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NON-COMMUTATIVE STOCHASTIC DISTRIBUTIONS
AND APPLICATIONS TO LINEAR SYSTEMS THEORY

DANIEL ALPAY AND GUY SALOMON

ABSTRACT. In this paper, we introduce a non-commutative space
of stochastic distributions, which contains the non-commutative
white noise space, and forms, together with a natural multiplica-
tion, a topological algebra. Special inequalities which hold in this
space allow to characterize its invertible elements and to develop
an appropriate framework of non-commutative stochastic linear
systems.

1. INTRODUCTION

In this paper we introduce and study a non-commutative version of a
space of stochastic distributions, and give applications to mathemat-
ical system theory. To set the problem into perspective, recall that,
in white noise analysis, various spaces of stochastic distributions have
been introduced by Hida, Kondratiev, and others; see [I§] and the ref-
erences therein. Among those introduced by Kondratiev, one (denoted
by S_1) plays an important role. It is the dual of a Fréchet nuclear
space, and in particular the increasing union of a countable family of
Hilbert spaces with decreasing norms. S_; is an algebra when endowed
with the Wick product, and the Wick product satisfies in S_; an in-
equality, called Vage inequality. The space S_; was recently used to
develop a new approach to the theory of linear stochastic systems, when
not only the input is random but also the characteristics of the system.
See [II, [6, [5]. We recently defined a large class of topological algebras,
which also satisfy a Vage type inequality, and which are furthermore
closed under tensor products. See [7,[§]. For the non-commutative ver-
sion of the white noise and of the white noise space we refer to [28]. The
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non-commutative counterparts of spaces of stochastic distributions, es-
pecially ones which satisfy Vage type inequalities, do not seem to have
been studied. We begin such a study here, and give applications to
non-commutative linear systems parallel to the one done in [I, [6, 5] for
the Kondratiev space and in [7] for Vage spaces.

We divide this introduction into three parts. The first two parts are
preliminaries about the commutative case, namely on the white noise
space and on the Kondratiev space S_; of stochastic distributions. In
the third part we discuss our approach to define a non-commutative
space of stochastic distributions and give an outline of the paper.

1.1. The (commutative) white noise space. To set the framework
of the commutative case we recall the following definitions. Let H be a
separable complex Hilbert space. We consider its n-fold Hilbert spaces
tensor power H®". The symmetric product o is defined by

1
ulo...oun:aZ;ua(l)®--.®u0(n),
(Ao

and the closed subspace of H®" generated by all vectors of this form is
called the n-th symmetric power of H, and denoted by H°". See [24].
We make the convention H®® = C, and the element 1 € C is called the
vacuum vector and denoted by 1. Two inner products are defined on
He™. The first is called the symmetric inner product, and defined by

(0 0ty 01 0 -0 0,)o = per({us, vy),

where per(A) is called the permanent of A and has the same definition
as a determinant, with the exception that the factor sgn(o) is omitted.
The second is called the tensor inner product. It is induced by the
tensor inner product on H®"

n

(U @+ @ Up, 11 ® - ® Up)g = H(ui,m.
i—1

Therefore, the tensor inner product on H°" is simply

1
(uro---oup,vpo--om)e = —5 D (o1, vr1) - (Uonys Vrm)-
" 0,7€Sn
It is clear that || - [je = 5| - [lo. Assuming (e;)ics is an orthonormal

basis of H where I C N, for a : I — Ny (for simplicity, we denote «;
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instead of «(7)) with a support {iy,...,i,} (i1 < -+ < i,,) such that
la| = 370 au; = n, we denote

oail

oy
€oq =€ ‘0o ™ EHT

11

(eq) is clearly an orthogonal basis of H°". The squared symmetric
norm of e, is a! = ay,la,!- - -« !, and the squared tensor norm is %:

The symmetric Fock space over H is the Hilbert space
T(H) = B,

with the corresponding symmetric inner product.

For the definition of the white noise space, one usually takes H =
L?(R). Let (€,)nen be an orthonormal basis of L*(R) (for example, the
Hermite functions). We define the (commutative) white noise space W
as the symmetric Fock space of H = L*(R). Thus, denoting by ¢ the
free commutative monoid generated by Ny, that is,

(= N((]N) = {a € Ny : supp(a) is finite} ,

and setting v(«) = a! we conclude that

W=TI°H) = {Z fata: > | fal?al < oo} =L, v).

acl ael

For more information on symmetric and non-symmetric Fock spaces
we refer to [23] 24].

