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Abstract

The spherical ensemble is a well-known ensemble of N repulsive points on the two-
dimensional sphere, which can realized in various ways (as a random matrix ensemble,
a determinantal point process, a Coulomb gas, a Quantum Hall state...). Here we
show that the spherical ensemble enjoys remarkable convergence properties from the
point of view of numerical integration. More precisely, it is shown that the numerical
integration rule corresponding to N nodes on the two-dimensional sphere sampled in
the spherical ensemble is, with overwhelming probability, nearly a quasi-Monte-Carlo
design in the sense of Brauchart-Saff-Sloan-Womersley for any smoothness parameter
s < 2. The key ingredient is a new explicit sub-Gaussian concentration of measure
inequality for the spherical ensemble.

Keywords Quasi-Monte-Carlo designs - Coulomb gas - Numerical integration -
Concentration of measure

1 Introduction

How to optimally distribute N points on the two-dimensional sphere? This is a question
which has a long history and appears in a wide range of areas in pure as well as
applied mathematics (see the survey [32] and [8, Section 7]). The notion of optimality
depends, of course, on the problem at hand. But a recurrent theme is to distribute the
configuration of points xy := (X1, ..., Xxny) € X" 50 as to minimize

6y (xn) —doll
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Constructive Approximation

on XV, where ||-|| is a given (semi-)norm on the space of all signed measure on the
two-sphere X, do denotes the standard uniform probability measure on X and 8y (x x)
is the empirical measure corresponding to x v, i.e. the discrete probability measure
on X defined by

N
1
BN (X1 ) = }léx,« (1.1)
1=

More precisely, since finding exact minimizers is usually unfeasible, the aim is typ-
ically to distribute the N points (xi, ..., xy) so that [|6y(xy) — do || achieves the
optimal (minimal) rate as N — oo (as discussed in the introduction of [26, 27, I]).
Here we will be concerned with a notion of optimality which naturally appears in
the context of numerical integration (cubature) and quasi-Monte-Carlo integration
techniques [10, 12], where the norm in question is a Sobolev norm.

1.1 Background
1.1.1 (Quasi-)Monte-Carlo integration on cubes

Monte-Carlo integration is a standard probabilistic technique for numerically comput-
ing the Lebesgue integral of a given, say continuous, function f over a domain X in
Euclidean R¢ (or more generally, a Riemannian manifold X). It consists in generating
N random points x1, ..., xy in X, with respect to the uniform distribution dx on X
(assuming for simplicity that X has unit-volume) and approximating

1 N
/dex ~ ;m»

In other words, the points x1, ..., xy are viewed as as independent R9 —valued random
variables with identical distribution dx. By the central limit theorem the error is of the
order O(N~1/?) with high probability:

. 1Y
Jim P (‘/X fx =~ ; £

A 2
>—|=1- e dx/n'? 1.2)
B Nl/z) /ym / (

if f is normalized to have unit variance.

The popularQuasi-Monte-Carlo method aims at improving the order of the con-
vergence, by taking x y := (x1, ..., xy) to be a judiciously constructed deterministic
sequence of N —point configurations on X . In the most commonly studied case when X
is the unit-cube [0, 1]¢ in R¥ there are well-known explicit so called low-descrepancy
sequences (e.g. digital nets) constructed using the theory of uniform distribution in
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number theory [29], such that

(log N)*

<Cq N (1.3)

| fax- —Zf(xl

fEC(X) V(}‘)<1

where V (f) is the Hardy-Krause variation of f, whose general definition is rather
complicated, but for f sufficiently regular it is, when d = 2, given by

92 9
V() :=/ f —f<x1, 1)‘ dx, +/
[0,1]2 [0,1]

Bxla)CQ

dxd.4)

v
0,17 | 9x

This is a consequence of the Koksma-Hlawka inequality, which is the corner stone of
the theory of quasi-Monte-Carlo integration on a cube [21, 23, 29].

af
8_x2(1’x2)

1.1.2 Numerical integration on manifolds

Let us next recall the general setup for numerical integration on manifolds, following
[9, 10]. Let X be a compact manifold that we shall take to be two-dimensional. Given
a configuration x y € X" of N points on X the worst-case error for the integration
rule on X with node set x y with respect to the smoothness parameter s €]1, oo[ is
defined by

wce (xpy; s) =

(1.5)

/ fdo — —Zf(xl

f: ||f|\HV(X)_

where dog denotes the normalized volume form defined by g and || f| s (x) denotes
the norm in the Sobolev space H*(X) of functions with s fractional derivatives in
L2(X). In other words,

wee (xy;5) = |y (xn) — dog HH&X(M,

where 8 (x ) is the empirical measure 1.1 and H; * (X) denotes the Sobolev space of
all mean zero distributions on X, endowed with the Hilbert norm which is dual to the
smoothness parameter s €]1, oo[ (see Sect.2.1). The role of the Hardy-Krause varia-
tion norm 1.4 on a Euclidean square will in the present two-dimensional Riemannian
setting be played by the Sobolev norm with smoothness parameter 2 :

1/2
£l g2y = (fX|Agf|2dvg> ,

where A, denotes Laplace operator on C*°(X). The worst case error wee (xy; s) is
also called the generalized discrepancy [12] because of the similarity with the Koksma-
Hlawka inequality on a cube. A sequence x y € X” is said to be of convergence order
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O(N %) with respect to the smoothness parameter s if
wee (xy;s) < O(N™F)

The optimal convergence order is O(N —5/2). More precisely, by [9, Thm 2.14], there
exists a positive constant c(s) such that for any sequence xy € XV

wee (xy: ) > c(s)N /2. (1.6)
1.1.3 Quasi-Monte Carlo designs on the two-sphere

Consider now the case when X is the two-dimensional sphere endowed with the
Riemannian metric induced from the standard embedding of X as the unit-sphere
in Euclidean R3. We will denote by do the probability measure on X obtained by
normalizing the area form of g. Following [10] a sequence of N —point configurations
xy € XV is said to be a sequence of Quasi-Monte-Carlo designs (OQMC) wrt the
smoothness parameter s €]1, ool, if the corresponding worst case errors wce (X y; §)
have optimal convergence order, i.e. if

wee (xy; s) = O(N™/?)

