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ABSTRACT

Refined Error Estimates for Matrix-valued Radial Basis Functions. (May 2006)
Edward J. Fuselier, Jr., B.S., Southeastern Louisiana University

Co—Chairs of Advisory Committee: Dr. Francis Narcowich
Dr. Joe Ward

Radial basis functions (RBFs) are probably best known for their applications to
scattered data problems. Until the 1990s, RBF theory only involved functions that
were scalar-valued. Matrix-valued RBFs were subsequently introduced by Narcowich
and Ward in 1994, when they constructed divergence-free vector-valued functions
that interpolate data at scattered points. In 2002, Lowitzsch gave the first error
estimates for divergence-free interpolants. However, these estimates are only valid
when the target function resides in the native space of the RBF. In this paper we de-
velop Sobolev-type error estimates for cases where the target function is less smooth
than functions in the native space. In the process of doing this, we give an alternate
characterization of the native space, derive improved stability estimates for the in-
terpolation matrix, and give divergence-free interpolation and approximation results
for band-limited functions. Furthermore, we introduce a new class of matrix-valued

RBFs that can be used to produce curl-free interpolants.
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CHAPTER I

INTRODUCTION AND PRELIMINARIES

A. Introduction

Radial basis functions (RBFs) are probably best known for their applications to
scattered data problems. Suppose you are given a finite set of points X C R™ and
data associated with each point and are asked to find a continuous function that
fits the data at the points. Given an RBF ¢ one can build an interpolant out of
linear combinations of shifts of ¢, i.e., ¢ generates a “basis” of the approximation
space. Also, for RBFs we have ¢(z) = ¢(||z||), which leads to the name radial basis
functions. Such functions do exist, and popular examples include Gaussians, Hardy
mulitiquadrics, thin plate splines, and Wendland functions (see Table I and the table

on page 12).

Table I. Popular Examples of RBFs

RBF é(z)
e} o > 0
—1)IP2I(e +||2[I3)°, 8> 0, 3 ¢ N
—1)1P21(c® + ||2[13)”, <0, 3 ¢ N
—1)P2 2|5, 8> 0, 8 ¢ 2N
Thin Plate Splines — 1)k ||z ||ZF log(||z|2), k € N
Wendland Functions | ¢, (see Table II)

Gaussians

Hardy Multiquadrics

Powers

e
(
Inverse Multiquadrics | (
(
(

Although RBFs were initially studied to solve the interpolation problem, it turns

out their applications are much more broad. RBFs can also fit data coming from a

The journal model is Advances in Computational Mathematics.



very large class of continuous linear functionals. In particular, they can interpolate
derivative and integral data at any point, and therefore can be used to solve partial
differential equations numerically. Furthermore, one can use scalar-valued RBFs to
build functions that produce vector-valued interpolants with certain physical proper-
ties, such as being divergence-free or curl-free.

Hardy was probably the first to study RBFs for the purpose of scattered data
interpolation in the early 1970s. He used the so-called Hardy multiquadrics to approx-
imate topographical surfaces [9]. In the late 1970s, Duchon studied the approximation
properties of the thin plate spline [5, 6]. Throughout the 1980s, important aspects
to the theory were solved, such as the existence and uniqueness of RBF interpolants
[17, 18]. With the rise of computational power in the 1990s, RBFs became more
popular, and they are now being used for many applications, including computer
animation, medical imaging, and fluid dynamics [1, 10, 11, 13, 16].

Until the 1990s, RBF theory only involved functions that were scalar-valued.
However, many physical applications involve vector fields that are divergence-free or
curl-free, so there was interest in using RBFs to construct vector-valued approxima-
tions with similar characteristics. Matrix-valued RBF's were subsequently introduced
by Narcowich and Ward in 1994 [22]. They constructed matrix-valued functions that
yield divergence-free interpolants at scattered points. Constructing such functions

turns out to be fairly simple. If ¢ is a scalar-valued function consider
Dyip = (AL +VVT) ¢,

where V is the n x 1 gradient operator and A = V7V is the Laplacian operator. This
is an n X n matrix-valued function with divergence-free columns. If ¢ is an RBF, then
this function can be used to produce divergence-free interpolants. We note that ® 4,

is not a radial function, but because it is usually generated by an RBF ¢, it is still



commonly called a “matrix-valued RBF”.
One builds a divergence-free interpolant in the following way. Given a finite
point set X = {z;}}7; C R" and data d; € R" associated with each z;, we look for

coefficient vectors {c; }5\7:1 C R™ so that

N
Z(I)div(xk _Q?j)Cj =d, Vk=1,... N.
j=1
This leads to the matrix equation
AX»q)di'uc - d? (11)

where ¢ and d are nN x 1 vectors whose j* n components are given by ¢; and d;,
respectively. Also, Axs,, is an nN x nN matrix whose (7, k)" n x n block is given
by @i, (2; — ). This matrix is symmetric and positive definite, so (1.1) has a unique
solution.

In 2002, Lowitzsch [14] gave the first error estimates for the divergence-free in-
terpolants, at least in the case where the data is given by an underlying function
with a particular smoothness. She also gave stability estimates for the interpolation
process, and used the divergence-free RBF's to successfully model a physical problem
described by the Navier-Stokes equation [16].

Matrix-valued RBF theory is quite new, so there is much room for improvement.
Much has been discussed about divergence-free functions, but their counterpart, curl-
free functions, have not been dealt with yet. In this paper we will address this issue
by introducing a class of functions that yield curl-free interpolants. We will see that
many of the results we will prove for divergence-free RBFs will carry over to the

curl-free case.



Another issue that needs to be resolved is the current error estimates. In order
to discuss this further, we need to introduce the idea of the native space. Each scalar
RBF ¢ gives rise to a space of functions called the native space of ¢, denoted N.
In the scalar case, these are Hilbert spaces with an inner product (-, -) N, such that if
f € N, then (f, ¢(-—y))n;, = f(y). There is an analogue of this in the matrix-valued
theory. The error estimates given in [14] are only valid for classes of functions within
these native spaces. Native spaces are usually comprised of functions which are very
smooth and tend to be small, so such error estimates are quite limited. Our main goal
here is to show that the approximation properties of matrix-valued RBFs extend to
functions rougher than those in the native space. Finding such estimates for functions
outside the native space is sometimes referred to as “escaping” the native space.

Even for scalar-valued RBF's, this is a very recent development. The first “es-
cape” was made by Narowich and Ward in 2002 concerning functions on the n-sphere
using spherical basis functions (SBFs), which are positive definite functions on the
sphere [23]. Results for RBFs on R” soon followed [2, 24, 25]. We refer the reader to
[19] for a comprehensive overview of these findings. Due to applications to PDEs; it
is desirable to obtain error estimates in terms of Sobolev norms. The above findings
address this partially, but they only have the appropriate norms on one side of the
estimate. However, this issue has recently been completely resolved by Narcowich,
Ward, and Wendland for a large class of RBFs, Wendland functions and thin plate
splines in particular [26]. Our strategy will be largely based on their approach, and

the estimates we present will be of the form

If = I fllar ) < B gl fll a9,

where k£ < 7 is an integer, Ix f is the RBF interpolant to the target function f on

the point set X. Here hx o represents the mesh norm, which we will define later.



This paper is organized as follows. In the rest of this chapter, we introduce
notation and state the necessary definitions. The Fourier transform and its inverse
are crucial tools in RBF theory, so we give their definitions. Next we discuss Sobolev
spaces and some notions concerning Sobolev spaces, such as extensions and trace.
Finally we give the definition of matrix-valued positive definite functions and give a
brief introduction to RBF's.

In chapter II we will discuss two important classes of matrix-valued RBFs. First
we mention divergence-free RBFs. Next we introduce a new class of matrix-valued
RBFs, which can be used to produce curl-free interpolants. We finish the chapter by
proving that the functions constructed are strictly positive definite.

We will present results on native spaces for matrix-valued kernels in chapter
ITI. While these native spaces were already defined in [14], our presentation here
follows the treatment of native spaces for scalar-valued functions found in [30]. We
will begin by giving the definition of a reproducing kernel Hilbert space (RKHS) and
define the native space for a positive definite matrix-valued function. Next we present
a uniqueness result, which will allow us to give more useful characterizations native
spaces. In particular, we will use the Fourier transform and show that the native
space of certain kernels is comprised of functions with a specific smoothness. When
the Fourier transform of ¢ has algebraic decay, which is the case with Wendland
functions, we will get “sobolev-like” spaces. We end this chapter with a discussion of
generalized interpolation on native spaces. This has already dealt with in [14], but
it was proved for a different definition of the native space. Our result will show that
the two definitions are in fact equivalent.

Perhaps surprisingly, stability plays a crucial role in the escape process. In
chapter IV we explore the stability of the interpolation matrix through its spectral

condition number. As done in [16] and [22], we do this by estimating the norm of the



inverse of Ax ¢. Since the interpolation matrix is symmetric and positive definite,
this amounts to bounding its lowest eigenvalue, Ain(Ax.s), from below. The way

this is usually done is by finding a matrix-valued function ¥ such that

N N
Z ;O (r; — )y > Z GV (x5 — ap)ag > A|al]z,
jk=1 jk=1

where a; € C" and o € C" with the j n elements of o given by ;. Such a \ is
obviously a lower bound for A, (Ax.s). In [16] and [22], this was done for divergence-
free matrix valued functions and A was found not to depend on N, but only on the
dimension n and the minimum separation radius of X, denoted ¢x. We will choose a
U different than that used in [16] and [22] and obtain slightly improved results.

We will discuss band-limited functions in chapter V. In the scalar theory, the final
escape of the native space in [26] was made by using the approximation properties
of band-limited functions, which are functions in L, whose Fourier transforms are
compactly supported. These functions are analytic, and their smoothness puts them
in most native spaces. We will show that band-limited functions can simultaneously
approximate and interpolate both functions in the native space and rougher functions,
enabling one to eventually use a triangle inequality to escape the native space.

In this chapter VI we present the main result of the paper, which is to show
that interpolants rising from matrix-valued RBF's can approximate functions that are
more rough than those in the native space. We begin the chapter with a discussion
on extending Sobolev functions from a bounded domain 2 C R” to the native space.
Once a function is extended to the native space, best approximation properties of
interpolants can be used to help estimate the error. The error estimates we give are

in terms of the mesh norm. Given a compact set {2 C R™ and a finite set X C 2, the



mesh norm is given by

h = inf — z:]s.
X.0 i‘é&?&x”x zjll2

As stated before, the norms involved in the estimates will be Sobolev norms.

Finally, we end with a brief summary in chapter VII. We also include some

possible problems for further study.

B. General Notation

We will use the usual multi-index notation: Let = (a,...,a,) be an n-tuple of
nonnegative integers and define |a| := 3 a;. We will use [|z]|2 to denote the standard
euclidean norm of x € R". If f is a matrix-valued function or distribution, we write
f* for the conjugate transpose of f, i.e., f* = f7. We define the ceiling function [z]
to be the function that returns the integer k such that £k — 1 < x < k, and the floor
function |z| to be the functions that returns the integer k such that k <z < k + 1.
Also, we let (z); = x if > 0 and 0 otherwise.

Let Q CR™ and f: Q — R. We will say f € C¥(Q) if f is k-times continuously
differentiable. L, spaces are defined in the usual way: we say f € L,(Q) if fQ |f|Pdx
is finite. In the case Q = R"™, we define C* := C*(R") and L, := L,(R"). Also, if f is
vector-valued, we say that f € C*(Q) or f € L,(Q) if each of its components are in

C*(Q) or L,(2), respectively. This should cause no confusion.