In this paper, we do not use any realization of the white noise space.
Nevertheless, it is worth to mention that the classical realization is as
the L2-space of Gaussian white noise. More precisely, given a nu-
clear countably Hilbert space E which is densely and continuously
imbedded in L*(R), the Bochner-Minlos theorem insures the existence
of a probability measure P on the Borel o-algebra of E’ such that
eallelE, — = eIV dP(f). The space Ly(E', B, P) is called the Gauss-
ian white noise space, and it is isomorphic to the symmetric Fock space
I'°(H), via the Wiener-It6-Segal isomorphism. For more information,
see for instance [19, pp 162-163].

1.2. The Wick product and the (commutative) Kondratiev
space of stochastic distributions. The standard multiplication of
two elements in the white noise space is called the Wick product.
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Definition 1.1. The Wick product is defined by (f, g) — fog whenever
it make sense. In terms of the basis, we obtain that

ren= () o () = 5 (L)

a€cl a€cl ael \p<La

As it is obvious from its definition, the Wick product is actually a
convolution of functions over the monoid ¢. It is well known that W
is not closed under it; see Remark 2.6l On the other hand, the dual
of the Kondratiev space &7 of stochastic test functions, namely the
Kondratiev space S_; of stochastic distributions, is closed under the
Wick product. The space S is defined as follows:

S = {Z fata 1 > | fal?(2N)*?(a))? < oo for all p € N} :

ael ael

where (2N)® = 2%1.4%2.6% ... It is a countably normed Hilbert space
(in the language of Gelfand) which is a subspace of the white noise
space W. Its dual with respect to the center space VW, namely, the
Kondratiev space of stochastic distributions S_;, can be viewed as

S = {Z faa : Z | f.]2(2N) ™" < oo for some p € N}

acl ael

= U L2(€> :u—p)a

where p_), is the point measure defined by

Hopl(@) = (2N) .

Together with the white noise space these two spaces form the Gelfand
triple (S1,W,S_1). These two spaces S; and S_; are both nuclear
(the latter when endowed with the strong topology), a property which
allows to consider Hom(S;,S_1) as an appropriate framework for the
theory of stochastic linear systems thanks to Schwartz’ kernel theorem;
see [29, 30] for applications of the latter to the theory of non random
linear systems. Furthermore, S_; is closed under the Wick product.
More precisely, the following result holds (see [1§]):

Theorem 1.2 (Vage, 1996). In the space S_1 = J, L*((, p_p) it holds
that,

(1.1) 1o gllg < Ag—pll Fllpllglla,
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(where || - ||, denotes the norm of L*(¢, u_p)) for any ¢ > p+ 2, and
for any f € Lo(l,pu_p), g € Lo(l, pi_y), with

Ayp= (Z@N)—a(q—m) § < o0

a€el

We note that the finiteness of A,_, was proved by Zhang in [31]. It
follows from (L)) that the multiplication operator

My : g— fog
is bounded from the Hilbert space L*(¢,u_,) into itself where f €
L?(¢,pu—_p) and g > p + 2. This also allows us to consider power series.

If Y07, a,z" converges in the open disk with radius R, then for any
fe L, u_,) with ||f]l, < A%, we obtain

S 00
D anl £ lprz <D lanl(Agp |l fII,)" < o0
n=0 n=0

and hence Y7 a, [ € L*({, pi_(p+2)). In this way we are also able to
consider the invertible elements of the algebra S_;. These properties
among others, which follows by Vage inequality, are the key tools for
the applications described at the beginning.

1.3. The non-commutative case and an outline of the paper.
In a similar way, the non-commutative white noise space is defined by
the full Fock space

P(H) = &nZo 1™,
where again, one takes Ho = L?(R), but other choices of Hy are pos-
sible. Denoting by { the free (non-commutative) monoid generated by
N, the space W is isometrically isomorphic to Lz(f v), where v is now
the counting measure (the a! disappeared since we are no longer in
the symmetric case). The non-commutative Wick product is defined
by (f,g) — f ® g, and in view of proposition 2.5, W is not closed
under it. The counterpart of S_; is now of the form |J, L2(/, f—p)
where the measures fi_, are defined by (2.I). In the construction of
the non-commutative version of the Kondratiev space of stochastic dis-

tributions, an inequality similar to the one presented in Theorem
will be seen to hold.

The outline of the paper is as follows: In Section 2 we construct the
non-commutative version of the Kondratiev space, S_;. In Section
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3, we discuss about second quantization, and present an inequality
which holds in 5_1. Power series, invertible elements and some other
properties presented in Section 4. In Section 5, we consider S_; as an
appropriate framework to stochastic linear systems.

