UNIVERSITA DEGLI STUDI DI BERGAMO
DIPARTIMENTO DI INGEGNERIA

QUADERNI DEL DIPARTIMENTO

Department of Engineering
Working Paper

Series “Mathematics and Statistics”

n. 08/MS — 2013

QUADRATURE RULES AND DISTRIBUTION OF POINTS ON
MANIFOLDS

by

L. Brandolini, C. Choirat, L, Colzani, G. Gigante, R. Seri, G. Travaglini




COMITATO DI REDAZIONE®

Series Mathematics and Statistics (MS): Luca Brandolini, Alessandro Fasso, Christian Vergara

: L’accesso alle Series € approvato dal Comitato di Redazione. | Working Papers della Collana dei Quaderni del

Dipartimento di Ingegneria dell’Informazione e Metodi Matematici costituiscono un servizio atto a fornire la tempestiva
divulgazione dei risultati dell’attivita di ricerca, siano essi in forma provvisoria o definitiva.



Quadrature rules and distribution of points on

manifolds
Luca Brandolini Christine Choirat Leonardo Colzani
Giacomo Gigante Raffaello Seri Giancarlo Travaglini
Abstract

We study the error in quadrature rules on a compact manifold. Our estimates are
in the same spirit of the Koksma Hlawka inequality and they depend on a sort of
discrepancy of the sampling points and a generalized variation of the function. In
particular, we give sharp quantitative estimates for quadrature rules of functions in
Sobolev classes.

Keywords. Quadrature, discrepancy, harmonic analysis

1 Introduction

In what follows, M is a smooth compact d dimensional Riemannian manifold with-
out boundary, with Riemannian measure dz, normalized so that the total volume of the
manifold is 1, and A is the Laplace Beltrami operator. This operator is self-adjoint in
L?*(M), it has a sequence of eigenvalues {\*} and an orthonormal complete system of
eigenfunctions {p,(x)}, Apr(z) = N¢@a(z). The eigenvalues, possibly repeated, are
ordered with increasing modulus. In particular, the first eigenvalue is 0 and the associ-
ated eigenfunction is 1. An example is the torus T¢ = R9/Z¢ with the Laplace opera-
tor — Y~ 9 /03, eigenvalues {4 |k|2}keZd and eigenfunctions {exp (2mikz)}, ;4. An-
other example is the sphere S = {z € R*™, |z| = 1} with dz the normalized surface
measure and with A the angular component of the Laplacian in the space R%*!, eigenval-
ues {n(n+d—1) :i% and eigenfunctions the restriction to the sphere of homogeneous
harmonic polynomials in space. With a small abuse of notation and in analogy with the
Euclidean space, the Riemannian distance between z and y will be denoted |z — y|.

A classical problem is to approximate an integral [ m J(x)dxr with Riemann sums
Nt Ejvzl f (z;), or weighted analogues Zj\[:l w; f (z;), and what follows will be con-
cerned with the discrepancy between integrals and sums for functions in Sobolev classes

Mathematics Subject Classification (2010): Primary 41AS55; Secondary 11K38, 42C15
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Wer (M) with 1 < p < 400 and @ > d/p. The assumption o > d/p guarantees the
boundedness and continuity of the function f (), otherwise the point evaluations f (z;)
may be not defined. As a motivation, assume there exists a decomposition of M into N
disjoint pieces M = U; UU,U...UUy and these pieces have measures N ! and diameters
at most cN~1/¢. In what follows, as usual, the constants a, b, c, ... may change from step
to step. Choosing a point z; in each Uj;, one obtains the estimate

h*zj@wlﬁmm

<[ e - s@las sw 17 6) - 5@)

ly—a|<eN-1/4

In particular, since functions in W*? (M) with a« > d/p are Holder continuous of
degree oo — d/p, one obtains

< CN*(afd/P)/d Hf”Wa,p(M) )

NS () - /M f(z)dz

' N
j=1

On the other hand, it will be shown that suitable choices of the sampling points { z; };Vzl
improve the exponent 1/p — «/d to —«/d and this is best possible. More precisely, the
main results of this paper are the following:

(A) Foreveryd/2 < a < d/2+1 there exists ¢ > 0 such that if M = U;UU,U...UUy
is a decomposition of the manifold in disjoint pieces with measure |U;| = w;, then there
exists a distribution of points {z; }jvzl with z; € U; such that for every function f(x) in
the Sobolev space W*? (M),

N
Suif ()~ [ flans
j=1 M

< ' )" :
< ¢ max diameter (U;)” || flyya.2

(B) Assume that the points {z; }jvzl and the positive weights {wj}j.vzl give an exact

quadrature for all eigenfunctions with eigenvalues \*> < r?, that is

N
1 ifA=0
s ) = [ onwar={ Y
;7 J ™ 0 if0< <.

Then for every 1 < p < +00 and o > d/p there exist ¢ > 0, which may depend on M, p,
«, but is independent of r, {zj}j.vzl and {wj}j.vzl, such that

St ()= [ fwye

< | fllwes -
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(C)If 1 < p < +oo, if « > d/pand if k > 1/2, then there exists ¢ > 0 with the
following property: let { z; }jvzl be a distribution of points on M with

SUP,ep in; [z — 2]

< K.

min,z; |2 — zj|

Then there exist positive weights {w, }jvzl such that

S ()= [ fa)ds

(D) For every 1 < p < 400 and « > d/p there exists ¢ > 0 such that for every distri-
bution of points {zj}j.v:l and numbers {wj};yzl there exists a function f(x) in WP (M)

with
;%ﬂm—ﬁﬁwm

In (C) the quantity sup,,,min; |z — z;| is the mesh norm, min,; |z; — z;| is the

< N fllypan -

> N~ fllypon -

separation distance, and their ratio is the mesh-separation ratio of the distribution of
points {z; }jvzl See [16]. An explicit example is the following. The torus T¢ can be par-

titioned into N = n¢

congruent cubes with sides 1/n and this partition generates the
mesh of points (n‘lZd) N T¢, which gives an exact quadrature at least for all exponen-
4 |k;| < n}.In this case, (A) and (B)

give an upper bound for the error in numerical integration of the order of N~/¢. More

tials exp (2mikz) with k in the hypercube {max;_;

77777

generally, if a manifold is decomposed into N disjoint pieces M = U; UU; U ... U Uy

1/d

with diameters < ¢ N~ then (A) gives the upper bound N /¢, Moreover, by Weyl’s

estimates on the spectrum of an elliptic operator, for every > 1 there are approximately
cr? eigenfunctions with eigenvalues A? < r? and there exist N < cr nodes {z; }jvzl and
positive weights {w; }jvzl which give an exact quadrature for these eigenfunctions. Then
in this case (B) gives the above upper bound N —/d_Hence both (A) and (B) give the
bound N~/  and by (D) this latter is optimal. Similarly, observe that if 7 > 0 and if
{lz — z| < r}j.V:l is a maximal set of pairwise disjoint spheres in M, then the centers
{z };\;1 satisfy the assumption of (C) with x = 1 and N = r—<. Hence, by (C) and (D),
these nodes give an optimal cubature rule. When the manifold is a torus or a sphere these
results are essentially known, and indeed there is a huge literature on this subject. See [29]
for deterministic and stochastic error bounds in numerical analysis. In particular, (B) and
(D) for p = 2 and for spheres are contained in [7], [17], [18], [19] and [20]. For Besov
spaces on spheres some results slightly more precise than (B) and (D) are in [21], while
a result slightly weaker than (D) for compact two point homogeneous spaces is in [25].
See also [10] and, for a survey on related results, [15] and [30]. Beside the proofs of (A),

(B), (C), (D), which are contained in the following section, the paper contains also a final
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section with a number of further results and remarks. Among them it is proved that if a
quadrature rule achieves optimal error bounds in the Sobolev space W2 (M), then this
quadrature rule is optimal also in all spaces W2 (M) with d/2 < 3 < . Moreover, it is
proved that there is a relation between quadrature rules and geometric discrepancy:

(E) If dv(x) is a probability measure on M, then the norm of the measure dv(x) — dx
as a linear functional on W*? (M) decreases as « increases. Moreover; if the norm of
dv(z) — dx on W2 (M) is r= for some r > 1,

‘/fdu /fda:_

then for every d/2 < [} < « there exists a constant ¢ which may depend on «, 3, M, but

= | f ez

is independent of r and dv(x), such that

‘/fdu /fdx

(F) Assume that for some r > 1 the discrepancy of the probability measure dv(x) with

<cr - Hf”Wﬁ2 .

respect to the balls B (y, §) with center y and radius § satisfies the estimates

—d
/ dv(x)—/ dx §{T ifo<1/m
B(y,9) B(y,9)

oot if s > 1)
Then for every 1 < p < +o00 and o > d/p, there exists a constant ¢, which may depend

on o and p, but is independent of dv(x) and r, such that
N fllwer FO0<a<l,
e 101+ 1) | fllyes i 0 =1

‘/ f(z)dv(x /f Ydz| <
e[ fllyeas i a> 1.