C. The Fourier Transform

The Fourier transform plays an important role in the theory of RBFs. We will use the

following convention for the Fourier transform of a function or tempered distribution:

o~

f&)i= | Flayemsde,



and let the inverse Fourier transform of a function or tempered distribution be defined

by
y 1

T) = T e
flo) = g [ (€1

If f is a matrix-valued function, we will take fto be the matrix of Fourier transforms

of each component of f.

D. Sobolev Spaces

1. Scalar-valued Sobolev Spaces

The error estimates will deal with vector-valued functions whose components reside in
Sobolev spaces, which we define now. Let {2 be an open domain in R", 1 < p < 0o, and
k be a non-negative integer. Suppose u is locally integrable and that the distributional

derivatives D*u exist for all || < k. Then we define the Sobolev norm to be

1/p
llwgor == | 3 1Dl 0
la|<k
For the case p = co we have
= Da S .
[ullwe (@) max [D%ul| Lo ()

We define the Sobolev spaces to be

W) = {u € Li(@) : llullwgo < oo} -

p

It is also possible to have Sobolev spaces of fractional order. Let 1 < p < oo, k

be a non-negative integer, and 0 < ¢ < 1. We define the Sobolev space W;*t(Q) to



be all u such that the following norm is finite:

1/p

ID"ulz) = Duly)l
g = (Il + 3 [ [ A nt O daay

|la|=k
In the special case p = 2, we define H7(Q):=WJ (). It is well-known that H™(12)
is a Hilbert space, and that in the case of {2 = R", we may use the Fourier transform

to characterize H™(R™):
T n n -~ /2 n
H(R") = {u € Lo(R") - () (1+ | [3) " € LR}
The inner product in H™(R") is given by

(9, F ey = / (1 + €127 TOF(E)de.

2. Vector-valued Sobolev Spaces

Let v : @ — R, with u; denoting the jth coordinate of u. If u; € Wy(Q) for
all j = 1,...,n, then we say u € (W}(Q))". We impose the following norms on

ue (WF())" for 1 < p < oo

n 1/p 1/p
‘u|(Wz’f(Q))" = <Z |uj|€V§(Q)> ||u|| kQ)n = (Z Hu]”Wk(Q)) .
j=1

For p = oo we have:

W(Wk Q)n ‘= 11113<X |Uy|wk ||u|| Wk (Q)n ‘= lrga<x ”UJHWk Q)

Note that (H7(£2))" is a Hilbert space, and in the special case 2 = R™ the inner

product can be defined by

(o D = [ 1+ 1687 T

n
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When the context is clear, we will use the notation H™(2) = (H7(2))™. This should
cause no confusion.
We will also be interested in spaces that are divergence-free or curl-free. A

function is divergence-free if and only if V- f = 0. For 7 > 0, we define space
HE(Q) = {f € HT(): V- f =0}

This is a closed subspace of H™ ().

We would like to define a similar space for curl-free functions. In the case n = 2,
a function f is curl-free if and only if 0fs/0x — 0f1/0y = 0. When n = 3, a function
f is curl-free if and only if V x f = 0. We will use the sloppy notation V x f to

represent the curl of a vector field if n = 2. Thus for n = 2 or 3 we define

-
chrl

(Q):={feH(Q2):Vxf=0}.

This is also a closed subspace of H7(€2). When n > 3, there is no simple analogue
for curl involving a nice differential operator. However, using differential forms and
Poincaré’s Lemma we see that a vector-valued function on a manifold has no rotation
if and only if it is the differential of a scalar valued function. Therefore for general
n we will say a function f € HT(R"™) is curl-free on R™ if and only if there is a

scalar-valued function in H7(R")/R such that V¢ = f.

3. Extension and Trace

Let @ C R", and let f € W] (). Two concepts we will need are that of extending f to
W7 (R") and extending f to the boundary of €2, denoted by 9. If Q) has a Lipschitz

boundary and satisfies an interior cone condition, there is a continuous extension
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operator € : W7 (€2) — W7 (R") such that €f|q = f and

1€ fllwg @my < CllFllwz@)-

Also, the same operator works for all Sobolev spaces W] (©2). The operator was
produced by Stein for integer 7 in [27] and extended to fractional 7 later (for a proof
of the fractional case, see [4]). We will refer to this operator as Stein’s operator When
f is vector-valued, we will let €f denote Stein’s operator acting on each component
of f.

Another important idea is that of a trace, which one gets by extending a Sobolev
function to the boundary of its domain. It is well-known that when 0f2 is Lipschitz,

the trace exists and is continuous in the following way

1floallyyr=1/2 50y < Cllflwz@)-

These notions will be especially important in chapter VI.

E. Positive Definite Matrix-Valued Functions

An m x m matrix-valued function ® is positive definite on R™ if given any finite,

distinct set of points X := {z1,...,2y} C R" we have
T
Zozj Q(z; —xp)oy, >0
j?k

for all aq,...,ay in R™. If the inequality is strict when «a; # 0 for some 7, then
we say the ® is strictly positive definite (SPD). This is equivalent to saying that the
mN xmN matrix whose (j, k)™ m x m block is given by ®(x; —zy) is positive definite,
and hence invertible. We will denote this matrix by Ax ¢. In this paper we will only

concentrate on the cases m = 1 and m = n, where n is the dimension of the domain.
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When m = 1, we get the special case of scalar-valued positive definite functions.
A positive definite function ¢ that depends only on the length of its argument, i.e.,
o(z) = ¢(||z]|2), is called a Radial Basis function (RBF). Some popular examples are
given in Table 1. Wendland functions are particularly important because they are
piecewise polynomials with compact support, and are hence easy to compute. We
will let ¢,, , denote the Wendland function that is 2k times continuously differentiable
and is positive definite on R™. Table II lists several of these functions. Examples of

Wendland functions are graphed in Figures 1 and 2.

Table II. Examples of Wendland Functions

Space dimension | Function Smoothness
n=1 Pro(z) = (1= [[z([2)+ %
$1a(z) = (1 —[lz)l2)3 Bllz]l2 + 1) %
$12(x) = (1 — [Jz]|2)3. (8[|=[13 + 5|=[|2 + 1) c
n<3 ¢30(x) = (1 = ||z]]2)3 e
$31(x) = (1 — [lzll2)} (“l|]l2 + 1) %
¢32(x) = (1 — ||2[2)§ (35]|z[|3 + 18]|z|[> + 3) c
n<5 ¢50(x) = (1 —[lz]ls)3 %
Psa(z) = (1= [lzfl2)5Gllzl2 + 1) %
P52(2) = (1 = [lzfl2)3 (6]l |3 + 7l[l2 + 1) %
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0.6 II
///I “‘ “\\
- ////;;z%‘:‘&\\

y axis

Fig. 1. The Wendland function ¢3 on R?.

y axis

Fig. 2. The Wendland function ¢35 on R?.
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CHAPTER II

DIVERGENCE-FREE AND CURL-FREE RBFS
In this chapter we will discuss two important classes of matrix-valued RBFs. First we
briefly mention divergence-free RBFs. Next we introduce matrix-valued RBF's which
can be used to produce curl-free interpolants. We finish the chapter by proving that

the curl-free RBF's are positive definite.

A. Divergence-free Matrix-Valued RBFs

Matrix-valued RBFs which yield C'*° divergence-free interpolants were first introduced
by Narcowich and Ward in 1994. In 2002, Lowisitzch introduced a class of these
functions which are C?* and compactly supported. Constructing such functions turns

out to be fairly simple. If ¢ is a scalar-valued function consider
Dy = (—AI+VV') g,

where V is the n x 1 gradient operator and A = V7'V is the Laplacian operator. Then
® 4, is an n x n matrix-valued function with divergence-free columns. If ¢ is positive
definite, then this function can be used to produce divergence-free interpolants. An

example of a compactly supported divergence-free RBF is shown in Figure 3.

B. Curl-free Matrix-Valued RBFs

We now present curl-free matrix-valued RBFs. As in the divergence-free case, they
are easy to produce. Again we chose a positive definite scalar-valued function and

act on it with the appropriate differential operator. Given ¢ € C?, define

Doy = _VVT¢
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Fig. 3. A two-dimensional divergence-free RBF with ¢ = ¢35 .

It is easy to see that the columns of this function are curl-free. The ;™ column is
given by ®.,.€;, where e; is the standard basis vector with a one in the 4t position.

This gives us

(I)curlej = —vagb@j =V (—VT(¢6])) = Vg’

where g = —0¢/0x;, which is a scalar function. Since the column is the gradient of
a scalar, it is curl-free. An example of a curl-free RBF is shown in Figure 4.

To see that ®.,,; is positive definite, we will use the Fourier transform and its
inverse. In order to be rigorous, we must assume that ¢, —A¢, and their Fourier

transforms are in C' N Ly. This enables us to recover ® from o using the inverse
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o
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y axis -1 -1 X axis

Fig. 4. A two-dimensional curl-free RBF with ¢ = ¢35.

Fourier transform.

c AX,'@C“TZC = E Cj (I)curl(xj - l’k)Ck = E Cj @cwle k df C.
Ik "

7.k
:/ Do) TG | Y e dg
2
:/ > e ¢ dg > 0, (2.1)
R"” .
J

This shows that ®.,,; is positive definite. To see when it is strictly positive definite,

we will need the following lemma.

Lemma 1. Let X = {z;}}L, and {¢;}}_, be finite subsets of R", and let U be an
open subset of R™. If the function f(§) = Zj chjemﬂrg is zero on U then c¢; = 0 for
allj=1,...,N.
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Proof. Note that f can be extended to an analytic function on C". Since it analytic
and identically zero on an open subset of R", it must be zero on all of R”. Now let
g be any function in L; such that g and its first derivatives can be recovered by the

inverse Fourier transform and consider:

~

0= f(&)9(§) = Z5ch€i$?§§(€) = (Z Vi(g(- - %’)%‘))

0,

= ZZ%%Q(' — ;)

i ’
where cj; is the it" coordinate of c¢;. We will show that ¢;; = 0, and the rest are proved
similarly. To do this, we choose g to have compact support withing the ball of radius
€ < r]n;’r; |z; — x|, and that at the origin dg/0x1 = 1 and dg/0x; = 0 for all j # 1.
For a concrete example that such a g exists, one can use Hermite-Birkoff interpolation
to find a linear combination of Wendland functions with those properties. Applying

this to the above equation gives us the result. O

Applying the lemma to (2.1), we see that if gg is continuous, then ®.,,; is strictly

positive definite. This almost proves the following theorem.

Theorem 1. Let ¢ € C? be a scalar-valued strictly positive definite function on R"
such that ¢ and —A¢ are in Ly. Then @ is a strictly positive definite matriz-valued

function with columns that are curl-free.

Proof. We need only show that if ¢ € C? be a scalar-valued positive definite function
on R™ such that ¢ and —A¢ are in Ly, then we can recover them through the inverse
Fourier transform. This will happen if the Fourier transforms of ¢ and —A¢ are in
Ly. Since ¢ is positive definite, by Bochner’s theorem so is —A¢. Now we use [30,
Corollary 6.12], which says that if a positive definite function is continuous and L,

integrable then its nonnegative Fourier transform is in L. O
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CHAPTER III

NATIVE SPACES FOR MATRIX-VALUED KERNELS

While native spaces were defined with distributions in [14], our presentation here
follows the treatment of native spaces for scalar-valued functions found in [30]. We
will begin by giving the definition of a reproducing kernel Hilbert space (RKHS) and
define the native space for a positive definite matrix-valued function. Next we offer a
uniqueness result. This feature will allow us to give a more useful characterization of
the native space. In particular, we will use the Fourier transform and show that the
native space of certain kernels is comprised of functions with a specific smoothness.
When the Fourier transform of ¢ has algebraic decay, which is the case with Wendland
functions, we will get “Sobolev-like” spaces.