2. THE WHITE NOISE SPACE AND THE KONDRATIEV SPACE OF
STOCHASTIC DISTRIBUTIONS - THE NON-COMMUTATIVE CASE

To define the non-commutative version of the Gelfand triple (S;, W,S_1),
two approaches are possible. In the first one, we replace the free
commutative monoid generated by N, namely ¢, with the free non-
commutative monoid ¢ generated by N. To ease the notation, we in
fact consider a family of (pairwise distinct) symbols (z,),en indexed
by N, and consider equivalently the free non-commutative monoid they
generate:

’“{za1 M2eztmineNG FigF - Fi, €Ny, ..., € NFU{L}

Z n

:{zilzi2~-~zim :m € Njiy,... i, € N}U{1}.

We also consider the induced partial order, that is for o, € Z we
define o < f if there exists v € ¢ such that ay = .

For o = 2" 27 - - 2" € Z(Where i1 #ig # -+ # i) we define

H QZk = H (Qj)(Zk:ik:j ak).

€ {ityemin}
We define the measures (o) = 1 for every a € £ and for p € Z,
2.1) () = (2N)°.
Definition 2.1. We call L2(€ v) the mon-commutative white noise
peN Lz(& tp) and

= Upen L ( f—p), topologized as a countably Hilbert space and
as its strong dual respectively, will be called the non-commutative Kon-
dratiev space of stochastic test functions and the non-commutative Kon-
dratiev space of stochastic distributions respectively.

space and we denote it by W. Similarly, S = N

In the second approach to consider the non-commutative version of the
triple (S1, W, S_1) we replace the symmetric Fock space with the full
Fock space. Recall that the full Fock space over H is the Hilbert space

T(H) = &2 HE".
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. . . _ a1 .0 (o4
Assuming (e;)ier is an orthonormal basis of H, for a = 271" 272 - - - 27"

(where iy # iy # .-+ # ip € I), such that |a| = 377" a; = n, we
denote

Co = efo‘l R ® e?mo‘m e HE".

(€q) is clearly an orthonormal basis of H®™ (with respect to the tensor
inner product (u; @ - -+ ® Uy, V1 @ - -+ @ vy,) = [[1, (us, v:)).

As in the commutative case we make the choice H = L*(R) and denote
by (€n)nen an orthonormal basis of it (e.g. the Hermite functions). For
any p € Z, we denote

M, = {Z faen S 1l @) < oo} ~ L2(N, (2n)).

Remark 2.2. We note that
o CHy CHI CHoCH A CH LS,

and that ﬂp H,, is the Schwartz space of rapidly decreasing complex
smooth functions (in case we indeed choose (e,) to be the Hermite
functions) and Up H,, is its dual, namely the Schwartz space of complex
tempered distributions.

Theorem 2.3. It holds that

Si=T(Hy), W=T(Hy), and S.=|JT(H,).

peEN peEN

Proof. Clearly ((2n)7?/%e,) is an orthonormal basis of #,,. Hence,

is an orthonormal basis of I'(H,). Thus,

T(Hp) = Q> fata: D |fal?2N) < 00 o,

an OCEZ
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and so

TH) =Y fata: D> fal?@N)? <00 WpeN

peEN acl ael
= ﬂ L2(€> :up)
p

::Sh

D(Ho) =Y fata: D |fal? <00 p =L2(l,v) =W,
aef aEZ
and

U F(H_p) = Zfaea ; Z |fo]?(2N)"*? < 0o for some p € N

peN acl ael

- U L’ (Z fi-p)

- 8_1.
O
As was mentioned in the commutative case, we do not use in this paper
any realization of the white noise space. Similarly to the commutative
case, there is an isomorphism between the full Fock space I'(H,) (i.e.
the non-commutative white noise space) and the L*-space of the free

white noise, namely L?(7), where T is a free expectation. For more
information, we refer to the paper [I1] of M. Bozejko and E. Lytvynov.

Definition 2.4. The Wick product is defined by (f,q) — f ® g when-
ever it make sense. In terms of the basis we obtain

f ®g= Z faea ® Zgaea = Z (Z fﬁgﬁla> €a

acl acl acl \B<a

where B < « means that there exists there exists (a unique) v € { such
that o = B, and S~ a stands for .

Thus, the Wick product is the convolution of functions over the monoid

l.
Proposition 2.5. W is not closed under the Wick product.
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Proof. Let ¢ : (?(N) — W be the embedding defined by

fn ifa=2z7

(e(f), ea) = {

0 otherwise

(where f = (f,) € (*(N)), and let f, g € ¢*(N) such that || f * g|]| = o
where * denotes the standard convolutions of two elements in ¢*(N).
Then,

le(f) @ e(g)ll = I[f * gll = o0
O

Remark 2.6. The reason why the commutative white noise space is
not closed under the symmetric Wick product is similar. We can simply

define n : *(N) — W by
fu/Vn! if a = (n,0,0,...)

