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Abstract

In this paper, we review and clarify the construction of a spectral theory for weakly-
stationary processes valued in a separable Hilbert space. We emphasize the link with func-
tional analysis and provide thorough discussions on the different approaches leading to fun-
damental results on representations in the spectral domain. The clearest and most complete
way to view such representations relies on a Gramian isometry between the time domain and
the spectral domain. This theory is particularly useful for modeling functional time series.
In this context, we define time invariant operator-valued linear filters in the spectral domain
and derive results on composition and inversion of such filters. The advantage of a spectral
domain approach over a time domain approach is illustrated through the construction of a
class of functional autoregressive fractionaly integrated moving average processes which ex-
tend the celebrated class of ARFIMA processes that have been widely and successfully used
to model univariate time series. Such functional ARFIMA processes are natural counterparts
to processes defined in the time domain that were previously introduced for modeling long
range dependence in the context of functional time series.

1 Introduction

Functional data analysis has become an active field of research in the recent decades due
to technological advances which makes it possible to store data at very high frequency (and
can be considered as continuous time data i.e. functions) or very complex type of data
which could be represented by abstract mathematical structures, typically Hilbert spaces.
In this framework, we are considering data belonging in a separable Hilbert space which is
often taken as the function space L?([0, 1]) of square-integrable functions on [0, 1]. Naturally,
researchers on the topic have been interested in generalizing multivariate data analysis and
statistical tools to this framework such as inference, estimation, regression, classification or
asymptotic results (see, for example, [32], [15]). As for multivariate data, different tools are
used when the data are considered independent or not. In this paper, we are interested in
functional data with time dependence (functional stochastic processes), that is we observe a
family (X¢)teT of random variables where T is a set of index (mainly Z or R) where for each
t € T, X; is a random variable from a measurable space (2, F) to a separable Hilbert space
Ho (endowed with its Borel o-field). In the following, we add the assumption (and give a
definition) of weak-stationarity. Examples of such processes are functional linear processes
like functional AR or, more generally, functional ARMA processes (see [5, 36, 23]). In the
univariate and multivariate (finite-dimensional) cases, spectral analysis of weakly-stationary
processes has shown many advantages (see e.g. [6]). Such an analysis has been recently
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popularized in [31, 30, 38] for the functional (infinite-dimensional) framework. In particular,
the authors define a spectral representation for weakly stationary functional processes based on
the spectral density operator. Existence of such a density is shown under strong assumptions
on the autocovariance structure of the process (see the discussion in Section 6.3).

The main goals of this paper are twofold : 1) provide a spectral representation for any
weakly stationary processes valued in a general (infinite-dimensional) separable Hilbert space,
thus relaxing the assumptions of [31, 30, 38]. 2) derive easy to use results on the composition
and inversion of shift-invariant linear filters on such processes. The first point is done following
earlier works [21, 27, 20] which generalize multivariate approaches [28, 41, 33]. As far as we
know, the second point has not been as explicitly studied before.

Let us recall the classical spectral representation of univariate weakly stationary time
series, which goes back to [24] (see also [19] for a survey). Let (2, F,P) be a probability space
and denote by L*(Q, F,P) the space of squared integrable C-valued random variables defined
on (92, F,P). This space is a separable Hilbert space when endowed with the inner product
(X,Y)— E [X?], where Y is the conjugate of Y. Throughout the paper, we moreover let
(T, +) be a locally compact Abelian (l.c.a.) group, whose null element is denoted by 0 (see
Appendix B for details).

Definition 1.1 ((Univariate) weakly stationary process). We say that X = (Xi)ier is a
weakly-stationary process if the following assertions hold.

(i) For allt € T, X¢ € L*(, F,P). We say that X is an L* process.

(i) There exists p € C, called the mean of X, such that for all t € T, E[X¢] = p. We
moreover say that X is centered if p = 0.

(i3i) There exists yx : T — C, called the autocovariance function of X, such that for all
t,h € T, Cov (Xt+h,Xt) = ’yx(h).

We moreover assume that
(iv) the autocovariance function yx is continuous on T.

Without loss of meaningful generality, we will only consider centered processes in the
following. Condition (iii) simply says that the covariance of the process is shift invariant
((Xs,X¢) and (Xs4n, Xi4n) have the same covariance for all s,¢,h € T). The continuity
condition (iv) is equivalent to say that X is L2-continuous, and it always holds when T = Z.
As noted in [24, 19], the analysis of centered, weakly-stationary processes if closely linked to
functional analysis and, in particular, to unitary representations.

Definition 1.2 ((Continuous) Unitary representations). Let (T,4) be an l.c.a. group and
T — Ly(Ho)
t — U

(u.r.) of T on Ho if it satisfies the two following assertions.

Ho a Hilbert space. A mapping U : is said to be a unitary representation

(i) For all h € T, Uy, is a unitary operator from Ho to Ho.

(i3) The operator Uy is the identity operator on Ho, that is, Up = Idy,, and, for all s,t € T,
Ustt = UsUy.

We say that U is a continuous unitary representation (c.u.r.) if it moreover satisfies

(i4i) The mapping h — Uy, is continuous on T for the weak operator topology (w.o.t., that is
for allu,v € Ho, b — (Unu,v),, is continuous).

Remark 1.1. Note that a mapping valued in the set of unitary operators is continuous for
the w.o.t. if and only if it is continuous for the strong operator topology (s.o.t., that is for all
u € Ho, h — Unu is continuous). Hence, a c.u.r. is continuous for the s.o.t. as a consequence
of (iii).

Let H be the sub-Hilbert space of centered variables in L?(2, F,P) and X = (X¢)ier € HT
be a centered L? process. Denote by

H* = SpanH (X, t €T)

the sub-Hilbert space generated by {X;,¢t € T}, where the notation SpanH (A) means the
closure in M of Span (A). Let Ui, h € T, denote the shift operators defined on HX by
U Xt = X¢4 for all t € T. The simple remarks made above about Assertions (iii) and (iv) in
Definition 1.1 and Definition 1.2 easily yield the following characterization of weak stationarity.



Lemma 1.1. Let X = (X;)ier be a centered L? process. Then X is weakly stationary if and
only if UX is a cu.r. of T on HX.

Let T denote the dual group of T (the continuous characters defined on T, see Appendix B),
and denote by B(T) its Borel o-field. Under the above assumptions, both yx (as a C-valued
function on T) and X (as an H-valued function on T) admit spectral counterparts, the first
one in the form of a finite non-negative regular measure on (T, B(T)) and the second one in
the form of a countably additive orthogonally scattered (c.a.o.s.) measure on the same space
(see Appendix C.2). More precisely, the following theorem holds.

Theorem 1.2 (Spectral measure and spectral representation of a univariate weakly stationary
process). Let X = (X¢)ter be a centered weakly-stationary process with autocovariance func-
tion yx. Then there exists a unique finite, non-negative, reqular measure vx on (iB(T)),
called the spectral measure of X, such that

v (h) = /T x(B)vx(dx), heT. (L1)

Moreover, there exists a unique H-valued regular c.a.o.s. measure X on (T,B(T)) such that
forallt €T,

X = [ XXy, (12)
T
and the intensity measure ofX is vx, which means that
Cov (X(A), X’(B)) —ux(ANB) for all A, B € B(T). (1.3)

The identity (1.1) is known as Bochner’s theorem. The most commonly used index sets
are T = Z (discrete time) and T = R (continuous time). In the first case, T = Z and
T =T := R/27Z and the identity (1.1) is then known as Herglotz’s theorem.

Note that (1.3) can be rewritten as

E [X(A)m :/nAEdux :

hence as saying that 14 — X (A) is isometric from L*(T,B(T),vx) to H C L*(Q, F,P). It
follows that Relation (1.2) defines the unique isometry I from L2(T,B(T),vx) to H which
maps (x — x(t)) to X; for all t € T. Moreover, this isometry is unitary from L?(T, B(T), vx)
to #X. The former space is called the spectral domain of X and the latter its time domain
and we conclude that the time and spectral domains are isometrically isomorphic. Another
consequence of the isometric property of I is that, for all s,t € T,

B[X.X] = [ XG0y,
T
where we used that, for all x € T, x(s)x(t) = x(s — ), see [34, Eq. (1) and (6)]. This is
exactly (1.1) by setting h = s — ¢. In other words, the results in Theorem 1.2 lead to and are
contained in the fact that L?(T,B(T),vx) and H* are isometrically isomorphic.

Another consequence of this isometrically isomorphic representation is that we are able to
provide a simple definition of linear filtering of weakly-stationary processes in the spectral do-
main using integration tools for c.a.o.s.measures. Let o : T — C measurable and denote by M,
the set of finite, non-negative regular measures v on (T, B(T)) such that a € £*(T, B(T),v)
and by S. the set of centered weakly-stationary processes indexed by T whose spectral mea-
sure is in M. Then, the filter with transfer function « is defined as the mapping

Fo:8oa o> HT
where for all X = (X¢)teT € Sa,

[Fa(X)], = /T xBa() X(dy), teT . (1.4)

This means that Y = F, (X) if and only if Y is weakly stationary and dY = adX. In this case,
it immediately follows that #¥ C #*, and dvy = |o¢|2 dvx. The two following propositions
deal with the composition and the inversion of such linear filters. A more general version of
them will be stated in Section 3.



Proposition 1.3 (Composition of filters). Let a and B be measurable functions from

(T, B(T)) to (C,B(C)),
1. If X € Sa NSap, then Fo(X) € Sp and

FgoFo(X) = Fop(X)
2. If X € Sa NSupNSp, then Fuo(X) € S, Fs(X) € Sa and
Fj 0 Fo(X) = Fa 0 F5(X) = Fag(X)

Proposition 1.4 (Inversion of filters). Let a be a measurable function from (T,B(T)) to
(C,B(C)), X € Sa and Y = Fa(X). If a > 0 vx-a.e. then H = H*X, Y € S0 and
X = Fa(Y).

The advantages of describing objects in the spectral domain rather than in the time domain
are numerous. Obviously, from a general point of view, a spectral measure is a simpler object
than an autocovariance function, and the space L (T, B(T),vx) is easier to describe than HX.
Similarly, shift-invariant linear filtering is much easier to describe in the spectral domain than
in the time domain, in the same way as convolutions of functions of time become pointwise
products through the Fourier transform. Composition and inversion of filters can be easily
treated as just explained. To conclude this reminder, let us briefly sketch the most direct
way to prove Theorem 1.2, following the approach described in [24, 19]. A complete proof is
provided in the more general case of Hilbert valued time series, see Theorem 3.2 and its proof
in Section 5.2.

Proof of Theorem 1.2 (sketch). As we explained previously, the essential point is to build
the unitary mapping between L2 (T7B(T)7ux) and HX. To this end, one can rely on the
unitary representation provided by the shift operators U, h € T, derived in Lemma 1.1.
Then Stone’s theorem gives that there exists a regular measure £X on (T, B(T)), valued in
the space of orthogonal projections on HX, such that for all h € T,

U = /T x(R) X (dx) (1.5)

The mapping
<. B(T) — H
T A o X (A)Xo

is then a regular c.a.o.s. measure on (T, B(T),#) and from (1.5) we get

Xt:UtXXo:/

T

X (@0Xo = [ X0 X0, teT,
T
which is exactly (1.2). Then, by properties of c.a.0.s. measures this relation defines an isometry
and (1.1) comes as a consequence of this result taking for vx the intensity measure of X. O

It is also common to find a proof of Theorem 1.2 where (1.1) is proved first and is used
to prove (1.2) (see e.g. [6]). This is a consequence of the close relationship between the
functional analysis tools used in the proofs and will be discussed in Section 6.1.

Having recalled the classical univariate case, we can now give more details about the
goals of this paper. In the functional case, we consider the space L?(, F, Ho,P) of random
variables X defined on a probability space (2, F,P) and valued in a separable Hilbert space

Ho such that E [||X||§{U} < 400. In this setting, Definition 1.1 is extended as follows.
Definition 1.3 (Functional weakly stationary process). Let (2, F,P) be a probability space,

Ho a separable Hilbert space and (T,+) an l.c.a. group. Then a sequence X := (Xy)ier is
satd to be an Ho-valued, weakly-stationary process if

(i) For allt € T, X, € L*(Q, F,Ho,P).
(i) For allt € T, E[X,] = E[Xo]. We say that X is centered if E[Xo] = 0.
(i3i) For allt,h € T, Cov (X¢thn, Xt) = Cov (Xn, Xo).

(iv) The autocovariance operator function I'x : h — Cov (X, Xo) is weakly continuous i.e.
for all ® € Ly(Ho), h— Tr(PI'x (h)) is continuous.



Given a separable Hilbert space Ho and a centered weakly stationary Ho-valued process
X = (Xi)teT, we want to derive

R1 A spectral version of the covariance structure of X similar to (1.1) :

Cov (Xs, Xy) = / x(s —t)vx(dx), s,teT, (1.6)

T
where vx will be called the spectral operator measure of X.

R2 A spectral representation of X similar to (1.2) :

Xt:/TX(t))A((de P-ae. teT), (1.7)

as well as a description of the isomorphic relationship that this mapping induces.

R3 A practical definition of shift-invariant linear filters, with results for composition and
inversion in the spectral domain.

In [19], the univariate and functional cases are described in a unified setting, by directly
considering (X;)tez as a H-valued sequence, where H = L*(Q, F,P) in the univariate case
and H = L*(Q, F,Ho,P) in the functional case. However, in the second case, as explained
later, H should be seen as a normal Hilbert module rather than just a Hilbert space and this
fact has consequences on the previous points, as suggested in the following remarks.

Remark 1.2. 1) About R1 : Firstly, since the left hand side term of (1.6) is an operator
on Ho and for all x € T and h € T, x(h) € C, the measure vx must be operator-
valued. Since in the univariate case vx is a non-negative measure, we expect it to verify
an analogous property for the functional case that is to be a Positive Operator Valued
Measure (p.o.v.m.).

2) About R2 : In the univariate case, X is a measure valued in L*(Q, F,P) and, as dis-
cussed above, an advantage of the spectral representation (which is the basis of the general
definition of filtering) is to describe linear transformations of the X¢’s in the time domain
HX by integrating functions in the spectral domain L* (T,B(T), vx ) with respect to X.
In the functional case, we naturally expect X to be a measure valued in L? (Q, F, Ho,P)
and the spectral domain to be an L? space related to the spectral operator measure.

3) About R3 : In (1.4), one can interpret the filter Fo in the spectral domain as a multipli-
cation ofX by a scalar a(x) depending on the frequency x. Similarly, in the functional
case we need to investigate how to apply an operator ®(x), say from Ho to Go for all fre-
quency X, inside the integral in the right-hand side of (1.7). Then two crucial questions
arise:

a) In which operator space should be valued the ®(x) ?
b) Which structure can be associated to the mapping ® — fT ddX ¢

Remark 1.3. In Definition 1.3, one could have chosen a weaker notion of continuity for the
autocovariance operator function, such as continuity for the w.o.t. The necessity of weak-
continuity to get R1, R2, R3 will be made clearer in Section 3 and, in Section 6.2, we
will see that, for autocovariance operator functions, weak-continuity is actually equivalent to
continuity for the w.o.t.

The paper is organized as follows. In Section 2 we gather preliminary definitions and
results needed all along the paper. In Section 3 we derive precise statements on the spectral
representation for functional processes. Then, two applications of these results will be provided
in Section 4 to illustrate the advantage of a spectral domain approach over a time domain
approach for extending popular univariate time series to the functional case. Proofs are
postponed in Section 5, additional comments (including discussion on recent approaches) are
made in Section 6 and results on functional analysis and l.c.a. groups are gathered in the
appendices.



2 Preliminaries

2.1 Definitions and notation for operator spaces, measurability
and LP spaces

Here we introduce classical definitions for operators on Hilbert spaces (see e.g. [17] for details)
and integrals of functions with respect to a measure in the case where the function or the
measure is vector-valued (see e.g. [13, Chapter 1] for a nice overview and [12], [11] for a
thorough study). This section also contains most of the notation used throughout the paper.