In the last section we will deal with generalized interpolation on native spaces.
The has already been done in the case where native spaces were defined distribution-
ally, but it has not been shown for the definition of the native space given here. In

the process of proving this we will show that the two definitions are equivalent.

A. Native Spaces as Reproducing Kernel Hilbert Spaces

An important idea in the theory of RBFs is that of a reproducing kernel Hilbert

space, which we define now.

Definition 1. Let F be a Hilbert space of vector-valued functions f : 2 — R™. A
continuous n X n matrix-valued function ® is called a reproducing kernel for F if for
all x € Q and ¢ € R" we have

1. (- —z)ce F.

2. I f(x) = (f,®(- — x)c)F for all f € F.
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Remark 1. Note that other than the fact that {2 should not be empty, there is
no restriction on €2 in the definition. However, in the context of RBFs one usually

assumes that ) = R"™.

The first property of the definition tells us that such an F would contain all
functions of the form f = Zjvzl ®(z — xj)a, where a; € R™ and z; € Q. The second
property gives us an expression for the norm of such functions:

N N
IF1F =D a;®(a; — ).
k=1 j=1
These features will guide us in the construction of a RKHS for a given SPD matrix-

valued function. Encouraged by this, we define the space
N
Fs(Q) == {Z O(-—zj)a; 1 x; € Q, a; € R, and N € N} :
j=1

We furnish this space with the bilinear form

N M N M

<Z O(-—wj)ay, Y B(- — yk)ﬁk> =)0 BBy — x5)0y.

j=1 k=1 o J=l k=1

If ® is SPD then this bilinear form defines an inner product on Fg(2).
We will denote the completion of Fg(§2) with respect to the || - || norm as Fg(€2).

The elements of Fg(€2) are abstract, and we wish to interpret them as functions. To
do this we define function values for an element f by f;(z) = (f, ®(- — z)e;)e. Will
will show that this leads to an injective linear mapping R : Fg(2) — C(£2) given by
R(f);(z) = (f,®(- — x)e;)o. The image of this map is the space of functions we are

looking for.
Lemma 2. The mapping R : Fo(2) — C(2) is an injective linear map.

Proof. The map is obviously linear. First we show that each coordinate of R(f) is
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continuous. We have

[R(F)j(x) = R();i )| = |(f, (- — w)es)g — (f, (- = y)e))g]
= |(f, (- = 2)ej — (- — y)ej)y|
< fllell @ = x)e; = (- = y)ejle-
To conclude that R(f); is continuous, we use the continuity of ® and the fact that

12(- — 2)e; — D(- = y)e; s = 265 (0)e; — e Bz — y)e; — e Dy — 2)e;.

For injectivity, suppose R(f) = 0 for some f € Fg(2). This means that Vz € Q and
all ¢ € R™ we have (f, ®(- — x)c)p = 0. Thus f is perpendicular to Fg, but Fg is the

completion of Fg, so f =0 and R is injective. O
With this result, we are able to define the native space.

Definition 2. The native Hilbert function space corresponding to the SPD kernel ¢
is defined by
No(Q) := R(Fo()).

It is equipped with the inner product
(f, 9N = (BT, R 9) Fy)-

Defined in this way, we see that the native space is indeed a Hilbert space of
continuous functions with reproduction kernel ®. To see this, since ®(- — x)c is

mapped to itself through R for all x € €2 and ¢ € R", we get

f](x) = (R_lfv @( - x)ej)<1> = (f7 (I)( - aj)ej)/\/’cb

for all f € Ng. One can also use the fact that Fp(2) is dense in Ng with ||f|le =

| f |l for all f € Fg to conclude that the native space for ® is unique in the following
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way.

Theorem 2. Suppose that ® is a SPD matriz-valued kernel. Suppose further that G is
a Hilbert space of functions f : Q — R™ with reproducing kernel ®. Then G = Ng(Q)

and the inner products are the same.

Proof. From the remarks after Definition 1, we know that Fg(2) C G and ||f|lg =
| fllne (o for all f € Fo(€2). Let f € No(£2). By density of F(£2) in the native space,
there is a Cauchy sequence {f,} in Fs(f2) converging to f in Ng(£2). One can show
that if a sequence converges in a RKHS, then it converges point-wise. Indeed if ® is

the reproducing kernel for the RKHS F, we have

1(Fa)i W) = Fi) = |(Fo = [ @¢ = v)ej) 2| < 1 fn = FIENPC = y)esll =

Thus we get f(y) = 71121010 fnu(y). Note that {f,} is also a Cauchy sequence in G, so
it also converges to a ¢ € G. The reproducing-kernel property of G gives g(y) =
nhjEO fn(y) = f(y). Therefore f =g € G, so No(Q2) C G and || f||np) = || f]lg for all
f e Ns ().

Now suppose that Ng(€2) is not equal to G. Then we can find an element g €
G \ {0} orthogonal to N(Q2). However, since ®(- — y)e; € Ng this means that
9;(y) = (9. 2(- —y)ej)g =0forall y € Q and all j =1,...,n. Thus Np(2) =G. To
finish the proof, by polarization we know that the inner products are equal because

the norms are. O

This feature will give us the tools to give other characterizations of the native
space in the next section. In particular, we will use the Fourier transform and show
that the native space of certain kernels is comprised of functions with a specific

smoothness.
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B. Alternate Characterizations of Native Spaces

In the theory of scalar-valued positive definite functions, it is well-known that in the

case of ¢ € C(R™) N Ly (R"™), one may characterize the native space of ¢ by

N¢(R”):{f€L2ﬂC:/n%d§<oo},

with inner product given by

— ~

(f. 9w, @ny == (2m) "2 /n (qg)(é)(f) dg. (3.1)

If O(£) is invertible for all &, an appropriate guess for the generalization of (3.1) would
be

-~

(F9)ateny 1= 20 [ 568 Flepde

However, <I/>(;, and ., are not invertible at any point. Nevertheless we get around
this obstruction by considering the Moore-Penrose inverse, or pseudo-inverse, of @(5 ),

which we denote by ZI\>(§ )*. Thus a more appropriate inner product would be

(it = 2m) " [ glerB(e)* Flepde
Also, to make sure the inner product is strictly positive definite, one should be careful
about what functions are allowed in the space. In particular, we should avoid those
whose Fourier transforms are perpendicular to the columns of EI\D(S )t
In the case of divergence-free and curl-free matrix-valued functions, a simple

calculation gives us the following equalities:

_— 1

Fan(€) = —— (I —eec!
! o )
T (€)= ———— (eee?) |

I1€1136(€)
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where e, is the unit vector in the ¢-direction. We would like for &D(f)ﬂf)(f) to be
the identity for the Fourier transforms of functions in the native space. Therefore in
the divergence-free case, we will consider functions f such that egT A(f) = 0. In the
curl-free case we want functions of the form f({' ) = ech(&), where h is a scalar-valued

function. Now we are ready to state and prove the following results.

Theorem 3. Suppose that ¢ € C? is a positive definite function such that A¢ € L.
Define

Gai = {f €LNC: | J(&) Pun(€) " F(€)dE < 00 and ] f(€) = 0 }
-

and equip this space with the bilinear form

(F9)gu = @)™ | (07 @) Fle)de

Then Gajy is a Hilbert space with inner product (-,-)g,,, and reproducing kernel ®g;,.

Hence Guiy = Na,,, and the inner products are the same.

Proof. We begin by noting that since f € Gy, satisfies eg]?(ﬁ) = 0 for all &, we have

(F Do = ) [ |\H5J|t|( S e 32)

Also, since ¢ is positive definite so is —A¢. Then that fact that it is continuous
and L, integrable puts its Fourier transform is in L;(R™) [30, Corollary 6.12]. This

means that fe Ly for all f € Gy, Indeed, we have

Rn\ﬁ(ﬁ)!d&(/w |||§ﬁ2 o ) ([ venzoa)”

This allows us to recover f point-wise from its Fourier transform by the inverse Fourier
transform.

We now show that (-,-)g,, is an inner product. The linearity and conjugate
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symmetry properties are obvious. The fact that 5 is positive along with (3.2) tells us
(f, f)g,., = 0 implies that f = 0. Thus (-, )g,,, is positive definite and hence an inner
product.

To show completeness of Gy, suppose that {f,} is a Cauchy sequence in G, .
This means that the sequence {ﬁ(” . ||§$)*1/2} is Cauchy in Lo, and so it converges

to a function g € Ly. Note that the function g satisfies g\/| - |26 € L1 N Lo. Namely,

= 1/2
[ oo/ ieisae)| de < ol 1-183)
and
2
[ |oovieiae)| de <ol i-123],_

forall j =1,...,n. Thus

=0 [ (s lelae ) o

is well defined, continuous, an element of Ly, and satisfies

FUI-156)7% = g € L. (3.3)

Note that since g is the Lo limit of the sequence {fn(H : ||§$)_1/2}, g satisfies e/ g(£) =
0 a.e. This is because eET]/”;(H - ||126)~1/2 tends to et 9(§) in Ly as n tends to oo, and
the former is a sequence of zeros. Then by (3.3), the Fourier transform of f satisfies

the orthogonality condition. Therefore f resides in Gg,,. Now we have that

o = 1, = oA Flll - 136) 72 = FUL - 156) 7l

= (21) " fulll - 1130) 7 = gllz, — 0

as n tends to co. We conclude that Gy, is complete.

All that is left is to show that ®g;, is the reproducing kernel of Gg;,. Let ¢ and
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y be vectors in R". We have

(Paa(@ee") B () Fle)de

-~

/
— (2m) 2 /R T B (€) T (€) FE) e e
/

)

cr (I — egeg) f(ﬁ)e’nydf

O

Theorem 4. Suppose that ¢ € C? N L, is a positive definite function such that
A¢ € Li. Define

— ~ ~

Geurl 1= {f cLonC: . f({)*@curl(§)+f(§)df < oo and f(§) =ech(&),h € Lg}

and equip this space with the bilinear form

—

()5 = @)™ [ 56 Tan(€) Fle)de

Then Geyr is a Hilbert space with inner product (-, -)g.,., and reproducing kernel ® ;.

url

Hence Geyri = N and the inner products are the same.

curl

Proof. The proof is the same as the previous, with minor modifications. See Appendix

B. 0

We have a few observations. First, the inner products for Ng,, and Ng,,, are

curl

exactly the same: if f and ¢ are in one of these spaces, the inner product is given by

oy | 707
=@ [ e

Also, if ® := —IA¢, it can be shown that the inner product for Mg is the same one
as above and Ng = Ng,,, & No

curl ®
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C. Native Spaces as Sobolev Spaces

Now that our native spaces have a more useful form, we will be able to see how certain
native spaces, particularly those associated with Wendland functions, are related to

Sobolev spaces. We begin by defining some “Sobolev-like” spaces. If 7 > 0, we define

TR = {f € (Ly(R™)" - / ”ﬂéﬁé”? (1+ [€]2)7 de < oo}.

It is not difficult to see that this space a Hilbert space with the inner product

i = [ %{@ (L+[€3) " de.

Also, we define the corresponding spaces
AT (R") = { fe (R : e f(€) =0 a.e.}
e,y (RY) = { f € HT(R") : () = ech(€), where h € Ly(R")} .

As in the case of Sobolev spaces, we will sometimes use H7 as shorthand for H” (R™).
From the results of the last section we see that these are native spaces when the

Fourier transform of ¢ has algebraic decay, as is the case with Wendland functions.

