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ABSTRACT. We compute the tail algebras of exchangeable mono-
tone stochastic processes. This allows us to prove the analogue of
de Finetti’s theorem for this type of processes. In addition, since
the vacuum state on the ¢-deformed C*-algebra is the only ex-
changeable state when |g| < 1, we draw our attention to its tail
algebra, which turns out to obey a zero-one law.
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1. INTRODUCTION

In Classical Probability de Finetti’s theorem characterizes exchange-
ability for a sequence of random variables in terms of conditional in-
dependence and identical distribution with respect to the tail algebra
of the sequence itself, see e.g. [19]. Furthermore, exchangeability is
equivalent to spreadability by virtue of a well-known result due to Ryll-
Nardzewski, [24]. Now it is relatively easy to guess what the general-
ized statements of this couple of results should be within the various
non-commutative formalisms offered by Quantum Probability. Yet the
methods employed to prove them can often be far from straightforward.
Interestingly, surprises can occur when the classical results cease to hold
in suitably chosen models. For instance, on the CAR algebra there exist
spreadable states that are not exchangeable, [10]. Furthermore, in the
W*-formalism adopted by Késtler in [20], examples have been found of
spreadable quantum processes which nevertheless fail to be exchange-
able. Sticking to this formalism, though, the sought generalizations
can still be obtained as long as exchangeability and spreadability are
replaced by their quantum analogues, see [21] and [12] respectively,
where the symmetries are implemented by natural coactions of quan-

tum groups. It is also possible to arrive at quantum generalizations of
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de Finetti’s theorem in which the involved symmetries continue to be
implemented by classical groups. However, this will require restricting
the class of quantum processes or variables addressed. For example,
by following this approach a de Finetti-type theorem can be proved for
Boolean [14] and Fermi processes [5, 6]: all processes of both types are
exchangeable if and only if they are independent and identically dis-
tributed with respect to the tail algebra. Similar results can actually
be obtained in the framework of quasi-local algebras [11], although the
analogy with the classical setting is looser, inasmuch as the states of
these C*-algebras do not necessarily correspond to a stochastic pro-
cess; for the correspondence bewteen states and stochastic processes
see [6, 7]. Even so, for infinite Zs-graded tensor products, which are
of course examples of quasi-local algebras, the analogy is complete, see
(11, 15].

Pursuing this line of research, the present paper mainly but not only
deals with monotone processes in the C*-algebraic formalism. In Sec-
tion 2 we first establish some notation from C*-algebra theory and
collect the necessary definitions from the theory of quantum stochas-
tic processes. The bulk of the work is contained in Section 3, at the
begin of which we provide a rather quick yet self-contained account of
the monotone algebra 9 as the concrete unital C*-algebra generated
by annihilation and creation operators on the monotone Fock space.
After recalling how states of 9 correspond to monotone processes, we
move on to complete the study of symmetric states initiated in [8]. As
shown there, although the group of finite permutations on a countable
set does not act on 9 through automorphisms, exchangeability of a
monotone process can still be seen as an invariance property of the
corresponding state, albeit with respect to maps that are only unital,
linear and x-preserving. In the aforementioned paper the set of these
states is seen to coincide with the set of spreading-invariant states, be-
ing both equal to the segment whose endpoints are the vacuum state
and the state at infinity.

The tail algebras of monotone symmetric states are described in Propo-
sition 3.4. These are never trivial, apart from the tail algebra of the
state at infinity. More precisely, the tail algebra of the vacuum state is
isomorphic with C & C, where the two measure atoms account for the
projection onto the vacuum vector and its orthogonal projection. How-
ever, monotone tail algebras of symmetric states are always commuta-
tive and finite-dimensional. Moreover, they are strictly contained in
the stationary algebra, as observed in Remark 3.5. Unlike the Boolean
case analyzed in [14], monotone exchangeable algebras may even not
be defined since it is not known whether the linear maps alluded to
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above, which are only defined on a dense x-algebra of 91, extend to the
whole C*-algebra. Nevertheless, in Proposition 3.3 we show that the
self-adjoint subspace of the elements in the dense x-algebra fixed by all
these maps reduces to the scalars. A version of de Finetti’s theorem for
monotone processes does hold. Indeed, in Theorem 3.9 we prove that
a monotone process is exchangeable if and only if it is conditionally
independent and identically distributed with respect to its tail algebra.
In Section 4 we focus on processes on the so-called ¢-deformed algebra,
with |¢| < 1. Unlike the monotone case, the corresponding dynamical
systems are now uniquely ergodic, [13]. However, what we believe is
worth pointing out is that enjoying good ergodic properties still gives
no guarantees at the level of the stochastic process itself, insofar as
the Hewitt-Savage [16] and the Olshen [22] theorem fail for g-deformed
processes. More precisely, we show that the tail algebra of the vacuum
state is trivial, Proposition 4.1. Moreover, the tail, exchangeable, and
stationary algebras of the vacuum state are seen to be different from
one another in Remark 4.2.

Finally, for the reader’s convenience we defer to the appendix a pos-
sibly known result which shows how to recover classical (countable)
stochastic processes in the C*-algebra framework.

2. QUANTUM STOCHASTIC PROCESSES AND INVARIANT STATES

We collect here some basic definitions from C*-algebra theory as well

as establishing some notation which will be used consistently through-
out the paper.
Given a collection of unital C*-algebras {2;};c; indexed by a set J,
their unital free product C*-algebra *;c;; (cf. [1]) is the unique (up
to isomorphism) unital C*-algebra determined by the following univer-
sal property: there are unital monomorphisms ¢; : 2l; — *;c;2; such
that for any unital C*-algebra B and unital morphisms ®; : /; — B,
there exists a unique unital homomorphism ® : ;¢ ;2; — B such that
$oi; = P, for every j € J. When 2A; = for every j € J, we denote
the corresponding free product simply as * ;2. Details are to be found
in [6, 7, 25].

We now recall the definition of a (realization of a) quantum stochastic
process labelled by the index set J. This is a quadruple (Q[, H,{¢;}es, & )
where 2 is a (unital) C*-algebra, referred to as the sample algebra of
the process, H is a Hilbert space, whose inner product is denoted by
(-,), the maps ¢; are (unital) *-homomorphisms from 2 to B(), and
¢ € H is a unit vector, which is cyclic for the von Neumann algebra
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\/jeJ Lj(m)-

A quadruple as above can equivalently be assigned through a state ¢ on
the free product C*-algebra * ;2. Indeed, if one starts with a stochastic
process, then a state ¢ on the free product * ;2 can be defined by set-
ting ¢(i;(a)) = (1;(a)€, &), a € A and j € J. Rather interestingly, all
states on the free product ;20 arise in this way, see [6, Theorem 3.4].
Phrased differently, starting now with a state ¢ € § (* JQI), it is possible
to recover a stochastic process by looking at the GNS representation
(7, Hop, €,) of @. Indeed, for every j € J we can set ¢;(a) := m,(i;(a)),
a € 2, so as to get quadruple (91, He, {t)}ier, fgp).

