can be identified with a random discrete subset of A. We denote
as X' (D) the number of points of this set that lie in D C A.

One way to describe the distribution of a point process is through its joint in-
tensities (also known as correlation functions).

Definition 4.1.4. Let X be a simple point process. The joint intensities of a point
process X with respect to u are functions (if any exist) p, : A" — [0, 00), for n > 1
such that for any family of pairwise disjoint sets D1, ..., D, of A

E[ile(Di)] :/D (@, wy) dp(z) - dpy).

1X...XDp
In addition, we shall require that p,(z1,...,x,) vanishes if z; = x; for some i # j.
If A is finite and p is the counting measure on A, then for distinct x4, ..., z, the

quantity p,(x1,...,x,) is just the probability that z;,...,z, € X.

Let K : A2 — C be a measurable function.

Definition 4.1.5. A point process X’ on A is said to be a determinantal point process
with kernel K if it is simple and its joint intensities with respect to the measure u
satisfy

pn(ﬂfl, R ,l’n) = det (K(QL’“ xj)lgi,jgn);

for every n > 1 and zq,...,2, € A.

Observe that we need K(z;,z;) to be well defined for every pair (z;,z;). Also,
in order to have a definition which makes sense, we need det (K(:vz, .I'j)lgi,jgn) to be
locally integrable on A™. Both of these problems disappear when K is continuous.

The notion of determinantal point process was first introduced by Odile Macchi,
in 1975, as a way of model fermions in quantum mechanics. These type of point pro-
cesses arise surprisingly often in random matrix theory, combinatorics and physics.

A typical example of determinantal point process is the circular unitary ensemble
(CUE). The points on this process are the set of eigenvalues of a random unitary
matrix sampled from the Haar measure on the group of n X n unitary matrices.

The Haar measure is the unique Borel probability measure on the group of n xn
unitary matrices that is invariant under left multiplication by unitary matrices. It
is also invariant under right multiplication by unitary matrices and under inversion.
The result, due to Weyl and Dyson, is the following:

Theorem 4.1.6. (Weyl, Dyson). Given an n x n unitary matriz U, let {e¥%; 1 <
Jj < n} be the set of its eigenvalues. The counting measure of eigenvalues is a
determinantal point process on S' with kernel



41 Chapter 4. Determinantal point processes

with respect to the Lebesgque measure on S' (with total measure 2m). Equivalently,
the vector of eigenvalues, in uniform random order, has density

1 i0; _if))2
ey LTI = e
j<l
with respect to the Lebesque measure on (S')".

4.2 Jittered sampling as a determinantal point
process

In this section we are going to see that the point process given by the jittered sam-
pling technique explained in Section 4.2 can be viewed as a determinantal point
process. We have applied the jittered sampling technique to a regular area partition
of S¥ but, as we have mentioned before, this is a more general technique that applies
in many different geometric settings, so this proof is going to be in a Polish space

A.

Consider a partition A = {A;}; of the space A into pairwise disjoint measurable
sets of equal measure, i.e., 4; N A; =0 for i # j, u(A;) = + and p(A) = 1. Define
the projection operator

ZXA /f ) dpu(y /KAxy y) du(y)

to the space of measurable functions with respect to the finite o-algebra generated
by A. The kernel of this operator is given by

n

Kalo,y) = 3 arhials)

The determinantal point process defined by the projection kernel K4, X4, is then
equal to the jittered sampling process associated to the partition A, which can be

seen by computing
Al n

If we expand the determinant, taking into account that K4(z;,z;) = 0 whenever
i # j with x; € A;, x; € A; (because the sets in A are pairwise disjoint), we have
that

E(XM A XM AL) =) sen() / /A HKA iy Tn(iy) dpp(1) - . dp(,)

TES, no4=1
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~T1 ] Baona dut) =1 421)

where S,, denotes the symmetric group and sgn(7) denotes the sign of the permuta-
tion 7, using the definition of K4, because for all permutations, except for m = id,
the term Ky (z;, ;) vanishes.