In particular, this convergence is faster than the one offered by the standard Monte-
Carlo method. Indeed, as recalled above, Monte-Carlo integration gives, with high
probability, an error of the order N~!/2 for a fixed function f, even if the function is
smooth.

The notion of a QMC design is modeled on the influential notion of a spherical
t-design xy € X N introduced in [13]. In fact, as shown in [10, Thm 6], it follows
from the solution of the Korevaar-Meyers conjecture in [7], that there exists a sequence
of spherical —designs XV with ¢ of the order N/, which is a QMC design for any
s €]1, oo[. Moreover, for a fixed s €]1, 2[ reproducing kernel techniques reveal that
any sequence of maximizers x y (s) € X" of the generalized sum

Z ’xi —Xxj |2s—2

i,J<N

is a QMC design wrt the smoothness parameter s (see [10]).

However, all the sequences of QMC designs discussed above are non-explicit for
N large. Moreover, approximating them numerically is very challening for large N,
due, in particular, to an abundance of local minima of the corresponding functionals
to be minimized on X% [19, 36]. One is thus lead to wonder if probabilistic methods
can be used to improve the convergence order of the standard Monte-Carlo method by
taking the points xi, ..., xy on the sphere to be appropriately correlated, as in repul-
sive particle systems? A natural class of such point processes is offered by the class of
determinantal point processes, whose utility for Monte-Carlo type numerical integra-
tion was advocated in [2]. The main aim of the present work is to show that a particular
determinantal point process on the two-sphere known as the spherical ensemble enjoys
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quite remarkable converge properties from the point of view of numerical integration,
for any smoothness parameter s €]1, 2].

1.2 Main results for the spherical ensemble

The spherical ensemble first appeared as a Coulomb gas, also known as a one-
component plasma, in the physics literature (see the monograph [16] and references
therein). We recall that the Coulomb gas on the two-sphere X with N particles, at
inverse temperature S, is defined by the following symmetric probability measure on
XN

1 1
dPn g == e*ﬁE(N)dG®N, EM .— _ Z ~log |x,~ —xj| 1.7
N i#izn 2

where X has been embedded as the unit-sphere in Euclidean R3. It represents the
microscopic state of N unit charge particles in thermal equilibrium on X, interacting by
the Coulomb energy E™), subject to a neutralizing uniform back-ground charge. More
precisely, the spherical ensemble (X, Py ) coincides with Coulomb gas on the sphere
at the particular inverse temperature B = 2, for which the Coulomb gas becomes a
determinantal point process [16, 22]. The following elegant random matrix realization
of the spherical ensemble was exhibited in [24]. Consider two rank N complex matrices
A and B and take their entries to be standard normal variables. Then the spherical
ensemble coincides with the random point process defined by the eigenvalues of AB~!
in the complex plane, when mapped to the two-sphere, using stereographic projection.

In the present work it is shown that a random N —point configuration x y in the
spherical ensemble is, with overwhelming probability, nearly a Quasi-Monte Carlo
design for any s €]1, 2] :

Theorem 1.1 Consider the spherical ensemble with N particles. There exists a
constant C such that for any given R in [(log N)~'/2, N (log N)~1/2

1 —

. (log N)!/? 1
Py <wce (xn;2) < CRT z NER/C—C

As a consequence, for any s €]1, 2], there exists a constant C(s) such that for any
given R in [(log N)™1/2, N(log N)~1/?]

s/4
Py (wce(xN; s) < C(s)RS/2%> >1- ﬁ.

Note that for N large the restrictions on the parameter R are essentially negligable.
That the estimate in the case s = 2 implies the one for s < 2 follows from [10, Lemma
26]. Interestingly, the worst case error in the case s = 2 is similar to the worst case
error of low-discrepancy sequences on the cube (formula 1.3). It should, however, be
stressed that on the two-sphere there are no explicitly constructed sequences (xy)
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saturating the optimal rate wee (xy;2) = O(N~"), even if logarithmic factors are
included (see the discussion in Sect. 1.5.1).

An interesting feature of the proof of the previous theorem is that it yields attractive
values on the constants in question. Indeed, for any n > 2/log N the following explicit
bound is obtained:

. (1.3)

1 12 (log N)!/? Lenlog N)?
IP’N<ch(xN;2)§e< +77> (log N) Zl_w

4 N N1

where log N denotes the natural logarithm, assuming that N > 1000 (otherwise,
Euler’s number e appearing in the left hand side has to be replaced by a slightly
larger constant). For example, when N = 1000 this yields the worst-case-error bound
wee (xy;2) < 0.003 with 99.9% confidence (by taking n = 2). Moreover, N =
10000 yields wee (x; 2) < 0.0004 with 99.999% confidence.

The previous theorem should be compared with the conjecture in [10], supported
by numerical simulations, saying that minimizers x y of the logarithmic energy E®)
(formula 1.7) are QMC designs for s €]1, 3]. However, a practical advantage of the
spherical ensemble is that it can be simply generated by employing O(N?) elementary
operations (using its random matrix representation), while no polynomial time algo-
rithm for constructing near-minimizers of EY) is known [34, Problem 7]. Concerning
the sharpness of the inequalities in the previous theorem we note that the restriction
to s < 2 is necessary, as follows from formula 1.10 below. Moreover, the power 1/2
of log N appearing in the inequalities for s = 2 can be expected to be optimal.

Theorem 1.1 will be deduced from a new concentration of measure inequality in
Sobolev spaces (Theorem 1.3 below), which, in turn, will follow from the follow-
ing bound on the moment generating function of the square of the random variable
wcee (xn; §).

Theorem 1.2 For any € > 0 and o €]0, 472¢[
Ey (eazvzwe (xN;2+e))2) - (det (1 _ 1A_(1+6>>)*1/2 -
- 2 8

where A4 denotes the Laplace operator on X and det(I — )LA;(HS)) is the Fredholm
(spectral) determinant of its fractional power A;(He) (see Sect.2.1).

