Chapman University
Chapman University Digital Commons

Mathematics, Physics, and Computer Science Science and Technology Faculty Articles and
Faculty Articles and Research Research
2015

Spectral Theory for Gaussian Processes:
Reproducing Kernels, Random Functions,
Boundaries, and L2-Wavelet Generators With
Fractional Scales

Daniel Alpay
Chapman University, alpay@chapman.edu

Follow this and additional works at: http://digitalcommons.chapman.edu/scs_articles

b Part of the Algebra Commons, Discrete Mathematics and Combinatorics Commons, and the

Other Mathematics Commons

Recommended Citation

D. Alpay and P. Jorgensen. Spectral theory for Gaussian processes: Reproducing kernels, random functions, boundaries, and
L2-wavelet generators with fractional scales. Numerical Functional Analysis and Optimization. 36 (2015), no. 10, 12

This Article is brought to you for free and open access by the Science and Technology Faculty Articles and Research at Chapman University Digital
Commons. It has been accepted for inclusion in Mathematics, Physics, and Computer Science Faculty Articles and Research by an authorized

administrator of Chapman University Digital Commons. For more information, please contact laughtin@chapman.edu.


http://digitalcommons.chapman.edu?utm_source=digitalcommons.chapman.edu%2Fscs_articles%2F445&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.chapman.edu/scs_articles?utm_source=digitalcommons.chapman.edu%2Fscs_articles%2F445&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.chapman.edu/scs_articles?utm_source=digitalcommons.chapman.edu%2Fscs_articles%2F445&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.chapman.edu/science_articles?utm_source=digitalcommons.chapman.edu%2Fscs_articles%2F445&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.chapman.edu/science_articles?utm_source=digitalcommons.chapman.edu%2Fscs_articles%2F445&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.chapman.edu/scs_articles?utm_source=digitalcommons.chapman.edu%2Fscs_articles%2F445&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/175?utm_source=digitalcommons.chapman.edu%2Fscs_articles%2F445&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/178?utm_source=digitalcommons.chapman.edu%2Fscs_articles%2F445&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/185?utm_source=digitalcommons.chapman.edu%2Fscs_articles%2F445&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:laughtin@chapman.edu

Spectral Theory for Gaussian Processes: Reproducing Kernels, Random
Functions, Boundaries, and L2-Wavelet Generators With Fractional Scales

Comments

This is an Accepted Manuscript of an article published in Numerical Functional Analysis and Optimization,
volume 36, issue 10, in 20135, available online: DOI: 10.1080/01630563.2015.1062777. It may differ slightly
from the final version of record.

Copyright
Taylor & Francis

This article is available at Chapman University Digital Commons: http://digitalcommons.chapman.edu/scs_articles/445


http://www.tandfonline.com/10.1080/01630563.2015.1062777
http://digitalcommons.chapman.edu/scs_articles/445?utm_source=digitalcommons.chapman.edu%2Fscs_articles%2F445&utm_medium=PDF&utm_campaign=PDFCoverPages

arXiv:1208.2918v1 [math.FA] 14 Aug 2012

SPECTRAL THEORY FOR GAUSSIAN PROCESSES:
REPRODUCING KERNELS, RANDOM FUNCTIONS,
BOUNDARIES, AND L:-WAVELET GENERATORS
WITH FRACTIONAL SCALES

DANIEL ALPAY AND PALLE JORGENSEN

To the Memory of William B. Arveson

ABSTRACT. A recurrent theme in functional analysis is the inter-
play between the theory of positive definite functions, and their
reproducing kernels, on the one hand, and Gaussian stochastic
processes, on the other. This central theme is motivated by a host
of applications, e.g., in mathematical physics, and in stochastic
differential equations, and their use in financial models. In this pa-
per, we show that, for three classes of cases in the correspondence,
it is possible to obtain explicit formulas which are amenable to
computations of the respective Gaussian stochastic processes. For
achieving this, we first develop two functional analytic tools. They
are: (i) an identification of a universal sample space Q@ where we
may realize the particular Gaussian processes in the correspon-
dence; and (ii) a procedure for discretizing computations in .
The three classes of processes we study are as follows: Processes
associated with: (a) arbitrarily given sigma finite regular measures
on a fixed Borel measure space; (b) with Hilbert spaces of sigma-
functions; and (¢) with systems of self-similar measures arising in
the theory of iterated function systems. Even our results in (a) go
beyond what has been obtained previously, in that earlier studies
have focused on more narrow classes of measures, typically Borel
measures on R™. In our last theorem (section 10), starting with a
non-degenerate positive definite function K on some fixed set T,
we show that there is a choice of a universal sample space (2, which
can be realized as a boundary of (T, K). Its boundary-theoretic
properties are analyzed, and we point out their relevance to the
study of electrical networks on countable infinite graphs.

1991 Mathematics Subject Classification. Primary: 46F20, 60G15 Secondary:
47B15, 60H05, 60H40.

Key words and phrases. Gaussian processes, positive definite functions, Bernoulli
measures, Cuntz-relations, iterated function systems, Sigma-functions, reproduc-
ing kernels, reproducing kernel-Hilbert spaces, direct integral decompositions,
boundary-representations, independence, covariance, wavelets.
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1. INTRODUCTION

We are considering three functional analytic questions arising at the
crossroads of pure and applied probability theory. In different contexts
of non-deterministic analysis, one needs mathematical representations
of the set of all possible outcomes, called the sample space €2, of some
experiment, for example involving random trials. This is easy enough
in simple discrete models, for example in experiment with tossing coins.
The sample space of each trial is the set {head, tail}, and more subtle
models then involve Cartesian products. However in infinite models,
and in most continuous models, a complete description of a sample
space of outcomes and its subsets, events, presents subtle problems. In
Brownian motion models, for example, {2 may conveniently be taken
to be a suitable space of continuous functions, sample paths. Now,
to approach computations, one is faced with the use of simulations
of suitable subsets in §2; e.g., Monte-Carlo simulations. For such ap-
proaches, because of noise, of uncertainties, or limited information, it
is often helpful to pick different mathematical realizations of the set €:
For example, a version of {2 consisting of sample paths defined only on
suitable subsets, as opposed to defined point-wise. This is often good
enough as one is interested in particular functions on §2. Whichever
choice is made, §2 will naturally come equipped with a sigma-algebra,
say %, of subsets, and a probability measure P defined on .%#. The
Z -measurable functions are random variables, and systems of random

variables are stochastic processes. The process is Gaussian if we can
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choose the probability measure P such that the random variables mak-
ing up the process are Gaussian, and in L?(P).

With the use of the corresponding Gaussian densities, and covariance
functions, one then computes quantities from the random variables;
and the question of choice of {2 can then often be avoided. Nonethe-
less, for applications to stochastic integration, one is forced to be more
precise with the choice of {2, and a number of functional analytic tools
are available for the purpose. In the approach to this problem based
on Gelfand-triples (see Section [3]), one may realize () as a space of
Schwartz-tempered distributions. However with this realization of €2,
it is more difficult to make a direct connection to the initial model, and
to set up suitable Monte-Carlo simulations. As a result, there is a need
for discretizations. Several such discretizations will be presented here,
and comparisons will be made.

Our approach, in this general context, relies on our use of Gaussian
Hilbert spaces, and of associated sequences of independent, identically
distributed (i. i. d.) standard Gaussian N (0, 1)-random variables. But
this then further introduces a host of choices, and of these we identify
one which is universal in a sense made precise in Sections [BH7

In this paper, we will focus on Gaussian stochastic processes, but we
also offer applications of our results to certain random functions (Sec-
tion [@) which involve non-Gaussian distributions. Similarly, a host of
simulation approaches involve non-Gaussian choices.

The purpose of the paper is three-fold. First we study (i) a univer-
sal choice of sample space for a family of L? Gaussian noise processes.
While these processes have appeared in one form or the other in prior
literature, the choice of sample spaces has not been studied in a way
that facilitates comparisons. We index these Gaussian noise processes
by the set of regular measures in some fixed measure space (M, %), with
% some given Borel sigma-algebra of subsets in M. Secondly we make
precise (i7) equivalence in this category of Gaussian noise processes,
and we prove a uniqueness theorem, where uniqueness is specified by a
specific measure isomorphism of the respective sample spaces. In our
third result (iii), given a fixed measure space (M, %), we identify a
Hilbert space H , with the property that the Gaussian noise process
indexed by H universal envelope of all the Gaussian noise processes
from (iz). As applications we compute Gaussian noise processes as-

sociated to Cantor measures, and more generally to iterated function
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systems (IFS) measures, and to a family of reproducing kernel Hilbert
spaces (RKHS).

For readers not familiar with Gaussian processes, for the present pur-
pose, the following are helpful: [3] 6, @, 19, 22| 23], 24 [45] [46]; for infi-
nite products and applications, see [34], [49], and [4], [7]. The universal
Hilbert space from (iii) is used in a different context [11], 22l 28] 37, [38].
For a small sample of recent applications, we cite [16] 21, 27] For re-
producing kernel Hilbert spaces, see, for example, |2, [44]. In the way
of presentation, it will be convenient to begin with a quick review of
infinite products, this much inspired by the pioneering paper [34] by
Kakutani.