We know, by [4], that X samples n points almost surely. Thus, the product
XA(Ay) ... XA(A,) is either 0 or 1, almost surely. By equation (4.2.1), it is equal

to 1, almost surely, which means that the process X! samples exactly one point per
set of the partition A. Moreover,

wxﬂmzéKm@wm
=11 Sl dnco

. “~ 1i(A; N D)
_Z.Zl p(A;)

= nu(D),

because of the properties of the partition A. If D C A;, then

because only one of the terms 11(A;N D) survives thanks to the disjointness of the sets
of the partition A. This means that the sample point chosen from A; is distributed
7

with measure u; = iy on A;.

4.3 Spherical ensemble

In this section we are going to study a result, due to K. Alishahi and M. Zamani,
presented in [9], concerning a specific determinantal point process called spherical
ensemble. We are going to see the construction of such a process, in S?, providing a
small piece of code that generates an image of such a process, and then we are going
to enter into the proof of Theorem 4.3.2, and as we are going to see, using some
assumptions, is very similar to the proof of Theorem 3.2.1, presented in Section 3.2.

Given an n-element set of points P = {x1,...,z,} on S? we have defined its
spherical cap discrepancy as

C(x,t
DP) = sup_|z(Pat)— MLEE)]
Ola,t)CS? 4mr
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where Z(P,z,t) denotes the number of points of P that lie in the spherical cap
C(x,t), with z € S* and —1 <t < 1, and o is the surface area measure on S?, so
o(S?) = 4m. We denote the spherical cap discrepancy of an n-element set of points
in S? by D2.

In Section 2.2, Theorem 2.2.4, we have seen that for any n-element set of points
P on S? we have

cni < D2 (P),

where ¢ > 0 is a numerical constant that does not depend on n. Also, in Section
3.2, Theorem 3.2.1, we have seen that for any n > 1 there exists an n-element set
of points P, with cardinality n, on S? such that

D?(P) < Cni/logn,

where C' > 0 is a numerical constant that does not depend on n.

4.3.1 Construction

Let us see how the spherical ensemble is constructed. We are going to construct
a point process X = 3" §p, so we must determine {Py,...,P,}. Let 4, and
B,, be two independent n x n random matrices with independent and identically
distributed standard complex Gaussian entries.

Definition 4.3.1. A complex-valued random variable Z follows a standard complex
Gaussian distribution, and it is denoted by Z ~ N¢(0, 1), if its density function is

fz(z) = le"ZP, z€C,

™

with respect to the Lebesgue measure.

Let us denote as {\,...,\,} the set of eigenvalues of A !B,. We can consider

this set of eigenvalues as a (simple) random point process on C. We can describe it

using the joint intensities p,ﬁn), 1 < k < n, with respect to the measure

n

W= S

where dz denotes the Lebesgue measure on C.

M. Krishnapur showed, in [10], that this random point process is a determinantal
point process on the complex plane with kernel

K™ (z,w) = (1 + zw)"
with respect to the measure du(z), i.e.,

p,(c")(zl, oo z) = det (K(z;, 25))

1<i,j<k
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for every k> 1 and z,...,2, € C.

Let us consider h the stereographic projection of the sphere S? from the north
pole (0,0,1) onto C, seen as the two-dimensional plane {(¢,%2,0); t1,t2 € R}, i.e.,
for (371,1'2, 1‘3) € S?

T1 + 179
h(xy,xe,x3) = ———.
(21,72, 73) T
Now, let P, = h™'(\y), for i = 1,...,n. As K. Alishahi and M. Zamani comment
in [9], it can be seen that the vector (P, ..., P,), in uniform random order, has the
joint density
CH lpi — pj||2,

i<j
with respect to the Lebesgue measure on (S?)”, where ¢ > 0 is a numerical constant
that does not depend on n.

As we have seen, the spherical ensemble is quite simple to construct. Let us see
a figure of a spherical ensemble of 500 points.

Figure 4.1: Spherical ensemble of 500 points.

It has been obtained with the following piece of code, that can run in Matlab or
Octave.