Let Ho and Go be two separable Hilbert spaces. The inner product and norm, e.g. associ-
ated to Ho, are denoted by (-, ), and ||-[[,,. Let O(Ho, Go) denote the set of linear operators
from Ho to Go whose domain (denoted by D(®)) is a linear subspace of Ho, Ls(Ho,Go) the
set of all Ho — Go continuous operators. We also denote by IC(Ho, Go) the set of all compact
operators in Ly(Ho,Go) and for all p € [1,00), Sp(Ho, Go) the Schatten-p class. The space
Ly(Ho, Go) and the Schatten-p classes are Banach spaces when respectively endowed with the
norms

1/p
@l == sup [|®zllg, and [@[,:=| > o

HQCHHOSl ocsing(®)

where sing(®) is the set of singular values of ®. Following these definitions, we have, for all
1<p<yp

Sp(Ho, Go) C Sp(Ho, Go) C K(Ho,Go) C Lu(Ho, Go) C O(Ho, Go)- (2.1)

The space K(Ho, Go) is endowed with the operator norm and the first three inclusions in (2.1)
are continuous embeddings. If Go = Ho, we omit the Gy in the notations above. As a Banach
space, Ly(Ho,Go) can be endowed with its norm topology but other common topologies are
useful. The two most common ones are the strong and weak topologies (respectively denoted
by s.o.t. and w.o.t.). We say that a sequence (®r)nen € Lo(Ho, QO)N converges to an operator
® € Lp(Ho,Go) for the s.o.t. if for all z € Ho, limp—4oo Prnz = Pz in Gy and for the w.o.t. if
for all z € Ho, for all y € Go, limy,— 4o (@na@y)go = (Pzx, y>g0.

An operator ® € Ly(Ho), is said to be positive if for all z € Ho, (Pz,x), > 0 and we
will use the notations £; (Ho), K1 (Ho), S; (Ho) for positive, positive compact and positive
Schatten-p operators. If & € [,;r (Ho) then there exists a unique operator of [,gL (Ho), denoted

2
by ®'/? which satisfies ® = (@1/2) . If ® is, in addition, compact, then so is ®'/2. For

any ® € Ly(Ho,Go) we denote its adjoint by ®" (which is compact if ® is compact). An
operator of Ly(Ho) is said to be auto-adjoint is it is equal to its adjoint and it is known
that any positive operators is auto-adjoint. If ® € L,(Ho,Go), then ®7d € E;L(Ho) and
®d € £ (Go) (which are compact if ® is compact). We define the absolute value of ® as
the operator || := (®"”®) V2 e L7 (Ho). Moreover, if ® € S1(Ho), Tr(®) will denote its
trace, if ® € Si"(Ho), it is known that Tr(®) = ||®||,. Schatten-1 and Schatten-2 operators
are usually referred to as trace-class and Hilbert-Schmidt operators respectively.

For functions defined on a measurable space (X, X') and valued in a Banach space (E, ||-|| ),
measurability is defined as follows. A function f : X — FE is said to be measurable if it is
the pointwise limit of a sequence of E-valued simple functions, i.e. functions belonging in
the space Span (Laz : A€ X, x € E). When F is separable, this notion is equivalent to the
usual Borel-measurability, i.e. to having f~'(A) € X for all A € B(E), the Borel o-field on
E. We denote by F(X, X, E) (resp. Fp(X, X, E)) the space of measurable (resp. bounded
measurable) functions from X to E. For a non-negative measure p and p € [1, 00|, we denote
by LP(X, X, E, i) the space of functions f € F(X, X, E) such that [ ||f||% du (or p-essup || f|| 5
for p = o0) is finite and by LP(X, X, E, 1) its quotient space with respect to p-a.e. equality,
or, equivalently, with respect to the subspace of functions f such that f = 0 u-a.e., which we
write

LP(X, X, E, 1) :ﬁ”(X7X7E7u)/{f D f=0 p-ae) -

The corresponding norms are denoted by |[fll1ox x 1 .- For p € [1,00),
the space of simple measurable functions with finite-measure support, i.e.
Span (Laz : A€ X, u(A) <o,z €FE), is dense in LP(X, X, E,pu). For f €



Span (Laz : A€ X, u(A) < oo,z € E) with range {ai,---,an}, the integral (often
referred to as the Bochner integral) of the E-valued function f with respect to u is defined by

[ Fu=Y (5 o) € B (2.2)

This integral is extended to L'(X, X, E, 1) by continuity (and thus also to LP if yu is finite).
An E-valued measure is a mapping p : X — E such that for any sequence (An)nen € N
of disjoint sets then p (UnEN An) = > .en M(An) where the series converges in E, that is

p <U An> - iu(z‘ln)

neN

=0.
E

lim
N—+oco

We denote by M(X, X, E) the set of E-valued measures. For such a measure p, the mapping

lleell g = A+ sup {Z (Al : (Ai)ien € X" is a countable partition of A}
ieN

defines a non-negative measure on (X, X) called the variation measure of pu. The notation
|lee|| z will be adapted to the notation chosen for the norm in E (for example if u is a complex
measure we will use |u| and if p is valued in a Schatten-p space we will use ||p||,,). The variation
of a complex-valued measure is always finite and the variation of a non-negative measure is
itself. We will denote by M, (X, X, E) the set of E-valued measures with finite variation. It is
a Banach space when endowed with the norm ||ul|py. 5 = ||l g (X). If € My (X, X, E), then
for a simple function f : X — C with range {a1,...,an}, the integral of f with respect to p
is defined by the same formula as in (2.2) (but this time the a;’s are scalar and the u’s are
E-valued). This definition is extended to L' (X, X, ||u|| ) by continuity.

When X is a locally-compact topological space, a vector measure u € M(X, X, E) is said
to be regular if for all A € X, for all € > 0, there exist a compact set K € X and an open set
U € X with K C A C U such that for all B € X satisfying B C U\ K, ||u(B)||z < e We
denote by M,.(X, X, E) the linear space of such measures. The notion of regularity is extended
to non-finite, non-negative measures by restricting A to be such that pu(A4) < +oco. From the
straightforward inequality ||(A)|| 5 < ||p]lz(A) for all A € X, we get that if p € M,(X, X, E)
has a regular variation, then p is regular. The converse is not always true but holds for
complex measures. An interesting result (see [20, Remark 3.6.2]) is that an E-valued measure
v is regular if and only if for all § € E*, ¢ o v is a regular complex measure.

Finally, we recall another notion of measurability for functions valued in the operator
spaces Ly(Ho, Go) or O(Ho,Go). Namely, a function ® : X — L(Ho, Go) is said to be simply
measurable if for all z € Ho, t — P(t)z is measurable as a Go-valued function. The set of such
functions is denoted by Fy (X, X, Ho,Go). For a function ® : X — O(Ho, Go), adapting [27],
[20, Section 3.4], we will say that ® is O-measurable if it satisfies the two following conditions.

(i) For all z € Ho, {t e X : z € D(®(t))} € X.
(ii) There exist a sequence (Pp)nen valued in Fy (X, X, Ho, Go) such that for all ¢ € X and
x € D(®(t)), Pn(t)x converges to (t)x in Go as n — oo.

We denote by Fo (X, X, Ho, Go) the space of such functions ®. Note that for all Banach space
& which is continuously embedded in Ly (Ho, Go) (e.g. Sp(Ho, Go) for p > 1 or K(Ho, Go)), the
following inclusions hold

F(X,X,&) C Fs (X, X, Ho,Go) C Fo (X, X,Ho,G0) - (2.3)

In this paper we will mainly take £ as the set of trace-class, Hilbert-Schmidt or compact
Ho — Go operators for which measurability and simple measurability are equivalent as stated
in the following lemma.

Lemma 2.1. Let & = K(Ho,Go) or Sp(Ho,Go) where p € {1,2} and Ho,Go are separable
Hilbert spaces. Then a function ® : X — &£ is measurable if and only if it is simply measurable.

Proof. See Section 5.1. O

We also need to consider operator-valued measures for our study, and more particularly
p-o.v.m.’s which are studied in the next section.



2.2 Positive Operator Valued Measures

The notion of Positive Operator Valued Measures is widely used in Quantum Mechanics and
a good study of such measures can be found in [4]. Here we provide useful definitions and
results for our purpose.

Definition 2.1 (Positive Operator Valued Measures). Let (X, X) be a measurable space and
Ho be a separable Hilbert space. A Positive Operator Valued Measure (p.o.v.m.) on (X, X, Ho)
is a mapping v : X — L (Ho) such that for all sequence of disjoint sets (An)nen € X,

v <U An> =Y v(An) (2.4)

neN neN

where the series converges in L (Ho) for the s.o.t.

Due to properties of positive operators, convergence in the w.o.t. would be sufficient in
Definition 2.1, see [4, Proposition 1]. Note that, with this definition, a p.o.v.m. is not a
vector-valued measure in the sense of Section 2.1 since we do not suppose that the series
in (2.4) converges in operator norm. However, this definition is sufficient to derive a useful
characterization which links a p.o.v.m. to a sesquilinear, hermitian, positive semi-definite,
continuous mapping valued in M (X, X).

Definition 2.2. Let (X, X) be a measurable space and Ho be a separable Hilbert space. A
mapping ¢ = Hi — M(X, X) is said to be sesquilinear, hermitian, positive semi-definite,
continuous if for all A € X, the mapping (z,y) — ¢(z,y)(A) is sesquilinear, hermitian,
positive semi-definite, continuous.

The characterization of p.o.v.m.’s then reads as follows (see [4, Theorem 2]).

Proposition 2.2. Let (X, X) be a measurable space and Ho be a separable Hilbert space, then
the following assertions hold.

(i) For all p.o.v.m.v on (X, X, Ho) and all z,y € Ho, the mapping y v : A (V(A)Z,Y) g,
is a complez-valued measure on (X,X). Moreover, the mapping (x,y) +— yva s
sesquilinear, hermitian, positive semi-definite, continuous.

(ii) Conversely, if ¢ : Hg — M(X,X) is a sesquilinear, hermitian, positive semi-definite
bounded mapping, then there exists a unique p.o.v.m. v on (X, X,Ho) such that for all
T,y € HO: ¢($,y) = yHVx‘

This characterization can be used to construct integrals of bounded complex-valued func-
tions with respect to p.o.v.m.’s and we refer to [4, Section 5] for details. When X is a
locally-compact topological space, this also gives a simple notion of regularity for p.o.v.m.’s,
namely a p.o.v.m. v on (X, X, Ho) is said to be regular if for all x,y € Ho, the measure
y"vx is a regular complex measure. We will say that a p.o.v.m. on (X, X, Ho) is trace-class
if it is S1(Ho)-valued. The following lemma states that trace-class p.o.v.m.’s can be seen as
vector-valued measures.

Lemma 2.3. A p.o.v.m. v on (X, X, Ho) is trace-class if and only if v(X) € S1(Ho). In this
case, v is a S1(Ho)-valued measure (in the sense that (2.4) holds in ||-||,-norm) with finite
variation measure ||[v||, : A — ||[v(A)||,. Moreover, regularity of v as a p.o.v.m. is equivalent
to regqularity of v as a S1(Ho)-valued measure which is itself equivalent to reqularity of ||v||,.

Proof. See Section 5.1. O

Thanks to this result, integration of complex-valued functions with respect to a trace-class
p-o.v.m. is possible using the theory of vector-valued measures with finite variation recalled
in Section 2.1. Finally, the following Radon-Nikodym property holds.

Theorem 2.4. Let (X, X) be a measure space, Ho a separable Hilbert space and v a trace-class
p.o.v.m. on (X, X, Ho). Let i1 be a finite non-negative measure on (X, X). Then ||v||; < p (i.e.
for all A€ X, u(A) = 0= ||v||,(A) = 0), if and only if there exists g € L' (X, X,S1(Ho), i)
such that dv = gdu, i.e. for all A€ X,

v(A) = /Agd,u. (2.5)

In this case, g is unique and is called the density of v with respect to i and denoted as g = ¥

dp”
Moreover,



(a) For u-almost every t € X, g(t) € S (Ho).
(b) The density of ||v||, with respect to p is ||g||,. In particular, g = CllrlT’/HngHl'
(©) 1f vl < gy then llgl, < 1 pr-ae., and if s = |, then |igll, = 1 i-a.c.

2.3 Normal Hilbert modules

Modules extend the notion of vector spaces to the case where scalar multiplication is replaced
by a multiplicative operation with elements of a ring. When the ring is a C*-algebra, it
is possible to endow a module with a structure similar to a Hilbert space (see [22]). In
the following we consider the C*-algebra L;(Ho) where Ho is a separable Hilbert space as
presented in [20].

Definition 2.3 (L£y(Ho)-module). Let Ho be a separable Hilbert space. A Ly(Ho)-module is a
commutative group (H,+) such that there exists a multiplicative operation (called the module
action)

Lo(Ho) xH — H

(@, z) — Dex

which satisfies the usual distributive properties : for all ®, ¥ € Ly(Ho), and z,y € H,

Pe(z+y)=Dex+ Doy,
(P+V)ex=Pex+ Vex,
(PV)exz=De (Veux),

Idy, ez = .

Definition 2.4 ((Normal) pre-Hilbert £,(Ho)-module). Let Ho be a separable Hilbert space.
A pre-Hilbert Ly(Ho)-module H is a Ly(Ho)-module endowed with a mapping [-,],, : HxXH —
Lu(Ho) satisfying for all x,y,z € H, and ® € Ly(Ho),

(i) [w,zly € L3 (Ho),
(i) [z, z]y, =0 if and only if x =0,
(iii) [z 4 oy, 2]y = [z, 2]y + Py, 2]5,

(iv) [y, 2]y = [, 9]
If moreover, for all x,y € H, [z,y],, € S1(Ho), we say that [-,-],, is a gramian and that H is
a normal pre-Hilbert L,(Ho)-module.

The mapping [-,],, generalizes the notion of scalar products for L(Ho)-modules and is
often called a Ly(Ho)-valued scalar product. In the following, we only consider normal pre-
Hilbert L;(Ho)-modules even if some notions can be defined when [, ],, is not a gramian.
Note that a L(#Ho)-module is a vector space if we define the scalar-vector multiplication
by ar = (addy,) ez for all @ € C, z € H and that, in the particular case where [, ] is
a gramian, then (-,-) := Tr[,,-] is a scalar product. Hence a normal pre-Hilbert L;(Ho)-
module is also a pre-Hilbert space. If it is complete (for the norm |z|,, = H[m,x]Hm/Q ,
then it is called a normal Hilbert L,(Ho)-module. For normal Hilbert L£(Ho)-modules, the
notions of sub-modules and Ly(Ho)-linear span as well as L£y(Ho)-linear operators, gramian-
isometries, gramian-unitary operators, gramian-orthogonality, gramian-projections come as
natural extensions of their vector space counterparts. For completeness, we provide here the
necessary definitions and refer to chapter II of [20] for a complete study.

Definition 2.5 (Submodules and Ly(Ho)-linear operators). Let Ho be a separable Hilbert
space and H,G two Ly(Ho)-modules. Then a subset of H is called a submodule if it is a
Ly(Ho)-module. An operator T € Ly(H,G) is said to be Ly(Ho)-linear if for all & € Ly(Ho)
and z € H, T(Pex)=De (Tx).

Definition 2.6 (Gramian-isometries). Let Ho be a separable Hilbert space, H,G be two pre-
Hilbert Ly(Ho)-modules and U : H — G a Ly(Ho)-linear operator. Then U is said to be

(i) a gramian-isometry (or gramian-isometric) if for all x,y € H, [Uz, Uylg = [z, Y]y,

(i) gramian-unitary if it is a bijective gramian-isometry.



The space H is said to be gramian-isometrically-embedded in G (denoted H S G) if there

exists a gramian-isometry from H to G. The spaces H and G are said to be gramian-isomorphic
(denoted H = G) if there exists a gramian-unitary operator from H to G.

Definition 2.7 ((Continuous) gramian unitary representations). Let (T, +) be an l.c.a. group,

Ho a Hilbert space and H a normal Hilbert Ly(Ho)-module with gramian [-,-],,. A mapping

U - T — ﬁb(,H)
ot — Ut

is an u.r. of T on H such that for all h € T, Uy, is gramian-unitary. A g.u.r. is continuous,

then called a c.g.u.r., if it is continuous as an u.r.

is said to be a gramian unitary representation (g.u.r.) of T on H if it

For later reference we state a simple extension result for gramian isometric operators.