2. PRELIMINARIES

Below we present a framework of Gaussian Hilbert spaces. These in
turn play a crucial role in the study of positive semi-definite kernels,
and their associated reproducing kernel Hilbert spaces, see Sections [O-
[0 In its most general form, the theory of Gaussian Hilbert spaces
H is somewhat abstract, and it is therefore of interest, for particular
cases of H, to study natural decompositions into cyclic components
in H which arise in applications, and admit computation. Hence we
begin with those processes whose covariance function may be deter-
mined by a fixed measure. Even this simpler case generalizes a host
of Gaussian processes studied earlier with the use of Gelfand triples
built over the standard Hilbert space L?(R¢, dz), with do denoting the
Lebesgue measure, with the use of Laurent Schwartz theory of tem-
pered distributions. Our present framework is not confined to the Eu-
clidean case. Indeed, starting with any measure space M and a Borel
sigma-algebra #, we then show in Section [ that the General Gaussian
Hilbert space (Definition 2:2]) decomposes as an orthogonal sum where
the corresponding cyclic subspaces are those generated by a family of
sigma-finite measures on M. Indeed, in applications to measurement,
in physics, and in statistics, it is often not possible to pin down a vari-
able as a function of points in the underlying space M. As a result,
it has proved useful to study processes indexed by sigma-algebras of
subsets of M.

In our consideration of random variables, of Hilbert spaces, and of
Gaussian stochastic processes, it will be convenient for us to restrict
to the case of real-valued functions and real Hilbert spaces. It will

be helpful to first state the respective results in the real case, and
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then, at the end, when needed, remove the restriction. One instance
when complex Hilbert spaces are needed is the introduction of Fourier
bases, i.e., orthogonal bases consisting of functions ey where A € R and
ex(r) = e or e¥*  However, our setting will be general measure
spaces (M, A, i), where A is a sigma-algebra of measurable subsets
of some set M, and p is a positive measure on M. The restricting

assumption is sigma-finiteness, i.e., there are subsets By, Bs,... of #
such that
(2.1) M = UBj, and pu(B;) < oo, VjeN.

j=1

Definition 2.1. A Gaussian (noise) stochastic process indexed by (M, A, 1)
consists of a probability space (2, F,P): Q is a set (sample space), F is

a sigma-algebra of subsets (events) of 1, and P is a probability measure
defined on F. We assume that, for all A € B such that u(A) < oo,
there is a Gaussian random variable

(2.2) Wa=w{® : Q—R

with zero mean and variance p(A) (that is, Wy ~ N(0, u(A)), the
Gaussian with zero mean and variance p(A)), i.e. for all a,b € RU
{00} with a < b,

{we | a<Wy(w)<b} €7,

and

22
P({a < Wa(w T dy

b
1
J<o= [ e
a \/2mp(A)
w1 e
- e Tdx

sV 2mu(A)

a b
_71((m7 \/m])>

where v, is the standard Gaussian on R.

Definition 2.2. A Gaussian process indezed by a (fixed) Hilbert space
H consists of a probability space (Q, F,P) such that, for all F' € H,
there is a Gaussian random variable W with law N (0, || F||3,) such that
(23) E(WF1WF2) = <F1,F2>7.[, VFl,FQ € H.

It is further assumed that for all {Aj}glzl C A such that 0 < p(A;) <
oo, © = 1,2,...,n, the joint distribution of the family {WAj };L:l I8

Gaussian with zero mean and covariance matriz (u(A; N A;))7 . We
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will assume throughout that dim L?(pu) = oco. The finite dimensional
case is dealt with separately.

Remark 2.3. With the specifications in Definitions [2.1] and [2.3, it is
known that, in each case, such Gaussian processes exist. In the case
of Definition (2.3, when {F;};_, is a system in H, then the random
variables {Wg,}._, have a joint Gaussian distribution corresponding to

the covariance matriz ((F;, Fy)u); ;-

Starting with a measure space (M, %) , we will show in Section [, that
there is a universal Hilbert space H which contains all the stochastic
processes derived from sigma-finite measures p on (M, %). In detail,
given an arbitrary p , we get a Gaussian process W® with y as its
covariance measure; see Definition Il Now, the universal Hilbert
space H over (M, ) will satisfy the conditions in Definition 2.2} and
it will be a Hilbert space of sigma-functions (Definition [.1]). Before
getting to this, we must prepare the ground with some technical tools.
This is the purpose of the next section on infinite products, and discrete
Gelfand-triples.

3. THE PROBABILITY SPACE (€, %5, Q)

The purpose of this section is to show that there is a single infinite-
product measure space such that for every measure space M and fixed
Borel sigma-algebra 4, everyone of the Gaussian processes W #) | where
i is sigma-finite measure on M, may be represented in L? of this
infinite-product measure space. Since the construction must apply to
every sigma-finite measure p, we must adjust the construction so that
it can be adapted to orthonormal bases (ONBs) in each of the cor-
responding L?(u) Hilbert spaces. To do this, we will be introducing
a suitable Gelfand triple (see (3.:2))-(3.3)), realized in sequence spaces,
as opposed to the more traditional setting based instead on L2(R?, dx)
and Schwartz tempered distributions. There is a number of advantages
of this approach, for example we are not singling out any particular
L2(u), and also not a particular choice of ONB.

An initial choice for Qg is 2g = XyR, that is the space of all functions
from N into R, or equivalently, of all real sequences (cy, ¢s, . . .) indexed
by N. Let s be the space of sequences ¢ = (¢;)neny € XyR with the
following property: For every p € N there exists K, < oo such that

(3.1) |6l < KGpj7P Vi eN,

and denote by s’ the dual space of all sequences £ = (;);en of poly-

nomial growth, that is, such that there exists ¢ € N and K, > 0 such
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that
(3.2) |61 < Kqgj?, VieN.
Then (see [23| 25] 43])
scl*cs
is a Gelfand triple, i.e., with the semi-norms defined from (3.1), s be-

comes a Fréchet space, and the embedding from s into ¢? is nuclear
(and s’ denotes the dual of s).

Let .%#s denote the sigma-algebra of subsets in s’ generated by the
cylinder sets as follows: For ¢y, ¢y, ..., ¢, € s and an open set O C R”,
define the cylinder Cyl (cq,...,¢c,, O) by

(3.3) Cyl (c1y...y00,0)={6 €5 | ((§c1),...,{& cn)) € OF.

As the data in (B.3]) varies, we get the cylinder sets in s’ and the cor-
responding sigma-algebra .%.

Further note that the sets in (B.3) generate a system of neighbor-
hoods for the weak*-topology on s’. Moreover, if s is assigned its
Fréchet topology from the semi-norms in (B.1]), then s’ (with its weak™-
topology) is the dual of s.

Lemma 3.1. From Gelfand’s theory we therefore get the existence of
a unique probability measure QQ on (s', Fs) with the property that

(3.4) / €0 (€) = ¢~ HIelB,

where
(3.5) (€)= ct;,
j=

and ||c||3 = 3252, 2. Moreover, (£, ¢) in (B4) and ([B.5) extends from

J=1"J"
s x s’ to (* x s, representing every ¢ € (? as a Gaussian variable on

(s', Zs, Q), with

(3.6) Eq ((-,¢)) =0,
and
(3.7) Eq (()?) = el

Furthermore, the set of coordinate functions on Qs : 8/,

Wj(g):é“j, ] GN,
7



turns into an independent, identically distributed (i.i.d.) system of
N(0,1) standard Gaussian variables, and we get:

i(-c —Le
(3'8) E (ﬂ-jlﬂjz o '7Tjk€Z<7 >) = (—1)k/26j16j2 TGl 2| ”%'
Proof: We begin with the assertion
(39) EQ (7Tj7Tk) = 5]‘,]@, Vi, k € N.
Take first j = k; then,

2

1 _5
Eq (7r]2) = Ner /Rc?e 2dc; =1,
and if j # k we get

1 ek
Eq (mjm) = — // cijcke” 2 dejdcey,
RZ

™

1 2 2
p— xre 2 .4ax
\/27T/R )

Y

2
=0
which proves (3.9).

We now prove the assertion ([3.4]). With (3.5]) we get
(& c) = chﬁj(@, Vé es', and Ve € s.
j=1
We prove (3.4) for ¢ € s, and then extend it to all of /2. We have
/ ¢6dQ(€) = Bq (¢! T am ()

_ H Eq (eiCMk('))
k=1

[e.e]

—_= 6_7
k=1

— o 3liel3

= e 2 2’

which is the desired conclusion.