The above definition of a quantum stochastic process is general
enough to include all classical cases as realised in the Kolmogorov
consistency theorem. Indeed, suppose one is given a family of finite-
dimensional distributions y;, j, ;, € P(RF), for any k € N and indices
J1, 92, ., ju € J. Consider the Tychonoff product R’, whose points
are denoted by x = (z;)jes. For any k € N, ji,j2,...,j, € J, and
Ay, Ay, ..., Ay Borel subsets of R, we define a corresponding cylinder
of R7 as

A1, Az, A
jl?]zzpz-;j;c ko= {ZIZ’ c RJ | g c A1,$j2 c Ag, sy Xy c Ak}

As is known, if the finite-dimensional distributions satisfy the so-called
consistency conditions of Kolmogorov’s theorem (see e.g. [2]), then a

measure p can be defined on the o-algebra € generated by cylinders by

Aq,As,.. AL
M(Cj13j2,.2..,jk k) = Mjhjz,...,jk(Al X A2 X ... X Ak)

Denote by X; the j-th coordinate function on R’, namely X;(z) = z;,
z € R’. The functions {X;};c; provide a stochastic process on the
probability space (R’,&, ) having {u;, j,.. .} as finite-dimensional
distributions.

The above construction can also be reinterpreted in terms of represen-
tations of a given sample algebra. To this end, take A = Cy(R). With
H = L*(R7,p), we consider a family of x-homomorphisms of 2l to
B(H) defined as

y(f) = f(X5),  feCo(R),

where f(X;) is the bounded operator acting on L?(R”, 1) by multipli-
cation by the function f(X}).

Denoting by 1 € L*(R”, ;1) the function equal to 1 p-a.e., we obviously
have that (Co(R), L*(R”, ), {¢;}jes, 1) is a stochastic process and cor-
responds to the realization of the process provided by Kolmogorov’s
theorem through the coordinate functions X;.

Conversely, a process is classical exactly when both the sample algebra
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& and \/,c;¢;(2A) are commutative, see e.g. Appendix.

By a C*-dynamical system we mean a triplet (A, M,T"), where 2
is a unital C*-algebra, M is a monoid (unital semigroup), and I' is a
representation M > ¢g — I'y € End(2A) by unital *-endomorphisms of
2 such that I'y, = 'y oIy, for any g,h € M. When M = G is a group,
in the corresponding C*-dynamical system (2, G, «), each o, is a *-
automorphisms of 2. In this case, one typically speaks of reversible
dynamics, whereas dissipative dynamics corresponds to having non-
invertible maps, see e.g. [4]. By 8(2) we denote the convex set of all
states (normalized, positive, linear functionals) on 2. Since the latter
is assumed unital, () is weakly *-compact. For any given (2, M, T"),
we can define the convex subset 8,,(2() C 8(2) of those states of A
which are invariant under the action I' of M as

Su(A) :={pe8) |poly=¢p, ge M}.

This is easily seen to be compact in the weak-x topology.
When M = G is a group, for any ¢ € 8¢(2) the corresponding fixed
von Neumann algebra 7, ()¢ is defined as {T" € B(H,) : U,TU; =
T for allg € G}, where for g € G the operator U, is the unitary imple-
mentator of g, that is Uym,(a)U; = m,(ay(a)), a € L.

Comparing the distributional symmetries involved in the present pa-
per requires considering some algebraic structures on Z.
We first consider the group generated by the one-step shift 7(i) := i+ 1
of the integers Z, which is canonically identified with 7Z itself.
Let us now denote by IP,, the symmetric group of order n € N. For any
n > 2 we identify P,,_; with the subgroup in P, fixing the nth element.
Thus, one can take the direct limit of the groups above, which may
be easily identified with the group of all permutations on the integers
leaving fixed all but finitely many elements, denoted by P.
In addition, we consider the monoid Ly of all strictly increasing maps
g: 74— 7.
By universality, the action on Z of the above algebraic structures
can be lifted to the free C*-algebra of the infinite free product *;2
of a given sample algebra 2. We denote by (xz2,7,7Z), (xz2, a, Pz)
and (xz2, \,ILz) the corresponding dynamical systems. Note that
(%224, A\, L) is a dissipative dynamical system. However, for every
h € Lz the endomorphism )\, is injective since Lz has left inverses.
One clearly has 8p, (*z2) C Sp, (%z24) C Sz(*z2).
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A stochastic process (91, H,{¢j}jez, 5) is called

- spreadable if the corresponding state is invariant under the ac-
tion on *z2 of the monoid Lz, and the state itself is said to be
spreadable;

- exchangeable if the corresponding state is invariant under the
action on xz%l of the group Pz, and the state itself is said to be
symmetric;

- stationary (or shift-invariant) if the corresponding state is in-
variant under the action on %z2( of the group Z, and the state
itself is said to be stationary.

In some classes of processes, such as Boolean [14] and monotone,
the representations ¢; are subject to additional constraints of various
types. These can be embodied by passing from the free product %z
to its corresponding quotient C*-algebra. In this way, a process may
directly be described in terms of a state of the quotient algebra.

Going back to the general framework, we would like to point out that
automorphisms of the free product algebra provide quite a natural way
to obtain a new process out of a given stochastic process. Indeed,
let (A, {¢;}es, H, &) be a given stochastic process and let ¢ be the
corresponding state of x;2. If ® is a x-automorphism x*;2, we can
consider a new process (2, {L;I)}je 7,3, &) by defining L;P on the same
sample algebra as

(2.1) W i=myo®oij jE ]

In particular, one can choose an automorphism ® that factors as *;V,
where W is a fixed x-automorphism of the sample algebra 2. In this
case, for any j € Z one has tj0 ¥ = ®o¢;, and the transformed process
in (2.1) is simply given by

(2.2) =100, €

Classically, this corresponds to passing from a process {X;},c; to

{F(X,)};es, where F'is a homeomorphism of the spectrum of the sam-
ple algebra, i.e. U(f)= foF, f € C(a(2)).

Remark 2.1. A stochastic process (91, H,{¢j}jez, 5) is stationary (ex-
changeable, spreadable) if and only if (Ql, X, {L‘?}jez, 5) is so, where ®
is an automorphism of %72l of the form %z W, for a fixed automorphims
U of A, as easily seen from (2.2).

If ® does not factor as xz V¥, one may well start with an exchange-
able process and end up with a process which is no longer exchangeable.
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This is already seen with two classical variables X7, X5. For instance,
if X, X5 are Bernoulli distributed with parameter 0 < p < 1 different
from %, then 1 — X; and X5 no longer have the same distribution, for
1 — X, is a Bernoulli variable with parameter 1 — p. Note that the
transformation of the two variables X, X, is induced by the homeo-
morphism F'(zq,x2) = (1 — 21, 22).

What is more, when the sample C*-algebra 2l is singly generated, the
distributional symmetries dealt with in the present work can be read
directly in terms of the variables {¢;(ao)} ez, where ag is any generator
of A. For instance, the process {¢;};ez will be stationary (spreadable,
exchangeable) if and only if the corresponding variables {L]’(ag)}jez
are so, where  is either 1 or x. To take but one example, let us see
how exchangeability can be dealt with. Clearly, we only need to prove
that exchangeability of the variables carries over to the whole process
regardless of the choice of the generator ag. Exchangeability of the
variables amounts to

(10 (a6) -+~ 1, (a)&, €) = (1) (a5) - -~ Lo (ah)E, )
for all k € N; 71, 7992,..., 7k € Z, and for all finite permutations . Since
repetitions of the indices are allowed, the above equality also holds as

(bj (ma) =, (ME)E, §) = (o) (M) = =+ Lo (M1)€, )

where my, h = 1,2, ...k, are (possibly noncommutative) monomials
in ap and aj. Then by linearity and density the conclusion is reached.