Observe that while (A) and (B) hold for specific quadrature rules, (E) is a result for

arbitrary quadratures. Actually, (E) is only one way, from « to § < «. The estimate
7~ for an o does not necessarily imply the estimate cr—? for 3 > «. Moreover, the
sets B (y,0) in (F) are not precisely geodesic balls, but level sets of suitable kernels on
the manifold. However, for spheres or compact rank one symmetric spaces these sets are
geodesic balls, and the discrepancy of the measure is the spherical cap discrepancy. See
[4] or [28], and for other relations between quadrature and discrepancy on spheres see
also [2]. Finally, we would like to point out that our paper is (almost) self-contained, it
does not rely on explicit properties of manifolds or special functions, and it may provide
a unified perspective and simple alternative proofs of some known results.

We would like to thank the referee for some useful suggestions and especially for
bringing to our attention the papers [14] and [27], which have led us to improve the
original draft, in particular Corollary 2.15.
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2 Main results

The eigenfunction expansions of functions and operators are a basic tool in what follows.
The system of eigenfunctions {¢x(z)} is orthonormal complete in L*(M) and every
square integrable function has a Fourier transform and a Fourier expansion,

- /M foridy. fx) =3 FiNea(a)

Since the Laplace operator is elliptic, the eigenfunctions are smooth and it is possible
to extend the definition of Fourier transforms and series to distributions. In particular,
these Fourier expansions are always convergent, at least in the topology of distributions.
One can write the discrepancy between integral and Riemann sum as a single integral
with respect to a signed measure du(z) = Zjvzl w;dd, (z) — dx, with dé,(x) the Dirac
measure concentrated at the point y and dz the Riemannian measure,

f;wjf (1) — /M f(x)de = /M f(2)dp(z)

Then the estimate of the numerical integration error reduces to the estimate of the
norm of a linear functional du(z) on a space of test functions f(z). Some of the results
which follow will be stated for generic finite complex valued measures du(z), for signed
measures of the form du(z) = dv(z) — dx with dv(z) a probability measure, and also
for atomic probability measures dv(x) = Zjvzl w;dd,; (x). The following is an easy and
straightforward extension to compact manifolds and p norms of some abstract results for
reproducing kernel Hilbert spaces. See, e.g., [1], [6], [12], [13].

Theorem 2.1. Let {1)(\)} be a complex sequence indexed by the eigenvalues {\*}, with
{(\)} and {p(N\) 1} slowly increasing, that is ()| < a (1 4+ A2)*? and [p(A)7}] <
b(1+ )\2)6/2. Let the operators A and B and the associated adjoints A* and B* be defined
by

= Z YFF N eale), A'glx) = vNF (@) Neale),
Zw )FF (N eax), Brg(x) =Y (N F (@) Nea(x),
A

All these operators are well defined and continuous on test functions, and they can be

extended by duality to tempered distributions. Finally, let f(x) be a continuous function
and let dji(x) be a finite complex measure on M. If 1 < p,q < +ooand 1/p+1/q =1,

" [ s < { [ jare |pdx}l/p{ /M|B*u<x>\qczx}l/q.
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In particular, when p = q = 2, if B* i () is square integrable and if f(x) = B (B*1) (z)

is continuous, then the above inequality reduces to an equality.

Proof. Integration by parts shows that \>"F f (\) = F (A"f) (\). It follows that the
space of test functions is characterized by the rapid decay of the Fourier transform. In
particular, if {¢(\)} is slowly increasing and {F f (\)} is rapidly decreasing, then also
{p(N)F f (M)} is rapidly decreasing, hence it is the Fourier transform of a test function.
This implies that the operator A is well defined on test functions, and the same for A*, B,
B*. In what follows the pairing between a test function and a distribution is denoted with
an integral, even when the distribution is not a function and the integral is divergent. In
particular, if f (z) is a test function, by Holder inequality with 1/p + 1/q = 1, since the
operators A and B are inverses of each other,

| f@an@)| = | [ Bas@)dnta)
M M

[ s <{ [ 1arop dx}l/p {| |B*u<x>|qu}l/q.

The general case of f (z) continuous follows by approximation with test functions. Fi-

nally, when p = ¢ = 2 the Cauchy inequality reduces to an equality if the functions

Af (x) and B*u () are square integrable and proportional. O

In what follows the operators A and B will be fractional powers of the Laplace Bel-

trami operator: (I + A)**/,

Definition 2.2. The Sobolev space WP (M), —oco < a < +ocand 1 < p < 400, is the
set of all distributions on M with (I + A)*? f(x) in L? (M), that is with

P 1/p
| fllyer = {/ Z (1 + )\Z)a/2 FfA)ea(x) dx} < +o00, 1<p<+oo,
My
1f e = supess | Y (1+22) 2 Ff (N pa(a)| < +oo.
S N

An equivalent definition is the following.

Definition 2.3. Let B*(z,y), —0o < a < +00, be the Bessel kernel

B(z,y) =Y (1+X2) " por(@)oa(y).

A distribution f(x) is in the Sobolev space W** (M) if and only if it is a Bessel potential
of a function g(x) in L? (M),

fx) = /M B*(x.y)g(y)dy.

Moreover, || f||yar = 9|0
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In particular, when p = 2,

1/2
[fllyee = {Z (1+ X)) |Ff (A)|2} .

A

Another equivalent definition is a localization result: A distribution f(z) is in W®? (M)
if and only if for every smooth function g(x) with supportin alocal card z = v (y) : R? ~
M, the distribution g(¢(y)) f(¢(y)) is in W (R?). In particular, if « is a positive even
integer, then f(z) is in W? (M) if and only if the p-th power of f(z) and of AY/2f(z)
are integrable. Moreover, distributions in W*? (M) with o > d/p are Holder continuous
of degree o« — d/p. When applied to functions in Sobolev classes, Theorem 2.1 gives the
following corollary.

Corollary 2.4. (1) If B*(x,y) is the Bessel kernel, if du(x) is a finite complex measure
on M, and if f(x) is a continuous function in W*? (M), with 1 < p,q < 400 and

1/p+1/q=1, then
J< (L] e

1
]/f e dy} [l

In particular, if « > d/p then every element in WP (M) has a continuous representative

and the above integrals are well defined and finite. On the contrary, the spaces W*? (M)
with o < d/p contain unbounded functions and, if the measure dy(x) does not vanish on
the set where f(x) = oo, then [, f(x)du(x) may diverge.