% We want 500 points.

n=500;

% Standard deviation of the real and imaginary parts.
c=1/sqrt(2)
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% Eigenvalues of the matrix M~{-1}*N.
A=eig(inv(c*randn(n)+i*c*randn(n))*(cxrandn(n)+i*cxrandn(n)));
% Inverse of the stereographic projection.
B=[2x*real(A)./(1+A.*conj(A)),2*imag(A)./(1+A.*conj(A)),
(-1+A.*xconj(A)) ./ (1+A.xconj(A))];

% Plot.

plot3( B(:,1), B(:,2), B(:,3),’.7);

axis square

Let us study the result, presented in [9], which describes the behaviour of the
spherical cap discrepancy of a concrete type of set of points, which is a determinantal
point process, the spherical ensemble, as we increase the number of points.

4.3.2 Spherical cap discrepancy of the spherical ensemble

Given two functions f and g, the notation f(x) = O(g(x)) means that there exist a
constant C' > 0 and x such that |f(z)| < Cg(x) for all 2 > x.

Theorem 4.3.2. Consider the point process X = >, dp, where the points
{P1,...,P,} are the ones given by the spherical ensemble. For every M > 0 in-
dependent of n, we have

N

D2({Py,...,P,}) =O0(n

V/logn)

with probability at least 1 — ﬁ

Let C = C(x,t) be a spherical cap on S?, with z € S and —1 < ¢ < 1. Recall
that X (C) denotes the number of points of the point process X'™ that lie in C,
following the notation established at the beginning of this chapter. We are going to
assume the following, proved in [9]:

1. For any spherical cap C = C(z,t) on S?, with z € S? and —1 < ¢ < 1, the
random variable X (C) has the same distribution as 3, n. where 7, are
independent Bernoulli random variables.

2. The expected value of X™(C) is equal to n%.

3. There exists an absolute constant ¢ > 0 such that

Var(X™(C)) < ev/n.

In [9], Alishani and Zamani specify the value P(n, = 1), but for our purposes we do
not need this value. Let us pass to study the proof of Theorem 4.3.2.
Proof. Using the first assumption above and Bernstein-Chernoft’s inequality, Lemma

3.1.7, presented in Section 3.1.2, we have

. 2 t
P (C) ~ EEO(C)) > 1) < 2™ o)
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and using the third assumption we get

P(IX(C) — B ()] 2 1) < 2" (#t),

Now, taking ¢t = O(ni+/logn) we have

O(logn) O(n% V1ogn) )
Ze 4 .

P(JX™(C) — E(X™(C))| > O(ni /logn)) < 2¢~m (

Since the exponential term goes (quickly) to 0 as n — oo, because log n and ni Vviogn
go to infinity as n — oo, for any M > 0 we have

X™(C) = E(X™(C)) + O(ni+/logn) (4.3.1)

with probability at least 1— n%, where the implied constant in O(+) does not depend
on C.

As we have argued previously, in the proof of Theorem 3.2.1, there exists a
subfamily &2 of the family of all spherical caps on S?, with cardinality n°, where
cao > 0 is an absolute constant, satisfying that, given a spherical cap C’ C S?, there
exists A, B € S with

AcC'CcB and O'(B\A)<4—7r.
n

If A, B € §? are as before, with respect to the spherical cap C’ on S?, we have that

|X(C) —E@™(C)] < ’XWB) N msz/)
_ ’X(”)(B) - ngﬁj) N ‘na(B47\T ")

< [X™(B) — E(X™(B))| + n%
< max {|X"(B) — E(X™(B))], |[X"(4) - E(X™(4))[} + 1,

using the second assumption. This implies that the discrepancy of the family of the
spherical caps on S? is of the same order as the discrepancy of the subfamily S2,
and hence, we can restrict ourselves to spherical caps in S2. Using this reduction in
the union bound we get that (4.3.1) holds uniformly in C, as we wanted to see. []

As we have seen, the structure of this proof is the same as the proof of Theorem
3.2.1. We see, using Bernstein-Chernoff’s inequality, Lemma 3.1.7, that the proba-
bility of the complementary statement is really small for a fixed spherical cap and
then we pass this estimation to the whole family using an approximation family of
certain cardinality.
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