Remark 2.2. As a direct application of the considerations above, we
see that the variables {Lj(ag)}jez are exchangeable (spreadable, sta-
tionary) if and only {1;(¥(a}))},ez are exchangeable (spreadable, sta-
tionary), where W is any s-automorphism of 2.

3. THE CASE OF MONOTONE PROCESSES

For k > 1, set I, := {(il,ig,...,’ék) | <ty < - < ik,ij S Z} The
discrete monotone Fock space is the Hilbert space F,, := P, , Hs,
where for every k > 1, H;, := (*(I;), and Hy = C(, ¢ being the Fock
vacuum. Borrowing the terminology from physicists’ parlance, we call
each H;, the k-particle space and denote by F° the total set of finite
particle vectors in &,,, that is

??n = { chgn €, € H,, ¢, € Csit. ¢, =0 for all n but a finite set

n=0

b
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The canonical basis of the discrete monotone Fock space is obtained in

the following way. If (i1,1s,...,9) € I} is an increasing sequence of in-
tegers, we denote by e, 4,,..i,) € 62(1 x) the square summable sequence
that is always zero but at (i1, s, . .., %), where it is 1. The vector corre-

sponding to the empty set is just the vacuum (. More often than not,
however, we will simply write e; instead of e(; to ease our notation.
For every i € Z, the monotone creation and annihilation operators are
respectively given by aIC =e;, a;¢ =0 and

aTe o e €(i,i1,i2,..,i) if i <y
i C(i1,02,000k) 0 otherwise,
A€l L e— €(iz,...,ik) ifk>1 and =1
i€(i1,02,.08) - 0 otherwise.

Both a/ and a; can be shown to have unital norm, to be mutually
adjoint, and to satisfy the following relations

(3.1) ala = aja; =0 ifi> 7,

In addition, for every i the following identity holds

(32) aia;» = 52',]' <I — Z a,tak>

k<i

where the convergence is in the strong operator topology, and [ is
the identity of B(F,,). We denote by 9 the concrete unital C*-
subalgebra of B(J,,) with unit I generated by the set of all annihi-
lators {a; | i € Z}, whereas 9 will denote the unital x-algebra of 9t
generated by the same set. Of course, My is norm dense in M. For
completeness’ sake, we recall that the algebra generated by so-called
position operators a; + alT coincides with the whole monotone algebra,
see [9, Proposition 5.13].

For the reader’s convenience, we also recall the following definition
from [9].

Definition 3.1. A word X in 9, is said to have a A-form if there are
m,n € {0,1,2,...} and iy < g < -+ < iy, J1 > Jo > -+ > j, such
that

X =l ol

with X = [, that is the empty word if m = n = 0. Its length is
(X)=m+n.
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A word X is said to have a m-form if there are m,n € {0,1,2,...},
ke€Z,ig <ig<--+<im,J1>7Jo>"-+> j,such that i,, < k > j; and

N . | T .
X = a;y @, Ak g, a;

The length is now I(X) =m +n + 2.

Let A be the index set such that {X,}.ca represents all A-forms,
that is
—at ot e
X\ = aiﬁ” aiii(ﬁ)ajp) ajg(;) )

) :(A)

for iV < 4 SV RIES ISy

<<l Y > Y > > G m), () > 0.
Since all A\-forms of the type ajai are in one-to-one correspondence
with Z, then Z C A in a natural way. After this identification, we put
[':= A\ Z. In [8, Theorem 3.4] the families {X)} er and {aiaj}iez
were proved to form a Hamel basis of 9.

Following [8], we present the set 'UZ in a different way, denoting every
vector of the Hamel basis of My by Xz, x,), where Aj, Ay € 2% are finite
ascending ordered sets of Z, including the empty set for the identity.
The words of length 1 correspond to alT = Xy, and a; = X(g 4y),
and for the words of length 2 of type X1 ;) one finds

i # j corresponds to X, x,) = alaj ,

i = j corresponds to X, x,) = aial.

The remaining cases give rise to A-forms of length at least 2 of the type

_ T ,
X()\l,)\z) — ail .. 'aimajl .. .ay

with ()\1, >\2) = ({7;17 c Zm}v {.]nv o jl})

n *

We now move on to recall how to associate with any permutation o €
P; a x-linear map T, acting on the dense subalgebra My, as was first
done in [8]. A finite permutation o € Py is said to be order preserving
on a finite ordered subset I := {iy,... 4, } C Z, with i} < -+ < iy, if
o(ip) < o(ips1) for each h =1,...,m — 1. The set of order-preserving
permutations on / is denoted by OP(I).

For elements Xy, »,) and o € Pz, we define

) Xcr)\,o)\ 1fa€OP()\1)ﬁOP()\2)7
TU(X(/\WW) = { 0 () otherwise .

The maps T, are seen to extend by linearity to x-maps acting on .
However, they are not positive maps, as shown in [8]. To date it is not
actually known whether the 7T,’s are bounded maps and thus extend
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by density to the whole monotone C*-algebra 1.

Remark 3.2. Note that for every o € P; the map T, sends a m-form
of the Hamel basis to a m-form of the Hamel basis and a A-form to
either a A-form of the same length or to 0, where the second case may
occur only if the length of the A-form is at least 2.

01
00
generator of My(C) that satisfies the relation aa*+a*a = Iy, (c). Equal-
ities (3.1), (3.2) and Lemma 5.4 in [9] easily imply that the monotone
C*-algebra coincides, up to isomorphism, with the quotient of x;2
modulo the monotone relations. More explicitly, the isomorphism is
given by a; <> [i;(a)], j € Z, where [i;(a)] denotes the equivalence class
of ij(a) in *z2A. That said, we can recall what the process correspond-
ing to a given state ¢ € 8§(9M) looks like. This is obtained by defining
lj as

(33) Lj(a@)\) :ﬂ¢<aj+>\2a,tak), reC

k<j

Set 2 := M(C) & C and a := € M, (C). Note that a is a

where 7, : 9 — B(FH,) is the GNS representation of M associated to
©.

In Section 5 of [8] monotone processese have been shown to be ex-
changeable if and only if the corresponding monotone states ¢ € S(IN)
satisfy

om0l = ¢[om, foreveryo € Py.

We will consistently refer to such states as symmetric states. We also
recall that Z acts on 9 through the shift automorphism «., given by
a-(a;) = a1, © € Z. Note that «, comes from the corresponding
action of Z at the level of the free product *z2. A state ¢ on 9 is
called stationary if p o o, = ¢.

Denote now By := span{X € My : [(X) > 0} and B its norm
closure. Corollary 5.10 of [9] gives that 9 is the C*-algebra obtained
by adding the identity to 8. Then every Y € 9t decomposes into the
sum Y := X + cI, where X € %6 and c € C.