Corollary 1. Let 7 > n/2 and let ¢ be a positive definite function and let ® := —A¢I.

]f&ﬁ\ has algebraic decay, i.e., if there exists constants c1 and cy such that
—(r41) _ —(m+1)
cr (1+€]12) < 0(&) <2 (1+¢]12) : (3.4)
then Ny = H™(R™) with equivalent norm.

The following result will allow us to see a more precise relationship H T(R™) has

to a Sobolev space.
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Proposition 1. The norm for the space HT (R™) is equivalent to the norm defined by

~

2
1912 | MRS de 11, 35

Proof. To get the above equivalence, it is enough to show the existence of positive

constants ¢; and ¢y such that

! ) o Al ( 1 , )
- 1 2 < M NSHe) 1 |
€1 (Hgng + (1 + [€][2) ) = ”5”% < cy ||£||§ + (14 1/€]13)

The first part of this inequality can be done easily with ¢; = 1. We have

2\7+1 2\1
(L4 ™ A BB ey s

1 2 T
€3 G > e + A lel)

For the reverse inequality we consider ||£]l2 < 1 and ||£]|2 > 1 separately. If ||£]|2 > 1,

we have

L+ ]E3)™" _ A+ €T . .
HERGEE + (L4 EN3)T <201+ JI€II5)"

If ||€]]2 < 1 we have (1 + [|£]|3) < 2 which gives us

(I + €l _ 27
2 < 2°
€113 €113

This shows that we can take ¢y = 2771, O

This “decomposition” of the norm tells us that H™(R") is the subspace of H™(R")
consisting of functions f such that there is a potential g € H™(R") with v/—Ag = f.
Indeed, if f € H 7(R™) then the Fourier transform of the appropriate potential would
be G = f/| - |l2. Conversely, if vV—Ag = f with g € H™*(R"), then ||f||2~T(Rn) =
I g||§r+1(Rn) < 00. This makes sense since we differentiated ¢ to get our kernel @, that
is, one may expect that differentiating the kernel would result in “differentiating” the

native space. It also shows us that when we measure functions in the native space,

we are essentially measuring their “anti-derivative”. Furthermore, it is important to
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note that when restricted to a bounded Lipschitz domain €2, these native spaces are

Sobolev spaces.

Theorem 5. Let 2 C R"™ be a bounded domain with Lipschitz boundary. Then we
have

H7(Q) = {flo, f € H(R")}.
Furthermore, the norms are equivalent.

Proof. See Appendix B. O

One can also use Proposition 3.5 to show that the spaces Hj, (R™) and HT,(R™)

curl

consist of functions in H™(R™) that have potentials in H7!(R") in the following sense.

Proposition 2. The function spaces HT, (R™) and HT

T (R™) can be characterized as

follows:

ﬁ;—iv<Rn>: {f CH |3gec H ™ withV x g= f}

(RY)={feH |3ge H* withVg=f},

curl
where n = 2 or 3 in the divergence-free case.

Proof. See Appendix B. O

D. Generalized Interpolation on Native Spaces

In this section we investigate the situation where we are reconstructing a vector-
valued function from generalized data, that is, data coming from any continuous
linear functional (not just point evaluations). This has already been done in [14], but
it was proved for a slightly different definition of the native space. In our definition,

we “built” the native space out of translates of the kernel, whereas in [14] the native
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space was constructed with convolutions of the kernel with any compactly supported
distribution. This fact gives the older native space definition an advantage: one
gets the existence of generalized interpolants basically for free. In our case, there is

something to prove, which we do now.

Theorem 6. Suppose that Ng is a real Hilbert space of vector-valued functions with

matriz-valued reproducing kernel ®. Let p,v € N and let vY®(- — y) denote the

h

vector-valued function whose i'" coordinate is given by v¥ acting on the i column of

O(- —y). Then vY®(- —y) € Np and

V() = (f.0" (- — y))wy for all f € N,

Also, we have (v, p)nz = p*r/®(x —y).

Proof. Given v € N, the Riesz Representation Theorem guarantees the existence
of h, € Ng such that v(f) = (f,h,)a, for all f in the native space. Using the

reproducing kernel properties of ®, we get:
V(O —w)e;) = (D — w)eis h)wg = (huy @ — w)ei)w = € hu(2).

Since x was arbitrary, it follows that h, = v¥®(- —y) and the first property is proved.

For the last result, we have

(V7 /vL)Nq’; = (hmhv)/\ﬂp - M(hu) - quyyq)(x - y)
]

This result shows that the definitions of native spaces are equivalent. As you will

recall, we constructed the native space out of the dense subspace

N
Fs(2) = {ZCI)( —z;)ajx; €8, a;j e R, and N € N}.

j=1
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Our approach is the same in [14], but instead of Fg(€2) the space used contains all
functions of the form v¥®(- — y), where v is a compactly supported linear functional.
This space was then closed in the norm given by ||[1Y®(- —y)||? = v*1¥®(x —y), which
coincides with our norm if one restricts the linear functionals to be point evaluations.
Thus our native space is contained in the other one. Theorem 6 shows that this space
is contained in our definition of the native space, and the norms are the same.

This theorem also guarantees the existence of generalized interpolants. Suppose
that {;}¥, is a linearly independent subset of A;. Let the matrix A be defined by
A= 1/;-’<I>(x —y). From the above result we immediately see that A is symmetric,
and we will soon see that it is positive definite. Let ¢ € R™ be nonzero and let
L =" c;v;. We have

N

crAc = Z ¢ (VVI®(z —y)) ¢

3,j=1

= Z eVt (Z v/ ®(r — y)cj>
= (Z CiVi) (Z Cj’/j) Oz —y)

= L7L'D(z —y) = || LI} >0,
where the last inequality follows from the fact that the functionals are linearly inde-

pendent. This shows us that given linearly-independent functionals {v;}¥ , and data

{d;}}¥,, one can find an interpolant s, of the form

) = el —)

such that
N

vesy() = ZCijVj‘-’@(- —y)=d, Vk=1,...,N.

=1
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Thus matrix-valued RBF's can be used not only to interpolate point evaluations, but
data coming from any continuous linear functional on the native space. In particular,
one can use Hermite-Birkoff data to approximate solutions to differential equations.
Again, this was already known, but since we used a different definition of the native

space we needed to show it.
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CHAPTER IV

STABILITY
Knowing the stability of the interpolation process turns out to be very important in
the escape process. Let X be a finite subset of R™. In this section we explore the
stability of the interpolation matrix, Ax ¢, through its spectral condition number.
As done in [16] and [22], we do this by estimating the norm of the inverse of Ax .
Since the interpolation matrix is symmetric and positive definite, this amounts to
bounding its lowest eigenvalue, Apin(Ax e), from below. The way this is usually done

is by finding a matrix-valued SPD function ¥ such that

N N
Z GO (1) — )y > Z GV (x5 — ap)ag > Allalfz,
jk=1 jk=1

where a; € C" and @ € C" with the j™ n elements of o given by ;. Such a A is
obviously a lower bound for A (Ax.e).

In [16] and [22], this was done for divergence-free matrix valued functions and
A was found not to depend on N, but only on the dimension n and the minimum
separation radius of X, denoted ¢x. We will choose a ¥ different than that used in

these papers and obtain slightly improved results.

A. Lower Bounds For Apin(Ax.,,,)

Let xz,(§) be the characteristic function for the ball B(0,5/2) C R". It was shown

in [21, Eq. 3.9] that its Fourier transform is given by

" [ fso\ T |20
0 (2)" (M) " a(2),

X

[
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where .J,,/5 is the Bessel function of the first kind of order n/2. We know from [23,

page 6] that X< ,(0) is given by

(o/(4vm)"

Gl = (@ 2)2)

We define ¢? by
97 =Xz,

MIQN’

(4.1)

This function is band-limited. More precisely, supp(gﬁz) C B(0,0) [23, page 6]. This

is the same function used in [21] to bound the lower eigenvalue in the scalar case. We

o
define ®9, via

P, = (Al +VV') ¢°.

Now we calculate the derivatives of ¢?. The derivatives of the Bessel function

satisfy the identity (see [28, page 66])

d
%z”ﬂ]( 2)=—z"J,11(2).

From this we have

(%k

n/2 —n/2
/ lellea\ ™" [ lalleo
8xk 9 n/2\ "9
||xuza e |zllo0\ o
n/2 —(n+2)/2
A\ (Nl (o
Ry 9 (n+2)/2 9
n+2)/2 —(n+2)/2
o (N (Nl (afao
k ST 9 (n+2)/2 9

wlq
/\/—\

X
\_/\_/

)

(4.2)
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Using (4.2), we have

= —,I‘]#J;ﬂ')%%,n (X%7n+2) :

We now consider second order derivatives of ¢?. We have

Now we define

A= 477—5(%,71 ()v(%,n-‘rQ) ) (43)

B := 8 ()22%,71—&-2 + )v(%,n (X%,n+4)> . (44)

With these definitions and our formulas for the derivatives of ¢, we get the following
equality:

%, (z) = (n— 1)A(z)] + B(z) (—||=|3] + za") .
Note that this is a symmetric matrix-valued function. Also, the eigenvalues of ®7, (z)

are (n—1)A(x) — ||z||3B(x) with multiplicity (n—1) and (n—1)A(x) with multiplicity
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1. The value A(0) turns out to be important, so we compute it now: using (4.1) we

have

N M G e S A i
A0 =t s i~ () I (a7

Here we have used the fact that I'(z + 1) = 2I'(2).
Now we get a bound on the eigenvalues of ®(z). Recall that the eigenvalues of
b(z) are (n — 1)A(z) — ||=||3B(x) with multiplicity (n — 1) and (n — 1)A(z) with

multiplicity 1. Therefore they are bounded by
Alw) = (n = D)|A(2)] + [|l=[|3 B(x)]. (4.5)
We bound A(z) with the following lemma.

Proposition 3. Let A(x) = (n — 1)|A(z)| + ||z||3| B(x)|, then we have the following

bound

A(z) < 25 (8;)7”1 <<n ~1) (W) R (W) _n_1> . (46)

Proof. We will make use of [21, Lemma 3.3], which states that for s = 1,2,..., and

for all z > 0,

J2a(2) <272 zm,

First we concentrate on |A(x)|.

= (7)) (”“”””2“) o (1222 e (1212
B ()
_ on+5 (;r) ( . ) (4.7)




Now we bound the terms of ||z||3| B(x)|. We have

2

n-+2 —n—2
: o Jallzo Jallzo
eoli e = selol () (B22) 7 e (1
n+2 —n—2 n
<oz () (el it
=R sr 2 (nllal0/2)
2n+7 || H2 02 e Hx“?U e
— €T —_—
TlIFl2 8T 2

n+2 —n—1
:2n+77THxH2 4 0_2 ||:L‘||20'
2||.%‘||%O'2 s 2

B 2n+6 0__2 n+1
N &1

This gives us that

> wer (N (lzllo T
|lz||5B(z) <2 — ) (4.8)
8 2

Adding the above inequality to our bound on (n — 1)|A(z)| gives us the result.

0
In [20], it was shown that we have the estimate
> Flzy—akl) <3 m" g, (4.9)
J#k m=1

where f is a scalar valued function on R" and s, is given by

rpm = sup{[f([[zll2)] - mgx < flzl2 < (m+1)gx}

and ¢x is the separation radius of X. We will use this fact with the above estimate
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on A(x) to prove the following.