In fact, this is an asymptotic equality, as N — oo (as will be shown elsewhere
[3]). Combining Theorem 1.2 with some spectral theory the following concentration
of measure inequality for the spherical ensemble is obtained:

Theorem 1.3 There exist explicit constants Ay, Ay and A3 such that for any positive
integer N and € > 0

—AN2s2+ 22
Py (65 = dorll -0y, > 8) < VLA,
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1.3 Outlook on the the case of general compact surfaces

The results for the two-sphere can be generalized to any compact two-dimensional
Riemannian manifold X. Here we will just highlight the main points, deferring details
to [3]. Given a Riemannian surface (X, g) of strictly positive genus denote by g.
the unique Riemannian metric on X with constant curvature which is conformally
equivalent to g. To (X, g.) one can attach a canonical N —particle determinantal point
process (X", dPy), which can be viewed as a higher genus generalization of the
spherical ensemble [4]. In this general setting the bound in Theorem 1.2 holds up to
multiplying the right hand side with a factor of the form (1 + e~%/V), for an explicit
positive constant §, depending on the injectivity radius of (X, g.). This is shown in
essentially the same way as in the spherical setting, using the general Moser-Trudinger
type inequalities in [4] as a replacement for the inequalities 1.11 recalled below. The
analogs of Theorems 1.1, 1.3 then follow as before. In particular,

172
_0 ((IOgN) )
N

holds with probability 1 — O(1/N*°) (in the sense of Theorem 1.1). Expressed in
terms of the original Riemannian metric g this means that introducing the “weight
function”

1 N

NZ‘S&' —dV,,
i=1

Hy 2 (X)

w:=dVy/dVg,
and sampling a configuration (xi, ..., xy) in the canonical N —particle ensemble
(XN, dPy)
N 1/2
1 (log N)
e (s | gave- 3 reouen)| < o(g—)

Pt [IX N = N

>1—-0O0/N*) (1.9)

(in the sense of Theorem 1.1). In fact, the original Riemannian metric g also induces
a determinantal N —particle point process on X. In physical terms, the corresponding
probability measure dIP’gV on XV represents the probability density for an integer
Quantum Hall state, i.e. an N —particle state of electrons confined to (X, g) subject to
a constant magnetic field, whose strength is proportional to N. However, as explained
in [3], the error in the corresponding estimate 1.9 will be of the larger order O(1/N1/?)
(unless g has constant curvature). Accordingly, replacing the original metric g with
the constant curvature one g, is analogous to the use of importance sampling in the
standard Monte-Carlo method. Recall that the latter method amounts to calculating
integrals [, x fdV, by taking the points x; to be independent realizations of a “target
measure” v (taken to be different than dV, with the aim of reducing the variance;
compare the discussion in [2, Section 1.2])
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It should be stressed, however, that one advantage of the spherical setting is that all
the constants can be explicitly estimated, while, in the general setting, the constants
depend on spectral invariants of (X, g.). Moreover, from a practical point of view
the random matrix realization of the spherical ensemble offers a convenient imple-
mentation algorithm, while the general algorithm for simulating determinantal point
processes [22] has to be employed for a general surface X (which, loosely speaking,
replaces the task of finding the N eigenvalues with Gram-Schmidt orthogonalization).

1.4 Outline of the proof of Theorem 1.1

As shown in [30], for a fixed function f on X the following Central Limit Theorem
(CLT) holds for the spherical ensemble: for any f € H '(X), normalized so that
[V fI?dV, = 4,

Jlim Py (‘ Zf(xl fxfda > %) =1—/|yz)he—y2dx/7rl/2 (1.10)

A key ingredient in the proof of Theorem 1.1, given in Sect.2, is the following
quantitative refinement of the previous CLT, obtained in [4]:

1 Y A
Py (ﬁ ;jf(x,-) - /X fdo < ﬁ> <e M2

More precisely, the following slightly stronger dual bound on the moment generating
function was established in [4] (using complex differential geometry):

1 N
Ey (expN(N+ I (N;f(xi) —/dea)> < eNWHD2/Z ()

(coinciding when N = 1 with the well-known sharp Moser-Trudinger inequality on
the two-sphere). Note, however, that these inequalities only hold for a fixed normalized
function f € H L(X) and fail drastically for the random variable wce (x y; 1) obtained
by taking the sup over all normalized f € H 1(X). Indeed, wce (xy: 1) = oo on all
of XV since H'(X) contains unbounded functions (recall that s = 1 is the borderline
case for the Sobolev embedding of H*(X) into C(X)).

Here we will interpret the inequality 1.11 as the statement that the random variable

N
Yy =) 8, — Ndo
i=1
taking values in the dual Sobolev space H ~>*€)(X) is sub-Gaussian wrt a canonical

Gaussian random variable G on H~?+€)(X) (see Remark 3.2). Using some basic
Gaussian measure theory and spectral theory for the Laplacian we then deduce the
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moment bound in Theorem 1.2, which, in turn, implies the concentration of measure
inequality Theorem 1.3. Finally, we show that the latter inequality, implies Theorem
1.1, when combined with the results in [9, 10] relating wce (x y; s) corresponding to
different values of s.

