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Abstract

Let {¢r} be an orthonormal system on a quasi-metric measure space X, {{x} be a nondecreasing se-
quence of numbers with limy_, £x = co. A diffusion polynomial of degree L is an element of the span
of {¢pr : €r < L}. The heat kernel is defined formally by Ki(z,y) = >_3°, exp(—{it)or(2)dr(y). I T
is a (differential) operator, and both K; and Ty K; have Gaussian upper bounds, we prove the Bern-
stein inequality: for every p, 1 < p < oo and diffusion polynomial P of degree L, | TP||p, < c1L||P||p-
In particular, we are interested in the case when X is a Riemannian manifold, T is a derivative op-
erator, and p # 2. In the case when X is a compact Riemannian manifold without boundary and
the measure is finite, we use the Bernstein inequality to prove the existence of quadrature formulas
exact for integrating diffusion polynomials, based on an arbitrary data. The degree of the diffusion
polynomials for which this formula is exact depends upon the mesh norm of the data. The results
are stated in greater generality. In particular, when 7' is the identity operator, we recover the earlier
results of Maggioni and Mhaskar on the summability of certain diffusion polynomial valued operators.

1 Introduction

Many practical applications, for example, document analysis [8], face recognition [17], semi-supervised
learning [2, 1], image processing [10], and cataloguing of galaxies [11], involve a large amount of very
high dimensional data. Typically, this data has a lower intrinsic dimensionality; for example, one may
assume that it belongs to a low dimensional manifold in a high dimensional, ambient Euclidean space.
The desire to take advantage of this low intrinsic dimensionality has recently prompted a great deal of
research on diffusion geometry techniques. The special issue [7] of Applied and Computational Harmonic
Analysis contains several papers that serve as a good introduction to this subject.

An essential ingredient in these works is a data—dependent heat kernel K; on the manifold X in
question, which can be defined formally by

Ki(z,y) =Y exp(—it)or(@)dn(y), >0, 2,y €X,
k>0

where the eigenfunctions {¢y} are an orthonormal basis for L?(X, ) for an appropriate measure p,
and f;’s are nonnegative numbers; the eigenvalues of the (square root of the negative) Laplacian. A
multiresolution analysis is then defined by Coifman and Maggioni [8] for a fixed € > 0 by defining the
increasing sequence of scaling spaces

span {r, : exp(—277£2) = e} = span {¢ : £ < (27 log(1/€))}.

The range of the operators generated by Ky—; being “close” to the space at level j, one may obtain
an approximate projection of a function by applying these operators to the function. In turn, these
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operators can be computed using fast multipole techniques. The diffusion wavelets and wavelet packets
can be obtained by applying Gram Schmidt procedure to the kernels Ky-;. On a more theoretical side,
Jones, Maggioni, and Schul [18] have recently proved that the heat kernel can be used to construct a
local coordinate atlas on manifolds, preserving the order of magnitude of the distances between points
within each chart.

Several applications, especially in the context of semi-supervised learning, signal processing, and
pattern recognition can be viewed as problems of function approximation. For example, given a few
digitized images of handwritten digits, one wishes to develop a model that will predict for any other
image whether the corresponding digit is 0. Each image may be viewed as a point in a high dimensional
space, and the target function is the characteristic function of the set of points corresponding to the digit
0. We observe in this context that even though K;f — f (uniformly if f is continuous) as ¢ — 0, where
Kt is the heat operator defined by the kernel K, the rate of convergence provided by this simple minded
approximation cannot be the optimal one for smooth functions, since the K¢ # ¢x except when £ = 0.
In [28, 24], we have developed a different multiscale analysis based on span {¢y : £z < 27} as the scaling
spaces. We have obtained a Littlewood—Paley expansion, valid for functions in all LP spaces including
p = 1,00. This expansion is in terms of a tight frame transform, which can be used to characterize
different Besov spaces. Our tight frames can also be chosen to be highly localized. The critical conditions
in our paper [24] to ensure the uniform boundedness of the approximation operators involved are the
finite speed of wave propagation, and a “Christoffel function” bound of the following form, valid for all
zeX:

> lok@)? = 0("), for some K > 0. (1.1)
L <j

In the sequel, we assume a fixed nondecreasing sequence {{;}32, € R, with lim;_. ¢ = co. An
element of the space IIj, := span {¢p : £ < L} will be called a diffusion polynomial of degree at
most L. In order to implement our approximation operators based on the available data, without losing
their approximation power, one needs to use carefully chosen quadrature formulas, exact for integrating
products of diffusion polynomials. We note that the existence of quadrature formulas exact for integrating
diffusion polynomials in II;, even with positive weights, is well known if one is allowed to choose the
quadrature nodes judiciously [34, Ex. 2.5.8]. However, in most applications, one has no control on the
choice of the quadrature nodes. Such data, where we have no control on the choice of the sites where the
data is collected, will be referred to as scattered data. It is demonstrated in [23] that even in the simplest
case when X is the unit circle of the complex plane, one cannot simply take a known formula based on
judiciously chosen sites, such as the Fast Fourier Transform, and use it with finding nearest neighbors
from the given scattered data, without losing the optimal approximation power. One major goal of this
paper is to prove the existence of quadrature formulas to integrate diffusion polynomials of high order,
based on scattered data.

In order to obtain the necessary quadrature formulas, we need to prove certain Bernstein inequalities,
estimating the L' norm of the derivatives of diffusion polynomials in terms of the L' norms of these
polynomials themselves. Such inequalities are well known in the case of L?, and are recently investigated
[32] in a more general context. As far as we are aware, these inequalities are not known in general for
the derivatives in the LP norm. In the context of trigonometric polynomials, a simple idea is to use a
reproducing kernel, and estimate the L' norm of the derivative of this kernel. We wish to adopt this
approach in the present context. Since the derivatives of ¢ are not necessarily diffusion polynomials,
we need to drop the assumptions on orthogonality of the system and consider generalized heat kernels

o0

of the form Zexp(—éit)qﬁk(az)wk (y), where ¢, 1 are no longer required to be orthogonal systems.

k=0
Another motivation for considering such a kernel is the following. The spectral method for solving a

linear differential equation Tu = f on a manifold consists of solving a system of equations

T (Z (u, ¢>k>¢k> = (u,R)Tér = > {f, br)or

k=0 =0 k=0

for the unknown coefficients (u, ¢x). In the analysis of the middle term above, the kernel has the form
> r—o Pr(2)Vk(y), where ¢, = T'¢y. Thus, the systems ¢ and v, are not the same and not orthogonal.




Other examples of interest include bi—orthogonal frame expansions.

In Section 2, our main goal is to extend the localization and summability result [24, Theorem 4.1] to
the case of kernels of the form Y7~ ) H (¢ /L)¢(z)yr(y) for suitable filters H (Theorem 2.1). In light
of the importance of the heat kernel in this theory, we will formulate the conditions we need for this
purpose only in terms of the small time properties of the (generalized) heat kernel. Our conditions on
the heat kernel are satisfied in a number of situations; for example, weighted heat kernels, heat kernels
corresponding to a wide class of elliptic operators of second order on smooth manifolds with bounded
geometry, and of course, kernels corresponding to the Laplace-Beltrami operators on smooth, compact
manifolds (without boundary), together with the gradients of these kernels. This theory will be applied
to prove in Theorem 2.2 the Bernstein inequalities in the contexts when the conditions on the heat kernel
and its gradient are satisfied. Restricting further to compact Riemannian manifolds with a probability
measure, we will prove in Theorem 3.1 the existence of the quadrature formulas. The proofs of all the new
results of this paper are given in Section 4. For the convenience of the reader, we include the definitions
of some of the terminology regarding Riemannian manifolds in this paper in an appendix.