Lemma 3. Choose o such that o > max {Q/QX, 5/qx}, where

C =24 (W(n Z(i)(_nlv; S)nF2 (n ;L 2) > 1/(n+1) |

Then we have
n—1
2n

m]?xz Aazj —ap) < A(0). (4.10)

Proof. Note that that fact that o > gx/2 combined with (4.6) gives us

2\ "t —n—2 m g\ —n—1
<2t ( - 1) (F27) 1 (M)
Fodm = (87r> ((n I3 + 2
_on ()7 (B (1 () et e
n 8 2 2

< gnts o " (‘DC_C’)"l (n—1)m™" +4m™1)
- 8 2
2

o n+1 qxo -1
:2n+5(n+3) (g) <X7> m-"L

Using this with (4.9) we have

o
mkaxz Az —xp) <37 Zm”_l/@\m
J#k n=1

81

2 n+1 1 ®
=woe () ()
T

m=1

2\ n+l p1 . ®
< 3095 (1 4 3) (0_> (w) 3

2

2on—1on+d o2 \"! gxo\ 1
e ()" (05)
73 (n+3) <167r) 1

2 a2 \"* rgxoy
sm(n+3) <16—W> (57)

Here we have used the well known fact that Z m~? = 72/6. Using the fact that

m=1
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c>C /qx, we continue with the inequality to get

2\ (O —n-l
_ < 72 - el
m]?XZA(xJ x) <7 (n+3) (16%) (24>

=m%(n+3) (%)HI (W(n +2)(n i(g);rlz) ((n+ 2)/2))

1 [0 e 8m(n —1) -~ n—1
—%<16w> (1o - o )

With these results we are now ready to prove the following theorem.

Theorem 7. Let ¢ be an even positive definite function, which possesses a positive

Fourier transform ¢ € C(R"/0). With the function

-~

M(o) = inf ¢(¢)

=1
€ll2<o

a lower bound on the smallest eigenvalue of the interpolation matriz is given by

o2\ /2 M(o)m
%) @R

Amin(Ax 0,,,) > (

for any o > 0 satisfying

026’/%(-

Proof. Define 1 by
M(o)l ((n +2)/2)

o2

Y= 7.

Note that ¢ is positive definite and the support of 1Z is B(0,0). Then (5(5) > 12(5)

for [|€]la > 0. If ||€]|2 < o we have

M)l ((n +2)/2)

ongn/2

D(E) < vol(B(0,0)) < M(0) < $(¢).
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This shows us that
N
T
> asd(z; — wp)oy = / H(I —eef) (Z e’ xj)
k=1 R
> / (I —ecef) <Z aje’foj>

N
= o)Wz — mp)u,

J,k=1

| eldic)de

| elde)de

where a; € R" and ¥, is defined by
Uiy = (=A 4+ VVH.
Next we use Lemma 3 to get:

N
> a5 Wiz — mr)on > [Jall3(0) = > 0 Ui (z; — zr)ou|

Jk=1 Jj#k
> flal3u(0) — n mas S OB (o)
o J#k
= all360) — nllolg max S~ A DR
o J#k
ol (w(0) - w2 DAy
= ol (wio) - M LD )
IO
a2,

Plugging in the value of 1(0) gives us

M(o)(n—1) < o? )n+1 87
o2 167 (n+2)T((n+2)/2)

I e

o2\ ()72 M(o)m
:(167> (dm)eT2 ((n + 2)/2)°

Amin(Ax a,,) > (1/2)
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Here we have used the fact that (n —1)/n +2) > 1/4 for n > 2. O

Corollary 2. In the case of the compactly supported Wendland functions ¢ = ¢y p

the smallest eigenvalue of the interpolation matriz Ax ¢,,, can be bounded by

>\min (AX,édiv) Z qug(lc_la

where ¢, 1 a constant depending only on n.

To see the improvement, we compare the above result to the older estimates. For

®n.k, the previous estimate was
2k+1)(n+1
)\mm<AX,<I>dw) Z ng( )t )/na

where C' depends only on n. Note that the new estimates are better in that the power
of gx is smaller and no longer depends on n. It is worthy to note that the result in
Corollary 2 is exactly what one would expect. In the scalar theory the kernel ¢, is

in C?* and the resulting estimate is
Amin(Ax4) > CqEtt. (4.11)

Thus a reduction in smoothness of the kernel should reduce the power of ¢x in a precise
way. That is, one should be able to just replace the 2k with the new smoothness. To
get @4, we differentiate ¢, twice, so it is in C?=2_ Replacing the 2k in 4.11 with
2k — 2 gives us the same estimate derived in Corollary 2. Furthermore, the orders of
gx in the scalar estimates are sharp, so we expect that the bounds presented here are

sharp as well.
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To get the stability estimates in the curl-free case we go through the same basic steps

as in the previous section. Using the same ¢? as before, we begin by defining

q)gurl = (Vvt) ¢0'

With our formulas for the derivatives of ¢7, we get the following equality:

@7, = A(@)I - B(z) (a2") .

Where A(z) and B(z) are given by (4.3) and (4.4), respectively. Note that the

eigenvalues of ®7 () are A(z) with multiplicity n — 1 and A(x) — B(x)||z||3 with

curl

multiplicity 1. Furthermore, A(x) from the previous section bounds the eigenvalues

of ®°

curl

(x). Therefore we may use Lemma 3 to prove the following theorem:

Theorem 8. Let ¢ be an even positive definite function, which possesses a positive

Fourier transform ¢ € C(R"/0). With the function

-~

M(o) = inf (&)

€ll2<o

a lower bound on Amin(Ax.e,, ) is given by

o2 (n+2)/2 M(o)w
in(A >
Amln( X, Peurt ) - ( ) (47’(’)”

167 T ((n+2)/2)

for any o > 0 satisfying

o> 6/qX.
Sketch of Proof. Define 1 by
M(o)l' 2)/2
pom ML 22/2)

As shown in the proof of Theorem 7, we have 15 () < $(£ ) for all £ € R™. This shows
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us that
N 2 ~
> aje; -~ mar = [0 = eee) (Fase ™) || lelPaeras
k=1 R

(1 = ecel) (3 ese™™ ) || NPt e

N
= o)Wz — mp)u,

J,k=1

where a; € R" and ¥, is defined by
U gin i= (=A + VV)e).

Next we use Lemma 3 and follow the same steps in the proof of Theorem 7, replacing

\I/dw with \I]curl‘ L]

Corollary 3. In the case of the compactly supported Wendland functions ¢ = ¢y

the smallest eigenvalue of the interpolation matriv Ax s, can be bounded by

curl
2k—1
Amin(Axaq)curl) Z quX Y

where ¢, 18 a constant depending only on n.
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CHAPTER V

BAND-LIMITED INTERPOLATION AND APPROXIMATION

In the scalar theory, escaping the native space involves using the approximation prop-
erties of band-limited functions, which are functions in L, whose Fourier transforms
are compactly supported. These functions are analytic, and their smoothness puts
them in most native spaces. In fact, they are contained in every native space of
the scalar RBFs mentioned in this paper. It turns out that band-limited functions
approximate both functions in the native space and rougher functions, enabling one
to eventually use a triangle inequality to escape the native space.

To make use of band-limited functions for matrix-valued RBF's, we must ensure
that they live within the native spaces ®4, and ®.,,;. As seen in chapter III, functions

in these native spaces must satisfy

1F?
/ L ER s

Therefore we will work with the following band-limited spaces:

B = {f € (La)": supp(f) € B(0,0) }
o . {feg,:/ ||f(£)|!%d§<oo}

G
By, = {f e B el fl§) =0}
Bl = {F € B7: () = ech(©), he Loy

A. Divergence-Free and Curl-Free Approximation

First we show that a divergence-free function in H! can be approximated by a band-

limited divergence-free function in gfm. The proof is simple; one only has to chop
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off the Fourier transform of the function. The same proof works in the curl-free case,

with the obvious modifications.

Proposition 4. Lett >r > 0. If f € H! is divergence-free then for every o > 0 we

have a function g, € ~gw with

i < o f e

If = 9|

Proof. To do this, we simply multiply the Fourier transform of f with a cut off
function. Define g, by ¢, := fXU, where Y, is the characteristic function of the ball

B(0,0). Since t > r, for all ||£]|2 > o we have the inequality
(L+1IgN5)"™" < o*.

This gives us

N 2
1 = gol%, = /mp IOl 1 4 ey ae

€113
Fle)]]12
= [ OB ey (o ey ag
=0 2
2
< g2(r=0) /€”>U Hﬂ(ﬁﬁé”z (1 + Hfl‘g)ﬂrl dé

< | f|1%.-

We still need to check that g, is divergence-free. Note that g, is equal to a scalar
function times ]/”\, so any relation fhas with £ is inherited by g,. Thus g, is divergence-

free as long as f is. This also shows that if f were curl-free, g, would be curl free. [

B. Divergence-Free Band-limited Interpolation

In the previous section we showed we can approximate a divergence-free function in

H™ with a band-limited divergence-free function in ggw- Now it is our aim to show
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that we can simultaneously approximate and interpolate with divergence-free band-
limited functions. We will follow the approach used for the scalar-valued case in [26].
There it was shown that if one chooses o ~ 1/qx, for every continuous function f
there exists a band-limited interpolant f, whose Fourier transform is supported in
B(0,0). We will prove something similar, and to do this we will need the following

result from [24, Prop. 3.1],

Proposition 5. Let Y be a (possibly complex) Banach Space, V be a subspace of Y,
and Z* be a finite dimensional subspace of Y*, the dual of Y. If for every z* € Z*

and some 3 > 1, 3 independent of z*,

1271

y- < Bl

Ve, (5.1)

then for y € Y there exists v € V such that v interpolates y on Z*; that is, z*(y) =
z*(v) for all z* € Z*. In addition, v approximates y in the sense that |y — v||y <

(1+ 26)dist(y, V).

We will also need some results involving the space ﬁgz.v. This space can be
T

characterized as a reproducing kernel Hilbert space for 7 > n/2. The kernel /Edw is

defined by its Fourier transform:

—_

NT _(T+1)
7€) = (IR — €67) (1 +1Ig]I2) :
The inverse Fourier transform of (1 + ||& ||§)_(T+l) is given by
K™= eollal5 T2 Keganpa([12])),

where K, is the modified Bessel function of the second kind and ¢, is a constant

[30, Theorem 6.13]. Taking the inverse Fourier transform gives us that l%gw can be
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written as
Ko@) = er (=AL+VVT) 25772 K1 npa([12]))- (5.2)
Suppose that X = {zy,...,2x} C Q is a set of distinct points from a bounded
N
set 2 C R", and that c;,...,cy are vectors in R". If g := Zlde — z;)c¢j, using
7j=1
the fact that Hj,, is the native space for K7, gives us
||g||2~7- 27T ZC Ide ) . (53)
As a result, we have that
@2m)"Axllell3 < gl < @m)"Ax|el3, (5.4)

where Ay and Ay are the minimum and maximum eigenvalues of the n/N x n N matrix
AX,IE;-U’ and c is the vector in R™ whose j* n-components are given by c;.
We can get a lower bound to the minimum eigenvalues using the stability esti-

mates of Theorem 7. The result is
Ax > Crngy ", (5.5)

where ¢x is the separations radius for X and c¢,, is a constant depending on its
subscripts. To get upper bounds for Ay, we need to calculate the kernel explicitly.