Proposition 2.5 (Gramian-isometric extension). Let H be a normal pre-Hilbert Ly(Ho)-

module, G a normal Hilbert Ly(Ho)-module. Let (vj)jes and (w;)jes be two sets of vectors

in H and G respectively with J an arbitrary index set. If for alli,j € J, [vi,vjly, = [wi, w;]g

then there ezists a unique gramian-isometry

H
(

S :Span (Pew;,® € Ly(Ho),j€J)—G

such that for all j € J, Sv; = w;. If moreover H is complete then
a——H . a—9 .
S (span (Dov;,® e Ly(Ho),j € J)) — Span’ (® e w;, ® € Ly(Ho),j € J)

We can now state an important result, which generalizes Stone’s theorem to c.g.u.r.’s. We
refer to [20, Proposition 2.5.4] for a proof and Appendix C.1 for the definition of gramian-
projection valued measures.

Theorem 2.6 (Stone’s theorem for modules). Let (T,+) be an l.c.a. group, Ho a Hilbert
T — Ly(H)

t — U

c.g.u.r of T on H. Then there exists a unique regular gramian-projection valued measure & on
(T, B(T)) such that

space, H a normal Hilbert Ly(Ho)-module with gramian [-,-];, and U :

Un = /Tx(h)g(de heT. (2.6)

We conclude this section with some examples of normal Hilbert £y (#o)-modules.
Example 2.1. Let Ho,Go be separable Hilbert spaces.

o Hog is itself a normal Hilbert L,(Ho)-module with module action ® e x = ®x and gramian
[z,yly, =7 ®@y where (x @ y)u = (u,y)y, * for allu € Ho.

e S3(Ho,Go) is a normal Hilbert Ly(Go)-module with module action ® ¢ ¥ = U and
gramian [V, 0]g, 40 60y = v,

e Let (X, X) be a measurable space and p a finite non-negative measure on (X, X). Then
for all normal Hilbert Ly,(Ho)-module H, the space L*(X, X, H, 1) is a normal Ly(Ho)-
Hilbert module for the module action (Pef)(-) = ®e[f(-)] and gramian [f, 9] 2x x 3, =
J1f, gl dn.

Let (Q, F,P) be a probability space, then, combining the first and last examples, we get

that the space M(Q, F,Ho,P) of centered variables in L*(Q, F, Ho,P) is a normal Hilbert

Ly(Ho)-module when endowed with the module action and gramian defined, for all ® €
Lb(Ho), and X,Y € M(Q,}-, 'H07P)7 by

PeX =X and [X,Y]y gz =Cov(X,Y)=E[X®Y].

In the univariate case, the measure X obtained by Theorem 1.2 is valued in the space of
centered L? (2, F, P) variables and is orthogonally scattered. In the functional case, we expect
it to be in M(, F,Ho,P). Since the latter is a normal Hilbert £;(#o)-module, it is natural
to extend the notion of c.a.0.s. measures for such spaces and to expect X to satisfy this new
property. As explained earlier, the extension of orthogonality in a normal Hilbert £y(Ho)-
module is gramian-orthogonality leading naturally to the notion of countably additive gramian-
orthogonally scattered measures that we now introduce.
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2.4 Countably additive gramian orthogonally scattered mea-
sures

This section aims at presenting the generalization of c.a.o0.s. measures to normal Hilbert
modules. Let Ho be a separable Hilbert space, H a normal Hilbert L£,(Ho)-module and
(X, X) a measurable space. Let v be a trace-class p.o.v.m. on (X, X', Ho). A c.a.g.0.s. measure
W on (X,X,H) with intensity operator measure v is a mapping W : X — H such that, for
all A,B € X, [W(A),W(B)],, = v(AN B). In fact, the intensity operator measure v can be
deduced from W as in the following definition.

Definition 2.8 (c.a.g.o.s. measure). Let Ho be a separable Hilbert space, H a normal Hilbert
Ly(Ho)-module and (X, X) a measurable space. We say that W : X — H is a countably
additive gramian-orthogonally scattered measure (c.a.g.0.s. measure) on (X, X, H) if it is a
H-valued measure on (X, X) such that for all A,B € X,

ANB=0= [W(A),W(B), =0.

In this case, the mapping
vw A= [W(A),W(A)],,
is a trace-class p.o.v.m. on (X, X,Ho) called the intensity operator measure of W and we have
that, for all A,B € X,
vw(ANB) = [W(A),W(B)], .

In is straightforward to see that a c.a.g.o.s. measure W is a c.a.0.s. measure with intensity
measure ||vw ||, which, in particular implies that, when X is a locally-compact topological
space, W is regular if and only if ||vw||, is regular. By the known integration theory for
c.a.0.s. measures (see Appendix C.2), it is possible to integrate scalar-valued functions of
L*(X, &, |lvw||,) with respect to W, but this does not make entire use of the module structure
of ‘H and we would like to define an integral satisfying the natural property that for all
® € Ly(Ho), [@LadW = ®W (A). More generally, as explained in Remark 1.2, we want to
define integrals of operator-valued functions with respect to a c.a.g.o.s. measure. By analogy
to the case of c.a.0.s. measures, we therefore need to define a L?-kind of space to integrate
operator-valued functions with respect to a p.o.v.m. In the next section we present and discuss
the construction of such a space and of integration of operator-valued functions with respect
to a c.a.g.0.s. measure.

2.5 Square-integrable bounded-operator-valued functions with
respect to a trace-class p.o.v.m.

Let Ho be a separable Hilbert space, (X, X') a measurable space and v a trace-class p.o.v.m. on
(X, X,Ho). Let Go be another separable Hilbert space and @, ¥ € Ly(Ho, Go), then it is easy
to check that A s ®v(A)T" defines a Sy (Ho)-valued measure. By linearity, such a definition
can be extended to the case where ®, ¥ are simple functions from X to £y(Ho, Go) and it is
then natural to want to provide a meaning to an integral of the type [, ®(t)v(dt)¥(t)" where
D,V e F(X,X,Ly(Ho,Go)) or, more generally, in F, (X, X, Ho, Go). Since v has a density with
respect to any measure ¢ dominating ||v||,, the construction of such integrals is very similar
to the work done in [38] but is more general as discussed in Section 6.3. This approach is a
natural extension of the work done in finite dimension in [33] and is followed in [20, 27].

Definition 2.9. Let Ho, Go be separable Hilbert spaces, (X, X) a measurable space, v a trace-

class p.o.v.m. on (X, X, Ho) with density f = deTVHl' Let ©,¥ € F, (X, X, Ho,Go), then the
pair (®,V) is said to be v-integrable if fI" € L1(X, X,81(Go), |v||,) and in this case we

define
/@dy\y” = /(I)f\I/HdHVHl € S1(%) - (2.7)

If (®,®) is wv-integrable we say that P is square v-integrable and denote by
LAX, X, Ly(Ho,Go),v) the space of square v-integrable functions.

To check that ® is square v-integrable, we can replace |lv||; by an arbitrary dominating
measure 4 (often taken as Lebesgue’s measure, as in [38]), as stated in the following result.
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Proposition 2.7. Let Ho,Go be separable Hilbert spaces, (X,X) a measurable space and v
a trace-class p.o.v.m. on (X, X, Ho). Let p be a finite non-negative measure on (X, X) which
dominates ||v||, and g = g—:. Let @, ¥ € F, (X, X,Ho,Go). Then (®,V) is v-integrable if and
only if ®gUM € L1(X, X,851(Go), 1), and, in this case, we have

/@dy\lf” = /@g\I’H dp . (2.8)
Moreover, we have
® e L3(X, X, Ly(Ho,Go),v) < Bg'/? € L2(X, X, S2(Ho,Go), 1) (2.9)
and, if ®,0 € L*(X, X, Ly,(Ho,Go),v), then (®,¥) is v-integrable and
/<1>dy\IJH = /(<1>g1/2)(xpg1/2)” dp. (2.10)
The equivalence in (2.9) says that Z2(X,X,Ly(Ho,Go),v) is the preimage of
L2(X, X, 82(Ho, Go), 1) by the mapping

Fo (X, X, Ls(Ho,G0)) — F(X, X,82(Ho,Go))
) —  Bgl/?

and (2.10) can be rewritten as
/@dy\lf” - [@g1/27\11g1/2]
L£2(X,X,52(H0,90),1)

where [+, -] 22 x 5, (30,00),0) 1 the pseudo-gramian (in the sense that is satisfies all the con-

ditions of Definition 2.4 except (ii)) defined on £?(X, X, S2(Ho, Go), 1) in Example 2.1. This
pseudo-gramian becomes a gramian on L2 (X, X, S2(Ho,Go), 1) which we recall is obtained by
quotienting £2(X, X, S2(Ho, Go), ) with the u-a.e. equality and this new space is a normal
Hilbert £;(Go)-module. This leads easily to the following proposition.

Proposition 2.8. Let Ho,Go be separable Hilbert spaces, (X,X) a measurable space, v a

trace-class p.o.v.m. on (X, X,Ho) and f = deTUHl Then Z*(X, X, Ly(Ho,Go),v) is a left

Ly (Go)-module with module action
Oed:t—sOB(t), O e Ly(Go),® e L*(X,X,Ly(Ho,Go),v)

and the relation
[® W] 2 (x, 2, (30,G0) ) = /‘I’dV‘I’H O, € L%(X, X, Ls(Ho, Go), V) (211)
is a pseudo-gramian on L*(X, X, Ly(Ho,Go),v) and a gramian on the quotient space

LQ(X7X7£1;('H07QQ)7V) = $2(X7X7£b(H07gO)7V)/{q) . <1)f1/2 =0 HV||1‘a~6-} .

Moreover (L*(X, X, £5(Ho,Go), ¥), [ Tz .2, s 15 @ mormal. pre-Hilbert £(Ho)-

module and, for any finite non-negative measure p dominating ||v||, with density g = g—Z,
{<I> c ®gt? =0 u—a.e.} = {<I> coft =0 ||1/||1—a.e.} , (2.12)

1/2

and the mapping ® — &g is a gramian-isometry from L*(X, X, Ly(Ho,Go),v) to

L*(X, X, S2(Ho, Go), ).

In the multivariate case (i.e. when Ho and Gy have finite dimensions) the completeness
of L2(X, X, Ly(Ho,Go), v) is proven in [33]. However completeness is not guaranteed in the
infinite dimensional case, see [27], where the authors refer to [25] for a counter-example. In
Section 6.4, we complete this line of thoughts by providing a necessary and sufficient condition
for the completeness of L%(X, X, Ly(Ho,Go),v) in the general case. Since the integral of
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operator-valued functions with respect to a c.a.g.0.s. measure is expected to be a gramian-
unitary operator, it must be defined on a complete space. A first option is then to complete
the space L*(X, X, Ly(Ho, Go), ) by taking the equivalence classes of Cauchy sequences such
that two such sequences (U, ) and (V) are in the same class if lim(U,, — V,,) = 0. However, the
completed space is very abstract and hard to describe in an intuitive way. More concretely the
uncompleteness of L*(X, X, Ly(Ho, Go),v) comes from the fact that we restrict ourselves to
Ly(Ho, Go)-valued functions. A more concrete complete extension of L2 (X, X, Ls(Ho, Go), V),
as noticed in [20, Section 3.4] and [27], simply consists in extending this space to include well
chosen O(Ho, Go)-valued functions. We summarize their construction in the following section.

2.6 Square-integrable operator-valued functions with respect
to a trace-class p.o.v.m.

Definition 2.10. Let Ho,Go be two separable Hilbert spaces, v be a trace-class p.o.v.m. on

(X, X, Ho) and [ = dIFTulll' Let ©,¥ € Fo (X, X, Ho,Go), then the pair (P, V) is said to be

v-integrable if the three following assertions hold.
(i) Tm(f'/?) € D(®) and Im(f/?) C D(V) ||v||,-a.e.
(i) <I>f1/2 and ‘~I/f1/2 are S2(Ho, Go)-valued.
(iii) (@fF/2)(VF2)" € L1X, X, S1(Go), Ivl,)-
In this is the case, we define for all A € X,

/A<1>dy\IJH = /A(<1>f1/2)(\11f1/2)H d||v||, € S1(Go) - (2.13)

If (®,®) is v-integrable, then ® is said to be square v-integrable and we denote by
L2(X, X, 0(Ho,Go),v) the set of square v-integrable functions.

Note that, when ® and ¥ are Ly(Ho, Go)-valued, we can write (<I>f1/2)(\llf1/2)H = o fun
because the adjoint of W exists. In the general case the latter exists only when D(V) is
dense in Ho. The left hand side term of (2.13) should therefore be taken only as a shorthand
notation for the right hand side term which makes sense because of (ii). As previously, we
can show that ||v||, can be replaced by any finite non-negative measure p dominating ||v||,
and the following characterization holds.

Proposition 2.9. Let Ho,Go be separable Hilbert spaces, (X, X) a measurable space and v a
trace-class p.o.v.m. on (X,X,Ho). Let p be a finite non-negative measure dominating ||v||,
and g = g_:‘ Let ®,% € Fo (X, X, Ho, Go), then (D, V) is v-integrable if and only if it satisfies
(i’) Tm(g*/?) € D(®) and Im(g*/?) C D(¥) p-a.e.

(i) <I>g1/2 and \I'g1/2 are S2(Ho, Go)-valued.

(iii’) (Rg'/?)(Lg"/*)" € L1(X, X, 81(Go). ).

In this case we have for all A € X,

/@dy\y” :/(@gl/Q)(\I/gl/Q)H dp . (2.14)
A A

Moreover, we have

Im(g*?) C D(®) p-a.e.
& € L2(X, X,0(Ho,Go),v) & mi% ) . (®) p-a.c (2.15)
®g'/? € L2(X, X, S2(Ho,Go), 1)
and, if ®,¥ € fQ(X,X,O(H07go)7V), then (®, ¥) is v-integrable and
od qf”:/ dg' ) (Wg ) dp = |@g'/?, Wg'/? . 2.16
/ Y (2g7)(Fg)" du [ g g LZ(X,X,SZ(HO,QO),H) (2.16)

Similarly as before, we get the following (stronger) result.
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Theorem 2.10. Let Ho, Go be separable Hilbert spaces, (X, X) a measurable space, v a trace-
class p.o.v.m. on (X, X, Ho) and f = =% —. Then L*(X,X,0(Ho,Go),v) is a Ls(Go)-module

dllvlly
with module action

Qed:t—OB(t), O € Ly(Go),®e L*X,X,0(Ho,Go),v)

and the relation

[®, U] = /@dy\p” Ve L*(X, X,0(Ho,Go),v) , (2.17)

L2(X,X,0(Hg.90).v)

is a pseudo-gramian on L*(X, X,O(Ho,Go),v) and a gramian on the quotient space
L2(X, X, O(Ho, Go),v) = $2(X,X70(Ho,go)w)/{¢ L BfY2 = I\Vl\l-a-e-} .

Moreover, (L2(X, X, O(Ho,G0),v), [ 12 x .0 00106010 ) 35 @ normal Hilbert £y(Ho)-module

and, for any finite non-negative measure p dominating ||v||, with density g = g—;, then

{<I> cdgt/?=0 u—a.e.} = {<I> cef? =0 ||1/||1—a.e.} , (2.18)

1/2

and the mapping ® — dg is a gramian unitary operator from L*(X, X, O(Ho,Go),v) to

L*(X, X, S2(Ho, Go), ).
We now have three different kinds of L? spaces for operator-valued functions which are
linked by the easily verified inclusions

L2(X7X7£5(H07g0)7 HVHl) - LQ(X7X7£17(H07QO)7V) - LQ(X7X7O(H07QO)7V) ) (2'19)

where the second inclusion is an isometric embedding and the first one a continuous embed-
ding. More precisely, if ® € L*(X, X, Ly(Ho,Go), V), then

Il 22,2, 24, (310,600, 1) 2 1PNz, 24 (30,600 .0) = 1PN 2x 2,030, 60)0 (2.20)

with the convention that || @] 2x x £, (30,00), 101, = °° if © ¢ LA(X, X, Ly(Ho, Go), |IV|l,)-

We conclude this section by the following theorem stating that L%(X, X, O(Ho,Go), V)
satisfies the usual density properties.

Theorem 2.11. Let Ho,Go be two separable Hilbert spaces, (X,X) a measurable space,
and v a trace-class p.o.v.m. on (X,X,Ho). Then the space L*(X,X,Ly(Ho,Go), |vl,)
is dense in L2(X,X,0(Ho,Go),v). In particular, this implies that the space
Span (t — La(t)® : A€ X, ® € Ly(Ho,Go)) of simple Ly(Ho, Go)-valued functions is dense
in L2(X, X, O(Ho, Go),v) and that, if T is an l.c.a. group and v is a regular p.o.v.m. on

(T, B(T)), the space Span (t = x()® : x eT,® e Ly(Ho, go)) of Ly(Ho, Go)-valued trigono-
metric polynomials is dense in L*(T,B(T), O(Ho, Go), V).