We would like to thank Professor J. Korevaar for sending us [22], and his encouragement. We thank
also the referees for their careful reading and suggestions for the improvement in our original draft.

2 Main results

Let (X, u, p) be a quasi-metric measure space, with a quasi-metric p and a sigma—finite Borel measure p.
By the term quasi—metric, we mean that p : X x X — [0, 00) is a symmetric function, p(z,y) = 0 if and
only if x = y, and the following inequality is satisfied in place of the triangle inequality for some x > 0:

ple,y) <wlp(z,2) +p(z,9)},  =y,2€X, (2.1)
Forz e X, r >0, let
B(z,r):={yeX : p(z,y) <r}, Alz,r):=X\B(z,r).
We assume that there exists a constant x; > 0 such that
w(B(z,r)) < k1 r?, zeX, r>0. (2.2)

If X C X is p-measurable, and f : X — C is a p-measurable function, we will write

/p
I Fllpx = {/ |[f(@)[Pdpla } , if1<p <o,

p—esssup,cx |[f(x)], ifp=oc.

The class of all f with || f||,,x < oo will be denoted by L”(X), with the usual convention of considering
two functions to be equal if they are equal p—almost everywhere. If X = X we will omit its mention
from the notations. The inner product of L? will be denoted by (o, o).

We equip the space LN L> with the norm ||o]|1 40| It is elementary to check that L' NL> C LP
for every p, 1 < p < oo, the inclusion being a norm embedding. A system {¢x} C L? will be called a
Bessel system if there exists a dense subset D = D({¢x}) of L' N L (with respect to the norm of this
space), such that (i) for any € > 0, ball of the form B(z,r), and f € L' N L> supported on B(x, ), there
exists g € D such that the support of g is contained in B(z,2r) and ||f — g|]1 <€, and (ii)

S )2 N () < fe, (2.3)
k=0

where N (f) is a positive number dependent on f, (o, 0) and {¢x}. Obviously, any orthonormal system
on X is a Bessel system with D = L' N L. Another interesting example is the following. Let X be
a Riemannian manifold, {¢r} be the eigenfunctions of the Laplace-Beltrami operator on X, F be a



conservative vector field on X, and ¥y = F¢r, £k = 0,1,---. For the space D we choose the class of
all compactly supported, infinitely differentiable functions on X. Then an integration by parts argument
shows that (2.3) is satisfied for {1} as well, with A'(f) being the L? norm of the corresponding derivative
of f.

Let {¢x}, {1x} be Bessel systems, each of whose members is assumed to be continuous, and in L' NL®®.
Let {¢;} be an nondecreasing sequence of nonnegative numbers, with ¢, T co as k — co. An element
of span {¢y : £ < L} will be called a diffusion polynomial (of degree at most L). We note that this
terminology distinguishes ¢y’s from y’s, which may not be diffusion polynomials. For ¢ > 0, the heat
kernel is defined formally by

K({or} Atn}iy) = D exp(— 1) dr() P (y).- (2.4)
k=0
We assume that there exist constants ko, - -, k5, A1, As > 0 such that for all z,y € X and ¢ € (0, 1],
Ki({on}, {dn}sw,2) < mat™ M2 K({Un}, (¥} @, @) < mat ™42/, (2.5)
K ({0} {vn}s 2, y)| < mat™ exp(—rsp(e, y)* /1) (2.6)
In the remainder of this paper, the symbols c, c1, - - - will denote generic positive constants depending only
on the fixed parameters in the discussion, such as the space X and related quantities like p, p, K, K1, -, K5,

Ay, As, As, and the norms to be introduced below. These constants do not depend upon the systems {¢x},
{¢r} themselves except through the constants k, K1, -, ks, A1, Aa, and As.Their value may be different
at different occurrences, even within a single formula. The notation A ~ B will mean c;A < B < coA.

In view of the Schwarz inequality, an obvious consequence of (2.5) is that the heat kernel is well
defined as a function on (0, 1] x X x X. We will see in Proposition 4.1 below that the first and second
estimate in (2.5) are equivalent to the first and second estimate respectively in

S @<, S @R <ot w1, (2.7)

Sikora [35] has proved (cf. Theorem 4.1 below) that the condition (2.6) is equivalent to the finite speed
of wave propagation. To explain this notion, let f; (respectively, f2) be a function for which (2.3) holds
with {¢r} (respectively, {¢r}). Then for ¢ € R, the wave kernel defined by

W(t, f1, f2) := WSk}, {1, f1, f2) := D cos(lt)(fr, dr){fa, ¥x) (2.8)
k=0

is well defined. The finite speed of wave propagation means that W (¢, f1, fo) = 0 if |¢| does not exceed
a constant multiple (the speed) of the distance between the supports of f; and fo. In particular, the
conditions of [24, Theorem 4.1] related to the eigenfunctions and the wave kernel are equivalent to the
Gaussian bound (with « as in (2.2))

[Ko({on} Adn}i 2, y)l < ert™*exp(—ezpl(e, ) /1), @y eX, t€(0,1]. (2.9)

Thus, Theorem 2.1 below generalizes [24, Theorem 4.1], at the same time clarifying some of the assump-
tions made in that theorem. A further motivation for stating the theorem in this generality stem from
the following considerations. In [37], Bin Xu has proved that in the case when X is a smooth, closed
Riemannian manifold (i.e., compact Riemannian manifold without boundary) with dimension n, 9™ is
a derivative of order m, each ¢y is the eigenfunction of the Laplace-Beltrami operator corresponding to
the eigenvalue ¢2, and ¢y = 0™ ¢y, then (2.7) holds with A; = o =n, Ay = n+ 2m, and the constants
depending only on m and not on the particular derivative. Since the finite speed of wave propagation
holds in the case of W ({¢r}, {¢r}), so does it hold for the derivative kernel W ({¢x}, {tx}). Kordyukov
[20] has proved similar results for the heat kernels corresponding to a very general class of second order



elliptic operators (in place of the Laplace-Beltrami operator) on a Riemannian manifold with “bounded
geometry” (see [20] for definitions). Estimates on the heat kernel and its gradients are well understood
in many other cases, including higher order partial differential operators on manifolds [9, 14, 6, 12], with
many other references given in [15].

Theorem 2.1 Let {¢}, {tr} be Bessel systems, (2.2), (2.5), and (2.6) hold, K = (A1 + A2)/2, S >
max(K, «) be an integer, L > 0. Let H : R — R be an even function, supported on [—1, 1] with continuous
derivatives of order S. We normalize H so that

S

max |H® (u)] = 1.
uweR
k=0

Then for z,y € X,

0o LK
S~ Hls/ Dn@ 00| < i g (2.10)
Consequently,
sup [ > H6k /Lol dul) < LA
sup /X kZ:OH(ek /L) () (y) | du(z) < eLF7e. (2.11)
Therefore, for any p, 1 <p < oo, and f € LP,
S TH(/D)f dr)n| < L T fll (D] HE/D)(f k) dn|| < eLE7| - (2.12)
k P k P

As an application of the above theorem, we obtain the following Bernstein inequality (2.14) for
diffusion polynomials. In particular, the following theorem is valid in the situations considered in the
papers cited above, where Gaussian bounds on the gradients of the heat kernel are known.