0 otherwise

(n(f), ea) = {

(where f = (f,) € *(N )) Thus, for non-negative sequences f,g €
(*(N) such that ||f * g|| =

In(f) @ n(g)II* = Z(Z Wfkgn )m
>;<wan )

=[If *gl?
= 0.
Similar to the commutative case, it will be shown in the sequel that

g_l is closed under the Wick product, and moreover it satisfies an
inequality similar to the one that was presented in Theorem

3. SECOND QUANTIZATION AND AN INEQUALITY OF TENSOR
PRODUCT

Let ICy be a separable Hilbert space, and let (e,,),en be an orthonormal
basis of Ky. Furthermore, let (a,),en be a sequence of real numbers
greater than or equal to 1. For any p € Z, we denote

Ky = {Z Jan Y| ful?al < OO} = L(N,db).
n=1 n=1
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We note that
i CKyCK CKyCK CKaCene,
where the embedding T, ,, : K, — K, satisfies

||Tq,par:q/2€n ||p = a;(q—p)/2 ||a;p/2en an

| Typlls = > an' ™.
neN

The dual of a Fréchet space is nuclear if and only if the initial space is
nuclear. Thus, |J,cyK-p is nuclear if and only if () K, is nuclear.
This is turn will hold if and only if for any p there is some ¢ > p such
that [|T},,||ms < 0o, that is, if and only if there exists some d > 0 such
that Y _ya,® converges. We note that in this case, d can be chosen

so that
Za;d < L.

We call the smallest integer d which satisfy this inequality the index of
Upen K—p- In this section we show that if |,y K-, is nuclear of index
d, then |J oy I'(K-p) has the property that

If @ glly < IT(Tep)llasll Fllollglly and llg @ fllg < [T(Top) sl fllpllgllq

for all ¢ > p+ d, where || - ||, is the norm associated to I'(K_,), and
IT(Ty p) |l s is finite. The case a,, = 2n (and hence d = 2) corresponds
to the non-commutative Kondratiev space, and is discussed in the next
section.

and hence

Definition 3.1. Let T : Hi — Hs be a bounded linear operator between
two separable Hilbert spaces. Then T®" : HY™ — HS™, defined by

T (ur @ -+ @ up) =Tuy @ - - @ Ty,

is a bounded linear operator between HY™ and HS". When T is a con-
traction, it induces a bounded linear operator I'(H,) — I'(Hz), denoted
by I'(T), and called the second quantization of T'.

Let (A,) be a sequence of non-negative numbers. For v = 222 - .. 20" €
1 72 in

¢ (where iy # iy # -+ - # i) we denote

n

el T =)

k=1 GE€{itsemnin}
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We recall that if T': Hy — H, is a compact operator between two
separable Hilbert spaces, then

Tf=> Alfsen)hn
n=1

where (e,)nen and (h,)nen are orthonormal basis of H; and Hs re-
spectively and where ()\,) is a non-negative sequence converging to
zero. Conversely, any such a decomposition defines a compact opera-
tor Hy — Ho (see for instance [25]).

Theorem 3.2. Let T : Hi — Hy be a compact contraction operator
between two separable Hilbert spaces with

n=1
where (e,)nen and (hy)nen are orthonormal basis of Hi and Ho respec-
tively and where (\,) is a non-negative sequence converging to zero.
Let T'(T') be its second quantization as in Definition[31. Then,

(a) It holds that
D) f = ST eadha

ael
where (eq),c7 and (ha),cp are orthonormal basis of I'(Hy) and
['(Hz) respectively.
(b) If furthermore T is an Hilbert-Schmidt operator, i.e. (\,) € £*(N),
then

IT(T)I7s = D ITNs-
n=0

In particular, T(T') is a Hilbert-Schmidt operator if and only if T
is a Hilbert-Schmidt operator with ||T'||gs < 1 and in this case we

obtain
1

V1=

Proof. For any a € { let e, = e& ®--- Qe and hg = hi" @+ @

(51
hi%m. Then, (eq),c7 and (ha),.; are orthonormal basis of H; and H
respectively.

(a) We have that
D(T)eq = (Te;,)® @ --- @ (Te;,, ) o™
= (Nihi)? @ - @ (N b, )20
= Mila-

IC(D)| s =
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Thus, by the linearity and continuity of I'(7"),

f= (S ea)h

acl

(b) We have that
IT(D)7s = D IT(T)eall”

acl

[
=> > IT®el?
n:OaEZM‘_
> ¥ HWMM
n= ané |oo|=n

nl 00

SO I (R
n:OaEZM‘ =1

Considering an experiment with N results, where the probability of
the result 4 is p; = ||T|| ;%] Teil|* (and so 3_ p; = 1), the probability
that repeating the experiment n times yields that the result ¢ occurs
«; times for any i is

n!l o o d e,
ST = Il T e,
i=1 i=1
Thus,

> ,H Tl = I T1s,

a€ljal=n
and we obtain the requested result.
O

Theorem 3.3. If U oy K- is nuclear of index d, then \J,oyT'(K-,) is
nuclear and has the property that