(2) When p = q = 2 and o > d /2, then the above inequality simplifies to

'/ s <{ [ [ B @ auwidits >} Pl

Equivalently, by the Fourier expansion of the Bessel kernel,

1/2
‘/M f(x)dp(z)| < {Z (14+2?) " [Fp (A)!2} 1 ez -
A

Moreover, with f(z) = [ wuB 2 (1, 1) d,u( ) the above inequalities reduce to equalities.
(3) If du(z) = dl/( ) — dz is the difference between a probability measure dv(x) and

the Riemannian measure dzx, then
1/2
<{[ [ et -1} ...
MIM

’/fdu /fdx
‘/fdu IRCEE

Equivalently,

1/2
= {Z (L+A%) " |Fv (A)V} f lyyece -

A>0
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Proof. (1) is an immediate corollary of Theorem 2.1. In order to prove (2), observe that

/ B(x,y)B"(y, 2)dy = B**P (2, 2).
M

Moreover, this Bessel kernel is real and symmetric, see Lemma 2.6 below. Hence,

//\/l ‘/M B®(x, y)dp(x) Qdy
- /M /M /M B(z,y) B(2, y)dydu(x)m
B /M /M B (z, 2)dp(w)dp(z).

(3)is a corollary of (1) and (2). Indeed, since B** (z,y) = B** (y,z) and [, B** (z,y) dy =
1, it follows that

[ [ 5 ) avle) = o) (avt) — a)

//BMMV Vv (y //B2aa;ydu()d
/ / B2 (2, y) dedv(y / / B (2, y) dudy
_ /M /M B2 (2, ) dv(z)du(y) — 1.

Finally, by Sobolev imbedding theorem, functions in W*? (M) with a > d/p are contin-
uous and all the above integrals are well defined and finite. The Sobolev imbedding also
follows from the estimates on the Bessel kernel provided in Lemma 2.6, as explained in
Remark 3.3 below. L

The above corollary leads to estimate the energy integrals

| i) qdy}l/q,

which for ¢ = 2 and du(x) = dv(z) — dz simplifies to

{/M /M B** (w,y) dv(z)dv(y) — 1}1/2 = {Z (1+ %) |Fv (A)2}1/2,

A>0

By the last formula, the energy attains a minimum if and only if v (\) = 0 for all
A > 0. Hence dv(z) has the eigenfunction expansion Fv (0) ¢o(x), and since ¢y(z) = 1
this gives the Riemannian measure dx. The meaning of the corollary is that measures with
low energy are close to the Riemannian measure and they give good quadrature rules. In
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order to provide quantitative estimates for the above integrals, one has to collect some
properties of the Bessel kernels. The norm of the function y ~» B%(x,y) in W72 (M) is

1/2
1B% (2, Ml = {Z (1+x%)"" |90A(x)|2} :
A

By Weyl’s estimates on the spectrum of an elliptic operator, see [9, Chapter 6.4] and
[22, Theorem 17.5.3 and Corollary 17.5.8], for every r > 1 there are approximately cr?
eigenfunctions ¢, () with eigenvalues \* < r*and ), ., |¢x(z) > < ¢r?. It then follows
that the norm in W2 (M) of B%(z,y) is finite provided that v < a — d/2 and, by
Sobolev imbedding theorem, it also follows that B*(x, y) is Holder continuous of degree
d < a — d. Indeed, we shall see that a bit more is true: B*(x, y) is Holder continuous of
degree o — d.

Lemma 2.5. The heat kernel
W (t7 T, y) = Z exp (_)\2t) 90,\($)<p>\(y),
A

which is the fundamental solution to the heat equation 0/0t = —A on Ry x M, is
symmetric real and positive: W (t,z,y) = W (t,y,x) > 0 for every x,y € M andt > 0.
Moreover, for all non negative integers m and n there exists ¢ such that, if |x — y| denotes
the Riemannian distance between x and vy, and V the gradient,

VW (2, y)| < a2 (L o —y| V)T if0<t <1,
V"W (t,z,y)| <c ifl <t<+oo.

Proof. All of this is well known, see, e.g., [9], [23], [33] and [35]. Anyhow we want
to provide a proof for the torus and a hint for the general case. The idea is that heat
has essentially a finite speed of propagation and diffusion on manifolds is comparable to
diffusion on Euclidean spaces, at least for small times. The heat kernel in the Euclidean
space R? is a Gaussian,

W t.0) = [ exp (~4m ) exp (2mi o — ) ©) e
= (47Tt)7d/2 exp (— |z — y|2 /4t) ,

By the Poisson summation formula, the heat kernel on the torus T¢ = R?/Z? is the
periodization of the kernel in the space,

Z exp (=42 |k|*t) exp (2mik (v — y))

kezd

- Z (47t)"? exp (—lz—y-— k|® JAt) .

kezd
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Periodicity allows to assume that 2 — y € [—1/2,1/2)%, and in this case the Riemannian
distance between x and y coincides with the Euclidean distance. An explicit computation
shows that the term &£ = 0 in the above series satisfies the required estimate,

(47t)" " exp (—|z— yl? /4t)

- ct—d/2 (1 + |z _y|/\/Z)7n if0<t <1,
= ¢ if 1 <t < +oo.

The sum for k # 0 is negligible. Indeed, since exp (—2) < ¢z for 2 > 0,

Z (47rt)_d/2 exp (— |z —y — k| /4t)
k#0
< N4/ Z o —y — k|72 < N2,
k£0

and this satisfies the required estimate when 0 < ¢ < 1. When ¢ > 1 it suffices to observe
that

Z (47t) "% exp (—lz—y— k|? /4t)

k£0
< c/ (47t) "% exp (— 2| /At) dz < c.
Rd

The estimates for the derivatives are analogous. This proves the lemma for the torus. The
heat kernel on a compact manifold is similar, in particular it has an asymptotic expansion
with Euclidean main term. See, e.g., [9, Chapter VI]. More precisely, by the Minakshisun-
daram Pleijel recursion formulas, there exist smooth functions uy (x, y) such that, if ¢ is
small and |z — y| denotes the distance between x and y,

W (t,z,y) ~ (47t)"* exp (— |z — y|* /4t) (Zt’“uk (r,y) + O (t"“)> :
k=0
On the other hand, W (¢,z,y) — 1 as t — +oo. The estimates on the size of this kernel
and its derivatives follow from this asymptotic expansion. The positivity W (¢, z,y) >
0 is a consequence of the maximum principle for the heat equation and the symmetry

W (t,z,y) = W (t,y,z) follows from this positivity and the eigenfunction expansion.
O]

Lemma 2.6. (1) The Bessel kernel B*(x,y) with « > 0 is a superposition of heat kernels
W (t,xz,y):

B(z,y) =T (a/2)" /0+0<> t92 L exp (—t) W (t, z, y) dt.
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(2) The Bessel kernel B*(x,y) with a > 0 is real and positive for every x,y € M,
and it is smooth in {x # y}. Moreover, for suitable constants 0 < a < b,

alz —y|* " < B*z,y) <blz—y[*? fo<a<d
alog(l—l—]x—y]_l)gBa( )gbog(1+|x—y|_1) if o = d,
a< B%z,y) <b ifa>d

(3)Ifd < a < d+ 1, then B*(x,y) is Holder continuous of degree o« — d, that is there
exists ¢ such that for every x,y, z € M,

|Ba(m7y) - Ba(‘%’7z>| S C|y - Z|a_d‘
(4) If d < o < d + 2, then there exists c such that for every x,y € M,
|B*(x, ) = B*(x,y)| < ¢z —y|*™

Proof. When the manifold is a torus and the eigenfunctions are exponentials the proof
is elementary. The Bessel kernel on the torus T is an even function, and thus a sum of

cosines,
B*(z,y) = Z (1+ 4r? |/<:|2)_a/2 exp (2mikz) exp (—2miky)
kezd
— Z (1+ 4r? |/<:]2)7a/2 cos (27k (z — y)) .
kezd
Hence,
B(z,x) — B(x,9) = 2% (L + 47 [b*) " sin® (k (x - y))
kezd
<olr—yP Y WP+ D) 42 Y (L dn? k)T
|k|<|z—y|~* || >[e—y| ™!

cle—y|* " ifd<a<d+2,
< c|x—y\2log(1+]x—y]71) ifa=d+2,
cle—yl> ifa>d+2.