The proof of ([B.8) follows from an application of (34]) to
(3.10) C+t1€j1+"‘+tk6]‘k, t1, ... Tk € R,

where
(6]')( = 5]‘,@, Vg, € N.
8



is the standard ONB in 2, i.e. é; = m;. Now (3.8) follows if ([B.10) is
substituted into (3.4]), and the partial derivatives a% e % are com-
puted on both sides, and then evaluated at t; = --- = t;, = 0. 0

Lemma 3.2. Let Q) = Xy be the product measure. Then
(3.11) Q) =1 and Q) =0.
Proof: The first claim follows from Minlos’s theorem applied to the

following positive definite function on s

llel®

(3.12) cEs > e .

Indeed, the function (B.I2]) is clearly continuous with respect to the
semi-norms in s; see (B.1).

We need to prove the second claim in (B.I1]), i.e. the assertion that
(* C s’ has Q-measure zero. Assume the contrary, i.e. assume Q(¢?) >
0. Since

lim 7Tj =0
j—o0

point-wise on ¢2, we have

lim [ ¢™@dQ(w) = Q(¢?)

J—=0 Jp2
as an application of Lebesgue’s dominated convergence theorem. On
the other hand,

Eq(e™ ) = ez, VkeN,
and so another application of Lebesgue’s dominated convergence theo-
rem leads to

e = Q() + Q(s'\ 7),

which is a contradiction since the sum should be equal to 1. [l

Theorem 3.3. Let (M, A, 1) be a sigma-finite measure space as spec-
ified in Section [{, and let {<pj}j€N be a choice of orthonormal basis

(ONB) in L2(). Then, the Gaussian process W may be realized in
L?(Qs, %, Q) as follows: For A € B such that 0 < u(A) < oo, set

o

313 PO =3 ([ edi)me. e

j=1
Then, W | defined by [B.13), is a copy of the Gaussian process from
Definition [21.

9



Proof: In view of (8.8), we need only to prove that WIE‘” ) in 3I3) is
a N(0,u(A)) Gaussian variable, and that

(3.14) Eo (W}("W;W) — u(ANB), VA,Be B

But the first assertion follows from

2 (/A ‘Pj(x)dﬂ(x))2 = ||XA||%2(;L) = pu(A),

and we prove (3.14]) as follows:

Eq <<fﬁ ( / soj<x>du<a:>) wj) (2 ( / gok(:c)d,u(gg)) m)) B

Jj=1 J
o0

=3 ([ o) ([ et ) o

k=1
= (X4, XB)L2()
= IU(A N B)a

which is the desired conclusion. O

In the next section, we generalize the expansion formula (3.13]) above.

Corollary 3.4. Let (M, %) be as in Theorem [3.3, let p and X be
two sigma-finite measures defined on it, such that p << X, and let
f € L3(M, 4 ,u). Then, in the representation [B.I3), referring to
L3(s',Q), we have

(3.15) W (“/%) =WW(), Qae.

Proof: Picking an ONB {p;},  in L*(M, 4, 1), we note that then
{goﬂ/g—i} is an ONB in L?(M, ., \). Now use ([3.I3) for the pair

JjeN
10



of ONBs. We get

Wo(f) =

Mg

(@5, Flrzqm;

( [ e @it x
> (f, e g >)
( / \/f <>dx<w>)w

()

We need another construction of a universal space as well, using a
construction of Kakutani [34]. More precisely, consider the space XyR,
and denote by ¢ a running element in this cartesian product. Define for
F(&) = ful&, ..., &), where f, is a measurable and summable function
of n real variables

£F) = [ [ el &

1

<.
Il

WK

<.
Il

WE

<.
Il

WE

<.
Il

I
=

O

where 7, is the product of the densities of n i.i.d. N(0,1) variables.
By Kolmogorov’s theorem [40], there exists a unique probability Q
on [y R such that

/ F(€)dQx(€) = / [ R e E)dE e
R R

N

In fact,
(3.16) Qx =[]
N

on the countably infinite Cartesian product [ [ R, where 7, is the stan-
x2
dard N(0,1) Gaussian on R (with density \/%6_7).

The measure QQx and () have the same characteristic function, and
Qi (s) = 1. So we will in the sequel use both the spaces (s', %, Q)

and (J[yR, Qx).
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4. A HILBERT SPACE OF SIGMA-FUNCTIONS

In spectral theory, in representation theory (see e.g. [11l 38]), and in
the study of infinite products [22], and of iterated function systems
(IF'S) (see e.g. [26]) one is faced with the problem of identifying direct
integral decompositions. Naturally, a given practical problem may not
by itself entail a Hilbert space, and, as a result, one must be built by use
of the inherent geometric features of the problem. In these applications
it has proved useful to build the Hilbert space from a set of equivalence
classes. The starting point will be pairs (f, 1) where p is a measure, and
f is a function, assumed in L*(p). It turns out (see [38]) that the set of
such equivalence classes acquire the structure of a Hilbert space, called
a sigma-Hilbert space. Further we show through applications (Sections
M and @) that these sigma-Hilbert spaces form a versatile tool in the
study of Gaussian processes. These Gaussian processes are indexed by
a choice of a suitable sigma-algebras of subsets of M.

Definition 4.1. Let (M, A) be a fized measure space, and let 4 (M, B)
denote the set of all sigma-finite positive measures on (M, ). For
pairs (fi, p;), i = 1,2, where

(41) Hi Gﬂ(M,%), fz €L2(,UZ),

we introduce the equivalence relation ~ as follows: (fi, 1) ~ (f2, p2)
if and only if there exists A € M (M, B) such that p; << X\ and

dpa dpsz
(4.2) fl\/ﬁ—fz\/ e A a.e.

Here, Cgf\i denote the respective Radon-Nikodym derivatives. For the

measure X\, we may take X = pg + pa.

It is known (see [38]), that (£.2]) indeed defines an equivalence relation
in the set of all pairs as specified in (L1)). If p € #(M,%) and
f € L%(11), we denote the equivalence class of (f, i) by f+/du. Moreover
(see [38]), set

148) Gl i) = [ noney o % wae,

where A is chosen such that p; << A for i = 1,2 (for example, one can
take A =y + p2) and set
(4.4)

d d
fiv/dpa + faA/dpe = equivalence class of (fi4/ % + fay/ %, A).
12




The operations defined in (43]) and (4.4]) are known to respect the
equivalence relation (A.2). The set of all corresponding equivalence
classes becomes a Hilbert space, which we shall denote H = H (M, A).
A separate argument is needed in proving completeness, see [38]: If
(fuv/diin)nen is a Cauchy sequence in H(M, B), there is a pair (f, )
with associated equivalence class f+/dyu such that

Proposition 4.2. The Gaussian processes from Definition 2.1, with
(M, B, 1) given, are special cases of the one from Definition [2.2 if we
take H = L*(u).

Proof: To see this, fix (M, %, jt), and let W# be the associated Gauss-
ian process. Then the map

(4.5) A€ B, (A <o = WWeL}Q,P)
extends to all of L?(u). The extended map, denoted by

(4.6) W (f) = /M f () dw )

and with range in L2(Q, P), is the Ito integral [22]. When f € L?(u) is
a simple function, that is a finite sum of the form

N
(4.7) f=2_axa,

where the a; are real numbers, and the A; belong to £ are such that
A;NA; =0 for i # j, then set

N
(4.8) W) =3 awf.
Using
(4.9) EWWWUW) = (AN B), VA ,Be B,
we get

(4.10) E (| Za p(4) = [ fafduta)

(In the complex case, we use [, |f(2)|*du(x) on the right hand-side of

(@I0)). Since every function f € L?(u) is the limit (in the norm of
13



L?(u)) of a sequence of simple functions, we conclude that the isometry
(410) extends to all of L?(u). Furthermore, by polarization,

(4.11) E(WW(HWH(9)) = (f, 9z V.9 € L ().
O

Lemma 4.3. Consider (M, %) as in Definition [{.1, and let (fi, u;),
i =1,2 be a pair, see (A1)). Then,
(4.12)

(fropn) ~ (forpe) = WWI(f))=W¥(f), Q ae.