2.7 Integration with respect to a c.a.g.o.s. measure

Now that we have constructed a normal Hilbert module of square-integrable operator-valued
functions with respect to a trace-class p.o.v.m. we can provide a gramian-isometry which
will give a meaning to integrals of operator-valued functions with respect to a c.a.g.o.s. mea-
sure. Let (X, X) be a measurable space, Ho, Go two separable Hilbert spaces, to simplify the
construction we will consider the normal Hilbert £,(Ho)-modules H := M(Q, F, Ho,P) and
normal Hilbert £;(Go)-modules G := M(Q, F, Go,P) where (Q, F,P) is a given probability
space. We restrict ourselves to this special case because it is the one which will be useful for
spectral analysis of functional processes and this avoids technicalities necessary to define the
following integrals for more general ‘H and G.
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Theorem 2.12. Let (X, X) be a measurable space and (2, F,P) a probability space. Let Ho
and Go be two separable Hilbert spaces and set H = M(Q, F, Ho,P) and G = M(Q, F, Go,P).
Let W be a c.a.g.o.s. measure on (X, X, H) with intensity operator measure vy . Then there
exists a unique gramian isometry

2 L2(X, X, 0(Ho,Go), vw) — G
such that, for all A € X and ® € Ls(Ho, Go),
I (14®) = W (A) .
Moreover, Ig}) 18 gramian-unitary from L2(X, X, 0(Ho,Go), vw) to

Spang (PW(A) : Ae X, € L,(Ho,G0))-

Definition 2.11 (Integral and density with respect to a c.a.g.0.s. measure). Under
the assumptions of Theorem 2.12, we use an integral sign to denote Ig[}’(q)) for @ €
L2(X, X, O(Ho,Go), vw ). Namely, we write

/(I)dW = /@(t) W (dt) := I59(®) . (2.21)
1t is easy to show that, for any ® € Ly(Ho, Go), the mapping
VA / O AW = I79(149)
A

s a c.a.g.0.s. measure on (X, X,G) with intensity operator measure vt ;A fA SdrdH .
We say that V has density ® with respect to W and write dV = &AW (or, equivalently,
V(dt) = ®(t)W(dt)). Given ® € Fo (X, X, Ho,Go), we will denote
e by Mg the set of trace-class p.o.v.m. v on (X, X,Ho) such that ® €
L2(X7 X, O(H07 g0)7 V):
o by So the set of c.a.g.0.s. measures on (X, X, H) whose intensity operator measure is in
Mg,
e and by Fy the mapping which maps any c.a.g.o.s. measure W & Sa to the €.a.9.0.8.
measure with density ® with respect to W.

As for c.a.0.s. measures we show the converse property deriving a c.a.g.0.s. measure from
a gramian isometry.

Theorem 2.13. Let (X, X) be a measurable space and (Q, F,P) a probability space. Let Ho be
separable Hilbert spaces, H = M(Q, F, Ho,P) and v a trace-class p.o.v.m. on (X, X, Ho). Then
for any gramian-isometry w : L>(X, X, O(Ho),v) — H, there exists a unique c.a.g.o.s. measure
W on (X, X,H) with intensity operator measure v such that for all ® € L*(X, X, O(Ho),v),

w(®) = /@dwl (2.22)

3 Functional weakly-stationary processes in the
spectral domain

Now, we have all the tools to derive spectral analysis for functional weakly-stationary pro-
cesses. We follow Section 4.2 of [20] and then study linear filtering based on the spectral
representation thereby constructed.

3.1 Spectral representation of a centered weakly-stationary -
valued process and definition of linear filtering
Let (2, F,P) be a probability space, Ho a separable Hilbert space and H = M(Q, F, Ho, P).

Let X = (X¢)ter € HT be a centered, weakly-stationary, Ho-valued process indexed by an
l.c.a. group (T,+). By analogy to the univariate case, and taking into account the module
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structure of H, let us define the modular time domain of X as the submodule of H generated
by the X.’s, that is
HY = SpanH (PX: : ® € Ly(Ho), t€T) .

Similarly, given another separable Hilbert space Go, we define
w90 = Spang (PX: : @€ Ly(Ho,G0),t€T)

which is a submodule of G := M(Q, F,Go,P). For all h € T, define (using Proposition 2.5)
the shift operator of lag h as the unique gramian-unitary operator Ui : HX — H*X which
maps X; to X¢yp for all £ € T. As in the univariate case (see Lemma 1.1), weak stationarity
is characterized by the representation properties of UX seen in Definition 2.7.

Lemma 3.1. Let X = (Xt)ter be a centered L? Ho-valued process. Then X is weakly
stationary if and only if U~ is a c.g.w.r. of T on HX.

In particular (see also Remark 1.3), continuity of U X is equivalent to weak-continuity of

I'x from Definition 1.3 (see [20, Proposition 2.5.2]). The following theorem (analogous to [20,
Theorem 4.2.2, Theorem 4.2.4]) gives R1, R2.
Theorem 3.2. Let (Q, F,P) be a probability space and (T,+) an l.c.a. group. Let Ho be a
separable Hilbert space and set H = M(Q, F,Ho,P). Let X := (X;)ier € HT. Then X is
weakly stationary if and only if there exists a regular c.a.g.o.s. measure X on (T,B(T),H)
such that

Xt:/X(t) X(dx) forall teT. (3.1)

In this case, X is uniquely determined by (3.1) and is called the spectral representation of X.
The intensity operator measure vx of X is called the spectral operator measure of X. It is a
regular trace-class p.o.v.m. on (T,B(T),Ho) and is the unique regular p.o.v.m. satisfying

I'x(h) = /TX(t) vx(dx) forall heT. (3.2)

Note that, like for Bochner’s theorem in the univariate case, Relation (3.2) can be obtained
without using stochastic processes and this result can also be used to derive spectral analysis
for weakly-stationary stochastic processes. This will be discussed in Section 6. With these
results, we can now define linear filtering for functional weakly stationary processes in the
spectral domain. First, we characterize integration with respect to X by the following result.

Corollary 3.3. Let (Q, F,P) be a probability space and (T,+) an l.c.a. group. Let Ho be a
separable Hilbert space and set H = M(Q, F,Ho,P). Let X := (X¢)teT be a centered, weakly
stationary, Ho-valued process with spectral representation X and spectral operator measure
vx. Then for any separable Hilbert space Go, the mapping ¥ +— [ ¥ dX is the unique gramaian

isometry from L2(T,B(T), O(Ho,Go),vx) to G = M(Q,G,Go,P) such that
/ x(t)® X(dx) = ®X, forall teT and & € Ly(Ho,Go) -
T

This mapping is, in addition, gramian-unitary from L2(T, B(T), O(Ho,Go),vx) to HX% . In
particular, we have that Spang (@X(A) : Ae B(T),® e Ly(Ho, go)) = HX90,

Denote by §#, the function which maps a centered weakly stationary Ho-valued process
X indexed by T to its spectral representation X valued in the space of regular c.a.g.o.s.

measures on (T, B(T),H). Then, by Theorem 3.2, F, is bijective and we can define linear
filtering using the notions introduced in Definition 2.11 for c.a.g.o.s. measures.

Definition 3.1. Let (Q,F,P) be a probability space, Ho,Go separable Hilbert spaces and
(T,4) an l.c.a. group. Call H = M(Q, F,Ho,P) and G = M(Q,F,Go,P). For & €

Fo (T7B(T)7Ho,go) we denote by S the set of centered weakly-stationary Ho-valued pro-
cesses indexed by T whose spectral operator measure is in Mo (or equivalently So =
S;L(l) <S‘q>)) We define the filter Fo with transfer operator function ® as the operator de-
fined on Se by Fs = 3;01 oFpo (F1,)- In other words, for all X € So, Y = Fo(X) is the
Go-valued weakly stationary process satisfying dY = &dX, that is, for allt € T,

Y, = /T X(BB(0) X (dy) - (3.3)
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In order to compose filters defined this way, we now need to explain how to compose
mappings of the form F4, which is closely linked to composition of square-integrable operator-
valued functions with respect to trace-class p.o.v.m. In the next section we explain how this
is done and conclude giving results on composition and inversion of filters.

3.2 Composition and inversion of linear filters

Let Ho, Go, Zo be separable Hilbert spaces and v a trace-class p.o.v.m. on (X, X, Ho). Let
P e L2(X7 X,0(Ho, Go),v), then oot A fA ddrd" is a trace-class p.o.v.m. on (X, X,Go)
and the space L%(X, X', O(Ho, Zo), Pv®") is characterized by the following theorem.

Theorem 3.4. Let (X, X) be a measurable space, Ho, Go, Zo separable Hilbert spaces and v a
trace-class p.o.v.m. on (X, X, Ho). Let ® € L*(X, X, O(Ho,Go),v) and ¥ € Fo (X, X, Go, To).
Then

U € 27X, X,0(G0, To), drd") & Wb € £*(X, X, 0(Ho,To),v) - (3.4)
Moreover, the following assertions hold.

(a) For all ¥,0 € L*(X,X,0(Go,To), drd),
(Td)v(0d)" = v(evad)e" .

(b) The mapping W — Ud is a well defined gramian-isometry  from
L2(X, X, O(Go, Zo), Pvd™) to L*(X, X, O(Ho, Lo), ).

(c) Suppose moreover that ® is injective ||v||,-a.e., then we have that
d' e (T, B(T), 0(Go, Ho), dvd") |

where we define ®71()\) = ((I)()\)"D(é(/\))—ﬂm(é(/\)))71 with domain Im(®(N)) for all
X € {® is injective} and 71 (\) = 0 otherwise.

The following corollaries are obtained from this theorem and allow us to deal with the
composition and inversion of filters.

Corollary 3.5. Let (X, X) be a measurable space and (Q, F,P) be a probability space. Let
Ho, Go be separable Hilbert spaces and ® € Fo (X, X, Ho,Go). Let W € So and V = Fo(W),
then for all separable Hilbert space Ty, denoting by T = M(Q, F,Zo,P), we have

Span” (UV(A) : A€ X, ¥ € £4(Go,To)) S Span. (UW(A) : A€ X, U € L4(Ho,To)) -
(3.5)
Corollary 3.6 (Composition of filters). Let (X, X) be a measurable space, Ho, Go, o separqble
Hilbert spaces and ® € Fo (X, X, Ho,Go), ¥ € Fo (X, X,G0,Z0). Let W € S, then W € Sva
if and only if Fo (W) € Sy and in this case

Fy o Fs(W) = Fya(W). (3.6)

Remark 3.1. The identity (3.6) can be reformulated with integrals as follows. If dV = &dW
(i.e. V = Fs(W)) then for all ¥ € L*(X, X, 0(Go,Z0),vv) and A € X,

/A\IJdV:/A\I/<I>dW. (3.7)

Corollary 3.7 (Inversion of filters). Let (X, X) be a measurable space and (Q, F,P) be a
probability space. Let Ho,Go be separable Hilbert spaces and set H = M(Q, F,Ho,P) and
G = M(Q,F,Go,P). Let W be a c.a.g.0.s. measure on (X,X,H) with intensity operator
measure vw and ® € L*(X,X,0(Ho,Go),vw). Suppose that ® is injective ||vw||,-a.e. and
let V.= Fs(W). Then W = Fy—1(V) and the S in Equation (3.5) becomes a = .

Remark 3.2. These corollaries have time domain counterparts. Namely, if X is a cen-
tered weakly stationary Ho-valued process indeved by an l.c.a. group (T,4) and @ €
Z3(T,B(T), O(Ho,Go),vx). Then, callingY = Fo(X), we get that H T S HXT0 for
all separable Hilbert space Zo. Moreover, if ¥ € Fo <T7 [3’(T)7 QO,IO), then X € Swo if and
only if Y € Sy and in this case Fy(Y) = Fye(X). Finally, if ® is injective ||vx||,-a.e., then
X = Fp-1(Y) and HVTo = H¥7o,
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4 Applications to functional time series

In the following applications we consider discrete time processes, that is T = Z and T= T,
valued in a separable Hilbert space Ho.

4.1 Functional ARMA processes

Let p be a positive integer and consider the p-order linear recursive equation

p
V=) AYixte, teL, (4.1)

k=1
where € = (et)iez is a centered weakly stationary process valued in Ho and Aq,..., A, €

Ly(Ho). If € is a white noise (that is, it admits a constant spectral density operator), then
Equation (4.1) is called a (functional) auto-regressive process of order p (AR(p)) equation. If
€ can be written for some positive integer g as

q
Et:Zt+ZB]€Zt—]€7 tevr,

k=1

where Z = (Z¢)tez is a centered white noise valued in Ho and By, ..., Bp € Ly(Ho), then € is
called a (functional) moving average process of order ¢ (MA(q)) and Eq. (4.1) is called a (func-
tional) auto-regressive moving average process of order (p,q) (ARMA(p, q)) equation. Weakly
stationary solutions of AR(p) or ARMA(p, q) equations are called AR(p) or ARMA(p, q) pro-
cesses.

The existence of a weakly stationary solution to Eq. (4.1) occurs under the assumption
that

P
Q(z) =Idy, — ZAkzk is invertible in £,(Ho) for all z € C such that |z| = 1. (4.2)
k=1

It is usually proven by using an explicit expansion of the form (see [36, Corollary 2.2] for the
Banach space valued case and the references in the proof)

Yi=> trer, LEL, (4.3)

kEZ

where (Yr)rez € Lo(Ho) and the series Zkel 1y, converges absolutely in £y (Ho).

Now, note that (4.2) implies that ®~! € Ty (T, B(T), Ly(Ho))) with &(\) = Q(e™**) for
all A € R. Thus, Corollary 3.6 immediately gives that Y = Fg-1(€) is a solution of (4.1)
and Corollary 3.7 that it is the unique one which is weakly stationary. Then the representa-
tion (4.3) holds as an immediate consequence of the fact that z + Q~!(2) is homomorhic on
a ring containing the unit circle, so that

2N = Qe = Y e,

keZ

where (¢r)rez has exponential decay at oo.

4.2 Functional long-memory processes

Processes with long-memory have a non-summable autocovariance function and therefore
do not satisfy the assumptions of [31, 30, 38]. However, in the univariate case, spectral
analysis is widely used for such processes and the goal of this section is to show how the more
general spectral theory presented in Section 3 can by used to define long-memory for processes
valued in a separable Hilbert space Ho. Results on long-memory Ho-valued processes have
been derived recently using a time domain definition, namely X; = :;X(’)(k + 1) Ney
where (€;)¢ez is a white noise in M(Q, F, Ho,P) and N € L,(Ho) is a normal operator. We
refer to [14] and the references therein for details. In particular, existence of the process
X = (Xi)iez (ie. the L? convergence of the series) is shown, under assumptions on N
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and (€ )iez, in [14, Lemma A.1]. In this section, we define, under the same assumptions,
a long-memory Ho-valued process from its spectral representation by naturally extending
the celebrated (univariate) autoregressive fractionaly integrated moving average (ARFIMA)
models, and explain how it is related to the process X defined above. For later use, we recall
that (see [9, Theorem 9.4.6, Proposition 9.4.7]), if N € L,(Ho) is normal, then there exists a
o-finite measure space (X, X, u) and a function d € L (X, X,,u), such that N has a singular
values decomposition of the type UNUY = M, where U : Ho — L? (X, X, p) is unitary and My
is the multiplicative operator on L*(X, X, 1) associated to d, that is My : f — (s + d(s)f(s)).
In the following, we will also denote the open and closed unit discs by D:= {z € C : |z| < 1}
and D = {z€C : |z| <1} and we use the notation (1 — z)* for some A € L,(Ho) and
z € D\ {1}. This must be understood as

(1—2)" = exp(Aln(1 — 2)) — (Aln(1 — 2))",
k=0
where In denotes the principal complex logarithm, so that z — In(1 — z) is holomorphic
on C\ [1,00). Finally, if Y : Q — L*(X,X,pu) is a random variable, we make the implicit
assumption that (w,s) — Y (w)(s) is measurable from (Q x X, F ® X) to (C,B(C)) and we
define for all s € X, Y(s) : w+— Y (w)(s).