Also observe that the series which defines B(x, x) — B*(x, y) has positive terms and the
above inequalities can be reversed. This proves (4) for a torus, and the proof of (3) and (2)
is similar. A proof for a generic manifold follows from the representation of Bessel kernels
as superposition of heat kernels and the estimates in the previous lemma. In particular, (1)
follows from the identity for the Gamma function

(1+ )xz)fa/Z =T (a/2)7" /+0<> /2 Lexp (—t (1 + A?)) at.
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Since the manifold is compact its diameter is bounded. For ease of notation, in what
follows we shall assume that |z — y| < 1. By Lemma 2.5, for every n,
D2 g — |7 W0 <t < |z—y|,
0<W(tz,y) < ¥ if |z —y]? <t <1,
c ift>1.

Hence,if 0 < o < dandn > d — a,

400
B%(z,y) =T (a/2)1/0 t92 Yexp (=) W (t, x,y) dt

|z —y|? 1 +o0
<ec |[L' N y|n/ t(a+n_d)/2_1dt + C/ t(a—d)/Z—ldt + / ta/?—l exp (—t) dt
0 | 1

z—yl|?

<clz—y[* 7.

Indeed it follows from the estimates of the heat kernel from below (see [9] and [35]) that
these inequalities can be reversed. Hence B*(z, y) ~ ¢ |x — y|* . This proves (2) when
0 < a < d, and the proofs of the cases « = d and a > d are similar. Also the proof of (3)
is similar. Write

B*(z,y) — B%(x, 2)
=T (a/2)"" /0 t% L exp (—t) (W (t, x,y) — W (¢, z, 2)) dt.

Then recall that, by Lemma 2.5,

=2 if0 <t <|y— 2z,
W (t,z,y) — W (t,2,2)| < & et @2y — 2] if ly—2> <t <1,
cly—=z ift>1.

Hence,

ly—z|°
|B%(z,y) — B(z,2)| < C/ t@= D2 exp (—t) dt
0

1 +o00
+cly — 2| =02 oxp (—t) dt + c |y — 2| / t92 Lexp (—t) dt
1

ly—z|?

<cly— z|°‘_d.

Finally, the estimate for | B*(x,x) — B*(x,y)| in (4) is analogous to the previous one, but
it holds in a larger range of . It suffices to observe that W (¢, x, y) is stationary at z = y
and it satisfies the estimates
a2 if0 <t <|zr—yl’,
W (t,z,2) — W (ta,y)| < et V2 Ve —y]? if z—y?<t<1,
cle—y)® ift>1.
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The following is Result (A) in the Introduction.

Theorem 2.7. For every d/2 < a < d/2 + 1 there exists ¢ > 0 with the following
property: If M = Uy U Uy U ... U Uy is a decomposition of M in disjoint pieces with
measures |U;| = wj, then there exists a distribution of points {zj}j.vzl with z; € U; such

that
- / f(z)dz
M

Proof. By Corollary 2.4 (3), with dv(z) = Y% | w; 6. (x),

‘/fdu /fdx

It suffices to compute the average value of 3 | Zjvzl wiw; B** (z;,zj) — 1 on Uy X Uy X

. (3
< ¢ max diameter (U;)™ || f [l a2 -

N N 1/2
< {ZZ%%BM (Ziazj) - 1} ||fHWav2 :

i=1 j=1

.. x Uy with respect to the probability measures wj_ldzj uniformly distributed on Uj.

N
<Hwk1)/ / dzy...dzy =1,
Uy Un

1://B%‘xyd:zdy—zz://B%‘xydxdy
M

=1 j=1

First observe that

Then,
N

(ﬁwzl) /U /UN <Z§:w,-wj32a (21, 2j) — 1) dz...dzy

i=1 j=1

_Zw]/ B*( (25,2 dzJ+ZZ/ / B*( (2i, 25) dz;dz;
—Z//B%‘xydxdy ZZ//B2°‘xydxdy

i#j

[ 0 - i

Since, by Lemma 2.6 (4), | B2* (2, 2) — B2 (z,y)| < ¢|z — y[** *whend < 2a < d+2,
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and since |U;| < ¢diameter (U;)?,

N
Z/U/U’BQa(x,x)—Bh(x,y)‘dxdy
i—1 JU; JU;

’ N

< Z |Uj|2 sup |BQa (I’,I) - B2a (:L‘,y)‘

j=1 oc7y€Uj

N N
< CZ |U; | diameter (U;)** ¢ < CZ |U;| diameter (U;)** .
=1 =1
[

For the next result we shall need estimates for partial sums of Fourier expansions of
the Bessel kernels.

Lemma 2.8. Let —0o0 < o < 400, let x (\) be an even smooth function on —o0o < \ <
+o0 with support in 1/2 < |\ < 2, and let

Po(ra,y) = Y x (A1) (L+32) " pr(@)ea(y).

Then for every positive integer n there exists c such that for everyr > 1 and v,y € M,
[P(r,a,y)| S er®™ (L+rle —y)) "

Proof. The numerology behind this estimate is quite simple. The approximation of the
Bessel kernel B*(x, y) by linear combinations of eigenfunctions with eigenvalues \? < r?
is localized and only points x and y with |x — y| < 1/r really matter. In particular, since
B%(x,y) is smooth away from the diagonal, at distance |x — y| < 1/r the approximation
is rough, but at distance |z — y| > 1/r it is quite good. The analogue of P*(r, x,y) in the
Euclidean setting is the kernel

Q(r,x—y) = /Rdx(%r €] /7) (1 + 472 ]5\2)7(1/2 exp (2mi (x — y) &) d€

= rd/ x (27 [€)) (1 + 47r? |§|2)_0‘/2 exp (2mir (v — y) &) d€.
R

Since x (27 [£]) has support in 1/2 < 27 |¢] < 2, for every 7 > 1 and x,y € R? one has

[ i) (Lt ) exp 2 (2 = ) ) d

<re [ erle) ™ nerlglde <o
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This estimate can be improved in the range |x — y| > 1/r. Indeed, integration by parts
gives
—a/2 .
[ erleh (1 am ) exp (2rir (o - ) ) d
R

—a/2

_ / X 2 [€]) (1 + 422 |¢]?)
Rd
= rd (47%r? |z — y|2)_n/

R4

A ( (4722 |z — y|?) " exp (2rir (z — y) 5)) de
exp (2rir (v — ) ) AL (x (27 [¢]) (1 + 4732 |¢*) ™) de.
Hence,

[ el (U ant ) e rin (- ) )¢

<ottt =) [z (xerieh (L ar ) )
Rd

< CTd—a—Qn ’JI o y’—Zn )

dg

Now it suffices to transfer these estimates from the Euclidean space to the manifold. For
the torus, this can be done via the Poisson summation formula. If Q (r,z — y) is the
truncated Bessel kernel in R? defined above, then the truncated Bessel kernel in T¢ is

> x @kl /r) (1+4n \kﬁ)*m exp (27mik (z —y)) = Y Q(rx—y+k).
kezd kezd
When |z; — y;| < 1/2, the main term in the last sum is the one with £ = 0, while the
contribution of terms with k # 0 is negligible,

Q(rx—y)| <er®™ (L +rfe—y))",
Y Qrr—y—k) <t

keza—{0}
Finally, the estimate for the truncated Bessel kernel on a generic manifold can be obtained
by transference from R? via pseudodifferential techniques. For more details, see, e.g., [34,
Chapter XII], or [5]. For a more general approach on metric measure spaces see [14] and
[27]. []

The following is a result on the homogeneity of measures which appear in quadrature
rules and it gives sharp estimates of the discrepancy of such measures. Similar estimates
on spheres are in [2].