Proof: We first assume that (fi, 1) ~ (f2,p2). There exists A €
M (M, B) such that both puy and pg are absolutely continuous with
respect to A and such that (£2) is in force. Then,

(4.13) W (f) = (fl\/dTl>
()

= W<M2)(f2)>

which is the desired identity on the right hand-side of ([AI2]). For the
justification of (LI3), see Section B}, especially Corollary B4l

Conversely, assume that W®(f)) = W#2)(f,) (almost everywhere

with respect to @) for some pairs (f1, 1) and (fa, p2). By the argument
above applied to A = py + o, we get

(4.14) W (m/%) =W <f2\/%) :

Hence, for every ¢ € L*(\) we have

| e ><f1< W o) — oy [ >> ) =
=FEq | WV (p (fl\/@ fg\/%cu)
=0

=0,
14



as follows from (4.I4). Since this holds for all ¢ € L?(\) we conclude

that
[dpy [dps
fl H_fé d>\7 >\a'€'7

that is (flnul) ~ (f27:u2)' U

5. THE FIRST MAIN THEOREM

Starting with a measure space M and a Borel sigma-algebra #, we get
for every sigma-finite measure p on M an associated Gaussian process
W® . Now, for every function f € L?(x), we may therefore compute
an associated Ito-integral of f with respect to this Gaussian process
W) see Proposition @2 We denote this Ito-integral by W (f). We
proved in Section M that, when f and p are given, then the Gaussian
random variable W (f) depends only on the equivalence class of the
pair (f, ). As a result we are able to show (Theorem [5.3)) that all the
Gaussian processes W) merge together (via a sigma-Hilbert space) to
yield a single Gaussian Hilbert space in the sense of Definition

Definition 5.1. Let (M, %) be fized, and let 5 denote the corre-
sponding Hilbert space of sigma-functions; see Definition [{.1.  For
e (M, RB) we set

(5.1) Hip) = { Ve | [ € L2(dp)},

and

(5:2) ) = {FVau | feL2dp), [ < 1pae],
Lemma 5.2. Let p € M(M, B) be fixed. Then the map
(5.3) Tf=fdu

defines an isometrically isomorphic from L2(M, i) onto H(u)

Proof: It follows from Definition [41] that T is isometric. We claim
that it is onto. Indeed, a pair (g,v) is in H () if and only if A = p+v
satisfies

dv du
(5.4) g\/a =f o e A

We claim that
(5.5) T(g,v) = f,



where f is as in (5.4]). Indeed, for all ¢ € L?(u) we have

Ty = | ety F @)

- [ elo)f@ @)
- | e f@inta),

and so T*(g,v) = f as claimed, and T7T* = Idy,). O

Theorem 5.3. Let H be the sigma-Hilbert space of Definition|[4.1]. Let
(M, B) be as in Section[D. Then, the map

(5.6) fVdu —  WW(p),

defined for every p € M (M, B) and f € L?(du), extends to an isome-

try F v+ W(F) from H into L*(Qs, Q). Furthermore, {W(F)} is
Fer
a Gaussian H-process in the sense of Definition[23, i.e.,

(5.7) Eo(W(F)W(F)) = (F\, Fa)y, VF.,Fye .
Proof: Suppose that F; = f;\/du;, i = 1,2. Then, defining
W(F) =W¥(f), i=1.2,

(see (B0), identity (57) holds. Indeed,

Eq (W(F)W(F)) = Eq (W) (f)W ) (£,))
A dpn A) dpi
o (B ()

- [ n@nen) B @ % e
= (I, Fo)x,

where, in the last step, we used (A3]) in the definition of the inner
product in H.

16



We now turn to the linearity of W. For the sum in H we have equation

(Z4). Hence,
dpn dpiz
W(F + F) = (fl\/ o\ + f21/ d)\>
<f1 /dM) (f2 /du2>

— W(F) + W(F).

It remains to prove that W() satisfies the joint Gaussian property
stated in Remark 2.3l We must prove that if F;, = fi\/du;, i =
1,2,...,n, then the joint distribution of

(W(F), W(F),...,W(F,))

is the Gaussian random variable in R"™ with zero mean and covari-
ance matrix ((F}, Fj)n )” .- To see this, pick A\ € .#(M,%) such

that pq, fto, . . ., p, are all absolutely continuous with respect to A (for
instance, A =Y ", f1;). Then, in view of (L3,

63 (B F= [ 5@ @ @)

Eq (W(F)W(E)) = Eq (W (£)W ()

)
<fi\/%, fj\/%)L A

which is equal to the right hand-side of (B.8)), and leads to the desired
conclusion. O

We conclude this section with:

Proposition 5.4. f € H;(p) if and only if f is the correlation function
for two copies of W

Proof: One direction is clear. Let W and W be two correlated
copies of W® and set

v(A) =E (W) (1)}
17



v is a signed measure, defining the correlation between the two copies
of W, By a Cauchy-Schwarz inequality, v is absolutely continuous
with respect to . One then checks that the Radon-Nikodym f belongs
to Hi(u). Conversely, given f € Hy(u), it suffices to define a signed
measure by

mwzﬂﬂmww

to define two correlated copies of W),

6. REPRESENTATION OF W) IN AN ARBITRARY PROBABILITY
SPACE (92,.7, P)

In this section we prove that the infinite-product measure space (The-
orem [3.3)) is universal in the sense that every measure space (Q2,.%, P)
which carries some Gaussian processes W® | i.e., makes W® into an L?
Gaussian process, can be computed directly from the universal infinite-
product measure space. This is spelled out in Theorems in this
section and in Theorem [7T] in the next section.

In the previous section we have established a decomposition of the
Gaussian process W as an expansion in a system of i.i.d. N(0,1)
random variables. As before (M, %, 1) is a given sigma-finite measure
space.

Theorem 6.1. Let W) be represented in a probability space L?(Q, Z#,P),
see Definition (21, and let {¢;}; . be an orthonormal basis in L2(u).
Then, there is a system {Z;}; . of i.i.d. N(0,1) random variables such
that

o0

(6.1) e =3 ([ o) 2,0)

j=1
holds almost everywhere on €2 with respect to P.

Proof: Assume that A € % and 0 < pu(A) < co. We proceed in a
number of steps.

STEP 1: The system {Z;},

(6.2) Z; =WW(p,) = / @;(x)dW"  (as an Tto integral)
M
18



is a family of i.i.d. N(0,1) variables.
To see this, we use the construction in Proposition Indeed,

E(Z;Zy,) = E (W (o)W (1))
= (©), k) La(n)
= 04,k \V/], ke N>

are the desired orthogonality condition. The rest of the assertion is
clear.

STEP 2: We show that the sum on the right-hand-side of (6.2]) con-
verges in the norm of L*(Q, % ,P) and

oo

E (\W/S“) - </A %‘(x)du(fﬁ)) Zj‘2> =E (W) -

=1

[\

A=Y / o3 (2)dp ()|
(A) = [IxallLz

(4) — u(A) = 0.

0

Corollary 6.2. Consider the space (M, A, 1) as in the previous theo-
rem, and let W be represented in some probability space L2(Q, 7, P).
Then, some point xo € M is an atom, i.e. p({xo}) > 0, where {xy} de-
notes the singleton, if and only if the ONB {p;}, yin L2(u) has o(xg)
well defined, the expansion ([62) contains a term

(6.3) p({wo}) Z@({xo})Zj,

19



and

Proof: Functions f € L?(u) are determined only point-wise a.e with
respect to u, but if p({xe}) > 0, the functions f are necessarily well
defined at the point xg, i.e., f(x) is a uniquely defined finite number.
We apply this to the functions ¢; in the L*(1)-ONB from (6.2). Hence,
the contributions to the two sides in ([6.2]) corresponding to A = {zy} €
A are as follows:

(6.5) W () = p({zo}) D ({20} Z
7j=1
Taking norms in L?(Q, .#,P) we get
pl{zo}) = (({mo)? S (9l
7j=1

and the desired conclusion (6.4)) follows. O

Remark 6.3. Some care must be exercised in asssigning the random
variable ng”) to sets A € B with u(A) =0, or u(A) = oco: If u(A) =0,
we may take ng“) to have law the Dirac distribution 6y on R at x = 0.

In view of (6.1)) one may alternatively set ng“) =0 if u(A) = 0.

There are two conventions for dealing with the random variable Xj(f)

when pu(A) = oo. One involves a renormalization, somewhat subtle.
For other purposes, if u(A) = oo, we may simply take the random

variable W{" to have the uniform distribution.

We now explain the connections between the present construction and
the processes we built in [6l 5].

Application 6.4. Let . denote the Schwartz space of smooth func-
tions on R with its Fréchet topology and let i1 be a Borel measure on R
such that [, (th < 0o for some p € Ny (where Ng = NU{0}). Then:
(1) The function F':

Flo)=e —3 Jx 180 du(t)
20



(where @ denotes the Fourier transform of ) is positive definite and
continuous from . into R, in the Fréchet topology. By Minlos’ theo-
rem there exists a uniquely defined probability measure P on the space
S of tempered distributions such that

F(y) =Ep (e“"“o)) :

(i1) Furthermore we showed that there is a Gaussian process on .’
with the Wiener measure such that

F(SO) = EWiener (axf,’”) .
From the results of the present paper, we then get
F(QO) _ EQ (ez’W(u)(@> ’

where Q) is the probability measure defined in Lemma [31], and where
the process WW is constructed in Proposition[{.4 and Theorem [3.3.

In summary, the two Gaussian processes X " (o) and W () have the
same generating function.

As a corollary we have:

Corollary 6.5. Let A = dx denote the Lebesque measure dx on the real
line and the Gaussian processes W () constructed from measures ju
such that p << X include the fractional Brownian motion. We get this
from the choice du(z) = cy|x|*!dx where H € (0,1) and cy is some
appropriate constant.

For some recent work on the fractional Brownian motion, see also [1]
8, 32, 136].

7. THE PROBABILITY SPACE (XyR, .7, Q) IS UNIVERSAL

Suppose a Gaussian processes W is represented in some measure
space (2, %, P), we will then be able to compute the measure P, and
study how it depends on the initial measure x on M. This we do in
Theorem [T.1] below, which also yields a measure-isomorphism connect-
ing P to an infinite-product measure.