If @ gl < NT(Top)llasll fllpllglle and [lg @ fllg < N0 (Typ)lasll f Il
for all ¢ > p +d, where || - ||, is the norm associated to I'(K_,), and

where
o 1
| Typllis = a0 = —
acl \/]- - ZnEN an, P
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Proof. Denoting b, = afj, we have that

F(K—p) = (fa)agg7: Z |fa|2b;p < 00

acl

Since | J

Len K—p is nuclear of index d,

1Tyl = Za;(q_p) <1 foranyqg>p+d
neN

In view of Theorem 3.2 I'(7},,,) is Hilbert-Schmidt and

(g —a(g— 1
Zba(q P — ZCLN ) = ||F(Tq,p)||§15 10T . < 0.
— 1 Toll7s

an aEZ

« (e} Ofn ﬁ Bm E
tS}lln(;e for any a = 23" 272 - - eland = z]1 25z € 4t holds
a

n m
babs = alal = H Ha = a2’ = bag,
P

for any f € I'(H_,) and g € F(H_q) we obtain

2
||f®g||2 = Z Zfagafl’yb;q/2

’yEZ a<ly
-y (zw o q/?)
'YEZ a<ly
— —q/2 —q/2 —q/2
=Y ( > 1 falba | ol |ga»y|ba%,|g<aqw|b(;i§1,y>
vel \eo'<y
_ —q/2 —q/2 2
<Y <|fa\baq/2|faf|baf’/ D o116, 2 |g(ary-14 b7 )
a,a’eg a0
2 : !
—n/2 _ —
<[> sslo;” > gsloz | D lgsl05"
Bel Bel gel
<220 ) | Dol | | D lsl s
Bel gel gel

= ID(Typ) sl 15
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The second inequality is obtained in the same manner since

(f®g)’y = Z Jags = Z f89a-

a,8el a,Bel
af=y Ba=y

O

4. THE ALGEBRA OF THE NON-COMMUTATIVE KONDRATIEV SPACE
OF STOCHASTIC DISTRIBUTIONS

We now specialize the results of the preceding section to a, = 2n, and
denote by H, the corresponding spaces:

%P - {Z fn€n : Z |fn|2(2n)p < OO} = Lz(N> (2n)p)’
Denoting by T}, the embedding H, — H,, it holds that
| Toplltrs =Y _(2n) =07 = 277P¢ (g —p),
neN

where ¢ denotes Riemann’s zeta function. Since for any s > 2, ((s) <
2%, for any ¢ > p+ 2, ||T,,|lzs < 1. In view of Theorems 3.2 and B3]
we obtain the following result:

Theorem 4.1. (a) The non-commutative Kondratiev spaces S; and

S_1 are both nuclear spaces.
(b) For any q > p +2,

Bg_p — Z(QN)—a(q—p) —

acl

where By—p = |[T'(T4,p) ms-
(¢) For any q > p+ 2 and for any f € T'(H_,) and g € T'(H_,)

41) Nf@glls < Byl fllpllglly — and  llg @ fllg < Byl fllpllglly

where || - ||, is the norm associated to T'(H_,).

1
1= 2-¢(g—p)

We now show that the non-commutative Wick product is continuous.
We first need the following proposition.

Proposition 4.2. Let f € S_1. Then the linear mappings L, : x — azx,
R, :  — xa are continuous.
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Proof. Suppose that f € I'(H_p), and let L|re_,) : T(H-) = S-1
be the restriction of the map L, to I'(H_,). If B is a bounded set of
['(H_,) then in particular we may choose ¢ > p+ 2 such that ¢ > r, so
BC{geI'(H-y) :llgll; < A}. Thus, for any g € B

[ Lalra)(9)llg < By-pAllglle-

Hence, Lg|rp_,)(B) is bounded in I'(H_,;) and hence in S_1. Thus,
for any r, Lq|rm_,) : T'(H-r) = S_; is bounded and hence continuous.
Since S_1 = (J, ey I'(H-p) is a strong dual of the reflexive Fréchet space

S1 = yen ['(Hp), it is the inductive limit of the Hilbert spaces I'(H_,)

(see [10, IV.23]). So by the universal property of inductive limits, L,
is continuous. The proof for R, is similar. O

Theorem 4.3. The Wick product is a continuous function g_l ><§_1 —
S_1 in the strong topology. Hence (S_1,+,®) is a topological C-algebra.

This follows immediately from Proposition together with the fol-
lowing theorem, proved in [10, IV.26].