Lemma 2.9. Assume that dv(x) is a probability measure on M with the property that
for every eigenfunction @, (x) with eigenvalues \* < 12,

/M ox(z)dv(z) = /M ox(z)dx.
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Then for every positive integer n there exists ¢, which may depend on n and M, but is
independent of r and dv(z), such that for every measurable set €2 in M,

| avte) = [ as

In particular, the discrepancy between the measures dv(x) and dx with respect to balls

< c/ (1 + r distance {z,0Q}) " dz.
M

{z : |z — y| < s} is dominated by

‘/ dv(x) —/ dx
{le—y|<s} {lz—y|<s}

Proof. 1t is proved in [11] that given n, there exists c such that for every measurable set

_d .
<{ cr ifs <1/r,

cr~tsdt ifs > 1/r.

2 in M and every r > 0 there exist two linear combinations of eigenfunctions A(x) =
Y oaer @ (A)pa(z) and B(z) = > ., b()\) @a(x) which approximate the characteristic
function xq(z) from above and below,

A(z) < xa(r) < B(z), B(x)— A(z) < c(1+r distance {x,00})™".

In particular, the properties of the function A(x) and of the measure dv(x) give

/Q dv(z) > /M Aw)dv(z) = /M Alr)da

> / Xa(z)dx — c/ (1 + r distance {z,00}) " dz.
M M

Similarly, by the properties of B(x) and dv(x),

/Q dv(z) < /M Bla)dv(z) /M B(x)dx
< /M Xo(z)dx + C/M (1 + r distance {x,00}) " dz.

In particular the choice of Q = {x : |z — y| < s} gives the estimate for the discrep-
ancy of balls. We omit the details. [

Lemma 2.10. Assume that dv(z) is a probability measure on M which gives an exact

quadrature for all eigenfunctions p,(x) with eigenvalues \* < r?,

/M or()dv(z) = /M or(2)da.

If1 <q<+4ooand o> d(1 —1/q), then there exists ¢, which may depend on q, o, M,
but is independent of r and dv(x), such that

{/M ‘&Ba(x’y)dﬂx) ~1

q 1/q
dy} <ecr .
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Proof. Let x (\) be an even smooth function on —oo < A < 400, with support in 1/2 <
|A| < 2 and with the property that Zj:ioo X (279)\) = 1 for every A # 0. Also, let

P(s,z,y) = 3 x (Ms) (1+ 23 o (@)oa(y).

Hence, B*(x,y) = 1 + j_foo
with 0 < X\ < r, it also annihilates all P*(27, z;, y) with 2/ < r/2 and this gives

P*(27,z,y). Since dv(z) annihilates all eigenfunctions

B(z,y)dv(x) —1= > pa 2z, y)dv(x).
M

20>r/2

When ¢ = 1, by Lemma 2.8 with n > d,

/M '/Mpa(s’x»y)du(x) dy

o ] st o) vy
MIM
< es™% sup {/ st1+sle—y)™ dy} < s
reEM M

When ¢ = +oc and s > r and n > d, by Lemma 2.8 and Lemma 2.9,

| [, o pain|
<estsup { [ (e sle =)o)}

+o0
< s sup {/ dV(l")} + s sup Z (27s/r) n/ dv(z)
yeM {lr_y|S1/T} yeM =0 {2j/7,<|1,_y‘§2j+1/7,}

< egtopd 4 pgdmomnpn—d < pgdmap—d

Hence, when s > r and 1 < ¢ < 400, by interpolation between 1 and +o0,

{/ ‘/ Pa(sﬂ%y)dy(x)qdy}”q
S;élfa{‘/ P*(s,z,y)dv(z }ql {/ ’/ Pa(s, 2. 1)dv(x)

< esl=1/a)—a,—d(1-1/q)

/a
dy}
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When o > d(1 — 1/q) these estimates sum to

{/M ’/M B(z,y)dv(z) — 1 qdy}l/q

<3 {/M‘/MPQ(?,QC,y)dV(x)qdy}l/q

2i>r/2

< cr—d(1-1/q) Z 9i(d(1-1/g)—a) < er .
20>r/2

]

Finally, the existence of exact quadrature rules associated to any system of continuous
functions is a simple result in functional analysis, or in convex geometry.
Lemma 2.11. Given any collection p1(x), p2(x),..., on(x) of real continuous functions
on M, there exist an integer N < n + 1, points {z; };V:1 in M and positive weights
{w; }jvzl with Zjvzl w; = 1, such that for every such p;(x),

/M soAas)dxzj;wi ().

If the functions p;(x) are complex valued then the same holds with N < 2n + 1.

Proof. Define

(I)($) = (901(3:)’ 902('1')7 790n(x)) )

E= /M O(z)dr = ( /M o1 (2)dz, /M a(2)dz, .. /M gpn(aj)d:ﬁ) .

If all functions ¢;(x) are real valued, then ®(z) and FE are vectors in R". If the o;(z) are
complex, then ®(z) and E can be seen as vectors in R*". Moreover, F is in the convex
hull of the vectors ®(z) with z € M. It then follows from Carathéodory’s theorem that
E is also a convex combination of at most n + 1 vectors ®(x) in the real case, or 2n + 1
in the complex case, £ = Zjvzl w;® (z;) withw; > 0 and Z;VZI w; = 1. O

The above result is simple but non constructive. See [32, Theorem 3.1.1], or [31], or
[8] for explicit constructions on spheres. The following is Result (B) in the Introduction.
Note that in the case of the sphere it is contained in [21].

Theorem 2.12. Assume that the probability measure dv(x) on M gives an exact quadra-

ture for all eigenfunctions o (x) with eigenvalues \* < r?,

/M ox(z)dv(z) = /M ox(z)dx.
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Then, for every 1 < p < +oc and o« > d/p there exists a constant ¢ > 0 independent of
dv(z) and r, such that for every function f(z) in WP (M),

'/fdu /fdx

Proof. By Corollary 2.4 (1) with du(z) = dv(x) —drand 1/p+1/q =1,

[ s = (], -

By the assumption [, ¢ (x)dp(z) = 0 for every A < r, and Lemma 2.10,

{/M ‘//\/l B, y)av@) — 1|

<™ fllwes -

1
@}HMWW

q
dy} <ecr ?.

[]

Corollary 2.13. If 1 < p < +oo and « > d/p, then there exists ¢ > 0 with the property
that for every N there exist a point distribution {z; }jvzl and associated positive weights

{wj}jyzl, such that for every function f(x) in W*? (M),

S CN_a/d ||f||Wf¥7p .

S ()= [ fads

Proof. It suffices to show that the above bound holds for infinitely many integers N, say

N; < Ny < N3 < ...satisfying N,.; < c¢N,. Indeed, introducing multiple nodes and
distributing the associated weights among them, gives the result for every positive integer
N.Letr = 1,2,3,... and let n, be the number of eigenfunctions @y (x) with \? < r2,
By Weyl’s estimates on the spectrum of an elliptic operator, see [9, Chapter 6.4] or [22,
Corollary 17.5.8], we have c¢;7% < n, < cyr?. By Lemma 2.11, possibly introducing
multiple nodes, there are N, = n, + 1 nodes {zj} and positive weights {w]} such
that for all \? < 72,

> wier() = [ o)

Finally, by Theorem 2.12

>t ()= [ faya

< cr™® HfHWa,p < Cn;a/d HfHWa,p < CN;a/d HfHWa’p ’

]
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The above corollary relies on Lemma 2.11 and guarantees the existence of nodes and
weights that give good bounds for the corresponding quadrature rule, but it gives no in-
formation on how to find these nodes and weights. In [14] there is a less elementary but
somehow stronger result than Lemma 2.11, that essentialy says that any choice of well
distributed nodes works. For our purposes this result can be restated as follows.

Lemma 2.14. Let {z; }jvzl be a distribution of points. Define the mesh norm § and the
minimal separation q of this collection by

d=supmin|r —z;, ¢=minlz —z].
zeEM ] i#]

Then there exist positive constants a and b depending only on M and on k. = 0/q, and
positive weights {wj}j.vzl with w; > ad?, such that for all eigenfunctions () with
eigenvalues \> < bd2,

Aw@m=;%wwy

By applying Theorem 2.12 to a point distribution as in the above lemma, one obtains
the following corollary, which is result (C) in the Introduction.