In this section we will show that when (M, %, u) is given as above, that
is, is some fixed sigma-finite measure space, then every realization of
the corresponding Gaussian process W factors through (xyR, Qx).
More precisely suppose that W is realized as a Gaussian L2-process

in some probability space (€2, .#,P), then there is a factor-mapping
21



setting up to an isomorphism of the respective Gaussian processes on
(Q,Q,P) and on (XNR, QK)

Theorem 7.1. Let (M, %, 1) be fized, and let the associated process
(see Definition 21l and Theorem[3.3) be realized in L (2, F,P), where
(Q, Z,P) is a probability space. Suppose

(7.1) ﬁza—alg.{Wf(‘“)\Aeﬁ}.

Then, the following assertions hold:
(i) For all A € A with 0 < pu(A) < oo and a,b € R (with a < b) we
have

(7.2) ]P({WGQ | a<W£1“)(w) Sb}) 271<

(e — 1)
Vi(A) Vua) )

where vy, is the standard N (0, 1)-Gaussian.

(13) There is a measure isomorphism

v o Q— XNR
such that
(7.3) PoU~!=Qxg and WOKH o =¥

hold almost everywhere on 0, and where W @) denotes the realization
of W on (xyR, Q) from Section [4)

Proof: Since ng“ ) € L2(Q,.7,P), it follows that every cylinder set
specified as in (7), i.e.,

{a W < b} ,
belongs to .#. since Wf(‘“ ) is a Gaussian variable with law N (0, u(A)),

formula (Z.2)) from () must hold. Now pick an ONB {¢;}, \ in L2(p)
and, following Theorem [3.3], set

Z; = WW(p,), jeN.
Then, {Z;},.y is an i.i.d. N(0,1) family, and (6.2) holds. Now define
v Q — XN]R

by

(7.4) V(w) = (Zj(w))jen -
or equivalently,

(7.5) mjoV=2; VjeN



Applying (Z3)) to the expansion ([6.2)) for W® and for W (@& we see
get

W@KH o — W(”),

that is, the stochastic process W® factors as stated.

Using again (6.2) from Theorem [6.1] we see that
(7.6)

qj({a<W£‘u) gb}) {(fj)]eNe xnR } a<Z§J/A x)dp(x )<b},

and that

where we used (.2]) in the last step of the reasoning. Since % is
generated (as a sigma-algebra)by the cylinder sets, the final assertion
Po U~ = Qg in (i1) follows. We do this by passing from monic sub-

sets {a < ng” ) < b}, to finite functions, and to measurable functions
by inductive limit.

A function F on (2, .%) is said to be finite if there isn € Z, a bounded
R"-Borel function f,, and Ay,..., A, € £ such that

(7.7) F() = fuWE ) W),
23



With F as in (7.7), we then have

- / F W (@), W (w))dP(w)

I//~-~/fn(x1,x2,...,xn)><
H/—/
X 7141 I fVAQ(x2 - xl) YA ( — Tp— 1)df171df172 dl’n

// /fny17y1+y27"'7y1+y2+ +yn)

X Ya, yl)m(y )V (Yn)dyadys - - - dyy
/ fn QKHH e Wf(SK’u))dQK

- / FWE, - WA Qo w)

= EQKO‘I’ (F) .
O

Corollary 7.2. Fiz (M, %, 1) as in Theorems[61 and[71], and denote
by Q5 the set of all finitely additive functions w : B — R. Set

(7.8) Wa(w) = w(A), VAe B,

and let {Z;}, .y be the corresponding i.i.d. N(0,1) system from Theo-
rem[6.1] (The measure P on wg is from (L3)) in Theorem [71} i.e.

PoW = Qy,

where W is given by ([T4), that is, ¥(w) = (Z;(w));cy, Yw € B). For
£=(&)jen €8, and A € B, set

(7.9) M) = 3¢ [ ¢iaduta).
Then
(2) I'(€) € Qg
@ W) =€ Vees,
and
(i) P({w € Oy, | T(¥(w)) =w}) =1
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Proof: The asserted conclusions follow from Theorem and [1.
Note that (i7i) in the Corollary says that

(7.10) oV =Idg,, Pz ae.
where Py is the measure on (4 given by
(7.11) PgroW ™t =Qg.

Now, formula (6. is an identity in L?(Q4,P%). Since
W) =w(d), VweQy,
we get the following Pg-a.e. identity holding on )g4:
2
w(A) =W )

_ (A%@@uoaw

((_F o) (w))(4), VAeA.
This proves (7.10). 0

Corollary 7.3. Let ¥ : Q@ — J[yR be as in ([T), and define
the induced operator A from the bounded Borel function defined on
[ [y R into the bounded Borel function defined on S,

Af = foW.

Then, A is a Markov operator (see [10]), i.e. the following properties
hold:

(1) f>0ae. = Af>0, ae,
(i) A1 =1,

(i) A*1 = 1.

Proof: Note that in (i) and (éi7) the symbol 1 denote the constant
function equal to 1 in the respective measured spaces. Properties (1)
and (i7) are clear. For (7i7) we use the fact that functions of the form

F(g) = fn(glu .- 7£n)

where f, is a bounded Borel function on R™ are L? dense. For such a
function, we want to check that

Eq, (F(1—A™1)) =0,
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or, equivalently,
Ep (A(F)) = Eq,(F).

We have
Ep (A(F)) =E(fu(Z1(),. .-, Zu("))
// /fn 1y Tp) V(21,2 )day - - - dy,
= EQK(F),

where we have used the properties from Theorem [Z.1] for the respective
measures P and Qk, as well as the i.i.d. system (Z;), y from (6.2) in
Theorem O

Corollary 7.4. Let (M, B, 1), Qg and P := Py be as in Corollary
[7.9. Set on B x A

(7.12) K(A,B) = €(M(AOB)_M>.

Then we may define a Fourier transform F — F from L2(Qg, P) onto
the reproducing kernel Hilbert space H(K) with reproducing kernel K

as in (TI12). For F € L*(Q4,P),
(7.13) F(A)=E (F(-)eiWé‘”<'>) . Ac®

Moreover the map F +— F is an isometric 1somorphism between the
two Hilbert spaces.

Proof: We begin with finite sums of the form »._;a;K4;, where the
a; are real, A; € % and |J| < co. Comparing the Hilbert norms we
have

1Y aiKa By = D ajanK (A, Ar)

jeJ J.keJ

_1 _ 2
_ 2 :ajake allxa; —xa;liz,
J.keJ

(“) (u)
Wy —zW
= E a]akIE( )

j,kedJ
Wi o
= | E ae HL?(Q@,P)’
jed
where we have used Theorem B3] (see in particular (3:14])) in the last

step in the computation. This complete the proof of the isometry since
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such finite sums are dense in H(K'). Completing by taking H (K )-norm

closure, we see that the adjoint of the map J(F') = F' is isometric from
H(K) into L?*(Q4,P). Indeed,

(7.14) J (a’Wﬁx’”) = K4 € H(K),
and
(7.15) J(Kq) =W Ac

It remains to prove that
{eiwﬁx’” | Ae %’}
span a dense subspace in L?(Q4,P), and if F' € L?(Q4, P) is such that
(7.16) F(A)=E (FeiWé“)) —0, VAe B,
then F' = 0.

To verify this, we may use the known representation of L?(Q4,P) as
the symmetric Fock space over L?(du); see [20]. We also make use of

Theorem [T1] above. Suppose F' € L?*(Qy,P) satisfies (ZI6). In the
Fock-space representation,

(7.17) F= i F,
n=0

is referring to Wiener chaos expansion of F', that is, the orthogonal de-
composition of F' along the orthogonal sum of all symmetric n-tensors,

asn =0,1,2,..., and with n = 0 referring to the vacuum vector. See
also [11]. Substitution of (7.I7)) into (7.I6)) yields
(7.18)

E(E,W¥x...xwW¥| =0 VAe®, and n=01,...

~~

n times

Using now the Ito-integral from Proposition 1.2 equation (7.I8) may
be rewritten as

//---/Fn(xl,:gz,...,xn)dwggf)dwgg)---degy =0,
AJA A

n times

that is (and where ® denotes the symmetric tensor product),

(7.19) F, L @®xa, VAecHRB
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Since F,, € ®7L*(u) is a symmetric tensor, we conclude from (7.19)
that F,, = 0. This holds for n = 0,1, ... and so by (ZI7), F =0. O

Remark 7.5. The fact that K(A, B) is positive definite on % can be
checked also as follows: The function
1(A) + u(B)

2

1s conditionally negative on A, and therefore the function e
positive definite there. See [12] for the latter.

n(A,B) = —u(ANB) +

—n(A,B) is

8. ITERATED FUNCTION SYSTEMS

The purpose of the present section is to give an application of the
theorems from Sections [ and [1 to iterated function systems (IFS),
see e.g. [26]. Such IFSs arise in geometric measure theory, in har-
monic analysis, and in the study of dynamics of iterated substitutions
with rational functions (on Riemann surfaces); hence the name iter-
ated function system. With an IFS, we have the initial measure space
M and a Borel sigma-algebra %, coming with an additional structure,
a system of measurable endomorphisms. We will be interested in those
measures u on M which satisfy suitable self-similarity properties with
respect to the prescribed endomorphisms in M. For background, see
e.g. [27, 28, 9.

