DOCUMENTA MATH. 343

PARTITION-DEPENDENT STOCHASTIC MEASURES

AND ¢-DEFORMED CUMULANTS
MICHAEL ANSHELEVICH

Received: June 26, 2001

Communicated by Joachim Cuntz

ABSTRACT. On a ¢-deformed Fock space, we define multiple g-Lévy
processes. Using the partition-dependent stochastic measures derived
from such processes, we define partition-dependent cumulants for their
joint distributions, and express these in terms of the cumulant func-
tional using the number of restricted crossings of P. Biane. In the
single variable case, this allows us to define a g-convolution for a large
class of probability measures. We make some comments on the It6
table in this context, and investigate the g-Brownian motion and the
q-Poisson process in more detail.
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1. INTRODUCTION

In [RW97], Rota and Wallstrom introduced, in the context of usual probability
theory, the notion of partition-dependent stochastic measures. These objects
give precise meaning to the following heuristic expressions. Start with a Lévy
process X (t). For a set partition m = (By, Bo, ... , Bi), temporarily denote by
c(i) the number of the class B.(;) to which i belongs. Then, heuristically,

Stalt) = [ X)X () - dX (s

all s;’s distinct
In particular, denote by A,, the higher diagonal measures of the process defined
by

An(t) = /[0 X

These objects were used to define the It6 multi-dimensional stochastic integrals
through the usual product measures, by employing the Md&bius inversion on
the lattice of all partitions. In particular this approach unifies a number of
combinatorial results in probability theory.
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The formulation of the algebraic (noncommutative, quantum) probability goes
back to the beginnings of quantum mechanics and operator algebras. While
a number of results have been obtained in a general context, in many cases
the lack of tight hypotheses guaranteed that the conclusions of the theory
would be somewhat loose. In the last twenty years of the twentieth century
a particular noncommutative probability theory, the free probability theory
[, ], appeared, whose wealth of results approaches that of the clas-
sical one. This theory is based on a new notion of independence, the so-called
free independence. In particular, one defines the (additive) free convolution,
a new binary operation on probability measures: p H v is the distribution of
the sum of freely independent operators with distributions u,r. Note that
this is precisely the relation between independence and the usual convolution.
Many limit theorems for independent random variables carry over to free prob-
ability [ by adapting the method of characteristic functions, using the
R-transform of Voiculescu in place of the Fourier transform. Applications of
the theory range from von Neumann algebras to random matrix theory and
asymptotic representations of the symmetric group.

In [Ans0d, [AnsO1d] (see also [AnsO1H]) we investigated the analogs of the mul-
tiple stochastic measures of Rota and Wallstrom in the context of free proba-
bility theory. In this analysis, the starting object X (¢) is a stationary process
with freely independent bounded increments. One important fact observed was
that in the classical case the expectation of St,(t) is the combinatorial cumu-
lant of the distribution of X (¢). This means that the expectation of St (t) is
equal to H§:1 7|B,;|> where r; is the i-th coefficient in the Taylor series expan-
sion of the logarithm of the Fourier transform of the distribution of X (¢). See
[Bhiod, or Section f.1] The importance of cumulants lies in their relation
to independence: since independence corresponds to a factorization property
of the joint Fourier transforms, it can also be expressed as a certain additivity
property of cumulants, the “mixed cumulants of independent quantities equal
0” condition. See Section Q

It was observed by Speicher that in free probability, the condition of free in-
dependence can also be expressed in terms of a certain different family of cu-
mulants, the so-called free cumulants; see [Fpe9d7d] for a review. One also
naturally obtains partition-dependent free cumulants, but only for partitions
that are noncrossing. In [[Ans00], we showed that in the free case St (t) = 0
if the partition 7 is crossing, and for a noncrossing partition = the expecta-
tion of Str(t) is the corresponding free cumulant of the distribution of X (¢).
Thus both in the classical and in the free case St,(t) can be considered as an
operator-valued version of combinatorial cumulants (no relation to [Spe9q)).
We try out this idea on the g-deformed probability theory. This is a non-
commutative probability theory in an algebra on the ¢-deformed Fock space,
developed by a number of authors, see the References. Free probability cor-
responds to ¢ = 0, while classical (bosonic) and anti-symmetric (fermionic)
theories correspond to ¢ = 1,—1 (in these cases ¢-Fock spaces degenerate to
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the symmetric and anti-symmetric Fock spaces, respectively). For the interme-
diate values of ¢, it is known that the theory cannot be as good as the classical
and the free ones, since one cannot define a notion of g-independence satisfying
all the desired properties [, .

In this paper we try a different approach. As mentioned above, whenever we
have a family of operators which corresponds to a family of measures that
is in some sense infinitely divisible, we should be able to define the partition-
dependent stochastic measures, and then define the combinatorial cumulants as
their expectations. One definition of cumulants appropriate for the g-deformed
probability theory has already been given in [Nic95], based on an analog of
the canonical form introduced by Voiculescu in the context of free probability.
The advantage of the approach of that paper is that Nica’s cumulants are de-
fined for any probability distribution all of whose moments are finite. However,
the canonical form of that paper is not self-adjoint, and it is also not appro-
priate for our approach since it does not provide us with a natural additive
process. Instead, as a canonical form we choose the g-analog of the families of
[HP84, [AH84, Bch9l], [GSS9Y], which in the classical and the free case provide
representations for all (classically, resp. freely) infinitely divisible distributions
all of whose moments are finite. We provide an explicit formula for the result-
ing combinatorial cumulants, involving as expected a notion of the number of
crossings of a partition. The appropriate one for our context happens to be
the number of “restricted crossings” of [Bia97); in particular the resulting cu-
mulants are different from those of [Nic95]. Our approach makes sense only for
distributions corresponding to g-infinitely divisible families (although strictly
speaking, one can use our definition in general). However, our canonical form
of an operator is self-adjoint, and this in turn leads to a notion of g-convolution
on a large class of probability measures. The fact that this convolution is not
defined on all probability measures is actually to be expected, see Section @
After finishing this article, we learned about a physics paper [NS94] which
seems to have been overlooked by the authors of both [Bia97 and [SY00H].
The goals of that paper are different from ours, but in particular it defines and
investigates the same g-Poisson process as we do (Section @) and, in that case,
points out the relation between the moments of the process and the number of
restricted crossings of corresponding partitions. It would be interesting to see
if the results of that paper can be extended to our context, and how our results
fit together with the “partial cumulants” approach.

The paper is organized as follows. Following the Introduction, in Section E
we provide some background on the combinatorics of partitions and on ¢g-Fock
spaces, and define the ¢-Lévy processes. In Section E, we define the joint
moments and ¢-cumulants, and express partition-dependent g-cumulants in
terms of the g-cumulant functional. In Section [] we show that the cumulant
functional is the generator, in the sense defined in that section, of the family of
time-dependent moment functionals, and characterize all such generators. We
also discuss the notion of a product state that arises from this construction.
In Section E, we provide some information about the Itd6 product formula in
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this context, by calculating the quadratic co-variation of two ¢-Lévy processes.
In a long Section E we define the g-convolution, describe how our construction
relates to the Bercovici-Pata bijection, and investigate the ¢-Brownian motion
and the ¢-Poisson process in more detail. Finally, in the last section we make
a few preliminary comments on the von Neumann algebras generated by the
processes.

ACKNOWLEDGMENTS: I would like to thank Prof. Bozejko for encouraging me
to look at the g-analogs of ], and Prof. Voiculescu for many talks I had
to give in his seminar, during which I learned the background for this paper.
I am also grateful to Prof. Speicher for a number of suggestions about Section
E, and to Daniel Markiewicz for numerous comments. This paper was written
while I was participating in a special Operator Algebras year at MSRI, and is
supported in part by an MSRI postdoctoral fellowship.

2. PRELIMINARIES

2.1. NoTATION. Fix a parameter ¢ € (—1,1); we will usually omit the depen-

dence on ¢ in the notation. The analogs of the results of this paper for ¢ = +1

are in most cases well-known; we will comment on them throughout the pa-

per. For n a non-negative integer, denote by [n], the corresponding g-integer,
—1

[0]q =0, [n]g = Z?:Q q.

For a collection {yy)} of numbers and two multi-indices ¥ = (v(1),... ,v(k))

and @ = (u(l),...,u(k)), we will throughout the paper use the notation yéﬁ)

to denote H?Zl yl(f(‘j(g ),
Denote by [k...n] the ordered set of integers in the interval [k, n].
For a family of functions {F}; }, where F} is a function of j arguments, ¢/ a vector

with k components, and B C [1...k], denote F(¥) = F},(¥) and
F(B :0) = Fip(v(i(1)),v(i(2)), ... ,v(i(|B]))),

where B = (i(1),4(2),...,i(|B])). In particular, we use this notation for joint
moments and cumulants (see below).