Corollary 2.15. Let 1 < p < +oo and o > d/p. Let {zj};.vzl be a distribution of points
with mesh norm 6 and minimal separation distance q. Then there exist a positive constant

c depending only on k = §/q and on M, and positive weights {w; }jvzl such that

ijf (zj) — /M f(z)dx

Proof. By the above lemma and Theorem 2.12 with r? = b2, there exists c; such that

Swif (5) = [ fada

By the definition of mesh norm § and minimal separation distance ¢, the balls {|z — z;| < § };Vzl

< cN o/ Hf”vvap .

< 10 [ fllwe -

cover M with finite overlapping, that is for some constant ¢, depending only on k = /¢,

N
Z X{ja—z;]<8} () < co.
j=1

See Lemma 4.4 in [14] for the details. It follows that

N
c3N§? < / ZX{\x—zjKa} (z) dx < co.

Therefore § < ¢y N~1/4, O
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Finally, easy examples show that the above estimates for the error in approximate
quadrature are, up to constants, best possible. Again, see [21] for the case of the sphere.
In particular, the following is Result (D) in the Introduction.

Theorem 2.16. For every 1 < p < +o00 and o > 0 there exists ¢ > 0 with the fol-
lowing property: For every distribution of points {z]} there exists a function f(x) in
WP (M) which vanishes in a neighborhood of these points and satisfies

1f lyyas < N4, /M flx)de =

As a consequence, for every distribution of points {z]} _, and complex weights {w; }] v

there exists a function f(x) with

f) - /M f(x)da

Proof. 1f ¢ is small, then one can choose 2N disjoint balls in M with diameters e N~

> cN—o/d Hf”wap .

1/d

and, given /N points {zj} at least NV balls have no points inside. On each empty ball

_1’
construct a bump function ;(x) supported on it with

sup ’Akwj (x)} < N/ / Yj(z)dr = N~
T M

The construction of such functions in R? can be done by translating and dilating any
fixed smooth function with compact support and integral 1. Then one can transport and
normalize these functions to the local charts of the manifold and, by compactness, the
constant ¢ can be chosen independent of j and N. Define f(z) = Zf:l ¢;(x). Then,

1f e < N2, / fla)de =
M

The estimate of the L” (M) norms of (I + A)a/ ? f(z) when /2 is an integer follows
from the fact that (I + A)*? is a differential operator and the terms (I + A)*/? ()
have disjoint supports. The case of /2 not an integer follows from the integer case. The
proof when p = 2 is elementary. If n is an integer greater than «/2, then by Holder
inequality,

1/2
1f ez = {Z (1+22)° |ff(A)I2}

A

(2n—a)/4n a/an
= {Z !ff(A)P} {Z (1+2%)° |ff<A>!2} < eNY/,
A A
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In the general case, let » > 0 be a parameter to be fixed later, let n be an integer greater
than «//2 and, with the same notation as in Lemma 2.8 and Lemma 2.10, decompose

(I +A)*? f(x)into
(£ +A)O‘/ “f ()
=FFO)+ 3 Y x (270 (L+23) P FF (A g (2)

2]<7’ A

0D @) (L) T LX) FF () ()
+Z/ “(2,z,y) f(y)dy

21<r

+Z/ P (20 2, y) (I +A)" f (y) dy.

21 >r

By Holder inequality,
1/p
Fr(0 d Pd )
| f()|§/M|f(fC)\ ré{/M\f(:c)] x} <c

P 1/p

/ Z/ (2, 2,y) fy)dy| da

21<r

<Z{sup/ |pe 2ny|d:c}{/ f (z |pd;1:}/p

29 <r
/p
<022a]{/ If (z ]pdx} < ere.

21<r

By Lemma 2.8,

Again, by Lemma 2.8,
> [ P ) U+ A) Py

p 1/p
. |
27 >r

<) {sup/ | (27, 2, y) \dx} {/ (I +A)"f (x)|pdx}l/p

2i>p ~ Y

1/p
< CZQ (2n—a)j {/ | I—l—A )lpdfﬁ} < C,roz—QnN2n/d.

27 >r

Choosing = N4 so that r® = r*~2*N?"/4d = N/4_one obtains the desired result. [
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3 Further results

The following is Result (E) in the Introduction and it states that a quadrature rule which
gives an optimal error in the Sobolev space W*?2 (M) is also optimal in all spaces
Wh2 (M) withd/2 < 3 < a.

Theorem 3.1. [f dv(x) is a probability measure on M, then the norm of the measure

dv(z) — dz as a linear functional on W*? (M) decreases as « increases. Moreover, if
the norm of dv(z) — dx on W2 (M) is r=* for some r > 1,

‘/fdu /fda;_

then for every d/2 < [} < « there exists a constant ¢ which may depend on o, 3, M, but

Al

is independent of v and dv(x), such that

/fdu /fd$

Proof. By Corollary 2.4 (2) and (3), the norm of the measure dv(z) — dx as a linear
functional on W2 (M) is

Lzt - 1}1/2 - {Z (143" |7y <A>2}m .

A>0

<cr - ||f||W62 .

Since (1+X2)™* < (14 2)"7 when 8 < a, it follows that this norm is a decreasing
function of . Write dv(z) — dx = dp(z). By Lemma 2.6 (1), the norm of the functional
i ) on W2 (M) can be written as

[ [ 5 autoat >} :
— {r(a)l/o t Texp ( (/ / W (¢, z,y) du(z)du(y )> dt}

Note that

[ ] W e dn@dile) = Y exp (-4%) 1 )] 2 0.
MM 3

«

/2

Assuming that this norm is 7~“, one has to show that the corresponding expression with

3 instead of « is at most cr—?. Since 3 < a, the integral over 1 < t < 400 satisfies the

/1+°°t exp ( </ / W (t, z,y) du(z)du(y )) di
§/1+Oot°‘ exp ( (//thydu( Vdpu(y ))d

estimate
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Similarly, if 3 < « the integral over 72 /2 <t < 1 satisfies the estimate

[12/215 exp ( (/ / W (t, 2. y) dp(z)dply )) dt
< (r?/2)" [2/275& exp ( (/ / W (t, z,y) dp(x)du(y )) dt

< 2°7°T ()

Finally, by the small time Gaussian estimate on the heat diffusion kernel in [35], if 0 <
t < r~?/2 then
tP2PW (t,z,y) < er W (T_2, x, y) .

It then follows that if 5 > d/2 the integral over 0 < ¢t < r2 /2 satisfies the estimate

/OT_Q/Qt ox (/ / Wt 2. y) dp(z)dp(y )) dt

p
< o2 / y) d|pl (2)d | (y).

It remains to show that the last double integral is uniformly bounded in r. Since d || (x) <
dv(x) + dx and since [, W (r~2, x,y) dx = 1, replacing d || () with du(z) it suffices

/ / y) du(x)dp(y) < c

By the assumption on dy(x) and the eigenfunction expansion of W (r=2, z,y),

/ / y) dp)du(y)

W (2 0) )|

to show that

M

1/2
=r {Z (1+X%)%exp (=2 (\/1)?) !}"M()\)\z}

A

W2

1/2
<r {Z (1+13)7° ]f,u()\)|2} sg\p {(1+X)"exp (- (/\/7’)2)} :

Finally, the last sum with {F ()} is the norm of the measure dy(x) as a functional on

W2 (M), hence by assumption it equals r~, and the last supremum is dominated by
cr?e, O

As we said, the above result is only one way, from « to 5 < «. If the norm of dv(z) —
dz on WP (M) is r~—* and if § > «, then one cannot conclude that the norm of dv(x) —
dz on WPP (M) is at most cr=". As a counterexample, it suffices to perturb a good
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quadrature rule with nodes {z; }jvzl and weights {w; }jvzl by moving the last point zy
into a new point ¢, so that the new quadrature differs from the old one by the quantity
wn | f (zn) — f (tw)]. If @ > d/p+1 then the function f is differentiable and, by the mean
value theorem, wy |f (2n) — f (ty)| = wn |2y — tn|. Then, by choosing |zy — ty| =
7~%/wy one obtains a quadrature rule which gives an error ~ 7~ in all spaces W*? (M)
with 3 > a. The counterexample when d/p < a < d/p + 1 is slightly more complicated
but similar.
In all the above results, the accuracy in a quadrature rule has been estimated in terms
of the energy of a measure. It is also possible to estimate this accuracy in terms of a
geometric discrepancy. Let B (y, t) be the level sets of the Bessel kernel,

B(y,t)={x e M:B*(x,y) >t}.