The state at infinity wy, (see e.g. [4]) is consequently well defined as

Woo(Y) = weo (X +¢l) :=c.
In addition, the vacuum state w € 8(9M) is given by
w(Y) = (Y, Q).
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We recall that symmetric states are all of the form

p=7w+ (1 =7)we,
for some 7 € [0, 1], see [8, Proposition 5.1].

The next proposition provides a description of the operator system
M = {X € My : T,(X) = X for every o € Pz}, which turns out to
be trivial.

Proposition 3.3. With the notation set above, we have MG = CI.

Proof. We will actually prove more: for any X € 9, \ CI, there is a
permutation o € Pz such that T,(X) # X. Now any such X can be
written as X = ZkeF akX(Agk)7>\;k)), where [ is a finite set, and «y, are
complex numbers. Let G C Z be the finite set obtained as the union
UkeF()\gk) U )\ék)). It is enough to pick a permutation o € Pz such
that 0(G) NG = () and ¢ € OP(G) to have T,(X) # X. Indeed, by
construction for any £ € I we have TU(X(/\E;C)M\;;@))) + X()\gj)’)\gj)) with
j € F, and the conclusion follows by linear independence as T, sends -
forms (m-forms) to A-forms (m-forms). All is left to do is exhibit such a
permutation. Denote by mg and Mg the minimum and the maximum
of G, respectively. If we define

Mommetl(h)  hed

o(h) = 7 WMemmatl)(p) h e Mt ()
h otherwise
o is seen at once to enjoy the desired properties. O

We recall that given a stochastic process (91,.‘}{, {Lj}jej,g), its tail
algebra is the von Neumann subalgebra of B(H) defined as

d= N (U (Vaw)),

ICJ, I finite ™ KNI=0, K finite k€K

where ¢ is the corresponding state on xz%2l.

It is one of our goals in the present work to come to a full description
of the tail algebra of exchangeable processes. To this aim, we need to
recall a simple general result from representation theory of C*-algebras.
Although the result is likely to be well known, we include a precise
statement and a sketched proof for want of a reference.

Let 2 be a unital C*-algebras and let w;,ws be two states on 2A. If
wy and wy are disjoint, namely the corresponding GNS representations
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are disjoint!, then the GNS representation of any non-trivial convex
combination w = yw;+(1—7)wy, with 0 < v < 1, is obtained as a direct
sum. More precisely, the GNS triple (H,,, 7, &,) can be identified with

Ho = J—Cwl D j{wzv Ty = Ty D My, gw = 7%&)1 D (1 - 7)%&‘;2

up to unitary equivalence. This is seen as follows. To begin with,
the equalities [|£,]]> = 1 and w(a) = (7,(a)é,, &), for any a € 2A,
can be checked by straightforward computation. To conclude, we need
only make sure that the vector &, is cyclic for m,. This is where the
disjointness of w; and wy plays a role. Indeed, in this case it is well
known (see e.g. Theorem 10.3.5 in [18]) that the von Neumann algebra
generated by 7, decomposes into a direct sum, namely

Tw (Ql)” = Ty (91)” D Ty (Ql)” .

But then 7, ()&, = Ty, (A)"Ew, DT, (A)"E,,, which means &, is cyclic
for m, ()", and so it is cyclic for 7, (2A) as well, since the latter algebra
is strongly dense in the former.

The general framework we outlined above applies in particular to
all symmetric states because they are just a convex combination of the
vacuum state w and the state at infinity ws,, which are both irreducible
and inequivalent. Therefore, if ¢ = yw + (1 — V)W, With 0 < v < 1,
then, up to unitary equivalence, we have

Hy = TFn0C, m,(X) = XBwoo(X) for any X € M, &, = 7%(@(1—7)

and 7,(M)" = 7,(M)" & C = B(F,,) & C.

This allows us to thoroughly describe the tail algebra §$ when ¢ is a
symmetric state. Denoting by P the orthogonal projection onto C¢
we have the following

N|—=

Proposition 3.4. For any symmetric state ¢ = yw + (1 — 7)weo, with
0 <~ <1, we have:
(1) if v =0, that is ¢ = weo, then m, (M) =C =&, ;
(2) if v = 1, that is p = w, then m,(M)" = B(F,,) and & =
CP; ® CP;;
(3) if 0 < v < 1, then m,(M)" = B(F,,) © C and & = (CP &
CPH)eC.
Proof. The case v =0, i.e. ¢ = wy, is immediately dealt with as one

has 7, (M)" =7, (M) =C =¢&_.

'Two representations 7; and m of A are disjoint if (71, 72) = {0}, where
(m1,m2) :={T € B(Hq,Hs) : Tmi(a) = m2(a)T, a € A}.
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If v =1, i.e. ¢ =w, the GNS representation 7, is nothing but the
Fock representation of the monotone annihilators, which is irreducible,
see [9, Proposition 5.9]. Accordingly, we have m,(9)" = B(F,,). Tak-
ing into account (3.3), the corresponding process is given by:

(3.4) Lla®pB)=a;+8Y ala, BeC.
k<j
As {ay }rez have orthogonal ranges, the last term in (3.4) is merely
the projection onto the subspace

span{e;, ®... Qe m>1,7 >0 <y <...<lip}
of &,,, and belongs to M by virtue of (3.2). Since in our case the tail
algebra is given by
"

é-j; = ﬂ \/ Ly (MQ(C) @ (C) s

neN \ |j|>n

from (3.4) it easily follows that >, _, alay belongs to the tail algebra,

which means P sits in it as well because of the equality >, alak =

I—-P.

Thus, we only need to prove the other inclusion, namely & C CP; &
"

CP;. To this end, let us set R,, := <\/|j‘>n tj (M(C) & (C)) for every

n. By its very definition, it is clear that R,, is the strong closure of 91,

the unital C*-algebra generated by {a; : |j| > n}.
Now if we set

F .= span{e;, ®@...Qe, m>1, n>i <...<in},

it is a matter of trivial computations to ascertain that Fo’ (along with
its orthogonal complement (?,(JLL))L) is invariant for 91,. But then any
operator sitting in the von Neumann algebra R,, too, must preserve
both F and (?,(JLL))L. Phrased differently, for every natural num-
ber n we have proved the inclusion R, C G,,, where G, C B(F,,) is
the von Neumann algebra of all block diagonal operators w.r.t. the
decomposition of the monotone Fock space F,, into the direct sum
7 & (?ﬁg))L. The thesis will then be proved if we make sure that
M, 9n reduces to CP.@CP;-. This can be seen as follows. Any bounded
linear operator 7" lies in the intersection (), G, if and only if, for ev-
ery n € N, it preserves both F4 and (?ﬁg))l. As F c gt (and
(FENE o (FETL), T must preserve |J, F&) (and ), (F4))4), and
the conclusion is thus arrived at because |, F = (Co)*.
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Finally, the general case of a proper convex combination ¢ of w and
Wso can be handled easily by taking into account the decomposition of
the GNS representation 7, we discussed above. O