Proposition 4.1. Let Ho be a separable Hilbert space, N € Ly(Ho) be a normal operator
with singular values decomposition UNU" = My as above. Let h : s — R(d(s)) and

T — ﬁb(HO)

D : PN (1ieii)\)N—Id

Let € := (et)tez be a white noise in M(Q, F,Ho,P) and o3 : s — E [|(er)(s)|2]. Suppose
that

1 _ob(s)
h > 5 H-a-e. and /x Sh(s) -1 p(ds) < +oo . (4.4)

Then € € Ss and, if Fs(e), there exists C € Ly(Ho) and (Ap)ken € Lp(Ho)Y with
> k>0 1Akl < 400 such that for all t € Z,

oo

[Fa (o)), :/Tei’\t (17e—“)N_Id {dN) = C <Z(k+ N ) +2Aket e (45)

k=0

where, in the right-hand-side, the first series converges in M(Q, F,Ho,P) and the second
series is absolutely convergent in M(Q, F, Ho,P).

Adopting the univariate definition, we call the process Fg(€) in (4.5) a functional
ARFIMA(0,Id — N, 0) process, the functional ARFIMA (p,Id — N, q) process corresponding
to the case where € is a functional ARMA (p, q) process. Thus, the second equality in (4.5)
says that, up to the application of the operator C' and to the additional short-memory process
D neo Aret—k, t € Z, the process X¢ = > oo (k+ 1)_1\[6,5,k7 t € 7, coincide with a functional
ARFIMA(0,1d — N, 0) process.

The proof of Proposition 4.1 relies on three lemmas.

Lemma 4.2. For all z € C with R(z) > —1, we have

Proof. Let z € C with R(z) > —31, then it can be shown that, for all A € (—m,7] \ {0},

2(R(2)+1
2 Iy < 2R(2)+1) 15(2)]

1—e™ = 2R(z) +1

‘(1 — e_iA)z’2 = ‘1 - _i’\’m(z) _QS(z)b(eiik% where b(e™) denotes the argument of 1 —
X that belongs to (—57 %) It follows that e 23()b(e™™) < ™IS Using that % <
[sin(A\/2)| < % for all A € (—m,7) and R(z) > —1/2, we easily get
™ L 2R(2) ™ ™ r2R(=)+1)
1—e ™ dx = 2sin(A/2)[*") dx < / AP AN = S
= s o< [T "
The result follows. O
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Lemma 4.3. Let E be a Banach space and (an)nen € E" such that ||an]| P 0 and the
n— oo

oo
series Y ||an — ant1||g converges. Then for all zo € D\ {1}, the series Z anzo converges in
n=0
o0
E and the mapping z — Z anz" is uniformly continuous on [0, zo].
n=0

Proof. By assumption on (ay), Y anz" is a power series valued in F with convergence radius
at least equal to 1, hence is uniformly continuous on the open disk with radius 1. When
|zo| = 1, the result follows using Abel’s transform. |

Lemma 4.4. Let Ho be a separable Hilbert space, N € Ly(Ho) be a normal operator with
singular values decomposition UNU™ = My on L*(X, X, 1) as above. Define

0= u-ess%g(lf R(d(s)) .

Then there exist C € Ly(Ho) and (Ax)ken € Lo(Ho)" with [|Axl| = O (k™' 79) such that, for
all z € D,

oo

1-zNV"1M=cC <Z(k +1)7N ) + ZAkz : (4.6)

k=0
where the series on the right-hand side are Ly(Ho)-valued power series with convergence radius
at least equal to 1. Moreover, if o > 0, then the identity (4.6) holds for all z € D\ {1}, where
the two series of the right-hand side still converge in Ly(Ho) .

Proof. The proof is three steps. We first show Relation (4.6) for all z € D, then that ||Ax[| =
O (k~'79) and finally extend the relation to z € D\ {1} when ¢ > 0.
Step 1. Let z € D, then

Q=) =1d+ > N2,

k>1

where for all k > 1, Ny = Hle (Id— %) Let ko > 1, such that Hk—]\;” < 1 and take k > ko,

then
N N
Ide:exp<ln<Ide)>f 255
j>1

|

@

”

T

I

v~

T|=
[N

and therefore,

1 &
Z;Z;

t=k

O
o
Il
-
o
Il
-
-
Il
—

and for all j > 2,
k
- _ L
Z ti Z Z o k:] (G — Dki-1
t=ko P vt
where 7. is Euler’s constant and (ax)k>1, (k,j)k>1,5>2 such that sup,s, |ax| < +oo and

SUDy>1 j>2 [Mk,j] < +o0 and B; = ;L:C’ZU (k—O)J satisfies sup,s, 8; < +oo. This gives, for all

t
k2k07

- e} Nim. .
N =C(k+1) Nexp —N%—Z#
=

where
ko—1 ko—1 j
N 1 N B;
=11 (Id——)exp <—N (ve— > —))eXp -y <—> —
j=1 J t=1 t ji>2 k)() J
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Combining everything, we get

ko—1 k
(1—2z) Id—Id—i—kZ]l_[l(d——)

1

-N N Ny s k
JrCZ(kJrl) exp Nk Zi(j—l)kj—l z

k>ko Jj=2

which leads to Relation (4.6) with

Ao=1d-C,
il N

Ak:H<Idf—,)fC(k+1)’N, 1<k<ko—1,
i=1 J

Ap=Ck+1)"N |ex —N%—ZM —1d kE>k

g P ko o (G- Dkt ’ =
Jj>2
Step 2. For all k > ko, denoting by ® := —N %k — PIFE %&, we get

IAK] = HC (k+1)~N ( Pk Id)H < HC”H (k+1 —NH Z ||‘I’k|| — 0k 1)
because

(077 N Nk, (077 N _
el < vy el o 50 IV loel 52 IR, ) =0

J>2 i>1
and

o 07 =

= (1M 1)-al| = essup (GRS

=(k+1)"°

Step 3. We now assume o > 0 and extend (4.6) to D\ {1}. We already have for all A € T\ {0},
forall0 <a< 1,

(1—ae"MHN M= Z(k‘ +1) NaFe M 4 Z Agafe ™

k>0 k>0

Moreover, (1—e )V~ = lim, ,,_ (1—ae™)Y ™ by continuity of z — (1—2)V " in D\ {1}
and >, o, Are M = lim, ;- 3, o, Ara®e ™ because 3, [|Ax|| < +oo. It remains to
show that lim,, ,,— Desolk + 1)_ﬁake_uk exists. For all k € N, we have |(k+1)~N] =
(k4+1)7¢ and -

H(k+1)’N - (k+2)’NH :essup‘(kJrl) — (k+2)4®
seX
a(s) 1 d(s)
< essu ‘kJrl* essup|l — (1 - ——
- sEXp ( ) sEXp ( k + 2)

= (k+ 1) %essup Z d(s) - (d(s) 7.]' +1)

seX i>1 (k + 2)J
= llll o kl\jl\z) —Jj+1)
§>1
=(k+1)7%0 (k")
=0 (k79
and therefore the assumptions of Lemma 4.3 are verified and Step 3 is completed. O
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We can now prove Proposition 4.1.

Proof of Proposition 4.1. Suppose (4.4) holds and let I'c, ve be the autocovariance oper-
ator function and spectral operator measure of e. We successively prove that € € So (Step 1)
and that the second inequality in (4.5) holds (Step 2) Step 1. By definition, € € Ss if
and only if ® € L*(T,B(T), Ls(Ho),ve) which is equivalent, by Proposition 2.9 and since
ve(d\) = 5524, to

. . H
/ (1— e MMM () ((1 - e—“)N—‘d) A\ < +00 . (4.7)
T 1
This integral can be computed as follows.
. . H
/ 1- e—l/\)N—IdFE(O) ((1 . e—l,\)N—Id) d\
T 1

= /T HM(lie—i)\)d—lUFS(O)UHM(Hl_efi)\)d—l

dx
1
:/HCOV (My_e-ixya—1 Ueo) ||, dA

T

:/ [HM(I e—iryd— IUEOHLQXX;L)] dA

/ [/‘ e 7)™ 1’ |(Ueo)(s)[? u(ds)} dx
= [t [ |-y O aruas).

Applying Lemma 4.2 to z = d(s) — 1, with R(z) = h(s) — 1 > —31, gives for p-almost every
) < 7’75)@\ @en-1l o K

s € X,
/’ —1/\ d(s) 1|2
~ 2h(s) — ~ 2h(s)—1 "

for some K > 0 not depending on s, since d is bounded. Thus (4.7) follows from the second
condition in (4.4).

Step 2. We now show Relation (4.5). Let us now define, for all n € N, the function
Ut A Sop_o(k+1)"Ne ¥ then for all n € N, for all t € Z,

2h(

n

[F‘Iln (6)]t = Z(k + 1)_N€t,k .

k=0

Moreover, by Corollary 3.3, the series S5 ((k + 1) Ve—i converges in M(Q,G, Ho,P) for
all t € Z if and only if the sequence (¥,)nen converges in L*(T, B(T), O(Ho), ve) and, in this
case, we have for all t € Z,

S (k4 ) Ve = [Fa(@))e in M(Q,G, Ho, )

k=0

where ¥ = limy,,— 40 ¥y, in L2(T, B(T), O(Ho), ve). Suppose such a convergence holds, then
(4.5) is equivalent to

(1—e MV = Ccw\) + Z Age™™  for Leb-almost every A € T . (4.8)

We apply Lemma 4.4. By the first condition in (4.4), we have ¢ > 1/2 and thus that
|Ax|| = O(k™*/2) (so that the series 7> Apes—i, converges absolutely in M(Q, F, Ho, P))
and that (4.8) holds for ¥ : X +— >°3° (k+ 1)"Ne ™" and that ¥, converges almost ev-
erywhere to W. To conclude the proof, it only remains to show that ¥, converges to ¥ in
L?(T, B(T), O(Ho), ve). Using Parseval’s identity in L?(T,B(T),S2(Ho), Leb) and the same
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ideas as in the previous step, we have for all n € N,

i . i 2
/ < Z (k+1)Ne1>\k> 116(0)1/2 d) = Z /H(k+1)7N1-\6(0)1/2e71>\kH2d)\
T k=n41”T

k=n+1

2

2

5> [ B [Iurn-senilir,,] @

k=n+1
> 2
=21 Y /U%(s)’(k—&—l)_d(s) p(ds)
k=n+1 S

— 271'/)(0?](8) > (k+1)72 pu(ds)

k=n+1

9 (n+ 1)1—2}1(3)
S QWAUU(S)W M(dS)
where the last inequality is obtained from an obvious inequality between series and integral.
By the second condition in (4.4), using Lebesgue’s dominated convergence theorem, we get
that ¥, converges to W in L*(T, B(T), O(Ho), ve). |

5 Postponed proofs
5.1 Proofs of Section 2

Proof of Lemma 2.1. By (2.3), we only need to show that, if ® is simply measurable then
it is measurable. The space £ is separable because the set of finite rank operators is dense
in € for the norm ||| if £ = K(Ho,Go) and ||-||,, if € = Sp(Ho,Go). By Pettis’s measurability
theorem (see [11, Theorem II.1.2]), this implies that it is enough to show that for all f € £,
f o ® is a measurable complex-valued function. By [8, Theorems 19.1, 18.14, 19.2] we get
that K(Ho, Go)*, S1(Ho,Go)* and S2(Ho,Go)* are respectively isometrically isomorphic to
S1(Ho,Go), Lv(Ho,Go) and S2(Ho, Go) and the duality relation can be defined on £ x £* as
(V,0) — Tr(6"¥). This means that we only have to show measurability of the complex-
valued functions ¢t — Tr(@"®(t)) for all © € £*. Let (¢ )ren, (Y )ren be Hilbert basis of Ho
and Go respectively, then Tr(O"®(t)) = 3, (®(t)pr, OYr)g, which defines a measurable
function of ¢ by simple measurability of ®. O

Proof of Lemma 2.3. The first point comes from the fact that for all A € X, v(4) =<
v(X). Now, if v is trace-class, then (2.4) is easily verified for the norm |-||; using the fact
that |-, = Tr(-) for positive operators. Finally, by definition of ||v|,, regularity of ||v|, is
equivalent to regularity of v as a S1(Ho)-valued measure which clearly implies regularity of
y"va for all 2,y € Ho. Suppose now that for all z,y € Ho, y"va is regular, then let (ex)ren be
a Hilbert-basis of Ho, and define for all n € N, the non-negative measure pin := > ,_, efvey,
such that for all A € X, ||v||;(A) = limn 400 ptn(A) = sup,cy tn(A). Then by Vitali-Hahn-
Sakh-Nikodym’s theorem (see [7]) the sequence (fin)nen is uniformly countably additive which
implies regularity of ||v||, by [11, Lemma VI.2.13]. a

Proof of Theorem 2.4. Suppose ||v||, < pu, then, since S1(Ho) is separable and is the
dual of IC(Ho), it is a separable dual space and [11, theorem II1.3.1] gives the existence and
uniqueness of a density g € L*(X,X,S1(Ho), 1) satisfying (2.5). Then for all 2 € Ho, for all
Ae X,

[ (o022, () = w122y, > 0
and therefore there exists a set A, € X with p(A) = 0 and (g(t)z,x),,, > 0 for all ¢t € AZ.

Taking (zn)nen a dense countable subset of Ho we get that f is positive on (U, ey Agcn)C

where (U, ey Az, ) = 0 thus proving Assertion (a). Moreover, taking the trace in (2.5) gives
for all A e X,

Il (4) = /A lglly dp

which gives Assertion (b) and implies easily Assertion (¢). The converse implication is a
consequence of Assertion (b). a
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Proof of Proposition 2.7. The proof is easily derived from the fact that g = deTU”ngHI

(see Theorem 2.4) and the definition of .Z*(X, X, Ly(Ho,Go),v). Note that dgd" €
F(X,X,81(Go)) and ®g'/? € F(X,X,S2(Ho,Go)) by simple-measurability of ® and g and
Lemma 2.1. O

Proof of Proposition 2.8. All theses results, except Relation (2.12), are easily derived from
the characterization of Proposition 2.7 and the module nature of L?(X, X, S2(Ho, Go), 1). We
now prove Relation (2.12). First note that ||v||,({g = 0}) = f{g:O} lg]l, dpe = 0 and therefore

vl (@772 #0}) = lvll, ({25 # 0} N {g # 0})

= vl ({% - o} g # o})
loll;

= vl ({®g"/? # 0} 1 {g # 0})

< vl ({29 # 0})

which gives inclusion (C) of (2.12) since ||v||, < p. Conversely, if ||v||, ({(I)fl/2 £ 0}) =0,
then

w({29"7 #0}) = ({0 gll” # 0}) = p ({@f/? £ 0} {g # 0}) =0

because 0 = ], ({22 % 0}) = g 117240y 9l dis O
Proof of Proposition 2.9. Since ||v||,({g = 0}) = 0 and g = f||g|,, where f = dIFTVHl’ we
get

vl ({1m(s'%) ¢ D@)}) = Iwlly ({1m(s*) ¢ D(@)} N {g # 0})
= vl ({1m(g'*) ¢ D(®@)} 1 {g # 0})
<l ({mm(s"?) ¢ D(@)})

which gives (i’) = (i) since ||v||; < p. Conversely, if ||v||, ({Im(fl/Q) ¢ D(@)}) = 0, then
i ({m@/?) ¢ D@)}) = u ({m(s*) ¢ D@} 1 {g £ 0}) =0

because 0 = [[v], ({Im(g"*) 2 D(®)}) = [(r(g1/2)zpary 9] dp- Henee (i) & (i),
Moreover, Equivalences (ii) < (ii’) and (iii) < (iii’) and Relation (2.14) are easy con-
sequence of the fact that g = f||g||, and the other results come easily using the definition
of L2(X,X,0(Ho,Go),v). Again, note that measurability of ®g'/? and (®g'/?)(®g'/?) are
ensured by O-measurability of ®, simple measurability of f and Lemma 2.1. O
Proof of Theorem 2.10. As for Proposition 2.8, these results come easily using the defini-
tion and Identity (2.16). Relation (2.18) is proven the same way as (2.12). a

Proof of Theorem 2.11. In the first two steps of the proof of [20, Theorem 3.4.12], [27,
Theorem 4.22] the authors show that, if ® € L*(X, X, O(Ho,Go), v) and € > 0, there exists ¥ €
L*(X, X, Ly(Ho, Go), |IV|l,) C L*(X,X,O(Ho,Go),v) such that ||® — Ulli2x, x,0(40,00) ) < €
This implies that L*(X, X, £y(Ho, Go), ||¥||,) is dense in L*(X,X,O(Ho,Go),v). The other
results follow using (2.20) and density of simple functions and trigonometric polynomials in
L*(X, &, Ly(Ho, Go), |7]l,) (see Theorem B.1). O

Proof of Theorem 2.12. For all A,B € X and ®,¥ € Ly(Ho,Go), we have, by Theo-
rem 2.10,

(14D, 18] 5 x x.0020.00)w0) = P¥W (AN B)T"
= @ Cov (W(A), W(B)) "
= Cov (PW (A), YW (B))
= [OW (A), YW (B)], .
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Then Proposition 2.5, applied to J = XX Ly(Ho, Go) with va ¢y = 1a® and w(a,e) = PW (A),
gives that there exists a unique gramian-isometry

L2(X,X,0(H0,G0),vw) (

159 : Span 1400 : Aec X, ® € Lo(Ho,G0), ¥ € L5(Go)) = G

such that for all A € X, ® € Ly(Ho,Go), I, (14®) = ®W (A) and, in addition,
Im(799) = Span” (POW(A) : A€ X, ® € L4(Ho,G0), ¥ € L1(Go)) - (5.1)

Now, note that
Ly(Ho,Go) = {¥P : ® € L(Ho,G0),V € L1(Go)} . (5.2)

This gives
Span (La¥® : A€ X, D € Ly(Ho,G0), ¥ € Lp(Go)) = Span (La® : A€ X, D € Ly(Ho, Go))

and therefore, by Theorem 2.11,

L2(X,X,0(H0,%0):vw) (

Span
Finally, (5.2) with (5.1) gives
Im(192) = Span® (®W(A) : A€ X, € L,(Ho,G0))

which concludes the proof. O

Proof of Theorem 2.13. It is easily seen that the mapping

X — H

Wea o w(lalde)

defines a c.a.g.o.s. measure on (X, X, ) with intensity operator measure v. Then

Cov (W(A)7W(B)) = [w(]lAIdHO)7w(]lBIdHO)]H = []lAIdHO, ]lBIdHO]Lz(X,X,O(’HO),u)
=v(ANB).