1.5 Further comparison with previous results

As shownin [20, Thm 1], building on [1], the spherical ensemble satisfies the following
asymptotics: for any s €]1, 2[ there exists a positive constant C(s) such that

E (wee (xn; 5)2) = C(s)N*/? + o(N*/%) (1.12)

This result should be compared with [10, Thm 24], which says that if X is partitioned
into N equal area regions whose diameters are bounded by CN~!/? and a sequence
x y of N point is randomly chosen from N different regions, then the corresponding

JE (wce (xn; s)2) is also of the order O(N*/?), when s €]1, 2[. However, in contrast
to Theorem 1.1, the results in [10, 20], referred to above, do not give any information
about the probability that the worst-case-error wce (xy; s) for a random sequence
x y in the corresponding ensembles is close to the average worst-case-error. The only
previous result in this direction appears to be [1, Thm 1.1], saying that for any M > 0
there exists Cp; > 0 such that

(log N)!'/2 1
— )z 1— —. (1.13)

P(Dgoo(x/v) <Cu 7T

where Dfoo (x ) is the L°°—spherical cap discrepancy defined by

Dfoo (xn) := sup
f=le

] N
/deo - ;:f(xi)

where the sup if taken over all characteristic f functions of the form f = 1¢, where
C is a spherical cap in the two-sphere X, i.e. the intersection of X with a half-space
in R3 (the proof of the inequality 1.13 is based on a variance estimate in [1]). Since

3
wce (xN; 5) < anoo(xN) (1.14)

for an explicit constant a [10, Page 16]), the inequality 1.13 implies that

3 (log N)!/2 1

This is a bit weaker than the case s = 3/2 of Theorem 1.1 (where the power of log N
is 3/8(< 1/2) and moreover the dependence of Cy; on M is made explicit). We recall
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that the inequality 1.14 follows from the fact that wce (xy; %) is comparable to the
L?—spherical cap discrepancy

2

Df, f=1l¢

| &
sz(xN) = /I/X fdo — ﬁzf(xi)
i=1

where Df is a certain probability measure measure on the space of all spherical caps
C [10, Page 16].

1.5.1 Explicit sequences for numerical integration on the sphere

As recalled above, wce (x y; %) is comparable to the L?—spherical cap discrepancy
Dgz (xn). In [26, 27] the representation theory of Hecke operators and modular
forms was used to obtain an explicit sequence satisfying the bound Dgz (xy) <

CN~'/21og N (see [26,27,1, Thm2.2]). The proof of the bound uses Deligne’s proof of
the Weil conjectures and also yields, as explained in [9, Remark 3.10], wce (xy; s) <
CN~'21log N for any s > 1. However, these rates are only close to optimal as s
approaches 1. A different sequence satisfying sz (xy) < CN~12(log N)'/? was
then constructed in [14], by mapping a digital net on the square to X. Numerical
evidence was provided in [14] indicating that the latter sequence has the optimal rate
O(N73/%). See also [10, Section 8] for numerical experiments for a range of different
classes of point sets on the two-sphere.

1.5.2 Concentration of measure

It may be illuminating to compare Theorem 1.1 for s = 2 with the concentration of
measure inequalities for independent random variables established in [6], which can
be viewed as a quantitative refinement of the classical CLT 1.2. In the particular case
of standard Monte-Carlo integration on a cube the inequalities in [6] imply that there
exists a constant C such that for any R > C

Py
IIVfHLOO<1

(see also [5] for a simplified proof). This inequality thus exhibits the slower rate
(log N)!/2/N1/2 since the points x; are independent random variables. Moreover,
the role of the Sobolev norm W!2 appearing for s = 2 is in the inequality 1.16
played by the W' —norm ||V f]|,~. The proof uses the dual representation of
the W' —norm between probability measures as the L' —Wasserstein metric (aka
Monge-Kantorovich distance) which fits into the general setting of optimal transport
theory. We also recall that in the particular case of one dimension the sharp form of
the Dvorestky-Kiefer-Wolfowitz inequality for N independent real random variables

(1og1v)1/2 1
ffdx——Zf( )' iz ) 21 e (16
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with the same distribution px, assumed to have a continuos density, says that

/ (n—v)|,

where dx denotes the Kolomgorov distance. As a consequence, if © and the points
x; are supported in an interval X of unit-length, then it follows from the fact that the
L' —Wasserstein metric on X is bounded from above by d that

2
Py sup f fru==> fa)| =15 ) <2
<|Vf|Loo<1 Z N”z

(see the discussion in [5, page 2304-2305]).

For generalized Wigner random matrices of rank N, whose eigenvalues define a
random point with N points on R (which for standard Wigner matrices is a deter-
minental point process, as well as a Coulomb gas) a concentration of measure type
inequality was obtained in [15, Thm 2.2], expressed in terms of the Kolmogorov
distance dg on an interval. Denoting by p the semi-circle law it yields, by bound-
ing the W1 —norm by d, the following concentration inequality on an interval X
containing a neighborhood of the support of u,

Py ( sup /fu——Zf( )‘ “"gN)) Ceetoe N
IV fllpoe <1

for some positive constants C, ¢ and € and an appropriate positive number L (depend-

ing on N), assuming that N is taken sufficiently large. Thus, in this case the distance
(log )"
N

xeR

N
1
Py (dK (n, v Z% > K)) < 26721“2, dg (4, v) :=sup
i=1

in question is of the order with overwhelming probability.

Generalizations of the concentration of measure inequality 1.16 to general Coulomb
(and Riesz) gas ensembles (dPy g, R in Euclidean RY have been obtained in [11,
31] and on compact Riemannian manifolds in [17]. In particular, in the case of the
spherical ensemble the inequalities in [17] say that

Py ( sup
IVfllpeo<l

To see the relation to the present L?—setting note that the Sobolev inequality shows
that, in dimension d = 2,

| rax- —Zf(x,

< 5) >1—e" Eof log N+CN1 17)

IV £l (X) < C IV fllgavex)
for any € > 0. Hence, the inequality 1.17 implies a concentration inequality for

Sobolev H ~>*€) (X)—norms which is similar to the inequality in Theorem 1.3). How-
ever, the main virtue of the Gaussian estimate in Theorem 1.3 is that there are, apart

@ Springer



Constructive Approximation

from the term proportional to —N282, no N —dependent additional terms, for a fixed
€ > 0. This allows one to apply Theorem 1.3 to § of the order N ! (modulo logarith-
mic factors, by taking € to be of the order 1/log N), as in the proof of Theorem 1.1.
In contrast, in the inequality 1.17 one can at best take & of the order N ~!/? due to the
presence of the terms of order N.

2 Spectral preparations

We will denote by Py and Ey the probabilities and expectations, respectively, defined
wrt the spherical ensemble with N—particles (X", dPy) (whose definition was
recalled in Sect. 1.2). We start with some preliminaries.