Given a measure space (M, %) as in Section 2], i.e. £ is a fixed Borel
sigma-algebra of subsets of M, by an iterated function system (IFS),
we mean a system of endomorphisms (7;);es

o M — M,

each 7; assumed measurable and the index set I usually finite.

If a family of measures p on A is specified, each 7; is defined a.e..
Typically, M will be a locally compact Hausdorff space, and we assume
that each 7; is continuous. The following restrictions will be placed on
the family (7;);er:

(8.1) n(M)NT(M) =10, Vi,je€l (non-overlapping),

(8.2) UTZ(M) = M, (cover),
iel
and there is a measurable endomorphism R from M into M such that

(8.3) Ror,=1dy, Viel.
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We say that the family {7;},.; is a system of branches of an inverse to
R. This is in particular the case in applications to Riemann surfaces,
where R is typically a rational function.

In view of the following definition, recall that we have defined (u) in
Definition £

Definition 8.1. Let (M, %) be fized, and let F denote the corre-
sponding Hilbert space of sigma-functions; see Definition [{.1], and let
we (MAB). If R : M — M is a measurable endomorphism, we
consider the measure o R7L, i.e.

(8.4) (o R7H)(A) = u(R7H(4)), VAe %,
where

R YA ={re M| R(x) € A}.
We set

(85)  (HoR) () ={(foRWdu| f €L (uoR ™)},

Definition 8.2. Let jp € (M, %), and let {7;},.; be as in (8I)-8.3) in
the previous definition. We say that (p, {7;},c;) is an iterative function
system (IFS) if

(8.6) por t<<pu, Viel.

An IFS is said to be closed if

d(por)
8.7 ——t =1
(8.7) 2=
el
Note that the Radon-Nikodym derivatives in the summation (7.2) are
well defined on account of (8.6]).

Remark 8.3. Special cases of IFS have been widely studied in the
literature; see e.g. [27, 28, 29] B3], 42, 41, [47].

—1
In these examples, the Radon-Nikodym derivatives d(%;i) in (B7) are
constant functions, say

Ao
dp
and ) .., p; = 1, so that in particular p; € (0,1). As further special
cases of this, we have the Cantor measures: For example, let M be the
usual middle third Cantor set, and define two endomorphisms

x T +2
To(z) = 3 and 7 (z) = 5
29
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Then, there is a unique probability measure p supported on M such
that

1 _ _
(8.8) M:§(/LOTOI—|—MOTII).
This is an IFS, and py = p; = %; compare with ([87). The scaling
dimension of 4 is logs(2) = 2.

Lemma 8.4. Let (pu,{7:},c;) is an iterative function system. Then for
each v € I the mapping

(8.9) (f.dp) — (foR,por ")

induces (by passing to equivalence classes) an isometry from H(u) into
(HoR)(ror ).

Proof: In principle there are issues with passing the transformation
onto equivalence classes, but this can be dome via an application of
Lemma [£3l Hence in studying (8.9), the question reduces to checking
instead that the application

(8.10) W () — WEn ) (foR)

is isometric. Indeed,
E(WONP) = [ 15e)Pdu
M
= / (|f oRo ’7‘2(1’)|2) du(x)
M
= [ (¢ o R@P) dio @)
= EQ <|W(MOT;1)(JC © R)‘2) 9
which is the desired conclusion. O

We now turn to representation of the Cuntz relations; see e.g. [13, 14,
29].

Theorem 8.5. Let (i1, {7;},c;) is a closed iterated function system, and
-1

set g; = d(%;i) (see (BE) and [B7)). Then the operators

(8.11) Si(f) = xrnanVei(f e R), i€l

define a representation of the Cuntz algebra Op (with index set I),

acting on the Hilbert space L?(u), i.e. as isometries in L*(u), the
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operators S; from (Il satisfy:
(812) S:SJ == 5i,deL2(u),v7;,j c ],

(8.13) D 8iSr = Idpeg

iel
Proof: Condition (812]) is immediate from the preceding lemma. Now
fix i € I. one checks that the L?(u)-adjoint of the operator in (8IT)) is

(8.14) Sto=gpor, VoeL?(u), Viel.

We are now ready to verify (813), i.e. the second Cuntz relation. In
this computation we make use of (8.17), i.e.

Zgl—l W a.e.

For ¢ € L?(u1), we have:

/\w ) 2dp(z) Z/ko )[2gi(x)dp()

el
=3 [ let@Pdteo ) e)
el
=3 [ leonP @it
i€l
=> / |57 ¢l () dp(x)
el
= (. SiSr )12
i€l
Since this holds for all ¢ € L*(u) the desired formula (813)) has been
verified. O

9. GAUSSIAN VERSUS NON-(GAUSSIAN

In this section we show that the theory, developed above, initially for
Gaussian Hilbert spaces, applies to some non-Gaussian cases; for ex-
ample to those arising in the study of random functions. To make
this point specific, we address such a problem for the special case of a
concrete random power series, studied as a family of infinite Bernoulli
convolutions on the real line. We know, see [40], that every positive
definite function may be realized in a Gaussian Hilbert space. Our re-

sults in Sections are making this precise in some settings dictated
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by applications to stochastic integration.

Definition 9.1. If T is a set, then the function
(9.1) cC . TxT — C

is said to be positive semi-definite (p.s.d) (we will also say positive
definite) if for every finite subset S C T, and every family {as}, g C
C®l, we have

(9.2) > @a,C(s,t) > 0.
(s,t)eSXS

A Gaussian representation of a p.s.d function consists of a Hilbert space
‘H and a function
X: T — H

such that
(9.3) C(s,t) = (X5, Xi)p, Vt,s€T,

such that, for all t € T, X; is a Gaussian random variable with zero
mean, E(X;) = 0, and moreover

(9.4) E(X'X,) = C(s,t).

The following is an important example of a solution to the problem
(@.2)-([@.4), when the Gaussian restriction is relaxed. In its simplest
form, it may be presented as follows:

Proposition 9.2. Let T'= (0,1) and consider the function
C :(0,1)x(0,1) — R*
defined by
Ap
9.5 C(\p) = :
(95) () = 725

There is a solution to the representation problem (Q.3)) in a binary prob-
ability space Q(2) = xn {1} with the infinite coin-tossing probability
product measure

11

23

Proof: We will be making use of facts on Bernoulli convolutions. For
some of the fundamentals in the theory of Bernoulli convolutions, we
refer to [29, 41}, 42]. We consider on €(2) the system {e;}, . of random
variables

q:= xn(

e ((W))jen) = wr, Vk €N.
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Denoting the expectation with respect to ¢ by E,(-) we have
(9.6) E,(ex) =0, and E,(ejer) =0k, Vi, keN.

The system {€ }, oy is therefore i.i.d., but non-Gaussian. For A € (0, 1),
set

(9.7) Xa(w) =) a@, vwe(2).

k=1
Such an expression is called a random power series. Then the distribu-
tion
(9.8) i =qo X5,
(ie. ua(A) = q(X;'(A)) for all Borel subsets A of (2)) is the infinite

Bernoulli convolution measure given by its Fourier transform
(9.9) () = [J cos(2A"¢), VEER.

Equivalently, if 7. (z) = A(z £ 1), the u, is the unique measure defined
on the Borel sigma-algebra % of R by

1
(9.10) mzi(uwﬂ:“rmoil),

see also (RB.8)). Note that for every A € (0,1), p, has compact sup-
port strictly contained in the open interval (—1,1). We now verify the
covariance property

Ap
1—Xp’
In the left hand-side of (@.I1]) we substitute (9.7), and we make use of
the i.i.d. properties ([@.6). Then

k k
(X0 X)) Z)\ _1—7Ap

(9.11) E, (X)X,) = v\, p € (0,1).

O

Theorem 9.3. (Peres-Schlag-Solomyak and Peres-Solomyak, [41],142])
There is a Borel function

D:Ex(-1,1) — R*

2
33



such that the following properties hold for all f € C., ([%, 1) x (-1, 1))

(1) The integral
[ o
[% 71) X(_Ll)

1s well defined, where d\ denotes the standard Lebesque measure re-
stricted to [%, 1),

and

(73) it holds that

//[1 FA, @)dps(z)dA = //l SO\ 2)D(\, z)dzd\.

5,1)x(=1,1) [5,D)x(=1,1)

We first present some corollaries of this result.

Definition 9.4. Set
(9.12)

AC, = {)\ € [%, 1) | the Radon-Nikodym derivative % € L2(d1’)} :

(Note that the existence is part of the definition).