Remark 3.5. It is a classical result due to Hewitt and Savage, [16],
that exchangeable and tail algebra of a sequence of exchangeable ran-
dom variables are the same. Furthermore, under the same hypothesis
exchangeable and stationary algebra also coincide by virtue of a theo-
rem of Olshen, see [22]. As soon as quantum processes are looked at,
though, these classical results may cease to hold. For instance, Boolean
processes are certainly a case in point, for in [14] symmetric and sta-
tionary algebra of any symmetric Boolean state are shown to differ.
Monotone processes are worse behaved. Indeed, the exchangeable al-
gebra may even be not defined because it is still not known whether
the maps T, extend to the C*-algebra 9t. To make matters worse,
even if the T,’s did extend to 9, it would not be clear if they may be
extended to the von Neumann algebra m,(901)” as well. Nevertheless,
what we do know is that the tail algebra £ = CP; + (CPCl 2CopCis
strictly included in the stationary algebra m,(90%)7. Indeed, by defini-
tion, m,(9N)7, is given by all operators T' € B(F,,) that commute with
the unitary U implementing a,,. This acts on the canonical basis of JF,,
as

UC:=¢

Ueil R €iy... Q€ = €41 @ €int1...R € 41, 1 <lg < - <ip

Therefore, the unitary U does sit in m,(9)% while not belonging to &1
Furthermore, it may be worth noting that although the stationary C*-
subalgebra My = {X € M : o, (X) = X} is trivial [9, Proposition
5.11], the stationary von Neumann algebra m,(91)7 is not even com-
mutative. This can be seen by observing that the operator S defined

by
SC:=(

Sei1®e,~2...®e,~n Z:6i1®6,’2...®6in+1, i1<i2<"'<in

commutes with U, but S and its adjoint do not commute since S is a
proper isometry (e; ® ey is not in the range of S), to wit S*S = I but
SS* < 1.

The following is a straightforward adaptation to the monotone case
of the arguments employed to arrive at Formula (4) in [14]. Denote by
@ the unique normal extension of w to B(F,,), i.e. w(T) = (T(, (), for
any T' € B(F,,).
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Proposition 3.6. For any ¢ = yw + (1 —7)weo, with 0 < v < 1, there
exist conditional expectations E from m,(M)" onto &. In addition:

(1) If y =0, i.e. ¢ = ww, the only such conditional expectation is
E = ld(c :C — C.

(2) If v = 1, i.e. ¢ = w any such conditional expectation E is of
the form Ey : B(F,,) — CP; & CPF, where

Ey(X) =0(X)P: + (P XPHP, X € B(Fn)

and 1 is a state on B(Fn,) such that (PF) = 1.
Moreover, any Ey is w-invariant.

(3) If 0 < v < 1, any such conditional expectation E is of the form
Ey ®ide : B(F,) ®C - (CP,® CP) @ C.
Moreover, any E of form above preserves the vector state (-£,, &) -

In what follows we will have to make use of a technical result that
guarantees the existence of states with suitable properties.

Lemma 3.7. There exist states on B(F,,,) that vanish on both B and
K(Fn), the compact operators on the monotone Fock space F,,.

Proof. We claim that |A+ K + M || > |\| for any A € B, K € K(F,,),
and A € C. Note that B + K(F,,) is a (possibly not uniformly closed)
x-subalgebra of B(F,,). Thanks to the claimed inequality, the linear
functional ws, defined on the unital *-algebra B + K(F,,) + CI by
Woo(A + K 4+ AI) := X is bounded and positive as its norm, which
is equal to 1, is attained on the identity I. By virtue of the Segal
extension theorem (see e.g. [17], Theorem 4.3.13), it can be extended
to a state Wy, defined on the whole B(F,,) which by definition vanishes
on both B and K(F,,).

All is left to do is prove the claimed inequality, which can be done by
a variation of the proof of Proposition 5.8 in [9]. Thanks to a standard
approximation argument, it is enough to ascertain that the inequality
holds true for A in By. Now any such A is a sum ) . . 5;X;, where
F' is a finite set and X is either a A-form or a m-form with {(X;) > 0,
namely X; = Yiag-l_, for any ¢ € F', where agi is either a;, or a}i. If now
n € 7 is less than min{j; : i € F'}, we have X;e, = 0 for every i € F.
But then

JA+ K + || > [[(A+ K + M)e,|
= | Ke, + eyl
> Al = [[Keal|
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Taking the limit of the above inequality as n tends to —oo, we eventu-
ally get the claim because ||Ke,|| tends to 0 by compactness (a compact
operator sends any orthonormal system to a sequence converging to 0
in norm). O

By a slight abuse of notation we will denote by w., any of the states
whose existence has been established above.

Our next goal is to prove that all monotone symmetric states give rise
to conditionally independent and identically distributed (with respect
to the tail algebra) stochastic processes, and conversely that any condi-
tonally independent and identically distributed process is exchangeable.
For the reader’s convenience, we recall the necessary definitions.

Definition 3.8. A stochastic process (2, 3, {¢; }jes, §) with correspond-
ing state ¢ is conditionally independent and identically distributed w.r.t.
the tail algebra if there exists a conditional expectation?

B\ 15(%) = &,
jeJ

preserving the vector state (-£, &), such that

(i) (XYE, &) = (B (X)EL(Y)E,E), for each finite subsets [, K C J,
INK =10, and

X e <\/L,~(91)) \Vé, ve (\/ Lk(m)) Ve

el keK

(ii) Ey(vi(a)) = Ey(w(a)), for each i,k € J, and a € 2.

Theorem 3.9. For a state ¢ on the monotone C*-algebra N the fol-
lowing conditions are equivalent:
(i) ¢ is symmetric;
(ii) the stochastic process corresponding to ¢ is conditionally inde-
pendent and identically distributed w.r.t. the tail algebra.

Proof. We start by proving that (i) implies (i7). As any symmetric
state is a convex combination of the vacuum state w and the state at
infinity ws, it is enough to consider the case ¢ = w, as is done in [14].
This amounts to exhibiting a conditional expectation E : B(F,,) — &
such that:

2Given an inclusion B C 2 of C*-algebras, a conditional expectation E : % — B
is a positive linear map such that E(b) = b, for any b € B, and F(biabs) = b1 E(a)bs,
for any b1,b2 € B, a € 2.
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(1) Given any two finite sets H, J C Z with HNJ = (), for any X €
(View :Ma(0) ©.C)) Vet and Y € (V,,1,0:(0) . 0)) Ve

we have:
(XY(, Q) = (E(X)E(Y)(, C)
(2) E(1;(X)) = E(ix(X)) for any X € M(C) & C, j,k € Z.

We will show that the two conditions above are both satisfied if we
take E = Fg_, namely Eg,(X) = G(X)P; + Goo (P X P) P, for any
X € B(F,,), where wy, is a state as in the statement of Lemma 3.7.
We start by checking the second condition. Given a = (a; ;) € My(C)
and 8 € C, for any | € Z we have

ula® p) = amalaj + ay0a; + ozg,lalT + ozmajal + Z aLak.
k<l
But then Ez_(u(a ® B)) = G(ula ® B)) P + Goo(Prula ® B)Pi-) Ps-.
The first summand is easily seen not to depend on [ since

w(ula® p)) = aq .