Moreover, we have for all A € X, ® € L,(Ho), PW(A) = Pw(1ald) = w(1aPIld) = w(1aD).
Hence by Theorem 2.12, (2.22) holds, which uniquely defines W. O

5.2 Proofs of Section 3

Proof of Theorem 3.2. If X is weakly-stationary then, by Lemma 3.1, the family of shifts
(Ui()heT is a c.g.ur. of T on HX. Hence Theorem 2.6 gives that there exists a unique regular
gramian-projection valued measure ¢¥ on (T, B(T), H¥) such that, for all h € T,

Ux = /T X(h) €5 (dx) - (5.3)

The mapping
5. B(T) — H
CA e K A)X
is then a c.a.g.o.s. measure on (T,B(T),HY) and is regular because for all Y e H¥X,
<)2'()7 Y> = YHEX ()X, is regular. Since HY is gramian isometrically embedded in #, X
H

is also a regular c.a.g.0.s. measure on (T, B(T),H). Then, from (5.3) we get that for all t € T,

thUj‘X():/
P

x(t)EX(dX)XOZ/X(t)f((dx)A

T

To show wuniqueness, suppose there exists another regular c.a.g.o.s. measure W
on (T,B(T),H) satisfying (3.1), then the gramian-isometries I;;“ and I}t coincide
on Span(x — x(£)® : t € T,® € Ly(Ho)) and therefore, on L*(T,B(T),O(Ho),vx) N
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LQ(T,B(T),O(H ),vw) by Theorem 2.11. In particular for all A € X we get W(A) =
IR0 (Laldsy,) = ITE°(Laldy,) = X(A).

Relation (3.2) follows from (3.1) and the gramian-isometric property of I ° and uniqueness
of vx comes from (3.2) and Theorem B.1.

Finally, we show the converse statement in Theorem 3.2. Suppose that there exists a
regular c.a.g.0.s. X on (T, B(T), H) satisfying (3.1). Then, the first two points of Definition 1.3
are straightforward and, calling vx the intensity operator measure of X and using the gramian-
isometric property of integration with respect to )A( we get for all t,h € T, Cov (X¢qn, Xt) =
fT (t+h)x()vx(dx) = fT h)vx (dx) which gives the third point of Definition 1.3. Finally,
for all ® € Eb(Ho) forall h € T,

Te(@T(h)) = Tr (@ [ xtwes (dx>) = [ X0 T(@ 0 (0) o] ()

and, since for [|ux|,-almost every x € T, [T(@fuy ()| < 19/ fox (Il = 9], we get
continuity of h — Tr(®I'(h)) by Lebesgue’s dominated convergence theorem thus showing the
last point of Definition 1.3. O

Proof of Corollary 3.3. By gramian-isometry of integration with respect to X, we get for
all h,t € T, for all ®,¥ € L4(Ho, Go),

[©X, WX¢]y, = [/T x(h)® X(dX)v/TX(t)‘I’ X(dX)L = [en®, et Wit 51y, 0(310,60)vx) *
(5.4)
where e; : x — x(¢) for all ¢ € T. Then, by Proposition 2.5 and Theorem 2.11, there is a
unique gramian-isometry

I:L%(T,B(T),O(Ho,Go),vx) = G

which maps e;® to ®X, forall t € T,® € Ly(Ho,Go) and Im(I) = HX:90  Since the mapping
I?(" P — fT ® dX satisfies this condition we have I?(" = I thus concluding the proof. O

Before proving the results on composition and inversion of filters, let us prove a useful
lemma.

Lemma 5.1. Let Ho, Go, Zo be separable Hilbert spaces and A € O(Go,Zo), B € K(Ho, Go).
The following assertions hold.

(i) Im ‘BH|) =Im(B).

(it) If Im(B) C D(A), then (AB)(AB)" = (A|B"|)(A|B")"
(iii) If Im(B) C D(A), then AB € S2(Ho,Lo) if and only if A|B"| € S2(Go,To). In this case
14Bll, = [|A[B"]],-

Proof. Let us consider the singular values decomposition B =Yy ontn ® ¢n, then ‘BH| =
ZnEN OnPn @ Pn, .

Proof of (i). We have Im(B) = {3, .y 0n®nthn 1 (Zn)nen € £2(N)} = Im(|B").

Proof of (ii). By the first point both composition AB and A ‘BH’ make sense. Consider the
polar decomposition of B : B = U |BH‘7 then B = |BH‘ U™ and we get

(AB)(AB)" = (A’BH‘)UHU(A‘BH’) ‘B ’ ’BH‘)H = (A‘BH’)(A ’BH’)H

ker |BH|)L
because ‘B ’ ker(|BH) L = ‘B ’
Proof of (iii).We have that AB € S2(Ho,Zo) if and only if (AB)(AB)" € Si(Zo), which is
equivalent to A |BH‘ € S2(Go,Zo) by the previous point. O
Proof of Theorem 3.4. Let 1 be a dominating measure for ||v||, and g = g—;, then, by

definition of ®v®", 4 also dominates H<I>Z/<I>HH1 and % = (®g'?)(®gY/*)". Hence,
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1/2
(%) = ‘(@gl/Q)H’ and we get, by Proposition 2.9,

Im |(®¢g'/?)"| € D(V) p-ae.
U e 22X, X, 0(Ho, To), bvd") & I . 2' | 2( ) h
‘1’\@9 %) \ € L2(X, X,82(Go, To), )

Img'/? C D(¥P) p-ae.
Udg'/? € L2(X, X, 82(Ho, To), 1)

S VD e L%(X,X,0(Ho, To),v)

where the second equivalence comes from Lemma 5.1 and the fact that ¢t € X, D(¥(¢)®(¢))
(t)~H(D(¥(t))) which gives that Im(g'/%(t)) C D(¥(t)®(t)) if and only if Im( (g2 (1))
D(¥(t)). Moreover, Assertion (a) holds because for all ¥,0 € Z*(X, X,0(Go,To), Pvd
and A € X,

(\II@)V(@(I))H(A):/A(\I@gI/Q) (@@gl/Q)H du

= /A (‘IJ ‘(@glﬂ)HD (@ ‘(@gl/Q)HDH dp (by lemma 5.1)
= U (ovd)e"(4)

Nl

)

which also gives Assertion (b) by taking A = X. Finally, to show Assertion (c), suppose that
® is injective ||v||,-a.e. then ®7'® : X Id7o 1{a()) is injective} 1S I L2(T,B(T), O(Ho), v)
which gives that ®~! € Z2(T, B(T), O(Go, Ho), Prd") by Assertion (a). |
Proof of Corollary 3.5. This is a clear consequence of Assertion (b) of Theorem 3.4 and
Theorem 2.12. O

Proof of Corollary 3.6. If W € S, then the equivalence between W € Syo and Fp (W) €
Sy is just another formulation of the equivalence (3.4). Moreover, as explained in Remark 3.1,
showing (3.6) is equivalent to showing (3.7) with V = Fe(W) and A € X.

We first prove (3.7) for ¥ of the form ¥ = @1 with © € £,(Go,Zo) and B € X. Calling
C = AN B, (3.7) becomes

e(/c @(A)W(dA)) :/c@qw) W (dN) . (5.5)

When Zo = Gy this identity comes from the fact that the integral with respect to W is Ly(Go)-
linear. When Zy # Go, we have to show it by hand. Using the notations Ig‘}) and [‘f‘?, Relation
(5.5) is equivalent to

IE(1c00) = 0150 (1) (5.6)

If @ is of the type ® = Alp with A € L4(Ho,Go) and D € X, then OA € Ly(Ho,Zo) and we
immediately get

I2(0®) = [0 (0A1p) = OAW (D) = OI5° (Alp) = O15°(d)

This property extends to the case ® is a simple L£y(Ho, Go)-valued function by linearity and
if ® € L2(X7/'\f'7(’)(’7'-lo7g()),V)7 Theorem 2.11 gives that there exists a sequence (P )nen of
simple Ly(Ho, Go)-valued functions converging to ® in L*(X, X, O(Ho, Go),v). Hence, calling
_ dv
F =y, we set
2 1/2||?
100 — OPnIF2x v 010.20)0) = H@(<1> = ®a) 7| dlivily

<ol [ @ -] aiw,

2
= |e]lf|® - (I)nHLZ(X,X,O(HO,QO),u)

—F 0.

n—-+oo

Since for all n € N, II“( n) = (<I>n) and by continuity of I and Ig“7 we finally get
(5.6), that is (3.7) for V = Fy(W ) where ¥ has the form ¥ = O1p with © € £(Go,Zo)
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and B € X. By linearity, it follows that (3.7) still holds with V = F(W) and all simple
Ly(Go,Zo)-valued function .

Finally, if ¥ € L*(X,X,0(Go,To),v), then, by Theorem 2.11, there exists a sequence
(¥n)nen of simple L£4(Go, Zo)-valued functions converging to ¥ in LQ(X7 X,0(Go,To),v). Since
U U® is a gramian-isometry from L*(X, X, O(Go, To), vv) to L2(X, X, O(Ho, Lo), vw) (see
Theorem 3.4), the sequence (¥, ®),ey then converges to U® in L*(X, X, O(Ho,Zo), vw) and
by continuity of the stochastic integral we get

/\IIdV: lim ¥,dV = lim \I/nd)dW:/\I'(IJdW.
A A

n——+oo A n——+oo A

O

Proof of Corollary 3.7. As usual, we call vy = ®v®" the spectral operator measure of V.
Supposing that ® is injective ||vw||;-a.e, Assertions (c) and (a) of Theorem 3.4, give that
o1 e 92”2(X,X,(9(go,?—[o),yv) (ie. V € 34,71) and ® vy (éfl)H = vw. Hence, writing
Relation (3.6) with ¥ = &1, we get Fyp—1(V) = Fp_15(W) = W. Then, reversing the roles
of W and V in Corollary 3.5 gives the reciprocal 2 in (3.5). |

6 Additional comments

6.1 Bochner’s and Stone’s theorems and their generalizations
to normal Hilbert modules

In the following, we consider an l.c.a. group (T,+) and a Hilbert space Ho. We discuss
here the relations between Bochner’s and Stone’s theorem and their generalizations for the
functional case.

Definition 6.1 (Hermitian non-negative definite function). A function v : T — C defined on
an l.c.a. group (T,+) is said to be hermitian non-negative definite if for alln € N, t1,--- ,t, €
T and a1,--- ,an € C,

> ady(ti —t;) > 0.

i,j=1
Theorem 6.1 (Bochner). Let T be an l.c.a. group and v : T — C be a continuous hermitian
non-negative definite function. Then there exists a unique regular finite non-negative measure
won (T,B(T)) such that

wm=énmmw»her (6.1)

T — Ly(Ho)
t — U

T on a Hilbert space Ho. Then there exists a unique reqular projection-valued measure & on
(T, B(T)) such that

Theorem 6.2 (Stone). Let T be an l.c.a. group and U : be a cu.r. of

Un= [ e, ne. (6.2)

Stone’s theorem can be seen as a generalization of Bochner’s theorem for operator-valued
functions. However, it is not necessary to restrict ourselves to unitary representations of T on
Ho and, using an appropriate definition for hermitian non-negative definite operator-valued
functions, one can show that Bochner’s theorem still holds. We introduce the two following
definitions which will be proved to be equivalent.

Definition 6.2 (Hermitian non-negative definite operator-valued function). Let (T,+) be an
l.c.a. group and Ho a Hilbert space. Then a function I' : T — Ly(Ho) is said to be hermitian
non-negative definite if for alln € N, t1,--- ;t, € T and a1,--- ,an € C,

Z aia_jl“(ti - tj) >~ 0.

4,j=1

Equivalently, T' is hermitian non-negative definite if and only if for all x € Ho, t —
(L(t)z,z),,, s hermitian non-negative definite.
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Definition 6.3 (Positive-type operator-valued function). Let (T,+) be an l.c.a. group and
Ho a Hilbert space. Then a function I' : T — Ly(Ho) is said to be of positive-type if for all
neN, ty, - ,tn € T and x1,- -+ ,Tn € Ho,

n

D (Tt — ty)ai, )y, > 0.

3,j=1

It is straightforward to see that a positive-type operator-valued function is hermitian non-
negative definite. The other implication is not as easy to prove and will be discussed below.
Note that unitary representations are hermitian non-negative definite and therefore Stone’s
theorem is, indeed, a generalization of Bochner’s theorem for a particular type of hermi-
tian non-negative definite operator-valued functions. As a full generalization, the following
theorem holds.

Theorem 6.3. Let (T,+) be an l.c.a. group, Ho a Hilbert space and T' : T — Ly(Ho)
continuous for the w.o.t. Then the following propositions are equivalent

(i) T is hermitian non-negative definite.
(i) T is of positive-type.
(iii) There ezists a regular p.o.v.m. v on (T,B(T),Ho) such that
T

I'(h) = / x(h)v(dx), heT. (6.3)

Moreover v is the unique regular p.o.v.m. satisfying (6.3).

These results, as well as Stone’s theorem for normal Hilbert modules (see Theorem 2.6)
can be proven in different ways, each of which exhibits a specific interest. They also emphasize
close relations between these concepts as it turns out that almost every result can be obtained
as a consequence of any of the others. As a summary, Figure 1 gives a graphical representation
of some interesting implications found in the literature. Arrows with the same color indicate
a path of implications usually followed by one or several authors. A few comments on such
paths are needed.

e Bochner’s and Stone’s theorems can be derived on their own using Fourier theory and
Riesz-Markov’s representation theorem.

e The proofs of Bochner’s theorem from Stone’s theorem (in cyan) and Naimark’s moment
theorem from the generalization of Stone’s theorem (in brown) use very similar concepts.

e These concepts are closely related to dilation theory (see [37, 3], [16, Section 8]) which
is used in [29] to prove Naimark’s moment theorem (in green).

e A particular proof of Stone’s theorem from Bochner’s theorem (in blue) is common in the
literature. The proof consists in showing (1.6) when I' is an u.r. and then proving that
the p.o.v.m. v obtained is actually a projection-valued measure. In fact, the hypothesis
that I' is an u.r. is only useful to show that v is projection-valued and not to show (1.6).
This means that this proof contains a proof of Bochner’s theorem for operators as we
explicitly represented in blue.

e Concerning the generalization of Bochner’s theorem (Theorem 6.3), two results can
be found depending on the hypothesis made on the function I' (hermitian non-negative
definite or of positive type). The most general is (i) = (iii) and it is proven (as discussed
in the previous point) in a simpler way (without using modules nor dilation theory) than
the other implication ((ii) = (iii)). The converse implications are often omitted or stated
without proof and the equivalence of Theorem 6.3 is not common in the literature, but
can be found in [3]. The implication (iii) = (i) is easily verified using simple properties
of p.o.v.m. but (iii) = (ii) does not seem trivial to show. In [3, Theorem 2], the author
provides a proof which makes use of dilation theory. This can be avoided using the fact
that, if v is a p.o.v.m. on (X, X, Ho), then for all n € N*, and z1, - ,z» € Ho, the
mapping

WAz, 1)y, - W(A)zn, 1)y,
pwiA— . .