Theorem 4.4. Let Ey and FEy be two reflexive Fréchet spaces, and
let G a locally conver Hausdorff space. For i = 1,2, let F; be the
strong dual of E;. Then every separately continuous bilinear mapping
u: Fy x Fy — G is continuous.

As a matter of fact, the topology of the space S_; itself is hardly used,
and most of the applications only its “local topology”, i.e. the topology
of the Hilbert spaces I'(H_,). Nonetheless, we give here, as a remark,
a brief discussion about its topology and about the relations of this
topology to the topologies of the Hilbert spaces I'(H_,).

Remark 4.5. S_; carries out a priori two natural topologies. The
first is its topology as a strong dual of Fréchet space (namely, Sj).
This topology was in our mind during our discussion up to now (see
Definition 2.T). Two of the main properties of this topology is that
any bounded set of S_y, is bounded in some Hilbert space I'(H_,), and
that if the Fréchet space is nuclear (as in our case), then so is its strong
dual (see Theorem AI(a) and (see [10, IV.21-26, §3] and [I5, §5] for
references on this fact).

The second topology is its topology as an inductive limit of the locally
convex spaces (which are actually Hilbert spaces) I'(H_,), i.e. the finest
locally convex topology such that the embeddings I'(H_,) — S_; are
continuous. There are two main properties of this topology which are
worth mentioning. The first is that it satisfies the universal property
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of an inductive limit, i.e. any linear map from an inductive limit of
a family of locally convex spaces to another locally convex space is
continuous if and only if the restriction of the map to any of members
of the family is continuous (see [10], I1.29]). The second property is that
in case the inductive limit is of Banach spaces (recall that in our case
they are Hilbert spaces), then the inductive limit is bornological (see
[T0, I11.11-13, §2]) and barreled (see [10, I11.24-25, §4]). In our case,
where the “building block” spaces I'(H_,,) are Hilbert spaces (actually,
reflexive Banach spaces is enough), these two topologies coincide (see
the proof of [10, IV.23, Proposition 4.]). Furthermore, a nice property
holds: since the embeddings of I'(H_,) in I'(H_,) for any ¢ > p + 2
are compact (see Theorem [.II(b), where it is stated that they are
nuclear, so in particular compact), the topology of 5_1 is the finest
topology (rather than the finest locally convex topology) such that the

embeddings ['(H_,) — S_, are continuous (see [10, I11.6, Lemma 1.]).

Note that the topological C-algebra (g_l, +,®) is unital, where the

unit element is ¢y = 1 which is also the vacuum vector of W embedded
in 3_1.

Definition 4.6. Let f = Zaezfaea € 5_1. Then, fo € C is called the
generalized expectation of f and is denoted by E[f].

From this definition we have
Elf ® gl =E[f|E[g] and E[1]=1 Vf,ge S

Thus, F : 5_1 — C is a unital algebra homomorphism. In the sequel,
we will see it is the only homomorphism with this property (see Propo-
sition A.IT)). Note also that for any p € F, |E(f)| = |fol < || f]l,- Since

as the strong dual of the reflexive Fréchet space 81 = [ cx I'(Hp) .S-1

is the inductive limit of the Hilbert spaces I'(H_,), by the universal
property of inductive limits, E is continuous.

Proposition 4.7. For any f € S_; such that E[f] = 0, it holds that
limgo0 || fllg = 0.

Proof. Let f = > ;7 fata € I'(H_p) with fo = 0. Then for all o € ¢

we have
lim |fa|2(2 N)_qa =0,
q—00

and for all ¢ > p,
|fal?(2N) 7% < | ful(2N) 7P,
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where Y 7|fal?a;? = ||f| < oo. Thus, the dominated convergence
theorem implies

lim |2 = lim £ P@N)7" = 3 lim [£[*(2N) 7 = 0.

acl ael
U
Proposition 4.8. Let f be in I'(H_,). Then
[ eM(Hopr2) YneN,
Moreover,
£ lp+2 < B £1l;-
Proof. Obviously, f° = 1 € D(H_(pya), and [ f%]lpez = A@)°) I
By induction,
1FEH D e = [1f @ fE" e
< Boll flloll £ =" o2
< By|IfIl;* < o0
U

More generally, given a polynomial p(z) = Ziv:o 2" (pn € C), we
define its Wick version p: S_1 — S_1 by

N
p(f) = paf®"
n=0

By Proposition 48, we have that p(f) € S_; for f € S_1. The following
proposition considers the case of power series.

Proposition 4.9. Let ¢(z) = >~ dn2" be a power series (with com-
plex coefficients) which~converges absolutely in the open disk with radius
R. Then for any f € S_1 such that |E[f]| < B% it holds that

Sf) = dnf €S 1.
n=0
Proof. Applying Proposition [4.7] there exists ¢ such that

I£ = Bl < 5 ~ 1EL.