2.1 Sobolev spaces and spectral theory

Let us first consider a general setup of Sobolev spaces on a compact Riemannian
manifold (X, g). Denote by (-, -) 2 the corresponding scalar product on C*°(X) :

(u, v)r2 :=/ uvdVy,
X

where dV, denotes the Riemannian volume form (we will denote by do, the prob-
ability measure obtained by normalizing dV,). We will denote by A, the Laplace
operator on C*°(X), with the sign convention which makes A, a densely defined
positive symmetric operator on L>(X, d V) :

(Agu,v),, ::/ g(Veu, Vov)d Vg,
X

where V,u denotes the gradient of u wrt g. By the spectral theorem, for any p € R
the pth power Ag is a densely defined operator on L>(X, d Ve).
Fix a “smoothness parameter” s, assumed to be strictly positive:

e H*(X)/R is defined as the completion of C*°(X)/R with respect to the scalar
product defined by

(u, u), :=f Ag/zuA;/zudvg=/ uNudV, 2.1)
X X

o Hy ¥(X) is defined as the sub-space of all distributions v on X such that (v, 1) =0
satisfying

(v, u)

(v,V)_ = sup
uec®(x) (U, u)g

< 0

Here we view a distribution v on X as an element in the linear dual of the vector
space C*°(X). We endow H*®(X)/R and Hy ¥(X) with the Hilbert space structures

@ Springer



Constructive Approximation

defined by the scalar products (-, -) and (-, -)_,, respectively. Note that the norm
on H*(X)/R is increasing wrt s, while the norm on H,*(X) is decreasing wrt s.
Moreover, by definition, we have that

[6n (xn) — dog ||H0_S(X) = wce (xy;5) (2.2)

where wce (x n; §) is the worst-case error for the integration rule on X with node set

x y with respect to the smoothness parameter s €]1, oo[ (defined by formula 1.5). By

the Sobolev embedding theorem wce (x y; s) is finite precisely when s > dim X /2,
By duality the operator Ay is also defined on the space of all distributions v :

(Agv, u) = (v, Ag, u)

The following lemma follows directly from the definition of the Hilbert spaces in
question:

Lemma 2.1 The operator A induces an isometry when restricted to C*°(X)/R
H*(X)/R - H2(X)/R, H,’(X) — Hofsfz(X)

Next, recall that, by the spectral theorem, the set of eigenfunctions f; of A, in
C*(X) form and orthonormal bases for L%(X,d V,). The following lemma then
follows directly by duality:

Lemma 2.2 There exists an orthonormal basis vi, Vo, ... in the Hilbert space
(Hy*(X), (-, ) _s) such that

Vv, = fidVg
(acting on C*°(X) by integration) where f; runs over all eigenfunctions of the Lapla-

cian on C*°(X) with strictly positive eigenvalues ;. As a consequence, if f; is
normalized so that || fill;2 = 1 and

oo
v=>"cf;
i=1

in Hy* (X) then

Remark 2.3 In the literature different Sobolev space norms on H*(X)/R are often
used, for example, obtained by replacing A® in the last equality in formula 2.1 with
(I4+A)* (asin[9, 10]) or, more generally, any other elliptic pseudodifferential operator
P of order s. [12] Anyway, the norms on H*(X)/R defined by any two such operators
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are quasi-isometric, by elliptic regularity theory (see the discussions in [10, 12]).
Hence, when the norm is changed Theorem 1.3 still applies if § is replaced by C(¢)8
for a positive constant C(¢) (and similarly for Theorems 1.2, 1.1).

2.1.1 Spectral theory
Recall that the spectral zeta function of the Laplacian A, is defined by
o
Tr(A, ) = Z P
i=1
which is convergent for p > dim X /2. More precisely,

1 Vol(X,g)l T
F(d/2)—(47r)d/2 . +0(1), e—>0

Tr(A;(d/2+e)) _

as follows, for example, from the expansion of the heat kernel, i.e. the Schwartz kernel
of Tr(e~!%¢). We will prove explicit estimates in the case of the two-sphere below.
The Fredholm (spectral) determinant of A;P is the function

D(x, p) :=det(d —AAG") = [ [ = an, ")
i=1

which is convergent for p > dim X/2 and A €]0, )Lf [. Indeed, since the Taylor
oo A"
m=1 m >’

expansion of —log(1l — Af) equals )

oo
~ Te(A~"P
—logdet(I — 1Ay =) @) o m 2.3)
m
m=1

2.1.2 The case of the two-sphere

Consider now the case when (X, g) is the two-sphere, i.e. the unit-sphere in R3
endowed with the metric g induced by the Euclidean metric on R3. Note that under
stereographic projection, whereby X minus the “north pole” is identified with R?, we
have

9%u 9%u
—+ — |dx Ady, dV, =
ax2 + Byz) rAdy §

4dx Ndy

A udV, = — _4dxndy
gt ls ( (1+x2 + y2)2

Moreover, the set of non-zero eigenvalues of A, are given by all numbers of the form
[(I 4+ 1), where [ ranges over the positive integers. The eigenvalue corresponding to a
given [ has multiplicity 2/ + 1.

@ Springer



Constructive Approximation

Remark 2.4 Another convenient norm on H*(X)/R may be obtained by replacing A,
with Ag + 1/4 in formula 2.1 (compare the discussion in Remark 2.3). The point
is that the eigenvalues of Ag + 1/4 are given by (I + 1 /2)?. This implies that the
corresponding spectral function may be explicitly expressed as Tr ((A ¢ +47 1 _”) =
22P=2¢(2p — 1), where ¢ is Riemann’s zeta function (see [35, page 453]).

We will use the following refinement of [10, Lemma 26].

Lemma 2.5 Let (X, g) be a d—dimensional Riemannian manifold of non-negative
Ricci curvature. Assume that d/2 < s' < s. Then

/
wee (xn;s") < c(s', )(wee (xn; )7,

where the constant c(s’, s) is given by

s) = I'(s) 2s5e™5
<6 =) T rene —d)

In particular, whend = 2, c(2,2 +¢€) < 1.51 < el/zfore <0.15.