(W(A)z1, )y (A En, 20y

0 0
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Fourier theory on groups
and Riesz-Markov
representation theorem

34, §1.4.3] 26, §36E]

Bochner’s theorem Using [16, Theorem 8.1] Stone’s theorem
(Theorem 6.1) (Theorem 6.2)

[1, 2, 35, 3], [16, §VI]

Bochner’s theorem
for operators
(Theorem 6.3 (i) = (iii))

[20, Prop 2.5.4]

Obvious

Naimark’s moment theorem 20, Prop 2.5.5] Stone’s theorem for
(Theorem 6.3 (ii) = (iii)) modules (Theorem 2.6)

Figure 1: Possible proof paths between the principal results and related concepts.

defines a p.o.v.m. on (T,B(T),C" ™) (i.e. a hermitian non-negative matrix valued
measure). Then, using the results of [33, Section 2] we get that for all 4,5 € [1,n],
wi; A — [u(A)];,; admits a density f;; with respect to the non-negative fi-
nite measure |pl|, : A — ||u(A4)];, = Tr(u(A)) and that the matrix-valued func-
tion f @ x = (fij(x))1<ij<n is ||p|/;-a.e. hermitian, non-negative. Using this, if
F:hl—)ffx(h)y(dx),we get for all n € N* t1,--- ;t, € T and z1,--- ,xn € Ho

n n

30 =)y = X [ XEOXE] s (0)
= % [ R0 el (@)
= [ 32 MRG0 (@)
>0 ully-a.e.
>0
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6.2 An alternative construction of spectral representation for
functional weakly-stationary processes

In Section 6.1, we saw that Bochner’s theorem can be generalized to operator-valued non-
negative definite functions. This result can be used to get the same results as in Theorem 3.2
but in a different order. Let (€2, F,P) be a probability space and (T, +) an l.c.a. group. Let
Ho be a separable Hilbert space and set H = M(Q, F,Ho,P). Let X := (X¢)ieT be a cen-
tered weakly stationary Ho-valued process. Then it is easy to verify that the autocovariance
operator function I'x is hermitian non-negative definite and continuous for the w.o.t. Hence,
by Theorem 6.3, there exists a unique regular p.o.v.m. vx of (T, B(T),Ho) which satisfies
(3.2). Since vx(T) = I'(0) € S1(Ho), vx is a trace-class p.o.v.m. by Lemma 2.3. Now, call
et : x — x(t) for all t € T, then, for all h,t € T, for all , ¥ € L,(Ho),

[@X), UX], = OT(h — t)U" = </ x(h — t)V(dX)> UM = [en®, et W] 2 (4 ety 0(30) ) -
T
Then, by Proposition 2.5 and Theorem 2.11, there is a unique gramian-isometry
I:L3(T,B(T),0(Ho),vx) = H

which maps e;® to ®X; for allt € T, ® € Ly(Ho) and Im(]) = HX. Using Theorem 2.13, we
get that there exists a unique c.a.g.0.s. measure X on (T, B(T),”H) with intensity operator
measure vx such that for I;;“ = I. In particular, Relation (3.1) holds and X is regular
because vx is a regular trace class p.o.v.m.

Remark 6.1. In link with Remark 1.3, it is interesting to note that, in this proof, we use
a milder notion of continuity for I'x (continuity for the s.o.t.). In fact, the last part of the
proof of Theorem 3.2 shows that, in order to have weak-continuity of I'x, it is enough to have
Relation (3.2) which can be obtained using only continuity for the s.o.t. We can therefore state
the two following results

1. A hermitian non-negative definite operator-valued function I' : T — Ly(Ho) such that
I'(0) € S1(Ho) is weakly continuous if and only if it is continuous for the s.o.t.

2. An L*, Ho-valued process X = (Xi)iet is weakly-stationary if and only if for all x € Ho,
the L?, complez-valued process ((Xt7x>H0)teT is weakly-stationary.

6.3 Comparison with recent approaches

Recently, R1, R2 and the problem of defining filtering in the spectral domain have been
addressed for the case T = Z in [38] under additional assumptions. An attempt at relaxing
these assumption was proposed in [40]. We list here and comment the principal results on
spectral analysis presented in [38], [40].

About R1 : With the additional assumption that »7, ., [[Tx (k)| < 400, [38, Proposition
2.3.5] states that R1 holds with vx (d\) = fx (A)d\ where

fx(N) = 5= S ek (r) € S (Ho)

teZ

where the series converges in ||-||. This result restricts the whole spectral theory to the case
where the spectral operator measure admits a density with respect to Lebesgue’s measure on
(—m, 7] and the existence of such a density is proven under restrictive summability conditions
on the autocovariance operator. With this result, we cannot study processes with seasonal
components (whose spectral measure have atoms and therefore no density with respect to
Lebesgue’s measure) or long-memory processes (for which >, ., [[Tx (h)|| = +oco). In [40],
R1 is proved without the summability assumption but the measure vx is constructed via
compactification of £;(Ho). This compactification makes it possible to define “infinite”
operator measures which is not necessary here because p.o.v.m.’s theory is sufficient and
makes the construction easier as discussed in Section 6.1.

About R2 : Assuming vx has a density fx with respect to Lebesgue’s measure on (—, 7],
such that fx € LP((—m, 7], B((—m,7]),S1(Ho)) for some p € (1,400], [38, Theorem 2.4.3]
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provides the Stieltjes integral representation for all ¢ € Z,
X, = / "™ dZy P-ae., (6.4)

where A — Z, has orthogonal increments. This result is provided without assuming exis-
tence of a density with respect to Lebesgue’s measure in [40] and is equivalent to R2 with
X ((=m,A]) = Z which becomes a c.a.0.s. measure. In [38, Theorem 2.5.1], the author con-
structs a space (denoted by $) similar to L?((—m,n], B((—=,7]), O(Ho),vx) and proves the
isometric property of the spectral representation. The difference with the results we present in
Sections 2 and Section 3 is that, by making the module structure of M(Q, F, Ho, P) explicit,
we believe that the construction is clearer and that the objects constructed can be fully charac-
terized. For example, we state in Corollary 3.3 that the spectral representation Xisa €.a.g.0.8.
measure and not only a c.a.o.s. measure and that it defines a gramian-isometry. Moreover,
the space $ of [38] is constructed as the completion of a pre-Hilbert space, that is a quotient
space of Cauchy sequences, which provides little intuition on the space of transfer functions
one can consider for filtering. On the contrary, the space L2((—m, 7], B((—m, ), O(Ho), vx)
is a space of operator-valued functions which is easier to imagine.

6.4 On the completeness of L*(X, X, Ly(Ho, Go), V)

In Section 2.5, we have defined the normal pre-Hilbert £;(Ho)-module L*(X, X, Ly(Ho, Go), V')
of square-integrable bounded-operator-valued functions. In the univariate case, this corre-
sponds to L?(X, X, vx) which is a Hilbert space. In the multivariate case, where Ho and Go
have finite dimensions, the completeness of L?(X, X, Ly(Ho, Go), v) is proven in [33]. However
completeness is not guaranteed in the infinite dimensional case, see [27], where the authors
refer to [25] for a counter-example. We complete this line of thoughts by providing a necessary
and sufficient condition for the completeness of L(X, X, £y(Ho,Go), V) in the general case.

Theorem 6.4. Let Ho, Go be separable Hilbert spaces, (X, X) a measurable space, v a trace-
class p.o.v.m. on (X, X,Ho) and f = dIFTqu‘ Then L2(X, X, Ly,(Ho, Go),v) is complete for
the gramian defined in Proposition 2.8 if and only if rank(f) is finite |v||,-a.e. In this case,

rank (g—Z) is finite p-a.e. for all finite non-negative measure 1 which dominates ||v||,.

Proof. The proof of the fact that we can take p instead of ||v||, uses the same arguments we
used to prove Relation (2.12) and will be omitted. Now, let us consider that f is a representing
function of the density which is in S;t (Ho) everywhere and let A := {rankf < +o0o} which is in
X by measurability of the rank (see Proposition A.1) and of f. Then by [18, Theorem 3.1.3],
we have A = {Imf'/? is closed}. We show successively that ||v[|,(A°) = 0 is a necessary
condition for completeness of L2(X, X, Ly(Ho,Go), ) and then that it is sufficient.

Proof of necessity. Suppose that L*(X, X, £,(Ho, Go),v) is complete and that ||v||, (A°) # 0.
Then in order to get a contradiction, we will follow the following two steps.

Step 1 Construct a function ¥ € L*(X, X, S2(Ho,Go), |v|l,) C L*(X, X, Ls(Ho, Go),v) such
that

forall t € A%, W(t) ¢ {@F(1)"/ : ® € Lo(Ho,G0)} - (6.5)

Step 2 Construct a sequence (®,,)nen € L2(X, X, L (Ho, Go), v) such that @, f/? converges
to ¥ in L*(X, X, S2(Ho, Go), |IV|,)-

Let us explain why these two steps lead to a contradiction. Step 2 implies that (@nfl/Q)neN
is Cauchy in L*(X, X, S2(Ho,Go), ||lv|l;) which, by the gramian-isometric property shown in
Proposition 2.8, means that (®,)nen is Cauchy in L2(X,X7[,b(7-lo,go)7y). Since we as-
sumed completeness, there exists ® € L*(X, X, Ly(Ho,Go),v) such that &, converges to ®
in this space, which, again by Proposition 2.8, means that <I>nf1/2 converges to <I>f1/2 in
L*(X, X,82(Ho,Go), ||v||,) and thus ®f/? = ¥ ||v||;-a.e. contradicting (6.5).
We now provide the constructions previously described.

Step 1 By Proposition A.1 and composition of measurable functions, we know that the func-
tions ¢ — \;(t) are measurable where \;(t) is the i-th eigenvalue of f(¢)/? (in decreasing order
with the convention of Appendix A.1). Moreover, Proposition A.1 (and again composition
of measurable functions) also gives that there exists a family of measurable functions (¢;);en
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from X to Hg such that for all t € X, (¢;(t))ien is an orthonormal sequence of eigenvectors
associated to the eigenvalues (\;);en. Define

yiter 3 LaOva(t)

neN
with £, (t) = C(t) ' An(t) where C(t) = (3 ,cn An(t)?) 2 S0 that y()ll4,, = 1. And let
Uit u®y(t)

where u € Go with [ullg = 1. Then ¥ € L2(X, X, S2(Ho, Go), |V]|,) because for all t € X,
1w, = 1.
We conclude by reasoning by contradiction. Suppose that (6.5) does not hold and take
t € A°and ® € Ly(Ho,Go) such that ¥(t) = ®f(t)'/2. Then we have that y(t) @ u = ¥(t)" =
f()*2a" and thus
y(t) = (Y1) ®w) (w) = f(1)/*"u € Tm(f()"/?) .

This means that there exists & € Ho such that y(t) = f(t)'/?z and we get for all n € N,

O™ M) = al®) = (SO P, 0n () = (2 SO P6n(®) = Ma(t) (@, 0n(E))yg, -

0 0

In particular An(t) > 0 implies (z,9n(t));,, = C(t)™'. Since rankf(t) = +oco, we know that
An(t) > 0 for all n € N and thus get that ||z||,,, = +o0, which is impossible.
Step 2 Define

Ot O u® Y Pi(t) .
k=0
Then @, € L*(X, X, Ls(Ho, Go), |v|l,) and @, () f/3(t) = u @ Sp_y Le(t)Yr(t). Then for all
teX,
2 I
_ 2
2 - Z Zk(t) I
k=n+1

which tends to 0 as n — +oo and is bounded by 1. Hence by Lebesgue’s dominated converge

theorem
[l-o.

Proof of sufficiency. Suppose that [|v||,(A°) = 0, i.e. that Imf'/? is closed |v|,-a.c. and

e — .77

2
d|jy||, —— 0.
2 n——+oo

consider that f1/2 is a representing function of the density which has closed range everywhere.
Let (®y,)nen be a Cauchy sequence in L2(X, X, Ly(Ho, Go), ) and define for all n € N, ¥,, =
@, f1/2. Then, by Proposition 2.8, (¥,,),en is a Cauchy sequence in L*(X, X, S2(Ho, Go), |I¥]l;)
which is complete, hence ¥ = limy,— 4o ¥p, exists in L*(X, X, Sa(Ho, Go), [lv]l;)- This implies
that there exists a subsequence (V4 (s))nen of (¥n)nen which converges ||v[|,-a.e. to ¥. More
explicitly, there exists B € &, with |[v||;(B®) = 0 such that Wy, (¢) o U(t) for all

t € B. Let t € B, then for all z € G,

W)z = lim f@)Y?0z e Tmf(t)"/? = Imf(t)"/2.

n——+oo

Hence Tm¥ ()" € Tmf(t)*/? C D(f(t)1/2)7 where (f(t)1/2)7 is the generalized inverse of
f(t)*? (see Appendix A.3). This means that we can define

o) = (£()"*) w®)" € £(Go, Ho) -

Defining ©(t) = 0 for t € B, we get that © € F, (X, X, Go, Ho). This implies that the function
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D:t—0O()" isin Fs (X, X, Ho,Go) and we have
/H@ ®"2 [ 1wl = [ 7o 2ew]; v
0 (10) v wlan
/ | Pr 2| 1 a0
S ALTCIHTNCD
A

< +o00.
Hence @ € L? (X, X, Ls(Ho,Go),v). Finally

2
19~ @0 lEacc v a0 = [ |77 = 02l

Il
A "2

- / 1 — @ 2d]lv],
A

— 0

n—-+oo

1/2 1/2

V||1

that is, (®,)nen converges to ® in L%(X, X, Ly(Ho,Go), v) thus concluding the proof of com-
pleteness of L2 (X, X, Ls(Ho, Go), V). |

A Useful functional analysis results

A.1 Diagonalization of compact positive operators and mea-
surability results

Let Ho be a separable Hilbert space and ® € L,(Ho). Then A € C is said to be an eigenvalue
of @ if ker(®—AId) # {0}. If X is an eigenvalue of ®, we say that ker(® — AId) is the associated
eigensubspace and its dimension is called the multiplicity of A. We denote by spec, (®P) the set
of eigenvalues of @ (called the point spectrum of ®). ® is said to be diagonalizable if Ho has a
Hilbert-basis of eigenvectors of ®. If ® € K(Ho) and is auto-adjoint, then it is diagonalizable
and specp (P) is at most discrete, every non-zero eigenvalue has finite dimension and eigensub-
space associated to different eigenvalues are orthogonal. We denote by Ny (®) the cardinal
of specp(®) which is finite if and only if rank(®) < 400 and if not, then spec,(®) admits 0
as its unique accumulation point (equivalently, this means that any way of representing the
elements of spec, (P) gives a sequence converging to 0).