Remark 9.5. The theorem asserts that ACy has Lebesgue measure
equal to 1/2, i.e. py is singular only on a subset of [%, 1) of measure

zero. By a result of Erdos (see [18]), when A = g=' where g = @

is the Golden ratio,, then uy is singular. Otherwise it is absolutely
continuous on a subset in [5,1) of full measure.

Corollary 9.6. For a number \ € [%, 1), the following conditions are
equivalent:
(1) The function

t— Hcos(A”t), teR
n=1
belongs to LA(R, dx).
(i1) We have
o1
lng(l)nf o ([t =rz+2z]) <oo
for a.a. x € R. In this case, we may take

(9.13) D(\, z) = liminf 2iu,\ ([x =, +2]) € L2((—1,1), dx)

0 r
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Corollary 9.7. The points A\ € ACy correspond to a single equivalence
class in the Hilbert space H of Definition [.1. If A1 and Xg belong to
AC,, we have

(9.14) (fi/duny, o/dinsyn = | fi(@) fo(@)v/D(A1, ) D( Ao, 7)da,

where dx 1s the Lebesgque measure.

Proof: Using (0.10)
(9.15)

[ et =5 ([ o0+ 0+ [ o= )it

and a recursive iteration leads to the representation
w0 = [ )
R
(9.16) =By (e7")
= H cos(A"t),

n=1
with the right hand-side of ([@.I6) converging point-wise for all ¢ € R.
If A € AC,, then

d
D\ z) = T2 c12(—1,1) c LA(R),

dx
and substitution into (@.I6) yields

(1) :/e_ith(A,x)dx,
R

and by the L%(R, dx)-Fourier inversion,

D\ x) = / et H cos(\"t)dt
R n=1

for a.a. x € (—1,1). Hence, Plancherel’s equality leads to

1 00
/ |D(\, z)|*dx = / HCOS2()\nt)dt < 00.
-1 R =1

We now turn to ([@I4]). If A\, A2 € ACy, then both uy, and u,, are

absolutely continuous with respect to Lebesgue measure, and by (4.3)
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we get

T ST = [ 160 ey 2 )2 )

_ /_ (&) fo(e) VDO, ) DR, )

O

We showed that, when A is given in AC,, then the corresponding
Bernoulli measure ) satisfies the Bernoulli scaling law. But for A
fixed in ACs, this then turns into a scaling identity for the L? Radon-
Nikodym derivative, a variant of the scaling law studied in wavelet
theory, but so far only for rational values of A. This fact is isolated
in the corollary below. It is of interest since there is very little known
about L? solutions to scaling identity for non-rational values of X. For
the literature on this we cite [13| 14} [I5] 50].

Corollary 9.8. Let (,u,\),\e(()l be the Bernoulli measures. For A €

AC,, let D(A, ) = d“* be the Radon-Nikodym derivative. Extend
D(\ x) tox € R by settmg it to be equal to zero in the complement of
(—=1,1). Then,

Dy(-)=D(\,-) e LL(R /D)\:)s
and
(9.17) Dy(Az) = % (Da(z + 1) + Da(z — 1))

for a.a. x with respect to the Lebesgue measure on R.

Proof: From the definition of ACy we know that the Radon-Nikodym
derivative © — D(\, z) exists, and that D(A,-) € L1 (R) NL*(R). Us-
ing (@.I5)-([@.I6) above, we conclude that [, D(A, z) d:c = 1. O

Remark 9.9. Note that for X = 3, equation (@17) reduces to the
standard scaling identity for the Haar wavelet system in L*(R, dz). In
wavelet theory, the scaling identity is considered for N € Z,, N > 1, as

follows: Given N, one studies solutions ¢ € L*(R,dx) to the scaling-

rule
= Z app(x — k), a.a.x,

where (ay)kez 1S square summable.
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Before giving the proof of Theorem we need preliminary lemmas:

Lemma 9.10.
(2) If X € (0, %), the measure py is singular with respect to Lebesgue
measure, with scaling dimension D, = —%, and the IFS defined by

x = Mz £ 1) is "non-overlapping”.

(i1) If X = %, then py is equal to the Lebesgue measure restricted to
~1,1].

(#1i) For almost all X in [3,1), the measure dpy is absolutely continuous
with respect to dx, with Radon-Nikodym derivative

diy
dx
Proof: The first two assertion are in the literature, and (i) is from
[42]. It is our aim in Theorem @3] to give an independent proof in the
reproducing kernel (@.5) restricted to [%,1) x [3,1); see also Proposition

and equation (@.10). O

() = D(\, z) € L*(—1,1).

Our purpose in connection with Theorem is as follows: The proof of
the result in [42] relies on the following estimate on X, for a subset of
points A € (3,1), defined for measurable functions F on (xy {£1}) x
(xn {%1}), estimating expectations

(9.18) Ejg (1@ X\ —X\®1)F)

where 1 is the constant function 1 on xy {£1}.

One is in particular interested in (9.I8)) in functions F' of the form
(919) F. = X{(w,w') such that |Xy(w)—Xy(w)|<r}>

where r > 0.

For subintervals J of (3, 1) one must find estimate on

/quq(Fr)d)\
J

In accomplishing this, the following three lemmas below are helpful.

Lemma 9.11. Let H be the reproducing kernel Hilbert space from (O.5)),
with X\, p € [3,1), and set

Ap 1
kA(p) - 1 >\p — <k)\7kp>7'l7 V)‘vp € [57 1)
Then the assignment
(9.20) ke —  X,() e L}(xn{£l},q)

37



extends to a Hilbert space isometry of H into L*(xy{£1},q).

Proof: The conclusion follows from the basic axioms of reproducing
kernel Hilbert spaces once we verify that

(9.21) st = [ X)X (w)da(w),
XN{:I:l}
equation (@.3) from the computation
Ap
<k/\= kp>7-t = Y = Eq(XAXp)a

by [@.5). O

Definition 9.12. We denote by H?(D) the Hardy space of the open unit
disk of functions analytic in the open unit disk D = {z € C | |z| < 1}
represented as

(9.22) F2) =) anz", ) an|* < o0,
n=0 n=0

and norm || fll3my = oo lanl?, and set
Hy(D) = {f € H*(D) | f(0) =0}.

Lemma 9.13. The reproducing kernel Hilbert space H from (Q.5) is
isometrically equal to H3(D) via the map

(9.23) kx€H = ka(z)=) A" € HY(D).

n=1

Proof: It is immediate from the definition that the map k), — l;,\ in
([@.23)) extends to an isometry

J:H — HD).

We claim that it is onto: ran (J) = H3(D). Indeed, since J is isometric,
ran J is closed. now, if f € H2(D) & ran J, then

FO) = (f Bz = 0.9A € [5,1).

Since f is analytic in D and [1,1) C D, we conclude that f = 0, and
therefore ran (J) = H2(D) as claimed. O
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We now comment on the use of Lemmas [0.11] and @0.13. About (9.I])
the estimate
22
‘Equ ((1®X>\—X/\®1)F)‘ < WHFHLQ(
follows form the Cauchy-Schwarz inequality, using that

19X, 1 X,®1

qxq)

in L?(q x ¢), and

)\2
I1® Xalltaie = Xl = o5

See Proposition and Lemma [9.17]

As for estimating (@.19), we make use of the Hardy space represen-
tation in Lemma Under the isometry in (@.21)) the difference
| X (w) — Xy ()| with w; = W] for i = 1,2,..., k may be estimated in
the subspace 2*H3(ID),, i.e. functions in H?(ID) vanishing at 0 to order
k4 1.

10. BOUNDARIES OF POSITIVE DEFINITE FUNCTIONS

In this section we apply our results from Sections [3] and [7] into a gen-
eral boundary analysis for an arbitrarily given non-degenerate posi-
tive definition function (Definition [0.1]). While it is known that every
non-degenerate positive definite function admits a Gaussian represen-
tation, our construction here offers such a representation in a form of a
boundary in a sense which naturally generalizes boundaries in classical
analysis, for example generalizing the known boundary analysis for the
Szego kernel of the disk. Again we stress that our starting point now
is an arbitrary fixed non-degenerate positive definite function C', but
Cis on T x T where T may be any set, continuous or discrete. For
example 7" may represent the vertices in some infinite graph, and C'
may be some associated energy form of the graph G, induced by an
electric network of G; see e.g., [17, B1]. A second recent application
of reproducing kernels and their RKHSs, is the theory of (supervised)
learning; see e.g., [35 39, 48]. The problem there is a prediction of
outputs based on observed samples; and for this the kernel enters in
representations of samples.

Among the applications of stochastic processes, the theory of “bound-

aries” is noteworthy. Common to these is the need for representations
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of functions on some set, say 7', as integrals over some measure bound-
ary space arising as a limiting operation derived from the points in the
initial set 7. As example of this is the Hardy space H*(D) (see Defi-
nition [@0.12]), which is the reproducing kernel Hilbert space with kernel
the Szego kernel

1

1 — zw*’

(10.1) C(z,w) = z,w € D.