2.2. PARTITIONS. For an ordered set S, denote by P(S) the lattice of set par-
titions of that set. Denote by P(n) the lattice of set partitions of the set
[1...n], and by P2(n) the collection of its pair partitions, i.e. of partitions into
2-element classes. Denote by < the lattice order, and by 1, = ((1,2,...,n))
the largest and by 0,, = ((1)(2)...(n)) the smallest partition in this order.
Fix a partition 7 € P(n), with classes {B1, Ba,... ,B;}. We write B € 7 if B
is a class of 7. Call a class of m a singleton if it consists of one element. For a
class B, denote by a(B) its first element, and by b(B) its last element. Order
the classes according to the order of their last elements, i.e. b(B1) < b(Bz2) <
... < b(By). Call a class B € 7 an interval if B = [a(B)...b(B)]. Call 7 an
interval partition if all the classes of 7 are intervals.

Following [, we define the number of restricted crossings of a par-
tition 7 as follows. For B a class of m and ¢ € B,i # a(B), denote
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p(i) = max{j € B,j <i}. For two classes B,C € 7, a restricted crossing
is a quadruple (p(i) < p(j) < i < j) with ¢ € B,j € C. The number of
restricted crossings of B, C'is
re(B,C) =|{i € B,j € C:p(i) <p(j) <i<j}
+{i € B,j € C:p(j) <p(i) <j<i},

i<j rce (B,“ Bj) It has
the following graphical representation. Draw the points [1...n] in a sequence
on the z-axis, and to represent the partition 7 connect each @ with p(i) (if it is
well-defined) by a semicircle above the z axis. Then the number of intersections
of the resulting semicircles is precisely rc (7). See Figure [|| for an example. We
say that a partition 7 is noncrossing if rc () = 0. Denote by NC(n) C P(n)
the collection of all noncrossing partitions, which in fact form a sub-lattice of

P(n).

and the number of restricted crossings of 7 is rc(w) = 5

FIGURE 1. A partition of 6 elements with 2 restricted crossings.

We need some auxiliary notation. For 0,7 € P(n), we define 7 Ao € P(n) to
be the meet of m and o in the lattice, i.e.

. TNO . .. .o .

1~ j & i~jandin~j.
For m € P(n), we define 7°7 € P(n) to be m taken in the opposite order, i.e.

7P T

i~j e h—i+l)~n—j+1).
For m € P(n),o € P(k), we define 7 + o0 € P(n + k) by

i " j e (6, <ni ) or (4,5 > n, (i —n) £ (j —n))).

We'll denote mm =nm+ 7+ ...+ 7 m times.
Finally, using the above notation, for a subset B C [1...n] and m € P(n),
(B : ) is the restriction of 7 to B.

2.3. THE ¢-FOCK SPACE. Let H be a (complex) Hilbert space. Let Faig(H)
be its algebraic full Fock space, Fag(H) = @, —, H®", where H®? = CQ and
 is the vacuum vector. For each n > 0, define the operator P, on H®" by

Py(2) = Q,

Pn(ﬁl @ N2 ®®77n) = Z qi(a)na(l) ®77a(2) ®®no¢(n)7

aeSym(n)
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where Sym(n) is the group of permutations of n elements, and i(«) is the

number of inversions of the permutation a. For ¢ = 0, each P, = Id. For
q =1, P, = n! x the projection onto the subspace of symmetric tensors. For
q = —1, P, = n! x the projection onto the subspace of anti-symmetric tensors.

Define the g-deformed inner product on F,is(H) by the rule that for ¢ € H®k,
ne He",

<C7 77>q = 6nk <C7 Pn77> )

where the inner product on the right-hand-side is the usual inner product in-
duced on H®" from H. All inner products are linear in the second variable.
It is a result of [BS91] that the inner product (-,-) o 18 positive definite for
€ (—1,1), while for ¢ = —1,1 it is positive semi-definite. Let F,(H) be the
completion of Fye(H) with respect to the norm corresponding to (-, -)q. For
q = —1,1 one first needs to quotient out by the vectors of norm 0 and then
complete; the result is the anti-symmetric, respectively, symmetric Fock space,
with the inner product multiplied by n! on the n-particle space.
For € in H, define the (left) creation and annihilation operators on Fus(H) by,
respectively,

a*(§)Q = ¢,
MO ..0N =@M N2 ®...3 Ny,

and

aOMmeM®.. @ =3 ¢ Emme... @ne... . n,
1=1

where as usual 7); means omit the i-th term. For ¢ € (—1,1), both operators can
be extended to bounded operators on F,(H ), on which they are adjoints of each
other [BS91]]. They satisfy the commutation relations a(&)a*(n) —qa*(n)a(§) =
(&,m)Id. For ¢ = 1, we first need to compress the operators by the projection
onto the symmetric / anti-symmetric Fock space, respectively, and the resulting
operators differ from the usual ones by /n, but satisfy the usual commutation
relations (thanks to a different inner product). For ¢ = 1 the resulting operators
are unbounded, but still adjoints of each other [RS75].

Denote by ¢ the vacuum vector state ¢ [X] = (Q, XQ) .

2.4. GAUGE OPERATORS. We now need to define differential second quantiza-
tion. Consider the number operator, the differential second quantization of the
identity operator. One choice, made in [Mgl9g], is to define it as the operator
that has H®" as an eigenspace with eigenvalue n. For a general self-adjoint
operator T', this gives the true differential second quantization derived from
the g-second quantization functor of [] The resulting operators are self-
adjoint, but do not satisfy nice commutation relations.

DOCUMENTA MATHEMATICA 6 (2001) 343-384



STOCHASTIC MEASURES AND ¢-CUMULANTS 349

Another choice for the number operator is the operator that has H®" as an
eigenspace with eigenvalue [n],. For a general (bounded) operator T', the cor-
responding construction is

p(T) =0,
p(T)771®772®...®77n:Zqiflm®...®(T7]¢)®...®nn.
i=1

Similar operators were used in ], where stochastic calculus with respect
to the corresponding processes was developed. They do have nice commutation
properties, but are in general not symmetric.

Finally, another natural choice for the number operator is ), a*(e;)a(e;), where
{e;} is an orthonormal basis for H; the resulting operator is then independent
of the choice of the basis. For a general bounded operator T', the correspond-
ing construction is ). a*(Te;)a(e;). It is easy to see that this sum converges
strongly, to the following operator.

DEFINITION 2.1. Let T be an operator on H with dense domain D. The cor-
responding gauge operator p(T') is an operator on Fy(H) with dense domain
Faig(D) defined by

p(T)2 =0,

PO @@= ¢ (Tn)@me...0no...01n,
=1

for NM2, -+ 570 eD.

PROPOSITION 2.2. If T is essentially self-adjoint on a dense domain D and
T(D) C D, then p(T) is essentially self-adjoint on a dense domain Fag(D).

Proof. We first show that p(T) is symmetric on Fus(D). Fix n, and denote by
B; the cycle in Sym(n) given by 5; = (12... j). For a permutation o € Sym(n),
write a(nl ... ®77n) = 7704(1) ®... ®77a(n) For m,--- 7nn7§17"' ufn € DJ
PTM®@...0M,&®...@ &),

n

:an’—le_l(m®,,,®(Tnj)®...®nn),§1®.‘.®£n>q

j=1

I
hE

Yo dTYE I m e 0 (M) ®. . @), ® .. @)

1 a€Sym(n)

> X AT BT e @), a6 ... @ (T7)® ... ®&))
1 k=1 aeSym(n)
a(l)=k

J

Il
NE

=33 > 7T (e @ (3088 (G @ 0 (T ©... © &)

j=1k=1a€Sym(n)
a(l)=k
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Using the combinatorial lemma immediately following this proof, this expres-
sion is equal to

=Y > e @B G e (TG ... ® )

k=1~€Sym(n)

=(Mme... 0 pT)ae.. .0,

Now we show that the operator p(T') is essentially self-adjoint on Fais(D). For
q = 1, the proof is contained in [RS7], X.6, Example 3]. For ¢ € (—1,1) we
proceed similarly. Let D,, = D®". Let E. be the spectral measure of the closure
T of T, and C € Ry. Let {n;};_, C (E[—c.cjH) ND; then || Tn;|| < C|n;. Let
T=m®MN ... R2n,. Then

12 . - -
Ip(T)¥i7||, = (p(T) i, Pap(T) 7)< || Pal| (n*C* |l])*.
It was shown in [BS91] that || P, || < [n]q)! < n!. We conclude that ||p(T)kﬁHq <
Vnln*C* ||7|| and so

. 1 _i1/k
hlrcrisip % Hp(T)anq =0.

Therefore 77 is an analytic vector for p(7'). The linear span of such vectors
is invariant under p(T’) and is a dense subset of D,,. Therefore by Nelson’s
analytic vector theorem, p(T) is essentially self-adjoint on D,,.

The rest of the argument proceeds as in [RS72, VIIL.10, Example 2]. An
operator A is essentially self-adjoint iff the range of A & is dense. Since p(T')
restricted to H®" is essentially self-adjoint, this property holds for each such
restriction, and then for the operator p(T) itself, which therefore has to be
essentially self-adjoint. O

LEMMA 2.3. For a fized k, every permutation v € Sym(n) appears in the col-
lection

{Bjafr : 1 <j<n,al) =k}
exactly once. Moreover, for such o, i(;00,) = i(a) + j — k.