Theorem 2.2 Let {¢r} be a complete orthonormal system in L?, T be a linear operator defined for all
diffusion polynomials, and 1 = T¢y, and the assumptions in Theorem 2.1 hold. Let L > 0, Cy, C5 be
open subsets of X with the closure of C1 being a compact subset of Ca, and d = infyex\c, p(y, C1). Then
for any P € I, and any s > max(K, «), we have
o -5
ITPllp,c, < L™ {HPHp,cz + (max(1, Ld)) HPHp}- (2.13)

In particular,
ITPlp < cLE=%||P]l,. (2.14)

As mentioned before, in many cases, we may choose T' to be a derivative ™ on a manifold and
K = a+m. In these cases, the assumptions of Theorem 2.1 may be consolidated into (2.2), (2.9), and

0" K ({9} {dn)s 2, y)| < et exp(—espla, ) /1), w,yeX, te (0,1]. (2.15)
The estimate (2.14) then translates into
10" Pllp < cL™(|Pllp,  L=1, Pelly, (2.16)

and (2.13) translates into
107 Pllpc, < e {[Plpo, + (max(L, L)~ [Pl,}. L1 Pemm.  (17)

In particular, the estimates (2.16) and (2.17) are valid when P is a spherical polynomial of degree at
most L on a Euclidean sphere, as well as similar settings on the rotation group SO(3), and two point
homogeneous spaces (see [27, 13, 33]). As far as we are aware, these results are new in the case when
p < o0.



3 Quadrature formulas

In this section, we assume that X is a compact, connected, Riemannian manifold (without boundary),
and p is the geodesic distance on X. Our objective is to prove the existence of quadrature formulas based
on scattered data on X, exact for diffusion polynomials of a high degree. This degree is estimated in
terms of the mesh norm of the data set, while the stability of the computational procedures will depend
upon the minimal separation. The material which we will present in this section can be seen as a unifying
approach for existing examples like the Euclidean sphere, the rotation group etc. [27, 13, 33]. At the
same time, it provides a way for attacking similar problems in a more general setting.
Let C C X be a finite set. The mesh norm ¢ of C and the minimal separation q¢ are defined by

dc =supp(z,C), g¢ = min  p(z,y). (3.1)
zeX z,yeC, z#y
Since X is compact, for any 6 > 0, there is a finite set C with ¢ < §. The condition (2.2) on the measure
u then implies that u(X) < co. We will assume in this section that p is normalized to be a probability
measure. We will assume further that ¢y = 0, and ¢o(z) = 1 for every = € X. This ensures that

/X K({éx} {0k p)du(y) =1, zeX. (3.2)

First we construct a reduced set C from the given set C which has the property 0 < 2¢p. If C =
{z1,...,zm}, we let C; = CN A(z1,dc¢). By relabeling the set if necessary, we choose x5 € C1, and set
Co = C1 N A(xe, d¢). Necessarily, p(x1,C2) > d¢ and p(x1,22) > d¢. Since C is finite, we may continue
in this way at most M times to obtain a subset C of C which contains the points x1,xa, ... used for the
construction. For C we have gz > dc, and moreover, for any = € C, there is y € C with p(z,y) < éc. Tt
follows that d¢ < 65 < 20¢ < 2¢s. In the sequel, we will only work with the subset C. Since the rest of
the points in C are ignored in our analysis, we may rename this subset again as C and assume that

de < 2qc. (3.3)

Theorem 3.1 Let X be a compact, connected, Riemannian manifold (without boundary), p be the geodesic
distance on X, p be a probability measure on X, and {¢r} be an orthonormal system of continuous
functions. We assume further that (2.2), (2.9) hold, and further that (2.15) holds with m = 1 for every
differential operator of first order 0. Let C be a finite subset of X satisfying (3.3) and ¢ < 1/6.

(a) There exists ¢ > 0 with the following property: for L < 0551, there exist numbers w,, r € C, such
that for each x € C, |wy| < cop(B(z,d¢)) < 368 < caq¥, and

/XP(y)d,u(y) => w,P(x), Pell. (3.4)

zeC

(b) There exists ¢ > 0 with the following property: for L < 0551, there exist positive numbers w} >
c1u(B(x,d¢)), © € C such that (3.4) holds with w} in place of wy.

Our proof of Theorem 3.1 follows arguments similar to those in [27, 26]. An essential step in this
argument, which requires a proof very different from that in these papers, is the following Marcinkiewicz—
Zygmund inequalities.

Theorem 3.2 We assume the setup as in Theorem 3.1. Then there exists ¢ > 0 such that for every
n >0, Lgcn(?El, and P € I,

3 / P(z) — P@)du(x) < 3 u(B(e.dc)) s |P()— P)| <nlP.  (35)
zec ¥ Blz;dc) z€eC 2€B(z,0¢)

In particular,

allPlh < S B, 6| P@)| < el Pl P el (3.6)
zeC



Moreover, if P(x) >0 for all z € C, then

/P (2) > e3 3 u(B(x, 6c)) P(2). (3.7)
X zeC
n [16], Grigor’yan has proved that (2.2), (3.2), and (2.9) together imply that

w(B(z,7)) > cr®, 0<r<l,zeX (3.8)

Thus, we may replace the term p(B(x,d¢)) in (3.6) by 6 or ¢&, of course, obtaining different constants.
Also, using (2.2) and (3.8), we obtain that p satisfies the homogeneity condition

w(B(z, R)) < ¢(R/r)*u(B(x,r)), zeX 0<r<1,R>0. (3.9)

We observe an immediate consequence of Theorem 3.1. Since |wy| < cop(B(y,d¢)), y € C, (3.6)
implies that

> lwy|[PW)| < al|Plly, P el (3.10)
yel
Let -
Op(z,y) = PL(Hiz,y) =Y H(l/L)or(@)dr(y),  w,yeX, L>0. (3.11)
k=0
Using A; = A2 = « in the estimate (2.11) we obtain from (3.10) that
sup Y i[9 (2.)] < sup [ (@1 9)ldn(s) < e (3.12)
xe
yel

Using the Riesz—Thorin interpolation theorem, one can deduce from here that the discretized operator,
defined for any f : X — R by
oL(CiH, f,x) =) wy f(y)Pr(z,y),

yel

satisfies
1/p

o (Cs H, flly < e8> fwy | £ ()P ,  1<p<oo (3.13)
yel

In many known manifolds, such as the unit interval, the unit circle, the unit sphere, the rotation group
SO(3), etc., the products of elements of I, are in Il.j, for some ¢. In such cases, the estimate (3.13) leads
to the fact that the operators o, (C; H, f) provide a near best approximation from II.;. In the context
of the Euclidean sphere, it is demonstrated by several numerical examples in [23] that in the presence
of singularities in the target function f, this procedure provides a substantially better approximation on
large parts of the sphere than the usual procedures of least square approximation. The superiority of
this method over traditional least squares in certain aspects was also observed in [24] in the context of
semi-supervised learning of hand—written digits.