The function K, satisfies (see [28, page 79])

d

ERNE) = 2 Ko (2),

Note that this is the same formula for .J, as in (4.2). The calculations following (4.2)

show us that that the kernel has the form:

Kiiw = A@)I + B(w) (= |lall3 + z2"), (5.6)
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where A(z) and B(x) are given by

—(v+1
A(z) = eonlzll; VK ([2])2)

B(x) = e ||zl Ky pa((2])- (5.7)

Here v = 7+ 1 —n/2. From 5.6, we see that the eigenvalues of l%glv(x) are A(z) —
|lz||3B(z) with multiplicity n — 1 and A(z) with multiplicity 1. This gives us that the

modulus of the largest eigenvalue of the n x n matrix i&gw(x) is bounded by
Ag, (@) = [A@)| + 2|3 B@)!.
We will also need the following estimate:

Proposition 6. The function ||z||;" K, (||z||2) is positive, decreasing on [0,00), and

has the bound

2
2]l57 K, (|z]l2) < v2rl|z])y /2 10t (5.8)
Proof. See Corollary 5.12 and Lemma 5.13 in [30]. O

Note that if ||z||s > 1, we have:

—(v+1 —(v+2
A @) < el VK (lell) + e lll3 25 Koo (ll2]))

< Oyl e Ielz = 1(2), (5.9)

where v = 7+ 1 — n/2. Furthermore, I'(z) will be decreasing with [|z|s if ||z|s >

v+ 7/2. This can be shown by simple calculus.

Lemma 4. Let g := Zjvzl IE;Z-U(- —x;)c; and define g, by §o = gx», where x, is the
characteristic function of the ball B(0,0). Then, there exists a constant k > 0, which

is independent of X and the c;’s, such that for o = k/qx the following inequality
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1
< 5lgll-- (5.10)

9ol < 5

Proof. From the definition of I, and the change of variables to £ = o&, we have

—+

—+

2= / 7 (OKan (©F(E)E = 0" / (06K (0€)i(0€)de
I€]l2>0 [1€]l2>1

ge’

T+1
ato LTI

-7 /5”2219 (0¢) (I‘ HE EE

uree) (I3 - €€7) )
’ /5“2>1 <Z )<1+02||5H%>“+” Z ¢

J

Note that the matrix (I||¢]|2 —€&£T) is a scaled projection, so the integrand is positive.

Now since ||£]|2 > 1, we have the inequality

1 < 2T+1 1
(L+ o237+ — o272 (1 + [[€)5) ™

so that

[3 S 227’+20_n—27'

ieeme | (€N — &€7)
20" ]M) A

> cenion >5> K (€) (Z cke—“m’@f) d¢

J k
chez’(ame) ]ng (5)@“,(5) (Z Cke—i(axf)ﬁ) d¢
J k

= (2m)"2T 2T Z c;lzgw(axj —oxp)ep < (2m)"22T 202 AL x || cl|3.
gk

ﬁg\

— 22T+20_n—2T

%\

-+
_ 227—1—20_71—27' (é’)]CT

div

S—

n

(5.11)

In the third line of the inequality we have used the fact that E;w is Hermitian, and
the last line follows from the fact that K7, is a reproducing kernel. From (5.4) and

(5.5), we also have the estimate

2m)"crnd™ " llellz < llgllF-
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so we obtain

12 22T+2 ‘rn(aq )n 2TAUX||gHHT Rn) (512)

Now note that the set 0 X has separation distance ¢,x = oqx. This will enable us
to choose o so that we get a uniform bound on A,x. Let ¢ be the unit eigenvector
associated with A,x and let ¢; € R™ be the 4" n-components of c¢. We choose o so

that ogx > v+ 7/2 and use (4.9) to get:

Aox = Z chde (ox; — oxy)cr, = A(0) + Z cTIde (ox; — oxy)cy
ik
< A(0) +n Z |A,€;_ (ox; — oxg)| < A0) +n Z ['(ox; — oxy,)
j#k J#k

< A(0) +n3"Cr,, Z m" T (mogx)

m=1

< A(0) +n3"Crpy Y m" ' T(m) = Clrp, (5.13)

m=1
Here we have used the fact that such a choice of o allows us to use (5.9), such a
choice causes I' to be decreasing, and the above series is convergent since I is rapidly

decreasing. From this bound it follows that
I3 < 227RC e (00x)" 7 Mgl

Now choose 0g, = k so large that the factor multiplying ||g||%. is less than 1/4.

Taking square roots gives us the result. O

Now we describe the scenario for proving the main result of this section. The

result will follow from Proposition 5, and we will apply it to the following scheme:
y = ﬁ;lrzv
V= ggiv

Z* = span {cT(SIj ceR" ;€ X}.
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Theorem 9. Let 7,t € R such that 7 > n/2 and t > 0. Given f € ﬁ[;;t and a point

set X C R™ with separation distance qx, there exists a function f, € B'gw such that

flx = folx and ||f = foll g <5 - distg. (f, BG,) < 567 ¢ || fll grer-
with 0 = k/qx, where kK > 1 depends on only T and n.

Proof. The proof will follow from Proposition 5 once we establish the following. Given

z* € Z*, we need to show that

1= W zig, - = 202718, i, -

Since f[giv is a reproducing kernel Hilbert space with kernel Ky, then by The-
orem 6 l%gw(x — x;)c is the Riesz representer of the functional ¢4, . It follows that
if 22 =3 cl's,, and g = 3 K7, (- — x;)¢; we have 12*ll ;- = llgllz; - Also, note

that ||Z*|[§g, ||(g§_ ye = ||gU||ﬁ§. , where g, is defined by ¢, = gx,. This can be seen by

118 I - = sup ()= swp (Fg)a;

feggiv feggi'u
Iy =1 Il =t
= sup //g\*(ﬁ)/gdw(ﬁ)JrA@)df
fEBgiv "
1l g =1
div
= s [ FOKa() T
feBg, “B(0.0)
Il g =1
div
= s [ @O Tl
feBgiv "
Il g7 =1

div

= §8up (faga)ﬁngHgaHf{gw'

I f\e%v
fllar =1
H(;iv
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Now, by Lemma 4 for a sufficiently large x and all ¢ = k/qx we have the estimate

1901 5- = gl - — llgo — 9ll -
1 1
> lgllz- — g llolze = 3ol
Thus the conditions of Proposition 5 are satisfied with § = 2. The proposition tells
us that for any divergence-free function f € f[;;t(R") there exists a divergence-free

function f, € gg, with 0 = k/qx, such that f, interpolates f on X and approximates

it, in the sense that

Hf - fUHﬁ;w(R”) S 5 dlStﬁT (f> Bgliv)'
For the last inequality, note that if f € ﬁ;;;t, then we have

| ~ s fﬁ)A (1+ Jleliy)™"
d gr 7BJiU P = N e
s (B = [ T (18 ) o e

. sﬁ)A (1+ JlelR)™""
— I — d
AQE“O( 1e2) SO + e ®

R T R o\T+HE+1
€220

1€113 1€113
= 0_2t||f||%‘r+t‘
Taking square roots and using the fact that o = k/qx gives us the result. O

The estimates in Theorem 9 are exactly what we expected based the on the ones
proved in [26, Theorem 3.4]. There it was shown that a function f in H™™* can be

approximated by a band-limited interpolant with the estimate

If = follar < 5-disty-(f, Bo) < 567 g || fll -+

In other words, if the error is being measured in a space that is t degrees less smooth

than the space the target function resides, then the approximation rate should be
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given by ¢%. Also, we would like to point out just how crucial the new stability
estimates were in proving this result. In order to achieve the proper approximation
rates, the power of ¢x in (5.5) had to ezactly match that of ¢ in in the proof of

Lemma 4, so that o could be chosen to “control” ¢x.

C. Curl-Free Band-limited Interpolation

One can also interpolate a curl-free function with a band-limited curl-free function.
The next result follows by using the same steps as in the proof of Theorem 9, replac-
ing any divergence-free functions with the corresponding curl-free function. It also
requires an estimate similar to that of Lemma 4, which is easy to show by mimicking

its proof.

Theorem 10. Let 7,t € R such that 7 > n/2 and t > 0. Given a function f € HT't

curl

and a point set X C R™ with separation distance qx, there exists a curl-free function

fs € Egurl such that

f|X - fO’|X and ||f - fUHﬁ;; <5- diStf]T(f7 Bgurl) < 5l{_tqg(||f||ﬁ‘f+t’

with 0 = k/qx, where kK > 1 depends on only T and n.
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CHAPTER VI

ERROR ESTIMATES FOR FUNCTIONS OUTSIDE THE NATIVE SPACE
In this chapter we present the main result of the paper, which is to show that vector-
valued RBFs can approximate functions that are more rough than those in the native
space. The error estimates we give are in terms of the mesh norm. Given a compact
set 2 C R™ and a finite set X C €2, the mesh norm is given by
hxq = ilégéfgx [l — aj]]2-

Another important value in the estimates is the mesh ratio, given by px .o := hxa/qx.
In what follows, we will let Ix f be the divergence-free RBF interpolant to f on X
if f is divergence-free, and the curl-free RBF interpolant to f on X if f is curl-free.
This should cause no confusion. Also, to be able to work on Sobolev spaces, we must

assume that the Fourier transform of ¢ has algebraic decay, i.e.,
—(7+1 i —(7+1
e (1 [€13) ™7 < 6(8) < e (14 1163 (6.1)

Our goal is to introduce error estimates in terms of Sobolev norms.

A. Extensions of Sobolev Spaces to the Native Space

To estimate error in the scalar-valued theory, one is able to start with a Sobolev
function on a bounded domain and then extended the function continuously to R™ in a
way that puts it inside of a native space, at least in the case where the native space is a
Sobolev space. Once in the native space, best approximation properties of interpolants
can be used to help estimate the error. It is our wish to do something similar here;
that is, we want to extend divergence-free or curl-free Sobolev functions defined on a

domain Q to Ng,,, or Ng

In the scalar-valued case, one has the advantage that the

curl ®
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native spaces are Sobolev spaces, so well-known extension operators can be used. As
we have seen in Corollary 1, native spaces for divergence-free and curl-free kernels are
almost, but not quite Sobolev spaces, even though they are closely related. However,
when working on a bounded domain we will see that it is still possible to begin with
a Sobolev function and extend it to the native space in a continuous manner. The
ability to do this will depend upon the geometry of €2. In what follows we will work
on a bounded Lipschitz domain {2 C R™ that satisfies an interior cone condition. We
will also assume (2 is simply connected, i.e., it has no “holes”.

Let m > 0 be an integer. We will require our extension operators to extend
functions continuously from H™() to H™(R"). Further, if a function is divergence-
free or curl-free on €2 then the extensions should also be divergence-free or curl-free,
respectively. We will be able to construct such operators for functions that can be
written as the gradient or curl of a potential function. Most results involving vector
potentials on Sobolev spaces are only proved in small dimensions, so in what follows
n = 2 or 3. Once we obtain a potential, we will extend the original function by using
Stein’s extension operator.

We will begin with the more simple case of curl-free functions. By definition of

m (), if  is a simply connected domain, V x u = 0 for u € Ly(Q2) if and only if
there is a potential function ¢ such that u = V¢. Furthermore, by choosing ¢ to have
zero average value, it is unique up to a constant. Also, note that when v € H™(Q2) we
automatically get that ¢ € H™ (). To see this, we need to check that derivatives
of order m + 1 or less of ¢ are in Ly(R2). If o is a multi-index with |a| < m + 1,
then D is a differential operator of order |a| < m, where a; = &; for all j # i and

a; = a; — 1. Since u = V¢ we get u; = d¢/0x; and

D) = D%; € Ly(Q).
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In order for the extension we construct to be continuous, we need an estimate of
the form ||¢|| gm+1(q) < C|lul|gm ). Proving this is an easy application of the Closed

Graph Theorem.

Lemma 5. Let m > 0 be an integer and let 2 C R™ be a simply connected domain
with Lipschitz boundary. There exists a continuous operator T : H™ () — H™T(Q)

curl

such that u = V(Tu).