Proof. 1t suffices to show the first property for the collection {5;a}. This
collection contains at most n! distinct elements. On the other hand, for v €
Sym(n), let j = y~1(k), and o = ﬂj_lfy; then j, a satisfy the conditions and
Bja=1.

For the second property, first take v € Sym(n) such that v(1) = 1 and show
that ¢(8;7) = i(y) + (j — 1). Indeed, §; only reverses the order of (j — 1) pairs
(a,j) with a < j. B; sends such a pair to ((a +1),1), and since y(1) =1, v
preserves the order of such a pair.

We conclude that i(8;a0;) = i(afk) + (j —1). Now we show that i(af;) =
i(a) — (k — 1). Indeed, (B only reverses the order of (k — 1) pairs (a,k) for
a < k. The pre-image of such a pair under « is (a~!(a),1), and so «a reverses
its order. O
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These gauge operators themselves do not satisfy nice commutation relations.
Nevertheless, we can still calculate their combinatorial cumulants. Another
advantage of this definition is that it naturally generalizes to the “Yang-
Baxter” commutation relations of . However, in this more general con-
text partition-dependent cumulants are not expressed in terms of the cumulant
functional, so we do not pursue this direction in more detail.

For ¢ = 0, p(T) are precisely the gauge operators on the full Fock space as
defined in [[GSS92. For ¢ = 1, again we first need to compress p(T') by the pro-
jection onto the symmetric Fock space, and the result is the usual differential
second quantization. For ¢ = —1, we first need to compress p(T') by the projec-
tion onto the anti-symmetric Fock space, and the result is the anti-symmetric
differential second quantization.

2.5. THE PROCESSES. Let V be a Hilbert space, and let H be the Hilbert space
L?(R,,dr)®V. Let £ € V, and let T be an essentially self-adjoint operator on
a dense domain D C V so that D is equal to the linear span of {T™¢} 7, and
moreover ¢ is an analytic vector for T'. Given a half-open interval I C R, define
ar(§) = a(11®€), a3(§) = a*(11®€), pr(T) = p(1;®T'). Here 17 is the indicator
function of the set I, considered both as a vector in L?(R,.) and a multiplication
operator on it. For A\ € R, denote p;(§,T,\) = ar(§) + a3(§) + pr(T) + |I] A
Denote by ay, aj, p: the appropriate objects corresponding to the interval [0, t).
We will call a process of the form I — p;(§,T,\) a g-Lévy process. For ¢ = 1
this is indeed a Lévy process.

Now fix a k-tuple {T; }§:1 of essentially self-adjoint operators on a common

dense domain D C V, T;(D) C D, a k-tuple {gj}§:1 C D of vectors, and

{A\; }5:1 C R. We will make an extra assumption that
Vi,jel...kl,leNdel.. k],

(1) Ta&i = Tu)Tu) - - - Tuy&i is an analytic vector for Tj,
and D =span ({ Ty i€ [1...k,leN,ge[l...k]'}).

Denote by X the k-tuple of processes (X,... X®)) where XU)(I) =

p1(&,Tj,Aj). In particular X(t) = X([0,t)). We call such a k-tuple a mul-
tiple q-Lévy process.

REMARK 2.4. The assumption (EI) is not essential for most of the paper. Most
of the analysis could be done purely algebraically: see Remark @ We will
make this assumption to guarantee that we have a correspondence between self-
adjoint processes and semigroups of measures, rather than between symmetric
processes and semigroups of moment sequences.

3. CUMULANTS

3.1. JOINT DISTRIBUTION. Since the processes in X do not necessarily com-
mute, by their joint distribution we will mean the collection of their joint mo-
ments. We organize this information as follows.
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Denote by C(x) = C(x1,x9,...,x)) the algebra of polynomials in k& formal
noncommuting indeterminates with complex coefficients. Note that in a more
abstract language, this is just the tensor algebra of the complex vector space
Vo with a distinguished basis {xl}le While we take V| to be k-dimensional,
the same arguments will work for an arbitrary Vj, as long as we use a more
functorial definition of a process, namely for f = " a;2; € V), we would define
T(f) =>a;T;, &(f) = ai&i, A(f) = > a;A;. See [Bch9]] for a more detailed
description of this approach.

Define a functional M on C(x) by the following action on monomials:
M(1,t;X) =1, for a multi-index ,

M(xz,:X) = o X (1))

and extend linearly. We will call M(-,¢;X) the moment functional of the
process X at time t.

If we equip C(x) with a conjugation * extending the conjugation on C so that
each =} = x;, it is clear that M is a positive functional, i.e. M(ff*,£;X) >0
for all f € C(x).

For a partition = € P(n) and a monomial xz of degree n, denote M, (xz,t; X) =
[15er M(X(B:a), t; X). These are the combinatorial moments of X at time t.
For a one-dimensional process, the functional M(-,¢; X) can be extended to a
probability measure p; such that p(«™) = M(x™,t; X). Specifically, u(S) =
¢ [Es], where E. is the spectral measure of X (¢).

3.2. MULTIPLE STOCHASTIC MEASURES AND CUMULANTS. For a set S and a
partition 7 € P(n), denote

S;L:{ﬁES":v(i):U(j)@iﬂj}
and
gWZ{ﬁeS":v(i):v(j)ﬁiﬂj}_

Fix t. For N € N and a subdivision of [0, t) into N disjoint ordered half-open in-
tervals Z = {I1,I5,... ,In}, let §(7) = maxy<;<n |I;]. Denote X;,a;, af,p; the
appropriate objects for the interval I;. Fix a monomial xz € C{xy,xo, ... ,zk)
of degree n.

DEFINITION 3.1. The stochastic measure corresponding to the partition 7,
monomial xz, and subdivision Z is

Str(xz, X, 1) = Y. X,
ve[l...N]®»

The stochastic measure corresponding to the partition 7 and the monomial xz

is

Stﬂ(xﬁat; X) = 5(111)Hl OStﬂ'(Xﬁvt;X7Z)
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if the limit, along the net of subdivisions of the interval [0,¢), exists. In partic-
ular, denote by A, (xg,t; X,Z) = St;(xg,t;X,Z) and
An(Xa’, t; X) = Sti (Xg7 t; X)

the n-dimensional diagonal measure.

DEFINITION 3.2. The combinatorial cumulant corresponding to the partition
7 and the monomial xz is

R:(xg,t;X) = 6(111?_1)0@ [Str(xa,t;X,T)]

if the limit exists. In particular, denote by
R(xgz,t;X) = Ry (xg,6:;X) = lm ¢ [A,(xg,t;X,7)]
§(7)—0
the n-th joint cumulant of X at time ¢. Note that the functional R(-,¢;X)
can be linearly extended to all of C(x). We call this functional the cumulant
functional of the process X at time t. For ¢ = 1 we call the corresponding
functional the cumulant functional of the process X.

We will omit the dependence on X in the notation if it is clear from the context.
Clearly if St (xgz,t) is well-defined, its expectation is equal to R, (xgz,t).
By definition of S7, for any Z
(2) X@(t)= > Sta(xa,t;X,I).
TeEP(n)
If St,(xz,t) are well-defined, then

X@(t)= 3 Sta(xa t; X),

TeP(n)
and so
(3) M(xg,t;X) = Z Ry (xa,t; X);
TEP(n)

in fact for this last property to hold it suffices that the combinatorial cumulants
exist.
The following general algebraic notion of independence is due to Kiimmerer.

LEMMA 3.3. A multiple q-Lévy process X(t) has pyramidally independent in-
crements. That is, for a family of intervals {{I yrme {Jj}?il} in Ry such
that for all i, j, I; N J; =0,

o <ﬁX(“(i))(Ii)> ﬁX<v (nﬁn () )

i=1 j=1 i=ni1+1
ni+ns
_wl H X @) 1 Hva)
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We record the following facts we will use in the proof. Their own proof is
immediate.

LEMMA 3.4. Choose two families of intervals {{I i ,{Jj}?il} such that

UL)nUJj) = 0. Lety = 2, ygu(z)), where each y§s) is one of

ar(&s), a7 (&s), pr(T. ),III Moo Also let ify € @)L(LA(UL) ® V)® and iy €
“(

D2, (L*(UJ)) @ V)®4 where these two spaces are naturally embedded in
Falg(L2(R+) ® V) Then

vy = ((y — (2,y2),)Q) @ 72 + (Q,yQ),, 7
and

(111, 712) g = (71, ), (2, 772), -

Proof of Lemma [3.3. Fix a family of intervals {{I yrne L, };Lil} such that
for all 4, j, I; N J; = (). Denote

771: (HPI gu (4)» uz)7 ))Q E@(LQ(UIZ)@)V)@U
=0

1=N1
n2
772 = (HPJ S’U(’L v (1) v( ))) Q € @(LQ(U JZ) ® V)®]
=0
n1+n3 n3
773 = ( pr; gu (i) u(z)v)‘u(z))> Q € @<L2<U IZ) ® V)®]
i=n1+1 J=0
Then

=

” (ﬁ X (g ) HX(vm) (nﬁ3 X >
=1 t1=ni1+1
< H pr; (gu(z)a Tu(i)a /\u(z)))Qa

1= ni
na ni+ns
(H (&) Ty Moi) T PrCagys Tutys )\u(i)))Q>
j=1 t=ni1+1

q

i, HpJ gv(g)» 'U(J)) ﬁ3>

q
(7, (o = (2,72}, Q) © T + (2, 72), 7 )
<Qa ) <771a773>

. H 0) rﬁn X ] .

q
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PROPOSITION 3.5. For a noncrossing partition o,

My (xg,t;X) = Y Ra(xq,1;X)

TEP(n)
<o

if the combinatorial cumulants are well-defined.