Therefore,

17l < 17 = Bl + 1B < o
2



18 DANIEL ALPAY AND GUY SALOMON

By Proposition [4.8] for all p > g + 2,

D 1balllF= s <> 16nl Byl £l
n=0 n=0

= > 16al(Bal fll)"
n=0

< OQ.

Since I'(H_,,) is a Hilbert space, ¢(f) = > ", ¢nf®" € ['(H_,). Thus,

o(f) € S_1. O

Proposition 4.10. An element f € I'(H_,) is invertible if and only if
E[f] is invertible.

Proof. 1If E[f] # 0, we can assume that E[f] = 1. By Proposition
we have that >~ (1 — f)®" € S_;. Furthermore,

f® <Z(1 - f)®"> =1L

n=0

Conversely, assume f invertible. Then there exists f~! € S_; such that
f® f'=1. Hence, E[f|IE[f Y| =E[f® f ] =1. O

Proposition 4.11. The following properties hold:

(a) The set of all invertible elements in S_,, denoted by GL(S_1), is
open.

(b) The spectrum of f € S_y, o(f) = {\ € C: f— X is not invertible }
is the singleton {E[f]}.

(¢) E is the only homomorphism S_; — C which is unital.

Proof.

(a) By Proposition (.10, we have that {f € S_y: E[f] # 0} is the set
of all invertible elements in S_;. In other words, GL(S_;) is the
inverse image of GL(C) under the generalized expectation E. In

particular, since £ is continuous, GL(S_1) is open.
(b) Clearly, f — Al does not have an inverse if and only if A = E(f).

(c) Let ¢ : S.1 — C be a homomorphism mapping 1 to 1, and let

fe&.i. Since o (f —o(f)) =0, ¢(f) € o(f), that is p(f) = E[f].
0
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5. APPLICATIONS TO NON-COMMUTATIVE LINEAR SYSTEMS

We refer to [13], 17, 22, 26] for general information on the theory of
linear systems, including over commutative rings, and to the papers
[16, 27] for more information on linear system on non-commutative
rings, and in particular for the notions of controllable and observable
pairs. In the present setting an input-output system will be a map of
the form now an input-output relation of the form

(51) Yn = Z hm D Up—m, N E N07

m=0
where the input sequence (uy,)nen,, the impulse response (hy,)nen, be-
long to S and SPX? respectively. Then, the output sequence belongs

to S**'. When the impulse response (h,) or the input sequence (u,,)
are not random, the Wick product reduces to the pointwise product of
complex numbers, and we recover classical convolution systems. The
transfer function of the system (B5.]) is (the possibly divergent) series
defined by

H(z) = i hp2",
n=0

where z is a complex variable. The realization problem in this setting
is to find, when possible, realization of 7 in the form

(5.2) H(2)=D+20® (I —2A)"'B,

where A4, B, C and D are matrices of appropriate entries and with en-

tries in S_q, and
o

(I —zA)' = Z 2R A®R,
k=0
The series converges in a neighborhood of the origin thanks to Propo-
sition

The results presented in [I], 6, 5] for the case of the commutative Kon-
dratiev space S_; of stochastic distributions still hold for the non-
commutative case because of the underlying structure and in particular
of inequality (4.I). We will present here one representative result, see
Theorem 5.2l Note that the arguments in [I}, |6, 5] are in the setting of
power series (because one considers there the Hermite transform of the
Kondratiev space rather than the Kondratiev space itself), and make
use of derivatives. For the general case, when no power series are avail-
able, we need to introduce and prove the continuity, of the operators
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D,,, m=1,2,... defined by

D,, zal zaz 0 s Za1 Zaz LS 1)qu—1za(g+1) .. 0
) J [ )
n (-1 Y(G+1) tn
{j:i;=m,a; >0}

a1 a2

where, to ease the notation, we write Z " instead of e, a1 o2

an
’Ll 7,2 Zin )

and extend by linearity to any ﬁmte hnear combmatlon of such ele-
ments, and prove that these operators are continuous.

Proposition 5.1. D, is a well defined continuous linear operator
8_1 — 8_1 and it holds that

Dy (f®g) = Du(f) @ g+ f @ Din(g)
forany f,qg € §_1.

Proof. Let f =3 7 fata € S_;. Then there exists p € N such that
D [ fal?(2N)7? < oo

acl

For any 0 < j <n, let r; be defined by
r; + {ael:lal=n}—={ael:|a]=n+1}
defined by
(201 Zip " Zin) = ZiyZip 2y Zm iy B
Since m is fixed, we do not write the dependence of r; on m. NF urther-

more, we now allow i = ipq. Let 8 € ¢. Then for any « € ¢ and for
any 0 < j < |a| such that r;(«) = 8, we have |o| + 1 = |f]| and

|a| |8l

(N =[] i) = @m) 7 []2i”) = 2m)~ (2N)°.