Then the Bessel kernel can be decomposed as superposition of the characteristic func-
tions of these level sets,

+oo
Ba(xv y) = / XB(y,t) (x)dt
0

If 1 <p,g<+4ocoand1/p+1/q =1, by Corollary 2.4 (1) and Minkowski inequality,
the following Koksma Hlawka type inequality holds:
/q
dy}

’/f )z <HfHWw{/ ‘/ Bz, y)dpu(x)
<Aflher [ { [ | sttt dy}l/ i

The quantity ‘ S XB. (@) dp(x ‘ is the discrepancy of the measure du(z) with re-

spect to the level set B (y, t). It can be proved that, for specific measures and at least in
the range 0 < a < 1, the above estimates are sharp and they can lead to optimal quadra-
ture rules. In particular, the following is Result (F) in the Introduction.

Theorem 3.2. Denote by §(t) the supremum with respect to y of the diameters of the
level sets {B (y,t)} and assume that there exists v > 1 such that the discrepancy of the
measure dy(x) with respect to {B (y, t)} satisfies the estimates

‘ /M X0 (@)dp(z)| < { 4 S < 1/,

o)t ifa(t) > 1)
Also assume that 1 < p < 400 and « > d/p. Then there exists a constant ¢, which may

depend on o and p and on the total variation of the measure || (M), but is independent
of r, such that

' | r@yinta)| <

[ fllwes O<a<l,
crHog(L+7) | fllyes ifa=1
o fllwas o> 1
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Proof. f 1 < p,q < 400 and 1/p + 1/q = 1, by Corollary 2.4 (1) and Minkowski

inequality,
+o00 q 1/q
e [ [ st an}
0 M IJm

\ | rwyinta)

By Lemma 2.6 (2), when 0 < o < d then B® (z,y) ~ |z — y|* % and the level sets
B (y,t) have diameters of order min {1, /(= 91. Hence, wrltmg qg=(q¢g—1)+1, the

estimate of the discrepancy of small level sets with ¢ > 794~ gives

{//\/1 ‘/M XB(yt) (2)dp(z) qdy}l/q
= UG |y e () o X80 (2)d || ()dy 14
(o[ v} [

(¢=1)/q g
< {sup | [ xwwo@nta|} felul (o)
yeM

<ecr —d(g—1)/qzd/q(a—d)

Hence, if o > d/p the integral over r~* < t < +oo0 satisfies the inequality

[t )"

< ermdla- 1)/q/ tYae=d g < e,
rd—a

Similarly, the integral over 0 < ¢ < r?~°, that is the discrepancy of large level sets,

{/ ‘/ XB(y.t) (2)dp(z) dy} th

cr‘a 1f0<a<1

0

cr~toifa > 1.

satisfies the inequality

The proof in the case &« = d is similar and it follows from the estimate B*(zr,y) ~
—log (| — y|). The proof in the case o > d is even simpler, since in this case B(z,y)
is bounded and it suffices to integrate on 0 < ¢ < sup, . B (,y) the inequality

UM XB(%t)(ZL‘)du(l')‘ < er 1 0

Observe that the hypotheses on the discrepancy in the above theorem match the esti-
mates in Lemma 2.9. Indeed, by this lemma, the measures dv(x) which give exact quadra-
ture for eigenfunctions with eigenvalues A\* < r? have discrepancy

[ aw- [ af<{igese
{lz—yl<s} {lo—y|<s}

er~ts1 if s > 1/r.
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Actually, these estimates hold not only for balls {|z — y| < s}, but also for sets with
boundaries with finite d — 1 dimensional Minkowski measure, such as the level sets
{B(y,t)}. Also observe that these estimates are natural, since the discrepancy of large
sets is qualitatively different from the one of small sets. In particular, it follows from
Lemma 2.9, Theorem 2.12, Theorem 2.16, that, at least in the range 0 < o < 1, Theorem
3.2 gives an optimal quadrature. We conclude with a series of remarks.

Remark 3.3. As we said, the assumption o > d/2 with p = 2 in Theorem 2.7, or o > d/p
with 1 < p < 400 in Theorem 2.12, guarantees the boundedness and continuity of f (x),
otherwise the point evaluation f (z;) may be not defined. This follows from the Sobolev
imbedding theorem. Indeed, the imbedding is an easy corollary of Lemma 2.6. A function
f(z) is in the Sobolev space WP (M) if and only if there exists a function g(z) in
LP (M) with

f(x) = /M B*(x,y)g(y)dy.

When 1 < p,q < 400, 1/p+1/q=1,d/p < a < d, then B*(z,y) < c¢|z —y|* isin
L9 (M) and this implies that distributions in the Sobolev space W** (M) with o > d/p
are continuous functions. Indeed they are also Holder continuous of order o« — d/p.

Remark 3.4. When the manifold is a Lie group or a homogeneous space, one can restate
Theorem 2.1 in terms of convolutions. In the particular case of the torus T¢ = R?/Z, let

Z (k) exp (2mikx) , Zw Yexp (2mikz) .

kezd kezd

Then, if 1 < p,q,r < +ocowithl/p+1/¢g=1/r+1,

{/’[Fd df(af —y) du(y) Tda:}w = {/Td B x A x f*”(l“)l’“dx}m
{/ |A* f( |pd$} /P{/Td |B*u(x)|qda:}1/q.

In the case of the sphere S = {z € R, |z| =1}, let {Z, (zy)} be the system of
zonal spherical harmonics polynomials and let

= Zq/;(n)Zn (xy), B(zy)= Zw(n)flzn (zy).

Then, if 1 < p,q < 4+ocowith1/p+1/¢ =1,

[ £ @ du(a)

{ [ | [ Awwsoa| w) L[ ][ sevae|a)

Both results on the torus and the sphere follow from Young inequality for convolutions.
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Remark 3.5. A result related to Theorem 2.1 and to the previous remark is the following.
Identify T with the unit cube {(z1,...,24) : 0 < x; < 1} and denote by xp(,)(z) the
characteristic function of the parallelepiped P(y) = {(z1,...,24) : 0 < z; < y;}. Then
define

Blz) = /T Xy — 274 =[] (1= ) — 27

-1

— Z H 2 H 2mik; exp (2mikx) .

kezd—{o} \ \k;=0 i £0

Also, define the differential integral operator

Ax f(x) = Z H 2 H 2mik; f(k:) exp (2mikx)

k£0 \ k;=0 ki #0
2d 1 / d ; 2d 2 / d
Z 1 Oz H v Z d—2 8:B28:1:] (@) H o
1<5<d 1<i#j<d h#i,j
ad
+”'+—8x1...8xdf(x)'

Observe that, as in Theorem 2.1, the Fourier coefficients of the distribution A(z) and

of the function B(z) are one inverse to the other, however here the Fourier coefficients

are indexed by the lattice points 27ik, and not by the eigenvalues 472 |k|*. If dv(x) =
ZN dé., (z),andif 1 < p,q,r < +oowith1/p+1/q=1/r+ 1, then

N r 1/r
{ 3 NlZf(:v—zj)—/Tdf(y)dy dx}

A 1aerora) " [ mostapa)”

The norm of A x f(z) is dominated by an analogue of the Hardy Krause variation,

{ IA*f(x)|”dx}l/p
1/p
d%}

< 9d-1 / / dx;

- Z { T |JTd—1 8% H i
p 1/p
d[[’ldfﬂj}

1<j<d
82
/Ed2 &cﬁxjf(w) H dxh
P 1/p
dx} )

e
i#j b hti,j

1<i#j<d
+...+ {/Td f(x)

ad
0ry...0xy
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The norm of B * v(x) is dominated by the discrepancy of the points {z; };\[:1 with respect
to the family of boxes P(y),
1/q
{ |B>|<1/(x)|qu}
Td

d

N
' Z XP(y) (2 + ) — H
=1 ‘

q 1/q
< / { N~ Yj da:} dy.
Td | J1d

In particular, the case p = 1 and ¢ = +o0 is an analogue of the Koksma Hlawka inequal-

ity. See [24]. A generalization of this classical inequality is contained in [6].