Proof. A noncrossing partition is determined by the property that it contains a
class that is an interval and the restriction of the partition to the complement of
that class is still noncrossing. Using this fact and Lemma @, we can conclude
that for 7 € P(n), 7 <o and 7€ [1...N]?

() (B:@)
P X&) =TT e (X535
Beo
Therefore
4 [Stﬂ'(xﬁ; t; X,I)] = H ¥ [St(BZTI') (X(B:ﬁ) b X,I)] .
Beo
Thus if the combinatorial cumulants are well-defined,

Rﬂ(xﬁat;x) = H R(B:‘/r)(X(B:ﬁ)7t;X)7

Beo
and so
Yo I RemE@map :X) = > Re(xa t;X).
7r€72(n) Beo TeP(n)
<o <o

If o = (B1, Ba,...,By), the left-hand-side of this equation is equal to

l
H Z Rr, (X(B,:a), t; X)-

i=1m;eP(B;)
Combining this equation with equation (f), we obtain

My(xz,t;X) = > Rn(xat;X). 0
n€P(n)

<o

We emphasize that while ¢ is noncrossing, 7 need not be. Note that on the
operator level we have for any o € P(n),

S Ste(xa ,X,7) = Z x (.
7r€72(n) ve(l.. N

PROPOSITION 3.6. For the monomial xz of degree n, the cumulant functional
of the multiple q-Lévy process X is given by
t)\u(l) zfn = 1,

R(xg,t) = {t <§u(1 175 Tughbu n)> if n > 2.
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Proof. By definition,

N n
R(xgz,t) = lim ¢ Y T piui) Tug) Auii))

6D—=0" | i
For n =1,

<Q7pl(£7 Ta )‘)Q>q = |IZ| >‘a

and so R(x,t) =t
Now let n > 2. Decomposing each p;(£, T, \) into the four defining summands,
we see that

N n N
4) ¢ ZHpi(ﬁu(j),Tu(j),/\u(j)) = Z Z<Q,y§1)y§2)...y§")9> .

i=1 j=1 S1,82,55,54 i—=1 a

Here the sum is taken over all decompositions of [1...n] into four disjoint
subsets S1, S, S3,54, and for each choice of these subsets

ai(fu(]—)) ifj € Sl,
G _ JaiCu) i e Sy,
’ pi(Tuy) ifj€Ss,
|Z;] )‘u(j) if j € 9,.
The term corresponding to Sy = {1},S2 = {n},S3=[2...(n —1)],S4 = 0 is
equal to

n—1 n—1
<1[0,t) ® &u(1y, (Lo, @ H Tuii)) Lo,y ® Eu(n))> =t <€u(1)a H Tu(j)ﬁu(n)> :
=2

j=2
We show that the limit of each of the remaining terms is 0. Indeed,
yMy® M e HeUS:1-191D | 50 if S| # |Sy| the corresponding term in
(E) is 0 even for finite N. Otherwise denote by b(S1, S2) the set of all bijections
S1 — S5. All the terms that are not 0 are of the form

S((I )™ X% 0 eyl

=1 Ja€S4 g€b(51-,52) S;ICSB:jIESh
Uj1€51 551:53
< I1 <€u(j1), I1 Tu(.jg>fu<g<.jl)>>>a
J1E€S1 jgesj'-l

where each Qg,{Sgl:jlesl}(Q) is a polynomial independent of ¢, and |S1| > 2 or

[S4] > 1,]S1| > 1; in both cases |S4| + |S1| > 2. Thus each of these terms is
bounded by

N
CZ |Ii|\sll+|s4\ < Cé(z)t\suﬂ&lm’

i=1
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where C'is a constant independent of the subdivision Z. Therefore such a term
converges to 0 as 6(Z) — 0. O

CONSTRUCTION 3.7 (An un-crossing map). Fix a partition « with [ classes
By,...,B;. In preparation for the next theorem, we need the following com-
binatorial construction. Define the map F : P(n) — P(n) as follows. If 7
is an interval partition, F'(7) = m. Otherwise, let ¢ be the largest index of a
non-interval class B; of w. Let jo = max{s € B; : (s — 1) € B;} and j1 = p(j2).
Let a be the power of a cycle permutation

(1 + 1)(g1 +2) ... b(By))P B2 H,

Then F(7) = a o7, by which we mean i <~ j < (i) o a(j). Also define
ep(m) = [{s: 51 <b(Bs) <b(B;)}| — {s: 71 <a(Bs) <b(B;)}|. Then rc(w) =
rc (F(m))+cp(m). Indeed, for B,C € w, B,C # B;, rc (B, C) = rc (a(B), a(C)).
The number of restricted crossings of B;, B; with b; € B;,b; € B; and
p(b;) < pbj) < by < b; < j1 or p(b;) < p(b;) < b; < b; < 71 is equal to
the corresponding number for a(B;), a(Bj), while there are no restricted cross-
ings for b; > js for B; and b; > j; for «a(B;). Finally, there are ¢,() restricted
crossings of the form p(j) < j1 < j < j2 in 7. See Figureﬂ for an example.

TN N — L~ — o

FIGURE 2. Iteration of F' on a partition of 6 elements.

Clearly F™(r) is an interval partition. Therefore Y., ¢p(F*1) = rc ().

THEOREM 3.8. The combinatorial cumulants can be expressed in terms of the
cumulant functional: for m € P(n) and xz a monomial of degree n,

l
Rﬂ" (Xﬁ7 t) = qu(Tr) H R(X(Bi:ﬂ)u t)
i=1
Proof. The same argument as in the previous proposition shows that

R, (xgz,t) = lim ¢ Z yf}t)l)yfj)z)yia) ,

XD~ | sefinn
with
|Ii] Mgy if (4) is a singleton in 7,
(5) ygj) _ Jai(uey) if j is the first element of its class in 7,
! ai (&) if j is the last element of its class in T,
pi(Ty(;)) otherwise.
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Fix v. Let B be the class of 7w containing n. If B is an interval, then by Lemma

B4
T gl o )
(o (10 ) 2) (. (T sy o) (o IT 3 ) )
Jj=1 q j=a(B)

q q

Therefore

Rﬂ(xﬁv t) = R(Bh... ,Bi—1) (X([l...n]\B:ﬁ) ) t)R(X(B:ﬁ)7 t)

Now suppose B is not an interval. Use the notation «, j1, j2, ¢y of Construction

. Denote
nGa) = | [1 vy | Qe
1=j2
and
j2—1 )
i) = | I1 v | @em®em.
i=j1+1

Note that yf}j(;z) is either a,(;,)(&u(jy)) OF Poiiy)(Tugy))- Then

T1o Vo= (TLo ) i =u2) ((CTT o2))0) @i

1=J1 1=J1 i=j1+1

=y ) @ n(2)) = ¢ ™ (W) n(iz)) @ (1)

and
31) (1)
Yotin) H yv( ) H ?JU( ) = Yu(hy) H yv(z 7(j1)
i=j2 i=j1+1 =7
(Jj
= U ((H Wi ) 2) © 1)
=y (ni2) @ i31)) = (W) () @ ).
Yo(in) (71)
Therefore

T0) ~ea(m) (@)
<Q7 Hlyvo) Q> =q” < Hy (a(1)) > :
ph

q q

The right-hand-side contains precisely the product of y’s corresponding to the
partition F'(m). The result follows by iterating these two steps. O
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REMARK 3.9 (Comments on Proposition E) For ¢ =0, R, (xg,t;X) =0 un-
less 7 is noncrossing. Then for o € NC(n),

Ma(xﬁ7t;X) = Z Rﬂ'(xﬁat; X)
TI'EN<C(TL)

Therefore for m € NC(n),

Rp(xz.t:X)= > Mbbyc(o,m) M, (xz,t:X),
ceNC(n)
o<m

where M&bye is the Mobius function on the lattice of noncrossing partitions.
Forg=1,if 0 € P(n), c = (B1, Ba,...,By), then

!
My (xz,t;X) = H M (x(B,.q), t; X)
i=1

l
11 3 Relxpa.t:X)

i=1m;€P(B;)

= Z Rrr(xﬁat; X)

<o

Therefore for m € P(n),

Re(xz,t;X) = Y Mébp(o,m)M,(xa,t; X),
oceP(n)
o<m

where M6bp is the Mobius function on the lattice of all partitions. Note that
X(I) commute with X(J) for I NJ = 0 on the symmetric Fock space.

Thus for ¢ = 0, 1, the cumulant functional at time 1 can be expressed through
the moment functional at time 1. We will show how to do this for arbitrary g
in the next section.