A simple way to find the weights w, is to solve the least square problem of minimizing Y w2 with the
constraints Y . wedr(x) = [y drdp, k =0,---, L [23, Formula (4.1)]. To obtain nonnegative weights,
one may augment this problem with the approprlate inequality constraints. Alternately, one may obtain

w,’s SO as to minimize
5 (z et - | ¢kdu>

0, <L \zeC

(See [13, 19] for efficient computational strategies in the case of the Euclidean sphere). In view of the local-
ization of the kernel ®,, a better strategy seems to be to solve the system of equations ) | . w.®r(z,y) =
Jx ®L(z,y)dpu(z), y € C. Theorem 3.1 shows that each of the systems of equations involved in all these
approaches has a solution.



4 Proofs

In this section we prove all the new theorems in this paper. In Subsection 4.1, we discuss the equivalence
of the conditions on the heat kernel with the conditions assumed in [24]. In Subsection 4.2, we prove
Theorems 2.1 and 2.2. Finally, Theorem 3.1 is proved in Subsection 4.3.

4.1 The heat kernel

First, we investigate the condition (2.5). In [29], Minakshisundaram has used the Wiener-Ikehara Taube-
rian theorem [21] to prove that if the heat kernel satsifies an asymptotic of the form

Ki({or}, {on}iz,w) = ct™ 2 {1+ et + eot® + -}, (4.1)

then limy,_, o L™4 >oe.<r $r(x) is a constant, independent of z. Korevaar [22] has proved that the
Tauberian theorem does not hold if only an inequality is known in place of (4.1) and an inequality is
expected in return. The following proposition is a “poor man’s alternative”, suffcient for our purpose
here.

Proposition 4.1 Let {a;} be a sequence of nonnegative numbers, C > 0. Then

supu~2¢ Z a? < 2e sup tY Zexp(—é?t)a? <e(T(CH+1)+2)supu2© Z a?. (4.2)
u>1 (5 te(0.1] 55 u>1 £;<u

PROOF. In this proof only, let s(u) = Zej<u a?, u>1, and s(u) = 0 if u < 1. Then

Zexp(—é?t)a? = Z exp(—£5t)a? +/ efvztds(v) = Z exp(—£3t)a? +/ e*”%ds(v). (4.3)
j=0 £<1 I+ ;<1 0
First, in this proof only, let L € (0,00) be chosen so that sup t* Zexp(—é?t)a? < L < 00. An
te(0,1] =0
integration by parts shows that for any u > 0,
Lt > / efv%ds(v) = s(u)eiuzt + 2t/ vefv%s(v)dv > s(u)efu%. (4.4)
0 0
Using this estimate for t = 1/u2, we obtain s(u) < Leu?“; i.e.,
Y a?<Lew*®,  u>1 (4.5)
1<l <u
Since for t € (0, 1],
Z a? <eé Z exp(—é?t)a? < Le,
£;<1 4;<1
the estimate (4.5) implies that sup u~2¢ a? < 2eL. We have thus proved the first inequality in (4.2).
u2l 0;,<u

J
To prove the second inequality in (4.2), let in this proof only, B > 0 be chosen so that sup v~ 2¢ Z a? <
u>1
- e]‘ S'u.
B < co. In particular, s(u) < Bu?® if u > 1. The fact that s(u) = 0 for u < 1 implies that for any u > 1,

/ efv%ds(v) = s(u)eiuzt + 2t/ vefv%s(v)dv = 5(u)eiu2t + 2t/ ve*”%s(v)dv
0 0 !

< Bu2Ce—v’t + Bt/ V20Vt gy — By2C et + Wtfc.
0



Letting u — oo, we obtain

° BT 1
/ efv%ds(v) < #tfc, t € (0,1]. (4.6)
0
Since
Z exp(—é?t)a? < Z a? =s(1) < B< Bt °, t e (0,1],
£;<1 ;<1
we obtain the second inequality in (4.2) from (4.6) and (4.3). O

Next, we turn our attention to the equivalence between (2.6) and the finite speed of wave propagation.
The following Theorem 4.1 was proved by Sikora in [35]. We will present a simplified version of the
statement and the proof. While Sikora’s formulation of the statement is in terms of certain operators in
a very general setting, the formulation we have chosen here is merely a property of complex numbers.
For the proof, Sikora uses the Phragmen-Lindel6ff theorem, and also refers to a particular version of the
Paley-Wiener theorem. Our proof here is self-contained, and makes use only of the identity theorem of
complex analysis.

For an integrable function f : R — R, its Fourier transform is defined by

f(t) = / flu)e ™ du, teR, (4.7)
R
and we recall that if both f and f are integrable then the Fourier inversion formula holds:
1 .
flu)=— / (et dt, u e R. (4.8)
2 R

Theorem 4.1 Let v > 0, {a;} be an absolutely summable sequence of complex numbers, {{;} be a
sequence of nonnegative, nondecreasing numbers with £; — oo as j — 00, and

K(t) =Y exp(~L3t)a;, W(t) = _cos(t;t)a;.
j=0 j=0

Then

o0

[K(1)] < est™ 2 exp(—r?/t) Y lasl, € (0,1], (4.9)
j=0

if and only if W(t) =0 for 0 <t < 2r.

PROOF. Without loss of generality, we may assume that 3°7% |a;| = 1, so that W) <1, |K(t)| <1,
t > 0. In this proof, all the constants retain their value.
We recall the well known formula

exp(—t?/2) = \/% /700 exp(—u?/2 — iut)du = \/g/ooo exp(—u?/2) cos(ut)du, teR.

Using this formula with \/ﬂéj in place of ¢, we obtain for ¢ > 0 and j = 0,1, -,

exp(—é?t) = \/g/ooo exp(—u?/2) cos(uv/2tl;)du = \/% /000 exp(—u?/(4t)) cos(¢;u)du. (4.10)

Since the series defining W () and K (t) converge absolutely, we may use Fubini’s theorem to conclude
that

1 o ~
K(t) = \/?/0 exp(—u?/(4t))W (u)du,  t>0. (4.11)
Let W(u) = 0 for u € [0,2r]. In the case when 2 < t, we have

|K(t)] <1< eexp(—r?/t).



Next, let 72 > t. Then we deduce using (4.11) that

~ 1 [ee) 1 (o)

Kit)| < — —

KoL =< 75, VA o

L% i Lo on-1/2 2
= — w2 du < —=(r?/t) "2 exp(—r?/t).
ﬁ r2/t \/7_T

Since, r? > t, this proves (4.9).

The converse statement is much deeper. The main idea is to express the right hand side of the
formula (4.11) so that it becomes a Fourier transform of a function g, supported on [0, 00). Both sides
of the resulting equation can be continued analytically to the lower half plane of the complex plane C.
The estimate (4.9) together with the Fourier inversion formula can then be used to show that if ¢ is an
infintitely differentiable function, supported on [0,4r?], then [, g(u)¢(u)du = 0.