Proof. For each curl-free function u, we will let T'u be one of its potential functions.
To be sure that T is well-defined, Tu will be the potential with minimum norm in
H™1(Q). Using the fact that all potentials of u differ by a constant, it is easy to

show that if ¢ is any function such that u = V¢, then

1

(1, 0) 1, (0),

M=o

where |Q2| is the Lebesgue measure of . From this we get that 7" is a well-defined
linear operator.

Now we show that T is a closed map. Suppose that u, — u in H™(Q) and
Tu, — ¢ in H™(Q). We need to show that Tu = ¢. This will follow if ¢ satisfies

u= V¢ and (1,$)r, = 0. We have

[u=Vollm@) < |lu—unllzm@) + [[V(Tun) = Vo[ rma)

< ||u — unHHm(Q) + ||Tun - ¢||Hm+1(g) — 0.
Similarly, we have
(L @) o] = (1, ¢ — Tun) Ly | < Q[ Tun — ¢l o) — 0 (6.2)

Thus Tu = ¢ and T is closed. By the Closed Graph Theorem, T" is continuous, and

we get the bound ||Tul| gm+1(q) < Cllul|gm ). O
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With this result we are able to construct our extension operator. Let & denote

the Stein’s extension operator on 2. We extend u by
C ol i = V(€Tu).

Note that écmlu is automatically curl-free since it is the gradient of a scalar function.

(Q) — H™

curl

To show that @cm cH™

- (R™) is continuous, consider

—

~ ||’écurlu||2 m+1
(el oy = [ (L4 IR
B~ e TEIR

—

GE
T m+1
< [ IETDIE (14 113" ds = €T ulpns o

< Ol TullFmi1 ) < Cllullfmqy-
This proves the following theorem.

Theorem 11. Let m > 0 be an integer and let 2 C R™ be a simply-connected bounded
Lipschitz domain satisfying an interior cone condition. Then there exists a continuous
(R™) such that €.ulq =u for allu € H™ ().

curl

(Q) — H™

~
operator €.y H, curl

curl

Our strategy for the divergence-free case is the same: first we work on domains
that allow for potential functions, construct a continuous operator 7' that assigns a
potential to each divergence-free function, and use Stein’s operator € to construct a
continuous extension. The divergence-free case is slightly more difficult because it is
not immediately obvious how to construct the operator 7" so that it is well-defined.
Nevertheless, it is possible to get around this.

We will need several results from Appendix A. First, Proposition 9 tells us that
given a divergence-free vector field u on €2, we can find a vector potential such that

V x ¢ = u. Using Proposition 11, we see that when u € H*(Q) and the boundary
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of Q is C¥*11 then the potential ¢ is in H**(Q). Furthermore, by Proposition 10,

when € is simply connected, there is a unique vector potential ¢ satisfying
Vx¢p=0, V-¢6=0, ¢-n=0 on 0. (6.3)
Now we can prove the following.

Lemma 6. Let m > 0 be an integer and let 2 be a simply-connected domain of R™
with C**11 boundary, where k > m is an integer. Then there exists a continuous

operator T : HT () — H™ Q) such that w =V x (Tu).

Proof. For each divergence-free function u, we will let Tu be the unique potential
satisfying (6.3). From this we get that T is well-defined, and we can easily check that
it is linear.

As in the curl-free case, we show that T is a closed map. Suppose that u, — u
in H™(Q) and Tu,, — ¢ in H™1(Q). We need to show that Tu = ¢. This will follow
if ¢ satisfies (6.3). We have

=V x Gy < = tllimiey + ¥ % (T) = ¥ x @]l simiey

< lu = wnllm@) + CllTup — @l mi () — 0.
Similarly, we have
IV - bl = IV -9 =V Tuy ||y < | Tun — dllam@) — 0.
Also, the Trace theorem gives us

161l = |6 -1 — Ty - 0| Ly) < |0 — Tun|| Ly

<Cll¢— TUnHH1/2(F) — 0.

Thus ¢ satisfies (6.3) and 7" is closed. By the Closed Graph Theorem, 7" is continuous,
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and we get the bound ||Tu|| gm+1(0) < Cllul|gm(q)- O

With this result we are able to construct our divergence-free extension operator.
We extend u by
@dwu =V X (€Tu),

where ET'u represents Stein’s extension operating on each coordinate of the function
Tu. Note that édwu is automatically divergence-free since it is the curl of a vector

field. To show that €4, : H™ (Q) — H™ (R") is continuous, consider

~ | €aivull3 m+1
I €l (Rn)z/ e (L lels)™ de
X n 2
SX QE/E 2 m+1
_ / %mngn%) e
n 2

<c [ &I+ e de

= C||eTy|

%—I"H‘I(R") S O”TU| ?’.I‘"L+1(Q) S CHU”%IW(Q)

This proves the following theorem for n = 2 or 3.

Theorem 12. Let m > 0 be an integer and let 2 C R™ be a simply-connected domain
with C**11 boundary, where k > m is an integer. Then there exists a continuous

operator €y, - H(Q) — ITIQ?U(R") such that Egulq = u for all u € H ().

Remark 2. Note that we only showed that our extension operators were continuous
for integer-ordered Sobolev spaces. We expect the same to be true for fractional-

ordered Sobolev spaces.

B. Interpolation Error Estimates

With our extensions defined, we are now able to begin estimating interpolation ap-

proximation rates. In what follows we assume that €2 is a simply-connected domain
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satisfying an interior cone condition and has a C**%! boundary. Also, we require
¢ to satisfy (6.1) for some 7. The proofs will only address the divergence-free case
because are essentially the same in the curl-free case. We will begin by making use of
a recent result from Narcowich, Ward, and Wendland concerning Sobolev estimates

of functions with many zeros [25, Theorem 2.12].

Proposition 7. Let k be a positive integer, 0 < s <1, 1 <p<oo, 1 <q< o0, and
let a be a multi-index satisfying k > |a| +n/p, orp =1 and k > |a| +n. Also, let
X C Q be a discrete set with mesh norm hxq. Then there is a constant depending

only on Q such that if hx g < Cq and if u € WFtS(Q) satisfies u|x = 0, then

[l o1 gy < ChAT =YD | (6.4)

where (x)y = x is x > 0 and is 0 otherwise. Here the constant C' is independent of

hx o and u.

One can use the relation between p and ¢ norms to get the same result for
u e Whs(Q)m.

1/q

1/q
’u‘wm‘ Z |U/‘7‘ |a‘ ) < CthrS*‘Oél n(1/p—1/q)+ (Z ‘u.]|Wk+‘5(Q)>

n 1/p
< OpW/a=1/p)+ pkts=lal=n(l/p=1/a)+ (Z |uj|€y§+8(g)>

Jj=1

_ Chk+37|a|fn(l/p*1/Q)+ |U‘Wk+S(Q)n .

We will use this to prove our first error estimate, which bounds the error for a class

of functions in the native space.

Theorem 13. Let m = [7], and let p and q be as in Proposition 7. If f € H™(Q) is
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divergence-free, we have
7—B—n(1/2—1
1f = Ix Flwsgay < CRxG ™27V flam,
for all B satisfying 0 < 3 < 1.

Proof. The remarks after the previous lemma gives us that
T—B—n(1/2—1
If = IxFllwsgy < G 279 f = I fll o,

Recall that in our case the native space is equivalent to H 7(R™). Now we continuously
extend f to H " (R™) using édiv from Theorem 12. Since m > 7, we have that
Euiv fe H T(R™). Once in H T(R™) we can use the best approximation property of the

interpolant in the native space to get

If = Ix flla@) < |€anf — Ix fllar @ < C||€ainf — Lx fll - )
S CHedwafIT(Rn) S CH@difoﬁm(Rn)

< Ol llame
Putting the above inequalities together finishes the proof. O

We will also need to measure the error of the band-limited interpolant to the

RBF interpolant of f. Note that in this case f may not be in the native space.

Lemma 7. Let m, p, and q be as in Theorem 13, and let B be an integer such that
B < 7. If f € HP(Q) is divergence-free, let f, € B, be the interpolant to édivf on X

from Theorem 9 witht = 0. Then we have
B—p—n(1/2—1 -7
1o = LxFollwpy < CHCE™ > 0l 1 o,

for all p satisfying 0 < p < 5.
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Proof. Note that since f, is band-limited, it is in H Y(Q) for all t. Since f, — Ix [, is

a function with zeroes on X, we get

T—B—n(1l/2—-1
1o = Ixfollwsoy < Clxa "7 Nl fo = L foll ).

We can estimate the right hand side using the best approximation property of Ix f,
in H™(Q):

1fo = Ix follmm0) < | fo = Ix foll grmny < I1foll e gny-
Since (1+|€]]2)7" < o™ P(1+]|€]|2)P*! for [|£]|2 < o, we have the Bernstein inequality

||f0||I§T(Rn) S CqX_THfUHITIB(Rn)?

which implies that

fo — IXfcerﬁ(Rn) < OhTX_,gqgc_THfoHHﬁ(Rn) = OPTX_ngaHﬁm(R")‘

All we have left to show is that HfJHﬁg(Rn) < C||fllzo(0y- Using the approximation

property of f, and the continuity of édw gives us:

Hfa”ﬁﬁ(ﬂgn) <|fe— @dwafm(Rn) + ”edwaﬁﬁ(Rn)
< ClHQEdifoﬁB(Rn) + CQHfHHﬁ(Q)

<O fll mo 0y
The result thus follows. O

Now we come to our main result, which is to estimate the RBF approximation

error for divergence-free functions less smooth than those in the native space.

Theorem 14. Let m, p, and q be as in Proposition 7 and let 3 be a positive integer
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such that B < 7. If f € H?(Q) is a divergence-free function, then

B—p—n(1/2—1 T—
1 = I fllwpiay < CREE™ 0 0381 ooy,
where (v 1s any real number such that 0 < p < 3.

Proof. Using the fact that f — Ix f is a function with many zeros, we get

1f — I fllwry < Chig ™"V f— I fll o goy- (6.5)

The rest of the proof will be to estimate ||f — Ix f||gs). We extend f to HP(R™)
by Cuiv f. According to Theorem 9 we may select a divergence-free function f, € B,

with o = /ﬁ/qx so that fo"X = @dwﬂx and

||deivf - fon]ﬂ(Rn) S Hgdzvf”fjﬁ(]gn)

Since f, interpolates f on X implies that Iy f = Ix f,. This gives us

\f = Ixfllasy < Wf = follus) + 1fo — Ix follmeo)
< 1€aiwf = follgony + 1fo = Ixfollmo()
< COll€aiv fll gogny + 1fo = Ix foll o).

< Clfllas@y + 1fo — Ix foll s

Now we use Lemma 7 to get

1fo = Ix foll ey < Co%g I Fllms -

Using the fact that px o > 1, we get

If = Ix Fllasgy < Co%allf laa)-

We plug the above inequality into (6.5) to complete the proof. O
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Of course, there is an analogous theorem in the curl-free case. The proof follows
from exactly the same arguments in this section. However, we can strengthen the
result a bit by relaxing the smoothness of 0€2. Here we only need to assume that
the boundary is Lipschitz, while in Theorem 14 the boundary had to be C¥*1. The

reason for this is to ensure that the we can use the extension operator &y;,.

Theorem 15. Let m, p, and q be as in Proposition 7 and let 3 be an integer such

that 3 < 7. If f € H5(Q) is a curl-free function, then

—u—n(l/2—1 T—
1 = D fllwpy < CREE™ 0 081 lls o,

where p is any real number such that 0 < p < 3.