4. CHARACTERIZATION OF GENERATORS
Denote by R(f; X) = R(f, 1;X) the cumulant functional.
LEMMA 4.1. The family of the moment functionals of a multiple q-Lévy process

is determined by its cumulant functional. The functional R(-;X) on C(x) is
the generator of the family of functionals M(-,t;X), that is,

d

7|, MU 6X) = R(f;X).
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Proof. 1t suffices to prove these statements for a monomial xz of degree n. By
equation (E), Theorem E and Proposition E,

M(xz,;X) = > Rx(xat;X)

TEP(n)

_ Z e H R(x(p.a)s t: X)
TeP(n) Benw

= Y ] Rixsa), 1;X),
mEP(n) Bern

which implies the first statement. By differentiating this equality, we obtain

d
= ‘tZOM(xﬁ, £X) = Ry (xq,1;X) = R(xq; X). O

DEFINITION 4.2. A functional ¥ on C(x) is conditionally positive if its restric-
tion to the subspace of polynomials with zero constant term is positive semi-
definite.

We say that the functional v is analytic if for any i and any multi-index ,

1
lim sup —¢[(xg)* 27" x4] 1/2n
n

n—oo

< o0.

The following proposition is an analog of the Schoenberg correspondence for
our context. Note that the formulation of the result does not involve g¢: the
dependence on ¢ is hidden in Theorem @

PROPOSITION 4.3. A functional v is analytic and conditionally positive if and
only if it is the generator of the family of the moment functionals for some
multiple q-Lévy process.

Proof. The proof is practically identical to that of [[5SS99], or indeed of [Fch9]].
We provide an outline for the reader’s convenience.

Suppose ¥ is the generator of the family of moment functionals M (-, ¢; X) for
a multiple ¢-Lévy process X(t) = p:(£, T, A). From the fact that each of the
moment functionals is positive and equals 1 on the constant 1 it follows by
differentiating that the cumulant functional is conditionally positive. Since
¥ = R(-;X), for xz of degree !

1 1
lim sup Ew[(xlz)*x?"xi]l/zn = lim sup ER((Xg)*If"Xm £ X))/

n—oo n—oo
1 1 -1 1/2n
= limsup — <§u(l)7 II 7o I1 Tu<j>€u(l>>
e j=l—1 j=1
1 -1 1/n
= limsup — | 7" ]1;[1 Tuihbu]| <0

since the vector Hé;ll Tu(jyEuqy is analytic for Tj.
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Now suppose ¥ is conditionally positive and analytic. Then it gives rise to
a multiple g-Lévy process, as follows. Denote by do(f) the constant term of
f € C(x). v induces a positive semi-definite inner product on the space C(x)
by (f,9)y = ¥[(f = 0(f))* (g — do(g))]. Let Ny be the subspace of vectors of
length 0 with respect to this inner product. Let V' be the Hilbert space obtained
by completing the quotient (C(x))/N,; with respect to this inner product, with
the induced inner product. Denote by p the canonical mapping C(x) — V, let
D be its image, and for f,g € C(x) define the operator I'(f) : D — D by

L(f)plg) = p(fg) — p(f)do(g)-

The operator T" is well defined since, by the Cauchy-Schwartz inequality,

IT(H)p9)lly, = ¢l(g —60(9)" f* f(g = do(g))] < ll(g)lly 1/ f (g = do(g))ly, -

Clearly D is dense in V, invariant under I'(f), and T'(f) is symmetric on it if
f is symmetric.

Put, for i € [1...k], \; = ¥[z;],& = p(a;), T; = T(x;). Each T; takes D to
itself. By construction, I'(z;)p(xz) = p(z;xz), and so

1
= limsup — Hx?x,;”}/n
n—oo N

hmbup = |77 p(xa) "

1
= limsup — w[(x»)*x%x ]t/

n—oo

< 0

since the functional v is analytic. Therefore each of the vectors p(xz) is analytic
for T;, and the linear span of these vectors is D. In particular, T; is essentially
self-adjoint on D.

Define the multiple ¢-Lévy process X by X ) (t) = p;(&, Ti, \;). Then

R(Xﬁ; X) = ’L/}[Xﬁ].
Indeed, for n =1

Rz X) = X = [ay].

For n > 2,

n—1

R(x#;X) = <§u(1)7 H T(u(j))§u(n)> < Tuy), | | T u(j))ﬂ(%(n))>
Jj=2 P
< P(Tu(1))s H Tu(j) > = w[H Tu(s)]
Y =1
= Y[xg].

Therefore 1) is the generator of the moment functional family of X. O
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4.1. ProDUCT STATES. For arbitrary g, the relation in the proof of Lemma
@ can be inverted.

DEFINITION 4.4. Let ® be any functional on C(x). Define the functional ¥ =
logq(<I>) on monomials recursively by

U(xg) =0(xz)— > O[] ¥xwa)
TEP(n) Bern
n#1

and extend linearly.
The definition has the form

U(xq) = > clo) [] exsa)
oc€P(n) Beo

for some coefficient family {c(c) : 0 € P(k)}. For ¢ = 1, ® is the convolution
exponential of ¥ [} Lemma EI and the discussion in Section ﬁ justify the
notations ¥ = log, (®), ® = exp,(¥). Note that this operation on functionals
appears to bear no relation to the g-exponential power series.

It is clear that for any g-Lévy process, R(-,t;X) = log, M(-,t; X) and, more-
over, that M (-,t; X) = exp, (tR(-; X)).

DEFINITION 4.5. Let ®; be a functional on C(z1,x2,...,2,), P2 a func-
tional on C(zq,x2,...,%k,). Define their product functional ®1 x4, @2 on
C(x1,2,... , Tk +ky) Dy the “mixed cumulants are 0” rule:

log, (®1)(xz) if Vi, u(i) < ki,
log, (®1 x4 Do) (xz) = lqu((pQ)(Xﬁ) if Vi, u(i) > kq,
0 otherwise.
Note that it is more natural to think of this construction as taking the product
of two one-parameter families of functionals,
exp,(tlog,(®1)) x4 exp,(tlog,(P2)) = exp,(tlog,(P1 x4 2)).
Denote
ID.(q,k) ={®: P = M(-, 1;X) for some k-dimensional ¢-Lévy process X}
= {@ : log, (@) is conditionally positive and analytic} .
The notation stands for “combinatorially infinitely divisible”.

LEMMA 4.6. For ®; € ID.(q,k1), P2 € ID.(q, k2), their product functional is
a state, that is, a positive functional that equals 1 on the identity element.

Proof. 1t suffices to show that ®1 x, ®3 € ID.(¢q, k1 + k2). Let X;,Xs be
the ¢-Lévy processes whose distributions at time 1 are ®q, Py, respectively.
Let XD () = py(&i1, Tins Nin), XOD () = pe(&i2,Ti 2, Ni2). Here &1 € Vi,
T3, is an operator on Vi with domain D, &2 € Vo, T;2 is an operator on
V2 with domain DQ. Let V = V1 D ‘/2 Identlfy fi,l with 51"1 D 0, gi’Q with
0® &2, Ti,1 with (Tal 8) and T; o with (8 ng). It is easy to see that this

DOCUMENTA MATHEMATICA 6 (2001) 343-384



STOCHASTIC MEASURES AND ¢-CUMULANTS 363

identification does not change the cumulants or the moments of the processes
X1, X3, and that condition ([]) holds for the (k1 + ks )-dimensional process X =
(XD xR x (2 x(R2.2)) Then @ x, @y is equal to M(-, 1; X).

O

For ¢ = 1, the product state is the usual (tensor) product state, while for
g = 0 it is the (reduced) free product state. Already for ¢ = —1, the situation
is unclear. The parity of rc(7) can differ from the parity of the number of
left-reduced crossings of [ even for partitions all of whose classes have
even order. Therefore even for ¢ = —1, our cumulants are different from the
g-cumulants of that paper. In particular, the results of [ about graded
independence do not apply. Note also that our product state construction is
defined only on the polynomial algebras C(x), not on general algebras. So we
do not obtain a universal product in the sense of [}

A state ® is tracial if for all a,b, ®(ab) = ®(ba). For ¢ = 0, 1, the product state
of two tracial states is tracial . This property remains true for the g-
Brownian motion (see below). However, the number of the restricted crossings
of a partition is not invariant under cyclic permutations of the underlying set.
For example, rc(((1,3,5)(2,4))) = 2 while rc(((1,3)(2,4,5))) = 1. So for
general ¢, the product state of two tracial states need not be tracial.

5. THE ITO TABLE

In general we do not know how to calculate the partition-dependent stochastic
measures St.(X); indeed we don’t expect a nice answer for a general process.
In particular we don’t expect that a functional It6 formula exists for g-Lévy
processes. However, one ingredient of it is present, namely, we can calculate
all the higher diagonal measures. These are higher variations of the processes,
and appear in the functional It6 formula for the free Lévy processes [

REMARK 5.1 (Algebraic approach). Unless we are considering higher diagonal
measures of a single one-dimensional process, for this section we also need a
more general setup than the one we had before. First, we need to consider
multiple processes whose components are of the form X (¢) = p.(§,n,T,\) =
ai(§) +ay(n) +pe(T)+tA. Second, we no longer can require 7' to be symmetric
and A to be real. The solution in [] is to require that 7' be a linear
operator with domain D, not necessarily dense, so that the restriction of 7* to
D is a well-defined linear operator.