Let (4.9) hold. We will first extend K as an analytic function. In this proof only, let

exp(—u?/(4t))|W (u)|du < exp(—u?/(4t))du

F(¢) = (4i¢)"'? Y "exp(—£3/(4i¢))a;,  (=&—iT€C, 7>0, L€R,

Jj=0

where the principal branch of the square root is taken. The series converges uniformly and absolutely on
compact subsets of the lower half plane, and K (t) = F(1/(4it))t='/2, ¢t > 0. If { = £ —i7, 7 > 1/4, then
0 < 7/(4¢%) < 1, [exp(—£5/(4iC))| = exp(—£57/(4/¢]?)), and we obtain from (4.9) used with 7/(4[¢]?)
in place of ¢ and the fact that |(| > 7 that

[F(Q] < ex(AIC) ™2 (r/(41C1%)) ™2 exp(—4r®|C* /) < eal¢| 7™ exp(=4r®r),  T2>1/4.  (4.12)

Next, in (4.11), we make the change of variables from u to v/u, and use the resulting formula with
1/(4t) in place of t to obtain

(4t)"Y2K(1/(4t)) = /O Ooexp(—ut)g(u)du, t>0,

where, in this proof only, g(u) := (47u)~"2W (y/u), if u > 0 and 0 otherwise. Writing i¢ in place of t,
the left hand side of this equation is F'(¢), while the right hand side extends to an analytic function on
the lower half plane. The above equation shows that these analytic functions conincide on the negative
T-axis, without the origin. Hence, the identity theorem of complex analysis implies that

F(—ir) = /000 e Tem M g(u)du, EeR, 7>0. (4.13)

Next, let b > 0, and ¢ be an infinitely differentiable function supported on [0, ]. Then (4.7) defines )
also for all complex values of ¢, making it an entire function. Moreover, an integration by parts in (4.7)
shows that for any integer R > 0,

é«%#xri/aW¢m@ﬁ. (4.14)

R

In particular, if 7 > 0, e 4T ¢(—¢ + i7)g(u) is absolutely integrable on R x R with respect to dud¢, and

the Fourier inversion formula holds with e7°¢. Since e ¢(€) = ¢(€ + i7), this formula implies that
o) = 5 [ e rineie = o [ b+ ime e
e u_27TR iT)e =% [ iT)e .

Using Fubini’s theorem, we then see using (4.13) that

/Rg(u)aﬁ(wdu = /Refwg(U)e“%(u)du:%/

R

e “Tg(u A(— iT)e %t dedu
o) [ Gt -+ imeicuag
y ; uT —ifu _ 1 n . .
= —/R¢(—§—|—z7')/ g(u)e S dudé = %/R¢(—§—|—z7')F(§—z7’)d§.(4.15)

1 -
e
2m R
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In this proof only, let R be the least integer greater than 2c4. Since ¢ is supported on [0, 5], (4.14)
shows that A

|p(=€ +1im)] < (67 + 7)Y,
where, in this proof only, V = [ |p(F)(t)|dt. Together with (4.15) and (4.12), this yields for all 7 > 1/4,

/R 9(u) () du

B lzi/ D(—€ +iT)F(€ — ir)d€| < c6Vr exp(—7(4r> — b)).
™ JRr

If b < 472, then letting 7 — oo, we see that [, g(u)p(u)du = 0 for every infinitely differentiable function

¢ supported on [0,b]. Thus, g is supported on [472 00). In turn, this implies that W is supported on
[27, 00). O

Corollary 4.1 We continue the set up in Theorem 4.1, and assume that (4.9) holds. Let G : R — R be
an even, bounded, integrable function such that G is also integrable and supported on (—2r,2r). Then

i G(éj)&j =0.

Jj=0

PROOF. Our assumptions on G imply that the Fourier inversion formula holds for G. Since G is even
and real valued, so is G, and we deduce from (4.8) (applied with G) that

G(u) = 1 /00 G(t) cos(tu)dt, u € R.
T Jo

In turn, this implies that

fja(ej)aj _1 / T GW (.
T Jo

=0

Since the support of G is a subset of (—2r,2r) and that of T is a subset of [2r, c0), the last integral is
equal to 0. O

4.2 Summability kernels

In the remainder of this section, we will assume that H : R — R is a fixed function as in Theorem 2.1.
Having proved the equivalence of our conditions on the heat kernels with bounds on the sum of squares
of |¢k| and |¢k| as well as the finite speed of wave propagation, the proofs in this section are nearly the
same as that of [24, Theorem 4.1]. We sketch them to ensure that they continue to be valid also with the
generalization made to nonorthogonal pair of systems.

Let V : R — R be chosen such that V is an even function, V is an infinitely differentiable function,
V(w) =1if |w| <1/2, and V(w) = 0 if |w| > 1. Then for every Y > 0, there exists Hy : R — R such
that

Hy(w) = Hw)V(w/Y), weR. (4.16)

In the “time domain”, one has

Hy(t)=Y | HuwV (Y (t —u))du. (4.17)
R
We recall from [30, Section 5.2.2, eqn. (4), Section 4.2, eqn. (15)] that

c

(M) () _ 77 (m) (4)] < (s) —01....
max [H () = Hy™(0)] < s max[HO@),  m=0,1,+-,8. (4.18)

We will write K = (A1 + A2)/2, where Ay, Ay are defined in (2.5) (cf. (2.7)).
The following lemma is a simple variation of [24, Lemma 6.1].

11



Lemma 4.1 (a) If G : R — R is a bounded function, {a;} is a bounded sequence, then we have for any
C>0,L>1,

S° Gt/ L)y (@)5(5)| < (€LY sup |GO] max [ajl,  wyEX. (4.19)

¢ <cr tef0,C] £;<C

(b) Let G be a continuous, integrable, even, real valued function on R, vanishing at infinity, such that the
Fourier transform G is also integrable. Let fi (respectively, f2) be a function for which (2.3) holds with

{or} (respectively, {¢r}). Then for every L > 0,

ZG (4/L) 1, 63 For 05 = / GLOW (L, fi, fo)at (4.20)
(¢) For any x € X, r > 0, and a nonincreasing function g : [0,00) — [0, c0),
e [ epwdn) <c [ glo . (1.21)
A(z,r) rL/2

PROOF. Part (a) is a simple consequence of (2.7) and the Schwarz inequality. The assumptions on G
imply that the Fourier inversion formula holds; i.e.,

G(u/L) = / G(v) cos(vu/L)dv % /0 h G(Lt) cos(tu)dt.

Since (2.3) holds for fi, f2, equation (4.20) follows by an application of Fubini’s theorem. Part (c) is
proved in [24] using (2.2), where the symbol K is used in place of a. O

Lemma 4.2 Let {a;} be a bounded sequence of complex numbers. For z,y € X, Y,L>1/2, J > L, and
integer N > K — 1, we have

> Hy(t;/L)a;é;(@)i;(y)| < e(N)JKY=N(L/ )N+ max|a;|. (4.22)
0>

In particular, the series Z;io Hy (¢;/L)a;¢;(x);(y) converges uniformly on X x X to a continuous and
bounded function, and

> Hy(4/L)a;;(x);(y) gc(N)LKY*Nm?xw. (4.23)
0;>2L

PROOF. The proof is the same as that of [24, Lemma 6.2], except that the function s in that proof should
be replaced by s(u) = 32, <, a;#;(x)¥;(y), and we use (2.7) and the Schwarz inequality to conclude that

|s(u)| < cuft. O

The following lemma is proved using Lemma 4.2 and Lemma 4.1(a) as in the proof of [24, Lemma 6.3].
The proof being verbatim the same, except for substituting ¢;(z)v;(y) for ¢;(z)¢;(y), we omit it.

Lemma 4.3 Letx,y € X,Y > 1/2. Let {a;} be a bounded sequence of complex numbers with max; |a;| <
1. Then

> (H(4;/L) = Hy (£;/L)) aj; ()i, (y)| < cL¥Y 5. (4.24)

Jj=0

12



We are now in a position to prove Theorem 2.1.