In order to have a representation which takes into account both cases we add zeros at the
end of the sequence in the case where Ny (®) < +o00. This way, we can always represent the
eigenvalues of ® as a sequence converging to 0. When ® € K1 (Ho) all its eigenvalues are
non-negative and it is convenient to represent them in decreasing order which, in the case
where Ny, (®) = +00, gives a sequence of strictly positive numbers decreasing to 0 even if
0 € specp(P). We will denote by (Ai(®))ien such a sequence of distinct eigenvalues, that is if
Nsp(q)) < 400, then )\0(@) > )\1((13) > > )\Nsp(é)(@) > 0 and )\1((1)) =0 for all 7 > Nsp(q))
and if Ngp(®) = 400, then Ao(®) > A1 (®) > --- > 0. In the latter case, one need to keep
in mind the fact that 0 can be an eigenvalue even if it is not represented in the sequence.
Using this representation (A;(®));en, we will also denote by m;(®) the multiplicity of \;(P)
and by II;(®) the orthogonal projection onto ker(® — A;(®)Id) for all ¢ € N. Finally we define
(as(P?));en the piecewise constant sequence obtained by repeating the values of (A;(®));en as
often as their multiplicities. With these notations we can write

O =" N(®)IL(P) (A1)

i€EN

34



where the series converges in operator norm, and if ® # 0,

Id = Pier(e) + Prnga) = Peerey + 1L (A2)
0<i< Nap (&)

where, if Ngp(®) = +oo0, the series converges in s.o.t. (If & = 0 we have Id =
Pier(dy = I; for all i« € N). Moreover the following measurability properties hold (re-
call that the notion of simple measurability is defined in Section 2.1 and B(K'(Ho)) =
{ANKT(Ho) : A€ B(K(Ho))}).
Proposition A.1. The following assertions hold for all i € N.
(i) a;: ® — a;(®) is measurable from (K1 (Ho), B(Kt(Ho))) to (RT, B(RT)).
(i1) m; : ® = m;(®) is measurable from (KT (Ho), B(K*(Ho))) to (N, P(N)).
(ii3) i : ® = \i(®) is measurable from (Kt (Ho), BT (Ho))) to (RT, B(RT)).
(iv) rank : ® s rank(®) is measurable from (KT (Ho), B(KT(Ho))) to (N, P(N)).
(v) Nep : ® = Nyp(®) is measurable from (K¥(Ho), B(KT(Ho))) to (N,P(N)).
(vi) TI; : ® s I1;(®) 4s simply measurable from (Kt (Ho), BIKT (Ho))) to Ls(Ho).
(vii) ® — Pier(a) is simply measurable from (K (Ho), B(KT(Ho))) to Lu(Ho).
(viii) There exists a family (Vi)ien of functions ¥; : ® — ¥;(P) which are measurable from
(KT (Ho), B(Kt (Ho))) to (Ho, B(Ho)) such that Y& € KT (Ho), (¢:(®))ien is orthonor-
mal and Vi € N, 1;(®) € ker(® — X\;(P)Id).
Proof. We follow the ideas of the proofs of [27, Theorem 2.10] and [20, Lemma 3.4.7].
Proof of (i). By [20, Lemma 3.4.6], for all n € N and all ® € Kt (H,o),

n

Z a;(®) = max {Z (@i, Ti)yy, * (To,w o, xn) is orthonormal}
=0 i=0

and therefore Y7 ; is measurable from (K1 (Ho), B(K'(Ho))) to (R, B(R)). Then using
=0 a5 — Z;;ll a; we get measurability of a; for all i € N.

Proof of (ii). By definition, for all ® € Kt (Ho), mo(®) = inf {j € N : a;(®) # a;11(P)}
with the convention inf () = 400 and for all ¢ € N*,

m(q)) _ inf {j > mi_1(<I>) : Oéj(q)) 75 aj.H((I))} — mi_l(@) if mi_1(q)) < 400
‘ 400 otherwise '

Measurability of the m;’s is then proven by induction.

Proof of (iii). For all i € N, for all ® € K¥(Ho), Ai(®) = ;@) (P)Lm, (@)20} hence A; is
measurable.

Proof of (iv). For all ® € K*(Ho), rank(®) = >, L{a,(#)0} hence rank is measurable.
Proof of (v). For all ® € K*(Ho), Nep(®) = >, ey L{x, ()20} hence Ngp is measurable.
Proof of (vi). Let ® € K1 (Ho), then from (A.1) one can show that for all n € N,

()\(j@))n => (i’;g;)nnm) in s.0.t.

keN

and for all 1 <14 < N (D),

<%ﬂo)‘knk>n -3 (’}\k((g))ynk in s.0.t.

keN

From these two relations and (A.2) we easily get

. o \"
Io(®) = lim <W) Lino(@)#0y +1d1(xg(2)=0)

n—-+oo
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and for all ¢ > 1,

IL (@) = IdL {xg(a)=0}

<<1> - Sk Ak@mk(@))”

L@z icn,, @)}, lim A (D)

—+oo

+ ]l{/\o@)#o}]l{istp(@)} Id - Z 11, (®)

0<k< Ngp (P)

where the convergences are in s.o.t. Hence by measurability of the A;’s and of Ny, we get
by induction than the II;’s are simply measurable as limit in s.o.t. of simply measurable
functions.

Proof of (vii). Simple measurability of ® — Py..(e) comes from (A.2), simple measurability
of the II;’s and measurability of Ngp.

Proof of (viii). Let (¢n)nen be a Hilbert-basis of Ho, then define for all

min{n € N : IL;(®)¢n # 0} 0< i< Nup(®)
Tt P —
min {n > 7_1(®) : Pier(@)dn # 0} i > Nep(®P)

Note that 75 never takes the value +oo because for all ¢ € N, II;(®) # 0 and if Ngp(P) <
+00, then ker(®) has infinite dimension and therefore there are infinitely many n € N such
that Pier(e)@n 7 0. Then measurability of Ng, and simple measurability of the II;’s give
that the 7;’s are measurable from (K™ (o), B(K*(Ho))) to (N, P(N)). Now define for all
i €N, @i & IL(P)p,,(0) and the sequence (1):)ien obtained by applying the Gram-
Schmidt algorithm to the @;’s, that is ¥ : ® — @o(®) and for all i > 1, ¢ : ® — @;(®) —

;;10 W@Z)k(@). Finally, define for all i € N, ; : ® — 1);(®)/ ‘121(@)” . Then,

k H Ho

measurability ofothe ©;i’s implies measurability of the v;’s and, by construction for all ® €
Kt (Ho), the family (;(®P));en is orthonormal.

a

A.2 Singular values decomposition

Let Ho, Go be two separable Hilbert spaces and ® € KC(Ho,Go), then ®F® € K+ (Ho) and
odH ¢ Kt (Go) and these two operators have the same non-zero eigenvalues with the same
(finite) multiplicities.

Define the set sing(®) of singular values of ® € K(Ho,Go) as

sing(®) = {)\1/2 : X € specy (D7 @) \ {0}} = {)\1/2 X € specy (PDT) \ {0}}

and for all o € sing(®) we call multiplicity of o the multiplicity of ¢* as an eigenvalue of
" P or ®¥ P (which are the same). The well-known singular value decomposition theorem
can then be stated as follows.

Theorem A.2 (Singular value decomposition). Let Ho and Go be two separable Hilbert spaces
and ® € K(Ho,Go) then there exist two Hilbert basis (¢n)o<n<rank(@) 0nd (¥n)o<n<rank(®)

of Im(®H) and Im(®P) respectively and (0n)o<n<rank(®) TEPresenting the elements of sing(®)
repeated as often as their multiplicity such that

0<n<rank(®)

where the series converges in operator norm. Moreover, limy,_ 4o oy = 0.

Similarly to the eigendecomposition, the singular values are usually written as a decreasing
sequence (0;(®))o<i<rank(®)-
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A.3 Generalized inverse of an operator
Let Ho, Go be separable Hilbert spaces and ® € Ly(Ho, Ho), then the mapping

ker(®): — Im(®)

(I)\ ker(®)L —Im(P) : T — O

is an isomorphism and we define @~ € O(Go, Ho) (called the generalized inverse of ®) as the
linear extension of ((I)‘ker(q))L_)hn((b))_l to D(®7) := Im(®) @ Im(®)* such that ker(d~) =
Im(®)*. In other words, for all z € D(®~), there exists (z1,x2) € Im(®) x Im(®)* such that
* =1 4 x2, then ™z = (P, ker(@)LﬁIm@))_l z1.

The subspace D(®) is dense in Go and is equal to Go if and only if Im(®P) is closed, in
which case @~ € L£4(Go, Ho). The operators ® and @~ are linked by the relation

"D = Pyg)t (A.4)

and it is easy to show that, if ¥ € O(Go, Ho), then ¥ = @~ if and only if ¥® = P, (4)+ and
\I’\ ker(®)L = 0.

The identity (A.4), along with the fact that a projection is compact if and only if it has
finite rank, gives (see [18, Theorem 3.1.3]) that a compact operator has closed range if and
only if it has finite rank. The operator ®®~ is not as easy to characterize but when Im(®)
is closed, we have ®®~ = Pjy(¢). Finally, in the case where ® € K (Ho), the generalized
inverse can be diagonalized as follows.

Proposition A.3. Let Ho be a separable Hilbert space and ® € KT (Ho), then, defining for
all i € N, A7 (®) = 1/X:(P) if Xi(P) # 0 and 0 otherwise, we get

D(®) = {x €Ho: Y (A7 (®))° [T (@) f3,, < +oo} (A.5)
€N

and for all x € D(®7),

Oz =) A (P)L(D)x (A.6)

€N

Proof. The inclusion (C) in (A.5) is straightforward. To show the converse inclusion, let
x € Ho such that >, ()\;(@))2 ||H1(<I>)x|\§_to < +oo, then y := >, . Ai(®) TII;(P)x exists
because the series converges in Ho. Now, we write = Py 4y + Prme)1, with

Pm@r= >, IL@z= > XN(@®XN(®) IL(®)z =2y cIm(®),

0<i< Ngp () 0<i< Ngp ()

and therefore € D(®7) which concludes the proof of (A.5).
To show (A.6), let € D(®7) and define the operator

D(@_) —  Ho

z = D en A (PIL(P)z

Then, it is easy to verify that ¥® = Prg 4y = Prey(eyr and that ¥, gy = 0 which imply

that ¥ = @~ a
Using this result, we can show the useful measurability property.

Corollary A.4. Let Ho be a separable Hilbert space. Then the mapping ® — @~ is O-
measurable (see Section 2.1 for the definition) from (KT (Ho), BIKT (Ho)) to O(Ho)

Proof. Measurability of the \;’s and simple measurability of the II;’s shown in Proposition A.1
give Condition (i) of the definition of O-measurability using (A.5) and Condition (ii) using
(A.6). O
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B Locally compact Abelian groups

A topological group is a group (T,+) (with null element 0) endowed with a topology for
which the addition and the inversion maps are continuous in T X T and T respectively. If
T is Abelian (i.e. commutative) and is locally compact, Hausdorff for its topology, then it
is called a Locally compact Abelian (l.c.a.) group. The dual group T of an lc.a. group T
is the set of continuous characters of T. A character x of T is a group homomorphism from
T to the unit circle group U := {z € C : |z| =1} that is x : T — U and for all s,t € T,
x(s+t) = x(s)x(t). In particular, x(0) = 1 and x(t) = x(t)"' = x(—t) forall t € T. T is a
multiplicative Abelian group if we define the product of x1,x2 € T, as x1x2 : t — x1(£)x2(t),
the identity element as € : ¢ — 1 and the inverse of x € T as X't x(t)_l = W T
becomes an l.c.a. group when endowed with the compact-open topology, that is the topology
for which x, — x in T if and only if for every compact K C T, x, — x uniformly on K i.e.
supre g [Xn (8) = X(8)] 7= 0.

A result known as the Pontryagin Duality Theorem (see [34, Theorem 1.7.2]) states that

T — T
t €t
sense that this map is a bijective continuous homomorphisms with continuous inverse. In

T and T are isomorphic via the evaluation map where e; : x — x(t) in the

particular, this means that {e; : ¢ € T} is the set of characters of T (i.e. T). The following
theorem will be very useful.

Theorem B.1. Let T be an l.c.a. group and p a regular finite non-negative measure on
(T,B(T)). Then for all Banach space E,

2
(T, B(T), B, ) = Span” "2 24 (

tﬁx(t)x:XeTxGE)

Proof. The space Span (T) satisfies the conditions of the Stone-Weierstrass theorem
(see [10]) and therefore is uniformly demse in Co(T) D Cc(T). This implies that
Span (t = x(t)r s xeT,z e E) is uniformly dense in Span (¢t — f(t)z : f € Cc(T),z € E)
which is itself uniformly dense in C.(T,E) by [39, Proposition 44.2]. Since p is fi-
nite, uniform density implies density in L2-norm and therefore we have shown that
Span (t —x(t)z : xeT,ze E) is dense in C.(T,E) in L?>-norm. The result follows be-
cause, since p is regular, C.(T, F) is dense in L*(T, B(T), E, u1) for the L?>-norm. O

It is straightforward to verify that Z is an l.c.a. group for the addition and discrete topology
(the open sets are the subsets of Z, in this case every mapping from Z to any topological space
is continuous). Then x € Z if and only if for all ¢t,s € Z, x(t + s) = x(t)x(s) and therefore
7 = { tZ : Et Tz € U}. Since the compact sets of Z are the finite subsets of Z, the
compact-open topology on 7 is the same as the one induced by pointwise convergence. It is
then easy to show that Z, U and T = R/(27Z) are isomorphic (from Z to U take x ~— x(1) and
from T to U take A — elA)A In this case we identify Z and T which is in general represented by
(—m,m]. The other classical example of l.c.a. group is R for the addition and usual topology.

It can be shown that R = { F : gt/\ A€ R} (see for example [9, Theorem 9.11.]

where the idea is to show that the fact that y € R satisfies x(t 4+ s) = x(t)x(s) implies that
x must be differentiable and satisfies a first order differential equation leading to the result).

Then R and R are isomorphic via the mapping A — (¢ — ei”‘). In this case we identify R and
R.
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C Some particular operator and vector valued mea-
sures

C.1 Projection-valued and gramian-projection-valued mea-
sures

Let (X, X) be a measurable space and Ho a separable Hilbert space. A projection-valued
measure (p.v.m.) £ on (X, X, Ho) is a p.o.v.m. valued in the space of orthogonal projections
on Ho. If in addition &(X) = Id, we say that £ is normalized. This notion appears in
diagonalization of non-compact operators and in Stone’s theorem where such measures are
often mentioned as “spectral measures” or “spectral operator measures” (see e.g. [9, Chapter
IX]) but it must not be mistaken with what we defined as “spectral operator measures” for
weakly stationary stochastic process. When working with modules, the notion of p.v.m.’s can
be extended to gramian-projection-valued measures (g.p.v.m.) which play the same role as
p.v.m.’s for the extension of Stone’s theorem on modules. If #H is a normal Hilbert £y(Ho)-
module, then a p.v.m. & on (X, X,H) is said to be a g.p.v.m. if for all A € X, {(A) is
a gramian-projection. The notion of regularity used for p.v.m.’s and g.p.v.m.’s is the one
defined in Section 2.2 for p.o.v.m.’s.

C.2 Countably additive orthogonally scattered measures

Let Ho be a Hilbert space and (X, X') a measurable space. A countably additive orthogonally
scattered (c.a.o.s.) measure W on (X, X, Ho) is an Ho-valued measure which satisfies for all
A, B € X such that AN B =0, (W(A), W(B)),,, = 0. The proofs of the following assertions
are straightforward.

(i) If W is a c.a.o.s. measure on (X, X, Ho), then nw : A — HW(A)||§_[0 is a finite, non-
negative measure on (X, X) called the intensity measure of W. It satisfies for all A, B €
X

)

nw (AN B) = (W(A), W(B))y, -

(ii) Conversely, if W : X — Ho is such that there exists a finite, non-negative measure 7
on (X, X) satisfying VA, B € X, (W(A),W(B))y, = n(AN B). Then W is a c.a.o.s.
measure on (X, X, Ho) with intensity measure 7.

When X is a locally-compact topological space then, by definition of the intensity mea-
sure, we get that a c.a.o.s. measure W is regular (in the sense recalled in Section 2) if and
only if its intensity measure is regular. Since we do not assume that a c.a.o.s. measure has
finite variation, we cannot use Bochner’s integration theory recalled in Section 2.1. However,
Assertion (i) implies that we can linearly, continuously and isometrically extend the mapping
1a— W(A) to

Span (14, Ae X)=L* (X, X, nw) .
That is, there exists a unique isometric operator I : L*(X, X, nw) — Ho such that VA € X,
Iw(14) = W(A). Moreover, Iy is unitary from L*(X,X,nw) to Span (W(A),A e X)

and we define integration of L*(X,X,nw) functions with respect to W by setting, for all
fe (X, X,mw),

[ raw = 1w(s).

Conversely, if 7 is a finite, non-negative measure on (X,Xx) and I is an isometry from
L*(X, X,n) to Ho, then there exists a unique c.a.o.s. measure W on (X, X, Ho) with intensity
measure 7 such that, for all f € L*(X, X,n),

w(f)= [ raw.
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