Proof The main difference compared to the case of the d —dimensional unit-sphere
in [10, Lemma 26] is that the constant c(s, s”) in [10, Lemma 26] depends on a non-
explicit constant ¢ such that for r €]0, €/2[ the heat kernel K, satisfies 1K, < ceK,
on X x X. Here we observe, in particular, that one can take ¢ = 1 and allow ¢ €]0, €[,
i.e.

t€]0,e] = tK, < €K, 2.4)
as follows from the Li-Yau parabolic Harnack-inequality on any Riemannian manifold

with non-negative Ricci curvature (apply [25, Thm 2.3] tou(x) := K;(x, y) for y fixed
and o = 1). Setting

formula 2.2 may be expressed as

W(s)? == wee (xn:9)° = [ ligs xyme = D A7 Hws f)P. (25)
Ai>0

where, as before, A; and f; denote the eigenvalues and eigenfunctions of the Laplacian

for (X, g). Using the identity ™ = [ #*~1e™"*dt/T'(s) and that [ 1« = Oitfollows
that

wee (xy; 8)% = % /Ooo " le(r)dt, (2.6)

@ Springer



Constructive Approximation

where

g :Zf/Kt(xay)M®M=/fKt(an)M®Ma K y)
=Y M@ fi)

)\i>0

with IC; denoting the heat-kernel K, for (X, g) with the constant term removed (note
that the formula in [10] corresponding to 2.6 contains a factor e~ due to the different
definition of the Sobolev norms in [10]). Now, setting

€ 1= wee (xy; 5)>%, 2.7)
we split the integral over ¢ in formula 2.6, with s replaced by s’, over the two disjoint
regions e, ool and ]0, €] (in [10, Lemma 26] there are three regions and the role of €

is played by €/2, but here we can take € since we will use the sharper estimate 2.4).
First note that, since s’ < s,

/ ' lg(ndt = € / (t/e) 17 g(n)dr < € / (t/e)'t~ gy

€ , ~
= / #~let)ds.
€

Hence, bounding the latter integral with the integral over all of [0, oo[ yields

1 © s'—1 I'(s) - 1 () S—S s
r(s/)fe et F(s/)( r(s)/ s()d )_ TeHe ¢

T'(s) o
= ——-¢€
T'(s)

IA

Turning to the region where ¢ € [0, €], the estimate 2.4 for the heat-kernel K, yields

—d/2d/2

gt) <t g(€).

Hence,

€ €
/_ 11— 1 ’
[ o tawar = ([t e = =g o

Finally, we will show that g (¢) is uniformly bounded (there is a typo in the proof of [10,
Lemma 26] saying that g(¢) is uniformly bounded for ¢ € [0, 1[, which contradicts
the blow-up of the heat-kernel as ¢+ — 0). First, by the very definition of the worst
case error W(s),

/ HoCoyuly) < W(s)

‘/Ht(" Vu(y)

H* (X)
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The square of the latter Sobelev norm may be expressed as

2
> e, fi) fi(x) = > ae M (u, fi)
Ai>0 HS(X) 2i>0
Hence, rewriting A* = A~ 225
1/2
H / HiCoyun®| < | Do A7 K £ | supre™
s Ai>0 A>0

By formula 2.5 the first factor equals W (s) and the second factor is given by

supAte ™ =175C(s), C(s) :=s%¢""
>0

Since, by the definition 2.7, W(s)2 := €’ setting r = € thus yields the desired uniform
bound:

g(e) <2 / Ho (e i(y) < 267 C(s) = 2C(s).

Finally, adding up the two contributions to the ingral in formula 2.6 concludes the
proof of the inequality in the lemma. Setting s’ = 2 gives ¢(2,s5)> = I'(s) +
2s%¢™® and hence, if € < 0.15, then a numerical calcuation yields c(2,2 + €) <
V1.073 +2(2.15/¢)215 < 1.52 < £'/2. o

Lemma 2.6 On the two-sphere (X, g) the following inequality holds for any € > 0
Tr(A;119) < + 2, Tr(AH) =1
and hence

1 A
—logdet(/ — 1A, 179) < A= —4log (1 — —> )
€ 2

Proof Setting Z(p) := Tr(A;p), for p > 1, we have

0 20+1 ad 1 ad 1
Zpy=S"—2""__»
(p) l;w(lﬂ)ﬁ ;ll’—l(l+1)1’+§ll’(1+l)”
o0

1
< 2;—”_1(l+ TR
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where the second sum was estimated by replacing p with 1 to get a a telescoping sum.
Next,

e 1 [ —— 1 I &1 1
— - - < - = — 2p—1)—1
;ZHUH)P = 2+;ll’*1(l+1)l’ = 2+;’2’H ; He@r=1D

(using the trivial bound [ + 1 > [), where ¢{(s) is the Riemann zeta function. Set
s = 1+ 6. As is well-known, when s > 1, a resummation argument gives (cf. [18,
formula 3])

) < K 1_’_1
s —_— = -,
¢ T s—1 1)

Hence, setting p = 1 + ¢, gives ¢(2p — 1) = ¢(1 +2¢) < 1+ 1/(2¢). All in all, this
means that

1 1 1
Z(p)<2|lz+(l+—=)-1|+1=2+4—,
2 2¢ €

proving the first inequality in the lemma. Next, note that Z(2) can be computed as a
telescoping sum:

0 00 2 2 00

20+ 1 A+12—1 1 1
Z(2) = - =N . - __—1+o0.
= 212(l+1)2 ; 231+ 1)2 l;ﬂ S

Now, Taylor expanding — log det(I — AA;(1+€)) (as in formula 2.3) gives

o]

Py
—logdet(/ — 2A; 179y = 3" Ty (A””(l“))
m=1
1 >, A
<i(=+2 21 (A—’"(”f)).
=< (6 + >—|— Z P T

Since the smallest strictly positive eigenvalue of A, is equal to 2 rewriting A; =
2(X;/2) and using that that A; /2 > 1 now yields, for m > 2,

Tr (A;m““)) < 220"y (A;Z) =227 . 1.