PROOF OF THEOREM 2.1. In light of (4.19), we may assume that r := (p(z,y)/2x%) > 1/L. Let
Y = /RsLr/k? where ks is the constant appearing in (2.6). Next, let f,g € L' be supported on
B(z, p(z,y)/8k(1+k)), By, p(x,y)/8k(1+kK)) respectively, || f|l1 = |lglli = 1, and 0 < € < 1 be arbitrary.
Then there exist continuous functions f1, g1 such that || f1 — f|l1 <€, |lg1 — gll1 < e. Multiplying f1
by a continuous function having range in [0, 1], equal to 1 on B(z, p(x,y)/8%(1 + k)) and 0 outside
B(z, p(x,y)/4x(1 + K)), we obtain a continuous function fo € L' N L such that ||f — fa|1 < 2e.
Similarly, we obtain a continuous function g, € L* N L°°, such that ||g — ga||1 < 2¢, and go is supported
on B(y, p(x,y)/4x(1 + k)). We may then obtain f3 € D({¢x}) supported on B(z, p(z,y)/2k(1 + K))
(respectively, g3 € D({¥x}), supported on B(y, p(z,y)/2k(1+k))) such that || f—f3||1 < 3e, ||g—g3]|1 < 3e.
Now, (4.19) implies that

D HG/L)S,83)(9,05) = D HE/L) fs, ¢5) (95, 15)
= D HEG/L)S 839, 05) = D H /L 65) {98, 65)

ZHe/L (£, 65)(gs,v5) ZHé/L (Fs: 83098, 95)

< CLKH9—93H1+CLKHf—f3H1 SCGLK- (4.25)

Next, using Lemma 4.3, we conclude that

ZH (63/L)(f3,05) (g3, 5) — > Hy (L;/L)(f3,6;)(g3, )| < cL*Y 5| fall1[lgslls < cL¥Y 5. (4.26)

J

Now, the sequences {(f3, ¢;)} and {(g3,%;)} are square summable and the distance between the supports
of f3 and g3 exceeds p(x,y)/(2k%). So, (2.6) implies that

ZGXP(—@QU& $i) (g3, ;)| < kat ™ exp (—rsp(z, y)?/(46"t)), t € (0,1];

Jj=0

i.e., (4.9) holds with the absolutely summable sequence {(fs, #;)(g3,%;)} as {a;}, and \/Ksr in place of

r. Since the support of Hy/(-JL) is contained in [-Y/L,Y/L] = [-2,/ks7,2,/ksr], Corollary 4.1 implies
that
J

Thus, we see from (4.26) that
> H(U /L) fs,6) (g3, )| < cL¥Y 5.
J
Together with (4.25) and the fact that e is arbitrary, this implies that
S CH(/L)(f, 6) (g, )| < eLKY 5,
J

Since f and g are arbitrary functions in L' supported near x, y respectively, and ¢;, 1; are continuous,
this implies (2.10).
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The proof of the remaining parts of this theorem using (2.10) and (2.2) is standard, see for example
the proof of [24, Theorem 4.2, Proposition 2.1]. Thus, we observe using (4.21) with g(v) = (max(1,v))~*
that for » > 0,

LO‘/ (max(1, Lp(z,y))) " du(y) < c/oo g(v)v* 'dv < ¢ (max(1, Lr))* % (4.27)
A(z,r) rL/2
Therefore, (2.10) implies that

/. o | S QLT ) < £ a1, £)" (4.28)

The estimates (4.19) and (2.2) imply that

~/B(x )

Choosing r ~ 1/L in the above two estimates, we deduce (2.11). The estimate (2.12) follows from (2.11)
by an application of the Riesz—Thorin interpolation theorem. O

(y) < L% re.

ZH () (2L)) 1 () (y) | dps

PROOF OF THEOREM 2.2. In this proof only, we choose H : R — [0, 1] to be a fixed, even, infinitely
often differentiable function, nonincreasing on [0, 00), such that H(t) = 1 if |¢| < 1/2, and H(t) = 0 if
[t| > 1. If P € I, then it is easy to verify using the orthonormality of ¢ that

Py) = / ) D H 6/ (L)L), (4.20)
and
(TP)(y) = / P(2) S H(0/(21)) 3@ =3 H(l /L) (P, 64)r (). (4.30)
k k=0

The estimate (2.14) follows from (4.30) and (2.12). Next, let C'3 2 be an open set, containing the closure of
C1, and with the closure of C3 /2 being a subset of C. We can also arrange that inf,ex\c, , plx,Cy) > d/2;
ie., X\ C3/2 € A(y,d/2) for each y € C1, and Cy € A(x,0/2) for each 2 € X\ C3/5. Using (4.28) (with
different variable names), we deduce that

(0r/(2L)) i () 0k (y)| dpa(z)

IN

sup /A |2 PO/ CLDGGN () ()

LKfa
< L LD (4.31)

o
yeC1 JX\C3/2 |

Let ¢ : X — [0,1] be a continuous function, equal to 1 on Cj/o, and 0 outside of C;. We consider an
operator defined on L' (in this proof only) by

/X F@) (1= b)) S H () (2L)r (@) () )
k
- / F@) 1 = 6()) S H(C ) (L) 5@ br (o) dp().
X\Cs/2 k

In view of (4.31), and the fact that C1 C A(x,0/2) for each x € X'\ C3/5, we conclude that for p = 1, 0o,
K—«

L
1U fllp,c: < Cmﬂfﬂp- (4.32)
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An application of the Riesz—Thorin theorem shows that (4.32) holds also for all p, 1 < p < co.
In view of (4.30)

TP(y) :/XP(QJ)(b(x)Zﬂ(fk/(ﬂ))(bk—(x)wk(y)d ()+UP(y) ZH (Cr/ (2L)) (P&, or) i (y)+U P(y).
k

Therefore, using (2.12) and (4.32), we conclude that

ITPlpc, < )(Po, di)in| +IUPpc,
p
K K—«
< LK |Po||l, 4+ c——||P
1Polly+ o 1Pl
< el® = {|IPlpc, + (max(1, Ld))~* |[Pll,.}-
This proves (2.13). O

4.3 Quadrature formulas

First, we will prove Theorem 3.2. Together with the Hahn—-Banach theorem (respectively, Krein—-Rutman
theorem), this will lead to part (a) (respectively, part (b)) of Theorem 3.1. The definition of the mesh norm
implies that X = UzeeB(x, d¢). In order to prove (3.5), we need to also consider the balls B(x, 2d¢), and
the disjoint balls B(z, dc/4) (cf. (3.3)). In the following lemmas, we obtain the necessary interconnections
among these and the integrals of diffusion polynomials on these.

Lemma 4.4 Let C be a finite set for which (3.3) holds, and ¢ < 4. If ¢; > 0, the number of balls
B(z,c16c), x € C, which intersect each other is bounded from above by a constant, dependent only on c1,
but independent of dc.

PROOF. In this proof, let 6 := dc. Let y1,--,ym € C and y € N} B(yx,c16). Then B(y,0) C
N7 B(yx, (1 + ¢1)d). Since g¢ > §/2, the balls B(yx, d/4) are pairwise disjoint, and their union is a
subset of B(y, (1 + ¢1)d). Therefore, (3.9) implies that

NE

p(B.5) < min u(Blp,(1+e)d) < -

= m'u(uk 1B(yk;5/4))

w(B(yr, (1 +c1)d <—Z# (yr>6/4))

ko

=1

Z(By, (1 + 1)) < u(B(y, ).