We describe briefly how to modify this paper for the algebraic context. The
gauge operators are defined in the same way, and the multiple g-Lévy process
are modified as in the previous paragraph, except that we drop the assumption
() The moments and cumulants can be modified to include x-quantities, i.e.
use words in both X and X* in the definitions, and consider them as function-
als on C(z1,x2,... , x5, 27,25, ... ,x}) with the obvious conjugation. All the
relations between moments and cumulants, and between partition-dependent
cumulants and the cumulant functional, remain the same, and it is clear how to
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modify the formula for the cumulant functional in terms of £, n, T, A. In the al-
gebraic context, generators of the families of moment functionals for symmetric
processes are precisely all the conditionally positive functionals.

For the It6 table, we first need a technical lemma.

LEMMA 5.2. For f,g € L*(Ry),

(60) i S | f@ae)( [ atwras)| =o.
N

(60) w157 (1@1@) (| atwas) | =o.
i=1 i 2

(60) i i(w)f(x))(1Ii<y>g<y>) =0,
> 2

Proof. We repeatedly use the Cauchy-Schwartz inequality for sequences and
functions:

i(/l f(ff)dx) (/1 g(y)dy)

< i( / f(x)dx)zi( / j o)y

Jj=1

N

N
< Zu/ fQ(w)deZIIjI/Ij ¢2(y)dy

Py

N

N
< 6<I>\ > / | fz(a:)dsz 2(y)dy

<@ 112 Nlgll -

i—171;

N N 5
;(111- (x)f(:c)> </1 g(y)dy) 2 = ;( : fz(x)dx) (/1 g(y)dy)

N
<X [ pwisiil [ ey
< V@) 1 gl

The last property requires a bit more work, since uniform estimates do not
hold in this case. By the Cauchy-Schwartz inequality as above, we may assume
that f = g; also without loss of generality we assume that || f|, = 1. Let
T = (I1,Is,... ,In) be a subdivision of [0,¢), and & > 0. For N > max(M, %)
large enough, we can choose a subdivision J’ = (J1,J3,...,J}) so that all
fJ; fA(z)dr < % and no I; is a subset of any Ji. Let J be the smallest
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common refinement of Z, 7’. Then J consists of at most M + N intervals Jj,
and for each of them [, f?(z)dz < %. Therefore

3 (10, @5@) (15, ) )| = \/Z( [ Pw) ([ )
g /4(MNt N)
<e.

We conclude that HZZ]\;(l[ (2)f(x)) (11, (v)9(y)) H2 converges to 0 along the
net of subdivisions 7 as 6(Z) — 0. O

PROPOSITION 5.3. The Ité table for q-Lévy processes X () = a;(&)+ar (n:)+

dXWMdX® | da(&)  da*(p2)  dp(Ta)  odt

da(&1) 0 (,m)dt  da(T3&) 0
da*(n1) 0 0 0 0
dp(Tl) 0 da* (Tl 772) dp(T1 TQ) 0

Aidt 0 0 0 0

More precisely, the quadratic co-variation of these processes is
Ag(@122, 4 (XD, X @) = (XD XO)(t) = py(T5&, Tinz, Ti To, (€1,m2))-

Here the convergence in the definition of A is the pointwise convergence on the
dense set Fag(L*(R1) @ D).

Proof. We need to show that for ¢ € Fag(L*(Ry) @ D),

N
<Z(y’l(t(l),i)y’l(t(2),j)) _ y(m) E‘

u=1

:0’
q

lim
§(T)—0

where y((1:9) 4((2):7) are labels for rows, respectively, columns of the Ité table,
and y7) is the corresponding entry of the table. All of these are obtained by
applying Lemma , possibly with one or both of f, g equal to 1. More
precisely, we use equation (Bd) for the product da(&1)da(&s), equation (%) for
the products da*(n1)da(&2),dp(T1)da(&2), da(§1)dp(Ts) and equation (Bd) for
the products da*(n1)da”(n2), dp(T1)da*(n2), da* (1n1)dp(T), dp(T1)dp(T3).

We do the case dp(T})da*(n2) as an example. The linear span of the vectors

of the form ¢ = (190)@(f200)® ... 0 (fn ® (), for fi,fo,... , fn €
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L3(Ry),¢1,Co, .-, Gy € D, is dense in Foe(L*(R4) ® D). For such a vector,
N . N .
> pi(T)ai(n2)C =Y pi(T1) (1, ®1m2) ®C
i=1 i=1
N —
= Z((]-Iz:lli & T1772) ®C¢
+ AL froTiG) © (1, @)@ (L00)®... 0 (fa® Cn))
N -
=Y ai(Tin)C

N n
+ ) AL OTIG)® (1, @n)© (L®0)©... © (fo® ).

i=1 k=1

The first term is equal to aj (Tlng)f; we need to show that the second term
tends to 0 as 6(Z) — 0. It suffices to do so for each fixed k. The operator P,
is bounded, so it suffices to show that

N
D Anfir@TiG)® (AL @n) @ (L8G)® ... @ (fn ® )

i=1

lim

=0,
§(Z)—0

where we are using the usual norm on (L?(R;)® V)®". But for this it suffices
to show that

N
li 17 T 17, =0
oo ;( 1.fk ® TiCk) @ (11, @ n2) ;
and in fact only that lims)_g HZZN:l(l]ifk) ® 1IiH = 0. Now apply the
lemma. O

REMARK 5.4. Note that the Ito table does not depend on g. The It6 table was

known for ¢ = 1 [HP84] (with a somewhat different set of convergence), ¢ = —1
[AH84] and ¢ = 0 [Bpe9ll); for the g-Brownian motion (T' = 0) it was known
for all ¢ ] In all of these cases it is only a facet of a well-defined theory
of stochastic integration.

COROLLARY 5.5. For a one-dimensional self-adjoint process X (t) = pi (&, T, \)
and k > 2,

Ak(ta X) = pt(Tkilfv Tkv <€7 Tk72§>)'
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6. SINGLE-VARIABLE ANALYSIS

Denote by M., (for “combinatorial”) the space of finite positive Borel measures
on R all of whose moments are finite, and by M} C M, the subset of probability
measures. For 1 € M, considered as a functional on C[z], denote its moments
u(z™) by my, (). For p € M} and n > 1, the g-cumulants r,, (1) = (log, p)(x")
are determined by

(7) ra(w) =ma(n) = > ¢ ] risw.
7T€73(An) Bew
T#1

The expressions for the first few cumulants in terms of the moments and ¢ are
ry =ma,
T2 = M2 — m%,
r3 = ms — 3momq + Qmi’,
ry =my —dmgmy — (2+ q)m3 + (10 + 2q)mami — (5 + ¢)mi,
rs = ms — 5mamy — (5 + 4q + ¢*)mamy + (15 + 4q + ¢*)mam}
+ (15 + 12q + 3¢*)m3my — (35 + 20q + 5¢%)mam? + (14 + 8q + 2¢*)mS.

While these cumulants are well-defined for arbitrary u € ML, our results ap-

ply only to a special class of them. For a sequence r = (ro = 0,71,72,...)
in R, let ¢, be the functional on C[z] defined by ¥,(>_1, a;iz’) = > 1, a;r;.
%T;(/EL)
positive iff the functional ¢(,, ., ..y is positive semi-definite. These condi-
tions imply [ that for n > 0, rp42 = my,(7) for some 7 € M, that is
uniquely determined by its moments. Denote by M, (for “unique”) the sub-
space of finite positive Borel measures in M, that are of this form, i.e. for
which limsup,,_, . Tllmgn(T)l/Q” < o0. Equivalently, 7 € M,, if its exponential
moment-generating function [, exp(fx)dr(x) is defined for 6 in a neighborhood
of 0.

DEFINITION 6.1. Let 7 € M,, and A € R. Define LH;l()\, 7) to be the prob-
ability measure in M} determined by the cumulant sequence 71 = A, 7, =
Mp—o(7) for n > 2. Equivalently, LH;I()\,T) is the distribution at time 1 of
the ¢-Lévy process p: (&, T, A) such that the operator T has distribution 7 with
respect to the vector functional (¢, -£). Note that LH;l()\, 7) is in fact in M.
Denote by ZD.(q) the image of the map LHq_l; clearly ZD.(q) = ZD.(q,1).
Call a measure in ZD.(q) g-infinitely divisible.

The functional %, is analytic iff lim sup,,_, < 0. It is conditionally

It is clear that LHq_1 is injective. We define LH, : ZD.(q) — R x M,, to be
the inverse of LH;l. This is an analog of the Lévy-Hinchin representation, or
more precisely of the canonical representation; see Section .

Note that for the process p;(§, T, \) in the definition above, we can identify the
Hilbert space V with L?(R,7), so that ¢ corresponds to the constant function
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1, and T corresponds to the operator of multiplication by the variable . The
Hilbert space H is then equal to L?(R, x R,dxr ® 7).

DEFINITION 6.2. For u,v € ID.(q), define their g-convolution p *, v by the
rule that LH,(u %4 v) = LH, () + LH,(v).