The second summand does not depend on [ either because
Boo(Peula® B)P) =

thanks to the properties of w,, as stated in Lemma 3.7, the fact that
K(F,) is a two-sided ideal in B(F,,), and the commutation rules (3.2).

We now move on to check the first condition. We start by claiming
that any X in (V. (M2(C) ® C)) V& can be written as a sum

X = AP+ To(X) + B

where A € C, Ty(X) is an operator such that either 7p(X)¢ = 0 or
To(X)( is a linear combination of tensors whose indices are all in H (in
particular, w(7Ty(X)) = (Tp(X)(,¢) = 0), and B is a linear combination

of the type
B = Z lele + Z 7;2B‘;2
J1€EM J2€F?

where Fi, I, are finite sets, the B;,’s, j; € F1, are A-forms whose indices
are chosen from H and the B;-Q’s, Jjo € F5, are m-forms whose indices
are chosen from H as well. In addition, we do not harm generality if
we also assume that the M-forms and the m-forms above are all taken
from the Hamel basis of 901,.

The above decomposition is a straightforward consequence of the fol-
lowing facts:

a) for any a,a’ € My(C) and 3,5 € C, vj(a ® S)u(a’ & F') is a linear



18 VITONOFRIO CRISMALE AND STEFANO ROSSI

combination of A-forms and 7-forms whose indices are ¢ and k, as fol-
lows from Lemma 5.4 in [9] and (3.1)—(3.2);

b) For a = (o, j) € My(C), 1j(a ® B)Pr = a1 P + ag,la}PC.

ies ti(M2(C) @ C)) \/ &L can be
written as a sum Y = pP + To(Y) + C, where p € C, while T5(Y)
enjoys similar properties to Tp(X) and C' is given by

C=> BuCu+ > BCh,

h1€G1 h2€G2

By the same token, any Y in (\/

where GG1,Go are finite sets, the Cp,’s, hy € G4, are A-forms whose
indices are chosen from J and the Cj s, hy € Gy, are m-forms whose
indices are chosen from J as well.

This enables us to write the product XY in a form that is suited to
the computations we need to make. Indeed, we have:

(3.5) XY = AP + AP.C + pnBP + To(XY) + BC

where To(XY') is an operator such that w(7p(XY)) = (To(XY)(, () =
0. In more detail, T5(XY") accounts for the sum of the following terms
arising from the product XY

APTy(Y), pTo(X)P:, To(X)T,(Y), To(X)C, BTo(Y)

Thanks to the properties of To(X) and Ty(Y"), the assumption HNJ = ()
readily implies that w vanishes on each of the above terms. Now we
have

E; (X)=(\+&(B))P: + &oo(PCLXPCL)PQL
and

E~

Woo

(V) = (u+a(C)) P 4 @oo(PFY PP
which means
B (X)Ez,, (V) = (A+@0(B)) (u+0(C)) PeA@oe (P X P )aoo (PY P2 Pi-
and so the equality
(B (X) Eg (Y)C, Q) = A+ Ao (C) + po(B) + @(B)w(C)
is got to. In addition, thanks to Equality (3.5) we have

(XY, C) = Mo+ \3(C) + uds(B) + &(BC).
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The thesis will then follow if we prove that w(BC) = &(B)w(C). Ar-
guing as in the proof of [8, Theorem 3.4], one finds

S(BC) =3 ( > 73-2%332022)
j2€F2,hoeGa
= Z Vs By = W(B)@(C)

Jj2€F2,h2€G2

in that w = (-¢, () vanishes on all A-forms and is 1 on all 7-forms in
the Hamel basis.

We now move on to the implication (i) = (). Our strategy is to
show that if a state ¢ satisfies the conditions in Definition 3.8, then its
restriction to 9 is invariant for all maps T,,, o € Pz. To this aim, in
light of Remark 3.2 it is enough to show that any such ¢ vanishes on all
A-forms of the Hamel basis of length greater than 1 and is constant on
all m-forms of the same basis. For the computations we need to make
it is useful to recall that for every j € Z one has ¢;(a) = 7,(a;), where

a € My(C) is the matrix ( 8 (1] )

The first property we verify is that @(aja}) = go(ahaz) for any j, h € Z.
This is seen as follows:

go(aja;) = <Ew(ﬁw(aja}))§wa&0> = (Ey(1(aa”))&p, §p)
= (Ey(tn(aa”))ép, &) = planal)
where in second-last equality we exploited the assumption that the pro-
cess is identically distributed.
Let now X\, »,) be a A-form, where A\ = {i1,ia,...,%m}, Ao =
{Jn,---,J2, 1}, and finally (X, x,)) > 1. We want to make sure
that ¢(X, \,)) = 0. Fix r € Z greater than max{iy,,, ji:}. There are

two cases to deal with depending on whether \; is empty or not.
If Ay =0, using [14, Lemma 1] we find

(X)) = laj,az, - -aj;,)
= (Ep(mp(ajaj, - -+ a;,))&, &p)
(Ep(tj(a)ij(a) -1, (a ))&07 &)
= (Ep(15(a)) Ep(tj,(a)) - - - Ep(e5, ()€, €p)
(Ep(1y(a)) Ep(ty(a)) - - Ep(vs,(a))p, &)
(B (T (

4,0
= ESD T Ay Ajg =+ ajnqajr))&o’ §¢> 0



20 VITONOFRIO CRISMALE AND STEFANO ROSSI

since a;, ,a; =0 by (3.1).
If \; # (), we pick | € Z strictly less than min{iy, j,}. By Lemma 5.4
in [9] we have

(X)) = P(@a] X, o)
= (B, (u(aa” )i, (a”) -- 'Lim(a Je (@) - 15,(a) €00 &)
= (B, (ulaa”)) Ey (i (@) - b, (@)ejy (@) -+ - 15, (a)) 0 &)
= (E,(r(aa” ) o (i (@) -t (@) (@) -+ 15,(0)) 00 )
T

= <7T<p araTaT m i a3n)5@>€<ﬂ> 0

Vi

since aTa =0 by (3.1).

4. THE CASE OF ¢-DEFORMED PROCESSES

The present section contains a result on the structure of the tail
algebra of the vacuum state on the C*-algebra generated by operators
satisfying the so-called ¢-deformed commutation rules. Furthermore,
it also includes some remarks about the stationary and exchangeable
algebras. We start by recalling how the C*-algebra alluded to above can
be obtained concretely. This is by definition the C*-algebra generated
by creation and annihilation operators on the g-deformed Fock space
[3], whose construction we next sketch for convenience.

To this aim, we take —1 < ¢ < 1 and fix a Hilbert space J{. The
q-deformed Fock space I'y(() is the completion of the algebraic linear
span of the vacuum vector (,, together with vectors

f1®®fn7 fjeﬂ'f,j:L...,n,nzl,Z...
with respect to the g—deformed inner product
<f1® ®fmagl® ®gn —5nm Zqz(ﬂ flagw > '<.fnag7r(n)>9{a
melP,

where i(7) is the number of inversions of 7 € P,,. Fix f, f1,..., fn € H.
Define the creator I(f) as

FNG=f TNhe - fi=f0fie & f,
and the annihilator [(f) as

1(f)Gg=0, NN fn)

(41) = "N Nsch @ frr® fra ® - @ fu.

k=1
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I'(f) and I(f) are mutually adjoint with respect to the g¢—deformed
inner product, and are continuous since for each f € H

1 if 0 1
K= 11l < { TR

In addition, they are the Fock representation of the g-commutation
relations [3], that is satisfy

(4.2) (N (9) = d"(9I(f) = (g, N, frg€T.