Thus, m < c3. O

In the sequel, let C = {:El, : “,$M}, Xk = B(xk,5c), Xk = B(xk,25c), k= 1, : ~~,M.

Lemma 4.5 Let T be an operator as in Theorem 2.2. For L >0, P € II,

M
S WXOITPI 5, < L5 {(3eL)* +min(L, (5 L)>5)}| P 1 (4.33)
k=1

We note that the constant ¢ in this lemma depends on T only through the constants k1, - - -, k5, A1, Ao

n (2.2), (2.5) and (2.6) with ¥, = T'dy.
PROOF OF LEMMA 4.5. In this proof, we will again write § = d¢, and recall that 6 < 1/6. In this proof

only, we let H : R — [0,1] to be a fixed, even, infinitely often differentiable function, nonincreasing on
[0, 00), such that H(t) =1if [t| <1/2, and H(t) =0 if |[t| > 1, T'or, = ¥y, and

o (z,y) : ZH( ) (@)r(y), x,yeX, L>0.
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In view of Theorem 2.1, we have

cLX
)4 < X, L . 4.34
[Wop(, 2)] < (L, Loz 2))5" z,z€X, L>0 (4.34)

Let € X, Z:={j : p(z,X;) 256}, I =1, M}I\Z. Ifj €I, 2 € X; is chosen so that
p(z, 2j) = p(x, X;), then for any y € X;, we have
|p(x,y) = plz, X;)| = |p(z,y) — pl@, 2;)| < ply, ;) < 46 < (4/5)p(z, X;).

Therefore, for any y € X i

0 < (1/5)p(x, X;) < pla,y) < (9/5)p(x, X;). (4.35)
Consequently, we conclude from (4.34) that for any j € Z, y € X, z € X s

cL¥ cL¥

) z,z)| < v <
e S T T, K)F ~ max(L Lol )

(4.36)

We will write again g(t) = 1/(max(1,t))%, ¢ > 0. In view of Lemma 4.4, at most finitely many of the
balls X, can intersect each other. Hence, using (4.27), we deduce that

S (X ma [ )] < e / (Lo(z, )dp(y)

JjeET jeET

< el® /A( , g(Lp(z,y))du(y) < cL®~*max(1,5L)* 5. (4.37)

Lemma 4.4 shows further that |Z’| < ¢. Using |War (7, 2)| < cLX for all z, z € X, we obtain

> X )max (War(z, 2)] < LD pu(X;) < eL¥ u(Ujer X;) < cLX*(5L)". (4.38)
jeT! 2€X jeT!

From (4.37), (4.38), we conclude that

Zﬂ ) max |Wor (2, 2)| < cLX7{(§L)* + min(1, (L)*™®)}, 2z€X. (4.39)

z€X;

Next, let P € II1. Since

(TP)(2) = /XP(QJ)\IJQL(Z,QZ)CZ;L(JJ), z € Xj,

(4.39) implies that

M
Z WX)ITP| o 5, < / |P(z)] { w(Xy) max |War (2, Z)|} dp(z)
k=1 k=1 Z€X
< eL®7{(6L)* + min(1, (6L)* ) }|P]|1,
which is (4.33). O

Let F be any vector field on X with ||F||l, = 1 (see Appendix for definition). We choose T in the
above lemma defined by T'f(z) = (V f(x), F(x)),. In view of the remarks after Theorem 2.2, the constants
K1, -+, ks, A1, Ag are independent of F'. Moreover, we may choose K = a + 1. Consequently, for any
vector field F' with || F||, = 1, we have

M
Y uX)I(VP(), F(2))all oz, < cL{(SL)* +min(L, GL)* 5)}|Pll, P el
k=1
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If P € 11, this implies that

M
DXV PI 5, < eL{(EL)* +min(L, (6L)* )} P, P €. (4.40)
k=1

PRrROOF OF THEOREM 3.2. In this proof, we continue to write ¢ in place of d¢c. We also find it convenient
to let the various constants retain their value, within this proof only. Let P € Il k=1,---, M, z € X}.
Since X is compact and connected, there is a geodesic v from xj to z with length equal to p(z, zx) [3,
Corollary 7.11]. Necessarily, ¥ C Xj. This geodesic can be covered by overlapping normal neighborhoods
of finitely many points. Then P(z) — P(x)) can be expressed as a sum of line integrals of inner products
of VP with the tangent fields for the parts of « in each neighborhood. Since only finitely many of the
X},’s intersect each other, 224:1 w(X%) < cp(X) = c. Therefore, using (4.40), we deduce that

M M

> u(Xk) max |P(z) — Pay)] < 8 X VPI o 5, < et6L{(SL)* + min(1, (5L)* %)} P..

k=1 k=1

(4.41)

This leads to (3.5) by choosing 6L < nmm(l 1/(2¢1)).

Next, let Y7 = X3, Y, = X \ ( 71X i)s k=2,--- .M. Then the sets Y;’s are pairwise disjoint,
X =UM.Yy, B(zk, qc/2) C Yy C Xy, k =1,--+, M. Therefore, (3.9) and (3.3) imply that pu(Y%) ~ u(Xk),
k=1,---,M. Thus, (4.41) may be rewritten in the form

M M
S° [ IPG) = Planidu(=) < 30 p(vi) max [P() - Plan)| < oL+ @LIP. (442)
k=1

Choosing 6L < nmin(1,1/(2cz)) yields

(V) [P(ax)| - / P(2)ldp(z)

[ IP@olant: Z/ P(2)ldu(2)

< Z / IP(2) — (i) ldp(=) < nll Pl (4.43)

Since p(Yy) ~ u(Xg), k=1,---, M, this leads to (3.6).
Next, we prove (3.7). Let P(zx) > 0 for k =1,---, M. We choose n = 1/3, L < nmin(1,1/(2¢2)).
Then (4.43) implies that

M M
2/3)[|P[]x < Z (Vi) P(zi)] = > (Vi) Plak) < (4/3)[| Pll1. (4.44)
—1 k=1
Using (4.43) again, we obtain
M M M
[P@ine) =Y [ PEuE) 2 3w P@) = /P = 1/2) 3 u
X k=17Yk k=1 k=1
Since p(Yy) ~ u(Xg), k=1,---, M, this leads to (3.7). O

We are now in a position to prove part (a) of Theorem 3.1, using the technique developed in [27]. We
sketch a proof of the sake of completeness.
PROOF OF THEOREM 3.1(a). We adopt some notations, to be valid in this proof only. For y € RM | let
lyll = 224:1 w(B(zg, 0c))|yk|; the dual norm being ||y ||* = maxi<rp<nr |yr|/1w(B(zg, dc)). We consider an
operator S : I, — RM given by S(P) = (P(z1), -, P(xa)), and let W denote the range of S. In view
of (3.6), the operator S is injective, and hence, invertible as an operator from II;, to W. We now define
a functional z* on W by

/S yv)dp, yew.
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The norm of this functional can be estimated using (3.6) as follows:

Jx Pdp
sup |z"(y)|/[lyll = sup <e
yew pert, [[(P(@1), -+, P(am))]|

In view of the Hahn-Banach theorem, the functional z* admits an extension to RM with the same norm.
We may identify this extended functional with a vector (ws,---,wa); i.e., the extended functional is
given by y — Y 7" wryk, ¥ € RM . The fact that this extends the functional 2* means that for P € I,

M
>~ wnP(@n) =2 ((P(ar). -, Plaw) = [ Pdp,
k=1

X

which is (3.4). The norm of this functional is on one hand, the dual norm ||(wy, -, war)||*, and on the
other hand, bounded by c¢. This shows that |wg| < cu(B(zk, dc)). O

In order to prove Theorem 3.1(b), we recall an abstract quadrature formula in the setting of general
finite dimensional spaces (cf. [25, Theorem 3.2.1]).