LEMMA 6.3. (ZD.(q),*q) is an Abelian semigroup. In particular, the q-
convolution of two positive measures is positive.

Proof. The sum of two measures in M, is in M,. O

LEMMA 6.4 (Relation to product states). For p1, pe € ID.(q),

(11 *q p2)(x") = (1 X g p2) (21 + 22)").

Proof. Using the representation from the proof of Lemma @7 let £ =& B €
V, T = (Tol 792 ) an operator on V with domain D7 @Dy, A = A1 +A2. Let V' be

the closure of the span ({ij}]oio) Then T (span ({ij};i())) C V'. Define
T’ to be the restriction T [ V’. Then X (t) = p:(£,T’,\) is a g-Lévy process.

Its distribution is equal to p; *4 p2. Indeed, if we denote this distribution by
1, then

ri() = A=A+ A2 =71 (p1) + r1(p2),
and for n > 2,

ra(p) = (&, (T)"72€) = (&, T 261) + (€0, T3 2&) = rolpr) + ro(p2).-
But puy xg iz = M(-,1; (XM, X®@))), and it is clear that
M(z",1; X)) = M((x1 4 22)", 1; (XD, X)), O

6.1. THE BERCOVICI-PATA BIJECTION. One would not expect the g-cumulants
to be defined precisely for all probability measures in M}, rather than for
more general moment sequences. Indeed, such a construction would provide a
continuous bijection A on M} with the property that r,(q = 1,u) = r,(q¢ =
0,A(p)). In particular, this would imply that A(u+v) = A(p) B A(v), where
is the usual convolution while H is the additive free convolution. Such a map
is not known, and indeed for the space of all probability measures it is known
not to exist, since the analog of the Cramér theorem does not hold in free
probability [BV95]. However, there is a remarkable bijection [ between
the usual and the free infinitely divisible measures. We now show that as long
as we restrict ourselves to infinitely divisible measures in M, this is precisely
the map obtained by identifying the cumulants as above, and in particular our
spaces ZD.(q) provide an interpolation between the usual and the free infinitely
divisible measures in cases ¢ =0 and ¢ = 1.

The bijection is defined as follows. Let o be a finite positive Borel measure
on R and v € R. Denoting by F the Fourier transform, define u}’° to be the
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probability measure with the Lévy-Hinchin representation
. 0 10z 1+ 2?
logfuzv°(0)179+4(€zmlw)
Denoting by R the R-transform [VDN9Z, Voi0d], define 17 to be the proba-
bility measure with the free Lévy-Hinchin representation

z+x
R”gﬂ’o(z)_v_‘_/kl—zxda(x)'

do(zx).

Then A(ud?) = pg’.
LEMMA 6.5. Let A € R,7 € M,,. For do(z) =
pl? =LH{ Y (A7) and p” = LHy (A, 7).

ﬁdT(Cﬂ) and v =X —mq(0),

Proof. Since o € M, u’° has finite variance. Then
. 10z
10g.7-"u1,v((9):w€—|—/R< —1—193:—|—1+$2>

=i\0 + / (eiew —1—ibz) %dT((E)
R x

is the canonical representation of log F,.-. It has a convergent power series
expansion

id7'(a:)

x2

=1
OVESY (i) a(7).
n=2"

It is well-known [Bhi9q] that the classical (g = 1)-cumulants of y are the coef-
ficients in such a power series expansion of log F,,. Similarly,

z x
R“aﬂa()_7+/(1zx+x2—4rl>dT(x)
z

7>\+/]Rl—zxd7—(x)’

and for z = 46, it has an expansion

)\—|—Zzﬂ Yo (7).

Here the sum in the last expression need not converge, so what we mean by it
is that for k > 2,

. 1
é%w (RH’Y — A= Z 19 mn 2 )) = mk,l(ﬂ').

Again, it is well-known | that the free (¢ = 0)-cumulants of y are the
coefficients in such an expansion of R,. O

LEMMA 6.6. The mapping (¢, A\, 7) — LH;l()\,T) has the following properties.
a. LH, ' (A1, 71) % LH, " (X2, 72) = LH, ' (A1 + Ao, 71 + 7).
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b. Denoting by D, the dilation operator, D.(11)(S) = u(c™1S),
D (LH, ' (A, 7)) = LH, (e, ®D¢(7)).

c. For any q, LHq_l()\,O) =0y, and for any 1 € ID.(q), p*q Ox = o * Ix.

d. For g € [-1,1] and fized X\, T, the mapping q — LHq_l(/\,T) is weakly
continuous.

e. For a fized q € [—1,1], the mapping LH;1 : R x M, — ID.q) is a
homeomorphism in the weak topology.

Proof. The first and the third properties are immediate. For the second one,
we observe that my(D.(11)) = c*my(p) and so ri(De(p)) = cFri(De(p)). The
last two follow from the following fact [Dur91]. Let {u,}° , be a sequence of
finite measures in M. that converges weakly to a finite measure y € M.. Then
for all k, my(pn) — mi(p). Conversely, let {p,},~, be a sequence of finite
measures in M, such that for any k, my(u,) — my. If the family {mk}zozo are
the moments of a unique finite positive measure p, then p,, — p weakly. O

For ¢ = 0,1, it is known [ that the map (y,0) — LHq_l(fy +
m1 (o), 1JF%U) can be extended to a weak homeomorphism between the weak

closures of R x M,, and ZD.(q).
COROLLARY 6.7. Let 7 € My,A € R. Fiz three sequences {A(n)}. -

n=1’

{B(n)};—, C R, {N(1) < N(2) < ...} C N. By limits of sequences of mea-

n=1
sures we will always mean weak limits.

a. Bvery measure in ID.(q) arises as a limit

(8) nlLr&(pn kg fn ¥q ... ¥q fbn) = LH;l(/\,T)

N(n) times

for some {pn},>y CID.(q). The statement (R) is equivalent to
Jim (N(n)ma (un)) = A, lim (N(n)a?py) = 7.
b. Let p € ID.(q). The statement
lim (D pny-1 (g - - %q 1) *q 0—a(ny) = LH, ' (A, 7)
—_———

N(n) times
s equivalent to
. N(n) . N(n)
1 —A = 1 = = tdo.
Jim ( Bn) mi(p) = A(n)) = A, lim Bn)? t, T=td

Hence only LH;l(/\,t(So) arise as such limits.

Proof. Denote by (A, 7,) the components of LH,(u,). From the preceding
Lemma it follows that the statement (§) is equivalent to

nan;O(N(n)An) =, nlirgo(N(n)Tn) =T.

So to fulfill (§), it suffices to take j, = LH;I(W)\, N(ln)T).
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Now we prove the equivalence. It is clear that A\, = r1(u,) = m1(p,). The
family {1, } satisfies (§) iff, in addition, for all k > 1,

mi(N(n)7,) = N(n)my(1a) = N(n)rs2(pn) = mu(7).
This is equivalent to rgyo(py,) = ka(r) + o(ﬁ). By induction on k and
using (f]), this is equivalent to

Me(a%) = M) = T mel) + ol s,
(N (0)0n) " i (7)
and

(N ()2 ) "= .
The second statement follows from the first one with p, = Dp()—1(11)%q0_ am) -
N(n)
For k > 2,

mela) = o) "= e (r)

So lim,, o0 % =t for some t, and my(7) = 0 for k > 0, i.e. 7 = tdp. So only

shifted ¢g-Gaussian distributions (see below) can arise as such a limit among
the measures in ZD.(q). This means that the combinatorial framework is, in
general, not adequate for identifying the domains of partial attraction. O

REMARK 6.8. While the results of this section are of most interest in the one-
dimensional case, there is no difficulty with the extension to k£ dimensions. That
is, to every functional in ZD.(q, k) there corresponds a unique conditionally
positive analytic functional, which can be identified with a pair of X € R* and
a positive analytic functional on C(z1, 3, ... ,2x). Using this bijection, we can
define a convolution on ZD.(q, k), as well as a multi-dimensional extension of
the bijection A.

Now we consider the ¢g-Lévy processes in the simplest case of one-dimensional
V. There are essentially two distinct situations, T'=0 and T = 1.

6.2. THE ¢-BROWNIAN MOTION. Denote w(§) = a(&) + a*(£).

DEFINITION 6.9. Let V=C,{=1€ V,T=0,A=0and § = 1jg ;). Then the
q-Brownian motion is the process X (t) = p(&;,0,0) = w(&;). The distribution
of X (t) is the ¢-Gaussian distribution with parameter ¢, given by LH;l(O, tdp).

See, for example, for an explicit form of the ¢g-Gaussian distribution.
DEFINITION 6.10. g-Hermite polynomials are defined by the recursion relation
2Hyn(2,t) = Hyny1(2,1) + [n]gt Hon1 (2, 1)

with initial conditions Hyo(z,t) =1, Hy1(z,t) = .
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LEMMA 6.11. The following chaos representation holds:
Hy (X (1), )Q =7

Therefore the q-Gaussian distribution with parameter t is the orthogonalization
measure of the q-Hermite polynomials with parameter t.