The limit cases are the Canonical Commutation Relations (Bosons)
when ¢ = 1, and the Canonical Anticommutation Relations (Fermions)
for ¢ = —1. The case ¢ = 0 corresponds to the free group reduced C*—
algebra [25].

Let us now take H = (?*(Z) with the canonical orthonormal basis

{e;}jez, and on T',(¢*(Z)) denote I; := l(e;), j € Z. The concrete C*—
algebra R, and its subalgebra &,, acting on T',(¢*(Z)) are the unital
C*-algebras generated by the annihilators {l; | j € Z}, and the self-
adjoint part of annihilators s; := [; + l}, j € Z, respectively. Notice
that My is nothing but the Cuntz algebra O, [25, p. 6].
Denote by w, := (-(y, ¢;) the Fock vacuum vector state. For any word
X =010 - 1F  where f € {1,1}, i1,42,...,i, € Z, n € N, we say that
X is Wick-ordered if all the creators are on the left of the annihilators.
Note that thanks (4.2) to any word in the generators of %R, can be
rewritten as the sum of a multiple of the identity with a finite linear
combination of Wick-ordered words.

Our aim is to define a stochastic process on 2R,. To do so, we first
need to define our sample algebra 2. This will be the universal C*-
algebra generated by an element a such that aa® —qa*a = 1. Note that
such algebra exists as the C*-maximal (semi)-norm of a is bounded
from above by —~— for any —1 < ¢ < 1. For any j € Z, by univer-

V1-ldl

sality of 2 there exists a unique *-homomorphism ¢; : A — B(I'y(H))
such that ¢;(a) = [;. In this way we obtain the quantum stochastic

process (A, T, (0%(Z)),{t;}jez, Cp)-

The groups Z and Pz both act on $R; naturally. The ergodic prop-
erties of the corresponding dynamical systems, namely shift invariance
and exchangeability, have been addressed in [13] and [6], respectively.
The unital semigroup Lz, too, acts on R, by *-endomorphisms A,
g € Ly, given by Ay(l;) := lyu), @ € Z. Thus, any spreadable stochas-
tic process corresponds to a state ¢ such that p o Ay = ¢, g € Ly.
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For completeness’ sake, we also recall that from [13, Theorem 3.3 and
Corollary 3.4] and [6, Proposition 6.2] the chain of equalities

Sp,(My) = 81, (Ry) = 8z(Ry) = {w,}-
and

Sp,(84) = 81,(8y) = 82(&8,) = {wq}-
hold.

Proposition 4.1. The tail algebra §jq 18 trivial.

Proof. Let us define the decreasing sequence of von Neumann algebras
Ry, :=W*({l; : |j] > n}) C B(L,(¢*(Z))). The thesis amounts to show-
ing that () _, R,, = CI. To this end, let us also define the decreasing
sequence of x-algebras A,, C R,,, where A, is the involutive subalgebra
of B(T',(¢*(Z))) generated by the infinite set {l; : |j| > n}. Note that
by definition A = R,, for every n € N. We consider the set in I',(¢*(Z))
made up by the vacuum vector ¢, and the countable collection of vec-
tors of the form e;, ® --- ® ¢;,, with £ € N and ji,j2,...,Jx € Z.
Henceforth we will denote this set by {n; : i € N}. Let now 7" be an
operator sitting in the intersection (2 R,,. There is no loss of gener-
ality if we also suppose ||T'|| < 1. Since A,, is weakly dense in R,,, for
every n there exists A, € A, with ||4,]| <1 and

1 -
(4.3) (T — An)ni, mi)el < o fori,j=1,2,...n

We next rewrite each A,, as A,, = A\, 1+Q,,, where \, € C and @), is a fi-
nite linear combination of Wick-ordered words in Ij,, I} with |h], |k| > n.
We claim that for any fixed ,j € N, the inner product (Q.n;,1;),
eventually vanishes (w.r.t. n). Thanks to the equality (A,{,, (,)q =
An + (Qnly () = An for m large enough, we see that the sequence
{An}nen is bounded with |A,| < 1 for n big enough. But then the se-
quence of operators @), is uniformly bounded as well, and in particular
it converges to 0 in the weak operator topology. Up to extracting a
subsequence, we can assume that {\,},en converges to some A € C.
Taking the limit of (4.3) for n — oo, we finally obtain

<Tni7nj>q = A(nla nj>47 fOI' a“nyiv.j € N

hence T = AI as the set {n; : i € N} is total in the Hilbert space
0, (2(2)).

All is left to do is prove the claim. Fix 7,57 € N, and let us first
assume that 7, = e, ® ---® e, and 79; = e, @ -+ D ey,,. If we set
No := max{|r1], ..., |r|, |Pl, .-, |hm| }, for n > Np we have (Q,ni,n;)q =
0. Indeed, it is enough to observe that for any Wick-ordered word
W = lgl-~-lgs with [p)| > Ny for I = 1,2,...,s, where § € {1,7}, the
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equality (W(e, ®---®ey,),en, @ -®ep, ), = 0 is satisfied. Now, if at
least one annihilator shows up in W, then ZI“,S = l,, because W is Wick
ordered, which means [, (e,, ® ---®e,,) = 0 by (4.1). Thus one has

(W, @ ®ep),en @ ®ep, Vg =0.
If no annihilator shows up, then W = ZIT, = -l;,s, and accordingly
(W(ey, ® - @ep),en @ @ en,)q
= ([;1 .. .l;s(en R ®ep) en @ e )
- <l;2 o .l;s(erl R ®ep) lp(en, ® - @ep,))q=0.

Finally, if one of n; and n; is the vacuum vector ¢, the above argument
continues to work due to (4.1) once again. O

Remark 4.2. Tt is worth pointing out that an analogue of the Hewitt-
Savage theorem does not hold for our ¢g-deformed processes, for the tail
algebra £ is strictly contained in m,, (R,)p,. To see this, we start by
recalling that m,, (R,)” = B(T((*(Z))), see [13, Proposition 3.6 ]. But
then 7, (M), is given by all bounded operators on I'((¢*(Z)) that
commute with U,, o0 € Py, where U, is the unitary operator given by
UpCy = Ggand Us (€5, ®- - ®e;,) = €o(i;) @+ - ®e,(,), for any k € N and
i1,...,i € Z. In other words, 7, (R,)p, is equal to {U, : 0 € Pz},
which is easily seen to contain all operators of the form »">° A, Py,
where P, is the orthogonal projection onto H,,, the n-particle space,
with the convention Hy := C(,.