If (-, )m2(p) is the inner product of H?(ID) we have
(102) ()= (f,Cohw, [EHAD), weD,
In this example we have
I T 1
1—z2w 27 ) 1 —ze 01 —wreid

(10.3)

Now recall that the general case of positive definite functions C' on
an arbitrary set T', as in Definition [9.1] offers a generalization of the
classical theory of the Hardy space recalled above. In this general
case, the aim is to provide a Gaussian measure space associated to an
arbitrary given positive definite function

(10.4) C:TxT — C.

This measure space will be denoted by bdrs(7'), and it should be offer
a direct integral representation for (I0.4) naturally generalizing (I0.3),
where the boundary of D from (I0.3]) is the circle {z € C |, |z| =1}.

Definition 10.1. We say that a positive definite function C' on a set
T is non-degenerate if the following two conditions are satisfied:

(4)

where H(C') is the reproducing kernel Hilbert space associated to C.
(17) The following implication holds:

C(S,tl) = C(S,tg), VseT = t;=1ts.

Theorem 10.2. Let C' : T xT — C be a non-degenerate posi-
tive definite function where T is some fixed set. Let s’ be the sequence
space introduced in Lemma [31] (see equation ([B.2))). Then there is a
weak”-closed subspace bdre(T') C s', a Gaussian measure Pe defined
on the cylinder sigma-algebra in bdro(T), and a Gaussian process X :

(10.5) X; : bdro(T) — C, teT,

such that (i) we have

(10.6) Cls,t) = / X (6) X,(E)dPo(E), Vs,teT,
bdre(T)

40



and, (ii) (bdre(T),Pc, X;) is a minimal solution to (7).

Proof: Let {¢;},.y be an orthonormal basis in H(C'). It is well known

that

(10.7) C(t,s) = i%(tm(s)*, Vt,s €T,
and :

(10.8) Z lp; (1|2 = C(t,t) <

Now define 7 : T — (> C s’ by
(10.9) (1) = (¢i(1)jery, tET.

We claim that 7 is one-to-one, and as result, we may identify points
t € T with their image in s’. Indeed, let ¢;,t, € T and suppose that
7(t1) = 7(t2). Then,

C(t,th) Z‘PJ (p;(t1)) Z‘P] (pj(t2))" = C(t, t2),

and in view of condition (¢7) in DeﬁmtlonEIIEDWe conclude that t; = ts.

Set 7(T) = {7(t) | t € T}, and set cloo(T) its closure in s’. Here,
by closure we mean the weak*-topology in s’ defined by the duality
between s and s’. The neighborhoods for this topology are generated
by the cylinder sets introduced in ([B3]). Finally, set

(10.10) bdre(T') = cloc(T) \ 7(T).
Now, following Lemma [B.1] set for £ € bdro(T)

o

(10.11) X&) =) (gi(t)m(8) = Z@(%(t))*,

j=1

the “random” function associated with the choice {¢;} of ONB in
H(C). Note that if £ in (I0.II) is “deterministic”, i.e., if there is a
s € T such that

(&) =& = ¢;(s), Vi€EN,
then
(10.12) X(€) = Y. @il ) =Clt5), VieT.
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Now, define by P¢ the measure on bdrg(7') induced by @ on ¢/, as in
Theorem [7.1l We get

Er. (X()X.()’ EPC<<Z% )(Zwk w>)

0;(8)p; (t)°

Mg

1

C(t s), Vt,seT,

whence the desired conclusion (I0.6]) in part (i) of the theorem. The
other conclusion (i7) follows form the assignment (I0.I0) in the defini-
tion of bdrg (7). O

<.
Il

Application 10.3. Our boundary construction applies to electrical
networks as follows (see [30] ).

An electrical network is an infinite graph (V,E,c) , V for vertices,
and E for edges, where ¢ is a positive function on E | representing
conductance. As sketched in [30], we get a reproducing kernel Hilbert
space from the energy form of (V,E,c). In [30], the authors propose
one boundary construction, and one can verify that the one from our
present Theorem [10.4 applied to H is a refinement.

Remark 10.4. Our construction of bdre(T') depends on the choice of
ONB in ([I01), but the arguments in the proof in Theorem[10.2 above)
show that two choices of ONB {p;};y and {¢r}ycy yields the same

bdre(T') if and only if there is an infinite unitary matriz (Uj ) xen
such that

(2) 0; = Ujithe,

keN

and the following equivalence holds:

(ZZ) (bj)jeN €s <~ (Cj)jeN € s, with cj = Z Uj,kbk.

keN
In other words, the matriz-operation defined from U preserves the se-
quence space s of ([B1]).

Example 10.5. Consider now the Hardy space H*(D) (see Definition
[973). On may check that, with the choice of the standard ONB in
H*(D)
or(2) =2, keNy:={0}JUN, 2D,
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we get

bdrSzegé = {(eike) kN, | 0 € (—m, W]} ,

which by identification yields (mw, 7], which is consistent with (I0.3)
above.

Example 10.6. (see [4]). Here the pair (C,T) from Definition 101 is
as follows: Consider the rational function R(z) given by

R(z) = 2* —22%, zeC.
Set Ry(z) = z, Ri(2) = R(2) and
R.(z)=(RoRo---0 Rl(z).

-

'

n times
Now set

T =Q = {z € C such that (R,(2))nen, € ('},
(where Ng = NU {0}) and on Q x Q set

C(z,w) = [[(1+ Ru(2) Ru(w)").
n=0
Using the ideas of Exemple and from [4] we note that for this (C, T)
we get that clog(7') is the filled Julia set of R. See also citeMR 1128089
for basic properties of Julia sets derived from fixed rational functions
of a single complex variable.

Definition 10.7. Let (C,T) be as in Definition [I01. Following [48],
we say that C' is a Mercer-kernel if:
(1) T is a compact metric space (with respect to some metric, say d),
and
(17) The function

c :TxT — C

18 continuous with respect to d x d.

Proposition 10.8. If (C,T) is a Mercer kernel, then cloc(T) = 7(T');
in other words T(T') from (I0.9) is closed.

Proof: Let £ € ', and let (t;)ren be a sequence of points of T' such
that limy_,o 7(tx) = &; see the discussion before Lemma B.Il Using
() in Definition [[0.7, we may, without loss of generality, assume that
the sequence (ty)ken is convergent in 7', i.e. limy_,o, d(t, 1) = 0 where
t € T is its limit point.
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Let {¢r},cn be an ONB in H(C), see ([10.7) in the proof of Theorem
M0.2] Then,

I7(t) = 7 (t)II3 = Z [05(t) — i (ta)

= C(t, t) — 2Re C(tk, t) + C(tk, tk),
where we have used ([0.7)-(I0.9) in this computation.
By virtue of Condition (i) in Definition [[0.7, we now note that the
right hand-side in the last term converges to zero as k — oo. But

convergence in % of the sequence (7(t)),cy implies convergence in s'.
We conclude that 7(t) = &, and so 7(7') is closed in s'. O

Example 10.9. Let T =1 = [0, 1] be the closed unit interval, and set
Ct,s)=tANs, t,sel.

Set
\/5 sin kmt k‘ c N
10.13 t): kw7 ’
(10.13) ailt) { , S
Then:
(@) 7(t) = (or(t))pen, satisfies
(10.14) I7(t) = 7(s)|l3 =1t —s|, t,s€[0,1].

(1) The map t — 7(t) is an homeomorphism from I onto a closed
curve starting at vo = (0,0,0,...) and with endpoint v; = (1,0,0,...)
in 2.

(1i1) The curve in (ii) has no self-intersection.

Proof of the claims in Exemple [10.9: The conclusions are imme-
diate from Proposition [[0.8 Indeed, the reproducing kernel Hilbert
space associated to C' is

(10.15) H={feLl*I)| f eL’)and f(0) =0},

and one easily checks that the function system (%) oy, is an orthonor-
mal basis in H. Indeed, for 5,k € N,

1
(0, Ou)u = 2/ cos(jmz) cos(kma)dx = 0, .
0

The assertions follow then from Proposition 0.8l In this example the

Gaussian process from (I0.I1]) associated with (C,I) is the Brownian
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motion. Hence
(10.16) |7 (t) — T(s)||§ =E (|Xt — Xs|2) =lt—s|, t,sel,

which is (i), and also leads to (ii) since 7 is one-to-one and contin-
uous between two compact spaces, and so is an homeomorphism. To
justify (I0.I6) note that the Hilbert norm in H is || f||3, = fol |f'(z)|*dx.

Setting
0, z<0,
Ci(x) =<z, 0<ux<t,
t, t<uw,
we get
1
(€= [ Xoa@xipa @)
0
=tAs
=C(t,s),
and
2 = sin(knt) sin(krs)
C(t,s)—ts%—ﬁ; e .
Finally, if there exist t; and ¢y in (0, 1) such that 7(¢;) = 7(¢2), then
C(t,t1) = C(t,ty) which is not possible unless t; = t,. O
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