Asa consequence,

o0 o0 m

o M\ 1 A
Y (Ag—'"<1+€>) <2y <_> S (- log (1 - —) - —) :
—m ot 2 m 2 2
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using again that the Taylor expansion of — log(1 — ¢) equals > o ™ Allin all, this

m=1 m

means that — log det(/ — )LA;(HQ) is bounded from above by
1 2 A 1 A
Al—-4+2)—-22r—2%log|(1— =) =A——4log|1— =,
€ 2 € 2

Remark 2.7 By [28, Prop 5] Tr(A;(He)) =1/e+2y —1+o0(l)asase — 07, where
y = 0.577... is Euler’s constant. But the point of the previous lemma is to bound the
error term explicitly for € fixed.

]

3 Proofs of the main results

Fix s > 2 and a positive integer N. Consider the following H;*(X)—valued random
variable on (XV, dPy) :

YN = N@y —do): (XN, dPy) — HO_S(X)’

where 8 denotes the empirical measure 1.1 (the space H,*(X) contains the image
of Yy for any s > 1, but the restriction to s > 2 will turn out to be important
in the following). To keep things as elementary as possible it will be convenient to
consider truncated random variable taking values in finite dimensional approximations
of Hy*(X) (but a more direct approach could also be used; see Remark 3.2). To this
end fix an orthonormal basis v; in the Hilbert space (H;™*(X), (-, -)_). It will be
convenient to take v; as in Lemma 2.2 ordered so that 0 < A; < ... < Ap. Let
H_;,(X) be the M —dimensional subspace of H,,*(X) defined by

H_y(X)=Rv & - ®Rvy € H*(X)

Denote by 7y the orthogonal projection from the Hilbert space H; *(X) onto the
M —dimensional subspace H_; (X).

Step 1: Ty (Yy) is a sub-Gaussian random variable
We can view 737 (Y ) as a random variable on (X", dPy) taking values in H;/f,l (X):
mu(Yy) s (XN, dPy) — H_3(X).

The first step of the proof is to compare 7y (Yx) with a Gaussian random variable
Gy taking values in H_y,(X). To this end we first endow H_},(X) with the Hilbert
structure define by the scalar product (-, -)_; and denote by yy; the Gaussian mea-

sure on <H<_/f,,(X), (- ~)_1>. Concretely, this means that under any linear isometry
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of <H<_/f,, (X)), (-, -)_1> with R the measure yy; corresponds to the standard centered

Gaussian measure on RV . Now define Gy as a random element in H;‘f,, (X). In other
words, Gy is the random variable defined by the identity map -

Gy =1 (HS_/‘E,,(X), YM) —> HS_,‘E,,(X)

The following proposition says that the moment generating function of the random
variable 7y (Yy), viewed as a function on the linear dual (HZ,,(X))* of HZ_},(X)
is bounded from above by the moment generating function of the scaled Gaussian
random variable G s/ Am)l/2,

Proposition 3.1 The following inequality holds:

E(e™N))y < | <e<«/leGM">) 3.1

Equivalently, denoting by pg\,M) the law of my (YN), i.e. the probability measure on
HS_;,I (X) defined by the push-forward of dPy under the map mwy (Yy), we have

Lip(™1 < LIFayml, F(v) = ——

Jix

where L[I'] denote the Laplace transform of a measure T on the finite dimensional
vector space V := H;f,l (X), i.e. L[T'] is the function on V* defined by

L[F](w):/ e T
Vv

Proof Applying the Moser-Trudinger type inequality 1.11 for the spherical ensemble
proved in [4] to f = w/(N + 1) forw € H'(X) gives

N(N+D 1 1,2 112
]E(e(YN’w)) < ¢ NFDN+D 2 3% ”w”H1<X) < gl ”wHHI(X)

In particular, taking w € (H_;,(X))*, identified with a subspace of H L(X)/R, gives
(Yy, w) = (my(Yn), w) and hence it will be enough to verify that

e%nwn;l(x) _E (e<cM,w>) (= Llyn1(—w) (3.2)

2
H(X)

the dual norm on the Hilbert space dual of <H;f,1(X ), (-, -)_1>. But then formula

3.2 follows from the well-known fact that if y is the Gaussian measure on a finite
dimensional Hilbert space H, then

To this end first note that under the identifications above ||w]| coincides with

1
Llyl(w) = exp (5 IIwIIfq*> : (3.3)
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Indeed, fixing an orthonormal basis in H this reduces to the basic fact that the Laplace
2 . . 2 . .

transform of the measure ¢~ *1"/2dx on Euclidean RY is equal to e1"/2 which, in

turn, follows from “completing the square”. O

Remark 3.2 In the terminology introduced by Kahane, the previous inequality says that
the random variable s (Yy) is sub-Gaussian with respect to the Gaussian random
variable J% Gy Infact, by letting M — oo this implies that Yy is sub-Gaussian with

respect to the Laplacian of the Gaussian free field [33], viewed as random variables
taking values in Hg“(X ). This point of view will be elaborated on in [3].

Step 2: Bounding E (el ™ (W)1%;)
We start with the following general

Lemma 3.3 Let H be a finite dimensional Hilbert space and denote by y the corre-
sponding Gaussian probability measure. If T is a measure on H such that the following
inequality of Laplace transforms hold

LIl = L[yl

as functions on the dual vector space H*, then

/eqF < /eqy (3.4)

for the squared semi-norm q (v) defined by any given semi-positive symmetric bilinear
formon H.

Proof First observe that the inequality 3.4 holds for any function ¢ on H which has
the following positivity property: e? is the Laplace transform of a positive measure
g on H*, ie.