64

CHAPTER VII

CONCLUSIONS AND FUTURE RESEARCH

We have introduced a new class of matrix-valued RBFs which yield curl-free in-
terpolants. We have offered a new characterization of the native space for both
divergence-free and curl-free RBFs, based on the Fourier transform of the kernel as in
the scalar theory. This led us to the fact that when the Fourier transform of the kernel
decays algebraically, as is the case of compactly-supported Wendland functions, we
get native spaces that are subspaces of H T(R™). Also, we derived new upper bounds
on the stability of the interpolation process by estimating the norm of the inverse of
the interpolation matrix. We found that the bounds depend on the separation radius,
qx, and the smoothness of the kernel. Our results coincide with the stability estimates
of the scalar-valued theory. We proved an approximation result using band-limited
functions, and then showed that one can simultaneously approximate and interpolate
a divergence-free function with a band-limited divergence-free function. Finally, we
developed Sobolev-type error estimates when the divergence-free target function is
less smooth than functions in the native space. Also, as one might expect, for every
divergence-free result there was an analogous curl-free result.

There are several possibilities for future research in this area. One is to escape the
native space for other RBFs. Here we only dealt with native spaces that are Sobolev
spaces, such as those arising from Wendland functions. What about divergence-
free RBF's arising from other popular RBFs, such as the Gaussian or the Hardy-
multiquadric? This question has not even been answered in the case of scalar-valued
RBFs and would be of much interest.

We could also extend our results to more general domains. Our error estimates

were proved only for simply connected domains. The proofs relied heavily on the
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fact that domains without holes always have the property that divergence-free fields
have a vector potential that can be used to extend the function to the native space.
However, domains with holes never have this property. Take for example the vector
field v(z) = z/||z||3 on R3. Away from the origin, this function is divergence-free.
If one restricts this function to an annulus around the origin, it is impossible to
extend it to a divergence-free function on R? (such an extension would violate Green’s
Theorem). Numerical tests confirm that on simply connected domains away from the
origin, one gets good approximation, but on domains surrounding the origin the
approximation properties of divergence-free RBFs break down. It should be possible
to modify the process on domains with holes in such a way that the interpolant has
good approximation properties.

As we have seen in Chapter IV, as one adds more nodes the interpolation matrix
becomes more unstable. This makes things difficult when dealing with large data
sets. To make the numerical implementation more realistic, some preconditioning is
in order. Preconditioners have been already successfully constructed for some classes
of scalar-valued RBFs [7, 12], and some of these ideas might extend to matrix-valued
RBF's.

Another avenue of research, and probably the most important, is to test the ap-
proximation properties of these functions in some real-world applications. In many
physical applications vector fields need to be divergence-free or curl-free, such as those
arising from fluids. One possible application is to apply matrix-valued RBF's to fluids
by solving the Navier-Stokes equations. This has been done in [15], where Lowitzsch
used a collocation approach to numerically solve a simple two-dimensional driven cav-
ity problem, and more examples would be valuable. Another possible application is
the Maxwell eigenvalue problem, which is used to solve problems in electro-magnetics.

Also, only collocation methods have been used to test vector-valued RBF approxi-
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mants. In the scalar theory one can also use RBF's to solve problems variationally
(see [29]), and this idea extends easily to matrix-valued RBFs. It would be interesting

to see how these methods compare on various applications.
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APPENDIX A

DIVERGENCE-FREE AND CURL-FREE FACTS

In the following we assume that €2 is a connected, bounded region of R™ with

Lipschitz boundary with n = 2 or 3.
Proposition 8. Let Q be simply-connected. A function f € Lo(Q)" satisfies
Vxf=0

if and only if there exists a function ¢ € H'(Q)" such that f = V¢. Furthermore, if

we require that the average value of ¢ on €1 is zero, then ¢ is unique.
Proof. See [8, Theorem 2.9]. O

Proposition 9. Suppose 90X has p connected components, and denote the connected

components of 0 by T';, 0 < i < p. A vector field v € Ly(Q) satisfies
Veo=0, (v-n,)pr,=0for0<i<p (A.1)
if and only if there exists a vector potential ¢ in H'(Q) such that
v=V X ¢.

Furthermore,

Proof. See [8, Theorem 3.4]. O

Proposition 10. Let €2 be as in Proposition 9 and let v € Ly(Q)) satisfy A.1. Among
the vector potentials satisfying v =V X ¢ and V - ¢ = 0, we can choose ¢ such that

¢-n=0. When Q is simply-connected, such a ¢ is unique.
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Proof. See [8, Theorem 3.5]. O

Proposition 11. Let Q be a bounded open subset of R (n = 2 or 3) with Ckt1!
boundary. Suppose u € Ly(Q)), V x u € H*¥Q), V-u € H*¥Q), and n - ulspq €
H*Y2(0Q). Then u € H*1(Q).

Proof. See [3, Chapter 9] O
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APPENDIX B
VARIOUS PROOFS

Proof of Theorem 4

Proof. We begin by noting that since f € G, satisfies f(f) = ech(&) for some h € Lo,

we have

(Do = 20" [ ||H5J|t|( S e (B.1)

Also, since ¢ is positive definite so is —A¢. Then that fact that it is continuous
and L, integrable puts its Fourier transform is in L;(R™) [30, Corollary 6.12]. This

means that fe Ly for all f € G..y. Indeed, we have

~ 1/2 ~ 12
Rn|fj<s>|dgg(4n H'gﬁ(;(“)dg) ([ etdion)

This allows us to recover f point-wise from its Fourier transform by the inverse Fourier
transform.

We now show that (-,-)g,,,, is an inner product. The linearity and conjugate
symmetry properties are obvious. The fact that g/g is positive along with (B.1) tells
us (f, f)g.,, = 0 implies that f = 0. Thus (-,-)g,,, is positive definite and hence an
inner product.

To show completeness of G, suppose that {f,} is a Cauchy sequence in G,
This means that the sequence {ﬁl(H 2e) Y 2} is Cauchy in Ly, and so it converges

to a function g € Ly. Note that the function g satisfies g4/|| - H%$ € L1 N Ly. Namely,

= (1/2
| oo esae)| de < o 1-183)
and
2
[ |oonienae| a<ta, - 123,
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forall j =1,...,n. Thus
)= m o [ (o0 Ielgae ) ' sas
is well defined, continuous, an element of Ly, and satisfies
- 182 =g e L, (B2)

To conclude that f € G.., we need to show that there is a scalar-valued Lo
function A such that f = eg/f\z(f). Each f, satisfies f,(¢) = echy (&) for some scalar-
valued h,, € Ly. Since the sequence {ﬁ(” : ||%$)*1/2} converges to g in Lo, it follows

that the sequence {hn(H : H%gg)_lﬂ} converges to ef g(&) in Ly. This gives us that

ey = n) " [ (e 1elsae) ) s

is well defined, continuous, an element of Lo, and satisfies h(&)(||¢]26(£))~Y/2 =

et 9(&). Now we have

lg — ecef gllze < llg = fulll - 130) ™ 2llze + 1 £aCll - 130) 71 = echdll - 136) %) I,
= llg = full - 136) ™) lzs + llechn(ll - 136) 712 = ech(ll - 136) ™)l .,

< Nlg = Fall - 136) ™) e + (- 136) 72 = (1 - 136) )12, — 0.
Thus g = ece{ g, which implies that
9(€) = ech(€)(II¢]136(€)) 2.
Putting this together with (B.2) gives us that
(&) = ech(€),

Which means that f is curl-free and f € G.,. Finally, we show that {f,}52, con-
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verges to f in Gey.

1= FlG., = @m) A Falll- 136) 7% = FUL- 136) ™I

= 2m) "l 136) 72 = gllz, — 0

for n — oo. We conclude that G.,,; is complete.

All that is left is to show that ®.,,; is the reproducing kernel of G.,,,;. This follows

from

— — ~

P =) = @r) " [ (Ban(@ee ™) Ban(e)* Tie)i
= n) " [ O (OTan(e) T g
=)y [ () Flee v

= ((en e [ Floenae) = i)

Proof of Theorem 5

First we will need the following Lemma.

Lemma 8. Let g € L1(R"™) such that supp(g) C 2, where Q is a compact subset of

R™. Then there exists a constant ¢ depending only on € such that for all ||£]|2 < 1 we

have

19(8) = 9(0)] < cllgllallgll s - (B.3)

Proof. A quick application of the Mean Value Theorem gives us the estimate |1 —

e~ < ||€|l2)lz]|2. Now we have

/Q g(z) (1 - e—iﬁ”) dz

~lele [ lot@llelade < (sup el ) Ielelole
Q z€S)

9(§) —9(0)] =

< / (@€ llall2llada
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Putting ¢ = sup ||z||> finishes the proof. O
HISY)
Now we can prove Theorem 5.

Proof. Let H™(Q) be defined by
H(Q) = {flo, f € H'(R")},

By Proposition 1, if g € H™(R") then g € H™(R™). Thus glo € H™(Q) and H™(Q) C
H7($2). Also, we have

9/l @) < llgllar@®n) < N9l G- @ny-

For the reverse direction, we must be able to extend every function g € H7(Q2) to
a function @g cH 7(R™). For the norms to be equivalent, this extension needs to be
continuous. We will be able to construct such an extension using the above Lemma
and Stein’s extension.

A useful fact about Stein’s extension operator is that if V' is any neighborhood
of € so that Q is compact in V, then & can be chosen so that the support of any
extended function is contained in V. Since €2 is bounded we can choose V' to be a
large ball. Now fix a point zy so that if f is any function supported in V', then the
supports of f(z) and f(z — xo) do not intersect. For g € H™(2), we define our linear

extension by
Eg(z) == Eg(z) — Eg(x — xy).

By our choices of V and xy we have that Eig|Q = ¢, so ¢ is an extension. It is
linear since € is. To show continuity, instead of the H™ norm we work with the

equivalent norm given in (3.5). Since the support of g is compact and g € Ly(R™),

—

then g € Li(R") and so is €¢. This makes its Fourier transform continuous, so €g(0)

—~

is well-defined. Our construction of ég shows that @g(O) = 0. Now we may use the
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Lemma to get

g2 / g2 / |Egl?
d¢ = d¢ + d§
/R" €113 tel<1 €113 tel>1 €13

&g|2 2 =
§c/ I g||L1l|£|l2d§+/ e
lI€ll2<1 1€115 ll€ll2>1

<cl€glL, + 1 €gll%- zn)

< c||€gll7 ny-

With this and the fact that € is continuous in the H™-norm we get

&
91y = [ L e 1 &g e
e I€I3

< C”QEQHHT(R") = 4C||€g||Fr@n) < OHQHJZLIT(Q)

Thus € is continuous and the result follows. O
Proof of Proposition 2

Proof. Containment in one direction is simple. If f = V x g for some g € H™!, we

get f € H7, it is divergence-free, and

VRO e < - [ KBIGIE,
e e [ g = ol < oo

By Proposition 1, f is in f[gw(]R”). The curl-free case is similar.
To show the reverse direction, suppose that f € H 7o (R™). Using the fact that f

is divergence-free, we get the equality

& x &x J(€) = lI€37(©). (B.-4)

Thus we define g by

5= g (€ F©).
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This function is in H™ . To see this, consider

1113

[ e (L el de < oo

lolfrees = [ TGS (1+ 1) de <

Also, using (B.4), we see that g satisfies V x g = f. This completes the divergence-free
case.

For the curl-free case, f € HT (R™) means there is a function h € H” such that

curl

F(€) = ech(€). We define g by
—i ~

el e

s

To see that ¢ is in H7™+!, consider

7 2
Wl = [ GEP (@t ey ae= [ 1O

- e IS5

(1+[l€l2) ™ de <

Also, it is easily seen that f = Vg. Therefore we get containment both ways, and

the proof is finished. O
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