Proposition 4.2 Let (V, ||-||v) be a finite dimensional normed linear space, (V*, |- ||v+) be its dual space,
Z =z}, -+, 2%t CV*\ {0}, and =* € V*. Suppose the operator x — (zi(x),---,z3,(x)), x € V, is
one-to-one, and the following two conditions are satisfied: (1) If x € V and z}(x) >0 for{=1,---, M,
then x*(x) > 0, and (2) there exists some xg € V such that x}(x¢) > 0 for { =1,---,M. Then there

exist nonnegative numbers Wy, £ =1,---, M such that
M
at(x) =Y Wij(x), xzeV. (4.45)
=1

PROOF OF THEOREM 3.1(b). We use Proposition 4.2 with II;, in place V, and the point evaluation
functionals 2} (P) = P(zy), k=1,---, M. For *, we take the functional

M
o' (P) = [ PE)(:) = (/)Y mXi) P
k=1

where ¢3 is the constant appearing in (3.7). The estimate (3.7) then shows that the condition (1) in
Proposition 4.2 is satisfied. The condition (2) is satisfied by the element Py = 1. Then Proposition 4.2
implies the existence of Wy > 0, k = 1,---, M, such that (4.45) is satisfied. We define w} := wi =
Wi+ (c3/2)u(X). Then it is easy to verify that (3.4) is satisfied as claimed in Theorem 3.1(b). Moreover,
it is clear that w;f > (c3/2)u(Xy), k=1,---, M. O

A Appendix

For the convenience of the reader, we include in this appendix the definitions of some of the terminology
regarding Riemannian manifolds in this paper. We will avoid very technical details, which can be found
in such standard texts as [3, 4, 5, 31]. The material in this appendix (and the notation) is based mostly
on [5].

In this appendix, let n > 1 be a fixed integer. A differentiable manifold of dimension n is a set X and
a family of injective mappings x,, : Uy, C R™ — X of open sets U, into X such that (i) Uaxq (Us) = X, (ii)
for any pair a, 3, with x,(Us) Nx3(Uz) = W being nonempty, the sets x, (W) and xgl(W) are open
subsets of R, and the mapping xgl 0 X, is (infinitely) differentiable on x;*(W), (iii) The family (atlas)
Ax = {(Uq, Xa)} is maximal relative to the conditions (i) and (ii). The pair (Ua, Xo) (respectively, x)
with p € x,(U,) is called a parametrization or coordinate chart (respectively, a system of coordinates) of
X around p, and x,(U,) is called a coordinate neighborhood of p. In the sequel, the term differentiable
will mean infinitely many times differentiable. We assume also that X is Hausdorff and has a countable
basis as a topological space.
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Intuitively, one thinks of a differentiable manifold as a surface in an ambient Euclidean space. The
abstract definition above is intended to overcome the technical need for the ambient space. For all
applications of our theory that we can imagine, and in particular, for an intuitive comprehension of our
paper, there is no loss in thinking of a manifold as a surface. Moreover, a theorem of Whitney [5, p. 30]
provides a further justification of such a viewpoint.

Let X, Y be two differentiable manifolds with dimension n and m respectively. A mapping f: X — Y
is called differentiable on an open set W C X if there exist for every p € W coordinate charts (U, x) €
Ax, (V,y) € Ay with p € U, f(U) C V such that y~lo fox is a C function. In particular, a curve in X is
a differentiable mapping from an interval in R to X. The restriction of a curve v to a compact subinterval
[a,b] of I is called a curve segment, joining y(a) to y(b). We may define a piecewise differentiable curve
on a manifold X in an obvious manner.

IfpeX, e>0,and v: (—¢¢€) — X is a curve with p = (0), then the tangent vector to v at v(to) is
defined to be the functional 4/ (¢) acting on the class of all differentiable f : X — R by

d(f o7)

YO ===l

The set of all such functionals 4/(0) defines a vector space, called the tangent space of X at p, denoted by
T,X. Let (U, x) be a coordinate chart such that 0 € U and p = x(0), and for j =1,---,n, 9;(p) be the
tangent vector at p to the coordinate curve x; — (0,---,2;,0,---,0). Then {0;(p)} is a basis for T,X.
In particular, the dimension of T,,X is n. The set {(p,v) : p € X, v € T, X} is called the tangent bundle of
X, and can be endowed with the structure of a differentiable manifold of dimension 2n. A vector field F
on X is a mapping that assigns to each p € X a vector F'(p) € T,,(X) such that for every differentiable g
on X, the mapping p — F(p)g is differentiable. If G is another vector field, we may apply G(p) to this
mapping, obtaining thereby a second order vector field G o F. A derivative of higher order can be defined
similarly.

A Riemannian metric on a differentiable manifold X is given by a scalar product (o, o), on each T,X
which depends smoothly on the base point p, i.e. the function X — C,p — (X(p), Y (p)), is C*(X). A
manifold with a given Riemannian metric is called a Riemannian manifold. Let g; ; = (0;(p), 0;(p))p and
denote by ¢ the matrix (g; ;). The entries of g=! are denoted be g*J. The Riemannian metric on X allows
one to define a notion of length of a curve segment as well as the volume element (Riemannian measure) on
X. Also, if X is a vector field on X, we may define | X||, := (X(p), X(p))p. The length of a differentiable
curve v : [0, 1] — X is defined as L() = fol 7 (@) llye)dt. A differentiable curve « : [0, 1] — X, such that
the length of v does not exceed that of any other piecewise differentiable curve joining v(0) to v(1), is
called a geodesic ([5, Proposition 3.6, Corollary 3.9]). For any p € X, there exists a neighborhood V of p, a
number € > 0 and a C* mapping v : (—2,2) xU — X, where U = {(q,w) € TX;q € V,w € T;)X, ||w| < €},
such that v(o, ¢, w) is the unique geodesic of X with (0, ¢, w) = ¢, and the tangent vector at ¢ being w
([5, Proposition 2.7]).

The gradient of a function f € C*°(X) is a vector field defined by

VI=>Y g"0.f ;.
i=1 j=1
For the gradient field we have ((Vf)y, Xp)p = X f(p) for every vector field X. A vector field F' is

conservative if for every f € C* and curve 7 : [0,1] — X| fol (F(v@) H(v(@®)dt = f(~v(1))— f(~(0)). The
Laplace—Beltrami operator A* f(p) is defined as the differential operator given by

1 n o n o
Af=—=3"Y0 EENAR

i=1 j=1

where |g| = det(g). The operator A* is an elliptic operator, so that the existence of a discrete spectrum
and system of orthonormal eigenfunctions follows from the general theory of partial differential equations
[36, Chapter 5.1]. The heat equation on X is the equation

ou

AU = —.
v ot
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The solution of this equation subject to the condition U(p,0) = f(p) is given by | Ki(p,q)f(p)du(q),
where p is the Riemannian measure on X and K; is the heat kernel described in our paper.
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