Remark 3.6. By Lemma 2.6 (1), the Bessel kernel B*(z, y) with & > 0 is a superposition
of heat kernels W (¢, z, y). Indeed, it is possible to state an analogue of Corollary 2.4 in
L isa
sequence of points in M, if {w;},_, are positive weights with } w; = 1, and if f(z) is

a function in W*? (M) with a > d/2, then

Sl (5) = [ fa)da

+oo | N
< {F (a)1/0 ZZwiij (t,zi,25) — 1
i=1 j=1

This suggests the following heuristic interpretation: Mathematically, a set of points on

terms of the heat kernel, without explicit mention of Bessel potentials: If {z; }jV:

1/2
t“‘leXp(—t)dt} [ ez -

a manifold is well distributed if the associated Riemann sums are close to the integrals.
Physically, a set of points is well distributed if the heat, initially concentrated on them, in
a short time diffuses uniformly across the manifold.

Remark 3.7. In order to minimize the errors in the numerical integration in Corollary 2.4
(3), one has to minimize the energies

/ / B* (z,y) dv(z)dv(y ZZM% (2is 25) -

=1 j=1

These are analogous to the energy integrals in potential theory

/M /M |z — y| ™% dv(x)dv(y).

See [15]. When d < a < d + 1 the kernel B?* (x,y) is positive and bounded, with

a maximum at x = y and a spike A — Bz — y|2o‘7d when z — y. In particular, the
gradient at x = y is infinite. This implies that in order to minimize the discrete en-

ergy >, wiw; B?* (z;, z;) the points {z;} have to be well separated. This suggests the
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following heuristic interpretation: Mathematically, a set of points on a manifold is well
distributed if the energy is minimal. Physically, a set of points, free to move and repelling
each other according to some law, is well distributed when they reach an equilibrium.

Remark 3.8. It can be proved that if 2ac > d + 2 then
‘BQa(x7x> - B* (xuy)} < C|C(7—y|2.

This estimate in the proof of Theorem 2.7 yields that for most choices of sampling points
zj € U g

S wf () /M f(x)da

j=1

. /241
< ¢ max {dlameter (U;) } [ f ez pn -

The same result holds if 2a = d + 2, with a logarithmic transgression. Observe that these
estimates hold for most choices of sampling points, but not for all choices. Indeed, if the
manifold M is decomposed in disjoint pieces M = U; U Uy U ... U Uy with measure
ayN7! < |U;] = wj < apN~!and by N~Y/4 < diameter (U;) < by N~V if f(z) is a
smooth non constant function and if the points z; € U; are the maxima of f(x) in Uj,
then Zjvzl w; f (z;) is an upper sum of the integral [, f(z)dz and

Swt ()= [ saite =3 [ (1) = fla)) dz = N

Remark 3.9. Theorem 3.2 gives an estimate of the accuracy in a quadrature rule in
terms of the discrepancy of a measure with respect to level sets of the Bessel kernel. The
following argument shows that when the manifold is a sphere, or a rank-one compact
symmetric space, then the level sets of the heat kernel {W (¢, x,y) > s}, and hence of the
Bessel kernels { B* (z,y) < t}, are geodesic balls {|z — y| < r}. The Laplace operator
on the sphere S with respect to a system of polar coordinates z = (1, 0), with0 < 9 < 7
the colatitude with respect to a given pole and o € S?~! the longitude, is

9
9

<smd—1 (0) 3) +sin~2 (9) A,.

Ax = A(gﬁ) = — Sinl_d (19) 90

Let u (¢, x) be the solution of the Cauchy problem for the heat equation

0
{ au (t,z) = —Azu(t,x),
u(0,2) = f(x).

If f (z) depends only on the colatitude ¥, and if it is even and decreasing in 0 < 9 < T,
then also u (¢, x) depends only on the colatitude and it is even and decreasing in 0 < ¥ <
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7. In order to prove this, set u(t, z) = U(t, ), f (x) = F (1), and sin®~! () U (¢, ) /0 =
V (t,9). Then

0 0 o[ ., o (. 4. 9
?EU@ 79) 819{ in d(ﬁ)%(and (19) %U(t,ﬁ))}’
J 0’ cos(d) 0
atV(t J) = 552 —V{(t, g) (1—d) ) a_ﬁv(t’ﬁ)’
V(0,9) = sin?* () 8_19F (V)

V(t,0) = V(t,7) = 0.

If ' (¥) is decreasing in 0 < ¥ < m, then V' (0,9) < 0 and, by the maximum principle,
V(t,¥) < 0, hence U(t,?) is decreasing in 0 < ¢ < . In particular, by considering
a sequence of initial data { f,, (x)} which depend only on the colatitude ¥J, even and de-
creasing in 0 < ¢ < m, and which converge to the Dirac §(x), one proves that the heat
kernel W (¢, cos (1)) is decreasing in 0 < ) < . Since Bessel kernels are superpositions
of heat kernels, they are also superpositions of spherical caps.

Remark 3.10. In [3] and [26] the discrepancy of orbits of discrete subgroups of rotations
of a sphere are studied. Let G be a compact Lie group, K a closed subgroup, M = G/K a
homogeneous space of dimension d. Also, let H be a finitely generated free subgroup in
G and assume that the action of H on M is free. Given a positive integer n, let {o; }jvzl

be an ordering of the elements in H with length at most n and for every function f(x) on

M, define
N

Tf(@)=N"Y " f(ojz).

j=1
This operator is self-adjoint and it has eigenvalues and eigenfunctions in L?(M). More-
over, since the operators 7' and A commute, they have a common orthonormal system
of eigenfunctions, Apy(x) = Ny (z) and Ty (z) = T(N)pa(z). All eigenvalues of T
have modulus at most 1 and indeed 1 is an eigenvalue and the constants are eigenfunc-
tions. Assume that all non constant eigenfunctions have eigenvalues much smaller than 1.
Then, if o > d/2,

‘N jzlf(ajx)— /Mf<x>dx - AZﬂT(A)T-f(A)w(I)
1/2 1/2
< {iirng(A)\} {Z (1+X)" | F (N )!2} {Z (1+x%) " !w(:v)!z}

1/2
<c{sup|T }{/ ’I—I—AO‘/2 x)’ dx} :
A£0



32 L. Brandolini, C. Choirat, L. Colzani, G. Gigante, R. Seri, G. Travaglini

The absolute convergence of the above series is consequence of the Sobolev’s imbeddings,
or the Weyl’s estimates for eigenfunctions. In particular, when M = SO(3)/SO(2) is
the two dimensional sphere and H is the free group generated by rotations of angles
arccos(—3/5) around orthogonal axes, it has been proved in [26] that the eigenvalues of
the operator 7" satisfy the Ramanujan bounds

sup {|T(\)|} < eN~Y21og(N).
A0

Hence, for the sphere,

NS f (o) - /M f(z)dz

' N
j=1

< eN“Y2log(N) {/M ‘(1 + A £(2) ‘2 dx}m .

All of this is essentially contained in [26]. Although this bound N~'/21og(N) is worse
than the bound N~%/2 in Corollary 2.13, the matrices {o;} have rational entries and the
sampling points {o;z} are completely explicit.
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