=1 =1
Moreover,

|Kmﬁ1a€Z0§j<kﬂm()=ﬁH=
=[{1<k<[B]:8 S Zig e = mi| < [B].

Thus, denoting 0 = {p € (- B =z -ziw,ik = m for some k}

2
|al

||Dm.f||2 = Z Zfrj(a 2N
act | 770

|al

<Z (Jaf +1) Z}fr(a

acl



NON-COMMUTATIVE STOCHASTIC DISTRIBUTIONS 21

2 —Q
=> > (o] + 1% | frye|” (2N) 7
Belm {(a,j):ael,0<j<|al,rj(a)=}
=y > 1B | f5]* (2m)(2N) P4
BElm {(a,j):ael,0<j<alr;(a)=B}
<O 1B Ifsl? (2m)7(2N) .
BElm

By induction it can be easily checked that for any n € N, 23"~ > p?,

Thus, for any ¢ > p + 3 and for any 5 € £,
(Qm)—(q—p)(gN)(q—p)B - (Qm)_(q_p)(%l e 2me e 2ip) TP > 23(81=1) > 1B]3.
Therefore,
|B]%(2m)1(2N) %7 < (2m)P(2N) 7P,
and we obtain
1D fNI7 < m)P|I£II5.
Hence, Dy, |r_,) : T'(H-p) — S_1 is bounded and therefore continu-

ous. Since as a strong dual of a reflexive Fréchet space S_; the inductive
limit of the Hilbert spaces I'(H_,), and by the universal property of
inductive limits, we obtain that D,, is continuous.

It is now easy to check that for any f,g € S_; which are finite linear
combinations of the basis (e,), Di(f ® g) = Dp(f) @ g+ f @ Dp(g).
By continuity it holds for any f,g € S_;. O

We recall that for a unital (associative) ring R a pair (C, A) € RPN x
RN*N s called observable if there exists some p > 0 such that

(C cA cAr ... carY)

is left invertible. If furthermore, we may choose ¢ = N, then we the
pair (C, A) is called strongly observable.

In the following theorem and its proof we omit the symbol ® for sim-
plicity.

Theorem 5.2. Let (C, A) € SN x SNV If the pair (E[C], E[A]) is
observable, then the pair (C, A) is observable.
Proof. Let ¢ > 0 be such that (E[C] E[C]E[A] --- E[C|E[AT])is
left invertible. We show that for any f € (S_1)? such that

(c cA ... CATYf=0
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it holds that f = 0.

First, we note that for such f, (E[C] E[C]E[A] --- E[CAT'])E[f] =
0. Hence, fo = E[f] =0.
Now,
0= (ED,)((C CA --- CATY)f)
= (ED,) (C CA --- CATY) E[f]
4 (EIC) EICIEA] - BICIEIAT) (ED,)f
_ (EIC] EICIELA] - E[C)E[AT) f.,.

implies f,, = 0.
Furthermore, by a simple induction since there exist some {Uy }1.<,, such
that

Dp((C CA .- CATY) f)=> UDpf+(C CA - CATY)Dpf

we conclude

0= (ED;‘])((C' CA --- C’Aq_l) f)
= E[UJE[D} ]+ (EIC] E[CIE[A] --- E[CIE[A*™Y) (EDp)f
— (E[C] E[CIB[A] - E[CIE[A™) £y,

Thus, f.» =0, for any n and m.
The next step is to show that f,.,, = 0. Since,

0= (ED,D,)((C CA --- CAY) )
— (ED)((C CA --- CAT')E[D,.f]
+((E[C] E[CIE[A] - E[CIE[A™]) E[D;Dy f]
+(EDD,)((C CA -+ CAY) E[f]
+(EDy)((C CA - CATY) E[Df]
= (B[C] E[CIE[A] --- E[CIE[ATY]) f.s,,

we conclude that f,,. =0.

In the same manner it is easy to complete the proof and showing that
fo =0 for any a € /. O

In the approach outlined here to non-commutative linear systems we
replaced the complex numbers by a non-commutative algebra with a
special topological structure. Other approaches are possible. We men-
tion in particular the work of Fliess [14]. We also mention [4, 9] 20, 21].
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Furthermore, using the setting developed in the present paper, one can
study non-commutative versions of stationary increments stochastic
processes and associated stochastic integrals in a way similar to 2] [3].
This will presented in a future publication. For related work on free
stationary increments stochastic processes, we refer to [11], 12].
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