We would like to point out that the stationary algebra =, (9,)7 coin-
cides with {U,}', where U, is the unitary operator acting on (T';(¢*(Z))
as U, =G and Uy (e;, ®@---®e;,) = €,41 @+ - ®e;, 41, for any k € N
and iy, ...,1; € Z. In particular, U, belongs to the stationary algebra.
This shows that the stationary algebra and the exchangeable algebra
are not the same, for U, does not commute with all U,’s, as is easily
realized by taking o as the transposition (1,2). In other words, the
theorem by Olshen in [22] ceases to hold for ¢g-deformed processes.

However, at the C*-algebra level the exchangeable algebra is trivial.
More precisely, we have the following.

Proposition 4.3. The exchangeable algebra
R,? ={X e R, : U,XU; =X, for all 0 € Pz}
reduces to CI.

Proof. We shall argue by contradiction. Suppose that 9%]52 is not trivial.
Then there exist at least two different states w; and wy on it. Since the
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group Pz is amenable (being a direct limit of finite groups), there exist
Pz-invariant states w; and wy on M, which restricts to 9{152 as wy and
wa, respectively. This is absurd because w; # ws, but w, is the only
Pz-invariant state on R,. Il

Since Z is amenable, the same argument as in the proof of Proposi-
tion 4.3 shows that R := {X € R, : U, XU; = X} is trivial as well.
Finally, R;” := {X € R, : Ay(X) = X for all g € Lz} is also trivial
because %H[;Z C ERqZ.

APPENDIX A

We provide here a result that allows for a full reconstruction of clas-
sical (real-valued) stochastic processes from the general setting of C*-
algebras and their representation theory. To this end, in the definition
of a quantum stochastic process, the sample algebra 2{ must be chosen
to be Cp(R), the C*-algebra of all continuous functions on the real line
vanishing at infinity. Furthermore, the algebra \/; ;;(Co(R)) needs
to be assumed commutative as well. The result is actually more or
less known. Nevertheless, we state it in a possibly novel form, which
is more suited to the language of Quantum Probability. We keep the
notation we established in Section 2.

Proposition A.1. Let (Co(R),H, {t;}jez, &) be a stochastic process
such that the von Neumann algebra \/;.; t;(Co(R)) is commutative.
Then there exists a commuting family {A; : j € Z} of (possibly un-
bounded) self-adjoint operators on H such that for every j € Z one has
vi(f) = f(4), f € Co(R).

In addition there exist a probability measure i on (RZ, €) and a unitary
U:H — L*(R% u) such that:

(1) U§=[1],
(2) UA;U* = M;, for every j € Z, where M; is the operator acting
on L*(R%, 1) as the multiplication by X;.

Proof. Let By(R) be the C*-algebra of all bounded Borel functions on
R. Asis known, each ¢; can be extended to a *-representation of B,(R),
which we denote by ¢;. By a standard approximation argument, one
easily sees that the ranges of the extended representations continue to
commute with each other.

For any fixed j, set E;(A) := ;(xa), where A is a Borel subset of
the real line. For every j € Z, the family of orthogonal projections
{E;(A) : A C R is a Borel subset} is a resolution of the identity, and
as such it defines a self-adjoint operator A; := [, AdE;(\). Note that
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the operators A;, j € Z, commute with one another because their spec-
tral projections do.

Fix n € N and ji,72,...,Jn € Z. Consider the bounded linear func-
tional ¢ : Cyp(R™) — C given by o(f) = (f(4j,, Ay, ..., A;.)E, ) for
any f € Co(R™). By the Riesz-Markov theorem there exists a Borel
probability measure f;, j, ., on R™ such that

~~~~~~~

(A'le(Ale Ajzv s 7Ajn)£a 5) = e fd:ujwé ,,,,, Jn f S CO(Rn)'

Observe that the family {s;, j, ;. :n € N, j1,j2,...,Jn € Z} satisfies
the consistency conditions of Kolmogorov’s theorem. Therefore, there
exists a probability measure p on (RZ, €) having the family above as
its finite-dimensional distributions.

Our next aim is to define a unitary U from H to L*(RZ, u). To this
end, first note that the linear subspace

- {f( J19 J27"'7Ajn)£ n e Nvf € CO(Rn>7j17j27"'7.jn € Z}

is dense in H because ¢ is a cyclic vector for \/;; ¢;(Co(R)). We define
Up: D — L*(RZ, i) by

(A'Q) UOf( g1 J27 x ’7Ajn)£ = [f]uv

where [f], is the p-equivalence class of the function f(X;,, Xj,, ..., X;,),
and X; : R — R is for every j the j-th coordinate function, that
is Xj(z) = zj, v = (z;) € R% Thanks to (A.1) one sees at once
that Uy is an isometry. By density of D in H, U, can be extended
to an isometry U defined on the whole H{. By standard approxi-
mation arguments the range of U is seen to be dense in L*(RZ, ),
hence U is a unitary. In order to prove the equality U¢{ = [1],,
we consider a bijection g : N — 7Z and a sequence of cylinders sets
Cn ={z € R* : ) € By,...,24m) € By} such that u(C,) >1-1
with B; C R being suitable bounded Borel subsets. Let now be {h, }neN
be a sequence of functions such that h,, € C.(R™) with 0 < h,, <1 and
ho(z1,...,2,) = 1forall (zq,...,2,) € By X -+ X By, for every n. By
evaluating (A.2) on h,(Agay, - - ., Agm))§, we get

UOhn(Ag(1)7 <. 7A9(”)>£ = [h”]ﬂ :

By construction the sequence {k,}nen C L*(RZ p) given by k, :=
P (Xg1), Xg(2)s - - - » Xg(n)) converges to [1], in the || - || 2-norm. There-
fore, one can take the limit as n — oo of the above equality and gets
U¢ = mu-

All is left to do is prove the equality UA;U* = M;, for every j € Z.
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Fix j € Z and define
®j = {f(AJ, Aj17 e 7Ajn)£ n Z O,jl, e ,]n - Z, f - Cc(Rn+1)}.

We aim to show that D; is a core per A;. We first note that D; is con-
tained in the domain of A;. Indeed, if z = f(A;, 4;,,..., A;,)&, where
fis in Ce(R™™') one has [, A*d(E(\;j)z, ) < 0o because the measure
d(E(Aj)x,x) is by construction compactly supported. Second, the lin-
ear subspace D; is easily seen to be dense in H. Finally, D, is invariant
for the one-parameter group Uj(t) := €4 since for any f € Co(R"*?)
the function R+ > ()‘ja )\jl, ceey )\]n) — ei”‘ff()\j, )\jl, ey )\]n) e C
still has compact support. From Theorem VIII.11 in [23] it follows
that D, is a core for A;.

The equality UA; = M;U is trivially satisfied on D;. Let now ¢ be in
D(A;). Then there exists a sequence {p,}nen in D; such that ¢, — ¢
and A;p, = Ajp. From the equality UA;p, = M;U¢p,, n € N, we see
that the sequence M;Uyp, converges to UA,p. Because M, is closed,
we must have that Uyp is in D(M;) and UA;po = M;Up. In other
words, we have A; C U*M,;U, and so A; = U*M;U as A; and U*X,;U
are both self-adjoint. O

Remark A.2. Under the general hypotheses we are working with, a
common core for all operators A; may fail to exist, for the intersection
N ez Dj 1s not even necessarily dense in 3.
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