1) — / e gy (w)
weH*

Indeed, changing the order of integration (using Fubini) the integral of e? against I
may be expressed as

/ (/ e_<”’“’>d,uq(w)> dT (v) = f (/ e_(”’w)dl"(v)> dg(w).
veH weH* weH* veH

Hence, by assumption,

| avarw = [ (/ e<“’“’>dy<v>)duq<w>,
veH weH* veH
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which is equal to [ €7y (as seen by changing the order of integration again). All that
remains is thus to verify the positivity property in question when ¢ is a squared semi-
norm. Identifying H with Euclidean RM and diagonalizing ¢ we may as well assume
thatg = Y_ |a;x;|>/2 for a; > 0. Moreover, by approximation we may as well assume
that @; > 0. But then it follows from formula 3.3 and scaling the variables that the

measure djiu; = Cexp (— > |ai_1y,~ |2/2) dy\...dyp has the required property for a
appropriate positive constant C. O

In the present situation we get the following

Proposition 3.4 For any a > 0 the following inequality holds:

E(EaunM(YN)nis) < E(E%MGMHZ_S) “ 11 (1 _ iki—@—l))*‘/z 3.5)

) 2
i<M

Proof The first inequality follows directly from combining Prop 3.1 and Lemma 3.3
withy = Foypq(v) = o || vllzﬂ, . To prove the last equality denote by v; an orthonor-

mal base in the Hilbert space <H<_1‘f,1 (X), (-, ) _ 1) .Givenv € H<_1f/1 (X) we decompose

v="" v;x; and note that

M
2 24 (1=
ol = 7™
i=1
as follows from writing

s _ s 1— _ 1—
il == (A bvi,vi>L2=<A I(AI “vi),vi>L2=)~f S)<A lvi,vi> =,

L2 !

Hence,

2 2, (I-s) 2
E (c#10w2) = [T / Bt =R g7

i<M

where Z is the total integral of [[; M e/ %dx;. Finally, changing variables x; —

—o\ /2. . L
(1 - %A;l S)) in the corresponding Gaussian integrals then concludes the proof

of the proposition. O

Letting M — oo and using the monotone convergence theorem now concludes the
proof of Theorem 1.2.
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3.1 Proof of Theorem 1.2 and Theorem 1.3

Sets =24 € and A = «/27. By Lemma 2.6

[1(1- M;<H>)_l <det(I — 20, M) <exp (). (36
i<M

where
1 A
f) :=Ar-—4log (l - —) .
€ 2

Hence, for any fixed positive integer M Prop 3.4 gives

Ey (eannM(YN)uEmg)) < det (1 _ AA_<1+€))_1/2 <exp(Lf (i) ,
- g - 27 \2xm

Letting M — oo and using the monotone convergence theorem we deduce that

—1/2
En (1000 < dot (1 - 2850+ 2 exp(Ly (=)).
- g - 27 \2x¢

proving Theorem 1.2. Finally, by Chebyshev’s inequality, we can write
Py (|64 —ollg-s > 8) as

272 2
Pu (o 1N I aie ) > @8?N2) < ™0V Ry (10 Fer0)

< exp (~aw 4 57 (55))

Finally, since A; = 2 on the two-sphere the determinant in the theorem is finite for
A < 21t€ je when o < 472°.

3.2 The optimal choice of a

Setting A := «/2m we have
1 272
By (185 = o llneo-ceo > 6) <exp ( 5 (—47r8 N2+ f()\)) ,
1 A
fy == —alog(1-5). (3.7)
€

First observe that f(A) is strictly convex on [0, 2[, f(0) = 0and f(27) = oo. Hence,
the optimal choice of A satisfies

4r8®N? = f'()) =€¢ ' + X €10, 2[ (3.8)

2
1—1/2°
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if such a A exists. Introducing the parameters R €]0, oo[ and n €] — 1, oo[ determined
by

R? :=68"N%, n:=4nR> -1

the equation 3.8 for A becomes

I N Y
T=1"%2 - 7

assuming that R is sufficiently large to ensure that A €]0, 2[, i.e. that
n > 2e.

As a consequence, for this optimal A, the bracket appearing in the exponent in the
estimate 3.7 becomes

—(@a8’N?e)e A+ fF) ==+ De A+ F(O)

-1
(—p+ 1D+ De 'A+4log ((1 — %) )

2
=2(—n) (el - —> +410gi
n 2e

=2 (—p)e! +4(1 +log%)

In particular, taking € := 1/log N gives, for any n > 2/log N, gives

(log N>1/2>

Py <||3N — O'||H(X)—(2+l/logN) > R N

1 . 1 /1 2
< exp (5 (—4715 N2+ f(A))) = (E log N) exp (2 (1 + log )X3.9)

3.3 Proof of Theorem 1.1

By Lemma 2.5 it will be enough to prove the inequality for s = 2. Consider the real-
valued random variable W (s) := wce (xy; s) on (X", dPy). Applying Theorem 1.3
to § = Re~1/2/N it will be enough to show the following claim when € := 1/log N
under the assumption that /2 < R < Nel/2 .

—1/2 —1/2

claim: W2 +¢) < RS— — W(2) < CRS C:=e2c2,2+e),
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where ¢(2, 2 + ¢€) is defined in Lemma 2.5. To this end recall that, by assumption,
W(2 + €) < 1 and hence by Lemma 2.5 we have, since € < 1

W(s) <cWQR+e)Te, c=c2,2+4¢€)
In particular,
W2) < cW2 + €)% < eW (2 + e)1—¢/2)

using that 1/(1 4+¢) > 1 — ¢t if + > 0 and that Wy (2 + €) < 1. Hence, Wy (2 + ¢€) <

T
RE N/ implies that

172\ 1=€/2) 172 e—1/2\ ~¢/?
W2)<c|R =CcR R .
N N N

But, by assumption, Re~1/2 > 1 and hence

—1/2\ —€/2 _
(RE / ) _ (Re_m) €/2 N2 < N€I2 (Nl/(logN))1/2 _ o2
N < 9

since € := 1/log N.

Remark 3.5 In particular, if 1/log N < 0.15 (for, example, N = 1000) then Lemma
1/2
2.5 gives C < e and hence W (2) < eR%.

3.4 Explicit formulation of Theorem 1.1

Combining the previous remark with the explicit bound in formula 3.9 gives the
following explicit formulation of the first inequality in Theorem 1.1

2
[+ n(ogM)'?) _ (zenlogN)

P 12) <
N | wee (xpy;2) <e e N > N7

’

under the assumption that n > 2/log N and N > 1000.
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