Proof. Forn =0, 1Q = Q. For n =1, X(¢)Q = &. For n > 2 by induction
Hy ot (X (1), )9 = X (067" — [n]gte” "™
= &7 ]t — [n]rg Y

— e
Since &7 are orthogonal in F,(H) for different n, the polynomials H,,, are
orthogonal for different n with respect to the distribution of X (¢). O

For the ¢g-Brownian motion, Aq(t) = ¢t and Ag(t) = 0 for £ > 2. But in this
case, we can in fact calculate all the partition-dependent stochastic measures.
Temporarily denote by s1, so the numbers of singleton and 2-element classes of
7, respectively. For a singleton (i), define its depth as

d(i) = [{j|3a,b € Bj :a <i<b}.

Define the singleton depth sd () to be the sum of depths of all the singletons
of 7. In the single-variable case, we will omit the polynomial from the notation
for stochastic measures.

PROPOSITION 6.12. The partition-dependent stochastic measures of the q-
Brownian motion are
gretmsdmys2 1 o (X (t),t) if all the classes of ™ contain
St (t; X) = at most 2 elements,

0 otherwise,

where the defining limits are taken in the LP(p) norm, for any p > 1 (where
1
1X1, = £ IX177).

The result is known for ¢ = 1 [RW97 when a different mode of convergence is
used, and for ¢ = 0 [Ans00] when the limit is taken in the operator norm. The
preceding proposition probably holds with the operator norm convergence as
well.

Throughout, we will use the following explicit formula for the moments of the
g-Brownian motion, implicitly contained already in [BS91]:

o lwim)wm) .. .w(new)] = Z g™ H (Ma(By)> Mo(By) ) -

TEP2(2n)

LEMMA 6.13. If m has a class of at least three elements, then St.(t; X) = 0,
where the limit is taken in the operator norm.
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Proof. For 7 € [1...N]? and B € w, denote by v(B) the value of v on any

s

element of B. Denote by 7(¥) the partition induced by ¥, given by

L (0) . . .
" j e () = ().

Assume t > 1 to simplify notation.

2k
2k
ISt=(t: X Dok = | > Xe0)]
ve[l...N]n ok
which equals to
x\ Kk

¢ > Xs(t) > X(t)

ve[l...N]» vE[l...N]?

= > X(t)

U=(¥1,02,..- ,U2k)
U2i41€[1...N] 7, 02;€[1...N ] op

= > Yo 7] sl

17:(171,172,‘..,’1_)‘2k) T€P2(2nk) Ber
1727;4_1€[1...N]:,172i€[1...N]Zop TS?T(U)

Z qrc(T)5(I)k(n—2\7r|)t2k|7r|
TEP2(2nk)

< Qan(q)5(z)k(n72\ﬂ\)t2k\7r|’
where Q2,(q) = X cp,2n) q"("). Therefore
St (t; X, I)lop, < Qoni(q) /2RI §(7)(n=2ImD/2
Q2n(q) is the 2n-th moment of the ¢-Gaussian distribution. By [AB9g,
it is equal t0 }_ ¢ noyon) [15e-[d(B)]g. Here NC3(2n) is the collection of
noncrossing pair partitions on the set of 2n elements, and for 7 € NC(n)
and an arbitrary class B € 7, we can define its depth in 7 by d(B) =

|{i:a(B;) < B <b(B;)}|; note that this differs by 1 from our definition of
singleton depth above. For ¢ € [-1,1), [k]g < and so the sum is

IN

2
1—q’

n
bounded by ¢, (ﬁ) , where ¢, is the n-th Catalan number. Therefore

n/2
Qank(q)/2F < 2m (%) . We conclude that

n/2
2
9) 1St (t; X, T)|), <27 <1Tq> trls(z) =2z,

All the vectors & lie in the real subspace L*(R,,R) of L?(Ry,C). The state
@ is faithful on the algebra generated by {w(f) 1€ e L2(R+,R)}, in fact Q is
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separating for this algebra [BS94]. Therefore the estimate (ff) holds for the
operator norm of St (¢; X,Z). So this norm converges to 0 as §(Z) — 0. O

LEMMA 6.14. Let m contain only classes of at most 2 elements. Suppose that
one of the following conditions holds:

a. B,C € m are 2-element classes with a(B) < a(C) = b(B)—1 < b(C). Let
a be the transposition (a(C)b(B)).

b. B € 7 is a 2-element class and (j) € 7 is a singleton with a(B) < j =
b(B) — 1. Let « be the transposition (j b(B)).

Then St = ¢Styor, meaning

lim ||St,( X,Z) — ¢Staor(t; X, )| =0,
dm St (5 X.7) - aStoor (6 X.T)],

for any p > 1.
Proof. We prove only the first case, the proof of the second case is similar. For
a multi-index ¥, denote a(?v) = (v((1)),v(a(2)),... ,v(a(n))).

*\ K

@ > Xu(t) = Xam(t) Y Xs(t) = aXam)(t)

ve[l...N]» ve[l...N]n

™

=o| > > > (oPIXs0)],

SC[1...2nk] oc€P(2nk) Te[l...N]2nk
o2kl =33k 7 (S)

where
aom if j €.5,7 odd,
(wom)?? if j€S,j even,
m;(S) = e :
s if 7 ¢.5,7 odd,
woP if j €S,7 even.

First consider all the terms with o € Py(2nk).

(1) ¢| Y 3 > (—9¥Xs()

SC(l...2nk] o€P2(2nk) Te[l...N]|2nk
o2kl =322k 7;(S)

= 2 2 > (0P ] L]

SCl1...2nk] o€P2(2nk) TE[L...N]2nk Bco
U/\Qkin:Z?z]; ;i (S)

Since o € P3(2nk), it is completely determined by the collection {7;(S)} and
the partition o4 induced by o on the singleton classes of Z?Zﬁ 7;(S). Note that
there is a natural (order-preserving) identification of the singleton classes of
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and o, so we can consider o, as a partition on the singletons of k(w + m°P).
Denote by ¢’ the partition obtained from k(7 +7°7) by identifying its singleton
classes using o.

It is easy to see that

2nk
rc (o) =rc (o) + e Z m;(S) | + (2nk)sd (7).

In its turn, rc (Zji’; Wj(S)) = (2nk)rc (w) —|S|. Therefore, continuing expres-

sion (D),
— q(2nk)(rc(7r)+sd(7r)) Z Z Z (_1)\S\qrc(o'5) H |IU(B)|

SCI1...2nk] oc€Poy(2nk) TE[L...N]2nk Beo
on2kin =Y 21k 7;(8)

_ q(2nk)(rc(7‘r)+sd(7‘r)) Z Z qrc(o‘s) H ‘IU(B)’ Z (_1)|S\

Ts 176[1,..N]i7k Beo' SC[1...2nk]

11 and the sum

In this expression, the only dependence on S is in (—1)
ZSc[l...znk](_l)ISI = 0.

Therefore the non-zero contributions come only from the terms with o &
Po(2nk). The rest of the argument proceeds as in the previous lemma, and

shows that [[Stz — ¢Staor|l, = 0. O

Proof of Proposition , Using the lemmas, it suffices to prove the proposi-
tion for an interval partition m whose classes have at most 2 elements. Moreover,
by the same arguments as in the preceding lemmas it is easy to see that each
2-element class contributes a factor of ¢. It remains to show that

Sty (8 X) = Hyn(X(2),1).
For n =1, Zfil X;(t) = X(t). For n =2,

N N 5 N
S XX = (Do Xilt)) = 30 XEW) = X2(t) — t = Hya(X(0),0).
i#j i=1 i=1
For n > 2, it suffices to show that Sty (; X) satisfy the same recursion relations
as the g-Hermite polynomials. Indeed,

n+1

X (8)Sty, (1 X,T) = Stg,,  (EX,I) + ) St (5 X, T),

i=2
where m; = ((1,7)(2) ... (i) ... (n+1)) € P(n+1). By the second case of Lemma
and using induction on n,

Str, (t; X) = tq"*Stg,_ (; X).

—1

Therefore
n+1

St, ,, (1 X) = X (1)Sty, (6 X) = Y tg" Sty (£ X).
=2
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This implies by induction that St;  (#; X) is well-defined, and

+1
n+1 .

(11) X(B)Stg, (t; X) =Stg, (X)) + >t Sty (t; X)
1=2

= St@n+1 t;X)+ t[n]qStO%1 (t; X).
O

REMARK 6.15 (A combinatorial corollary). Denote by P;2(n) the collection
of all partitions in P(n) that have classes of only 1 or 2 elements, and by
s1(m), s2(m) the number of 1- and 2-elements classes, respectively. Then using
equation (E), we have a combinatorial corollary of the preceding proposition:

" = Z qu(ﬂ)+Sd(ﬂ)tS2(ﬂ-)Hq’sl(71-) ($, t)
’TTEPLQ(TL)
Using the Mobius function on P(n), this relation can be inverted, to obtain
Hq n(x’ t) — Z (_1)32(‘n-)q1rc(71-)+sd(7r)tsz(ﬂ-)a,:sl(‘n-)7
7r€731,2(n)
which is a well-known expansion for ¢g-Hermite polynomials. In particular,
X(t)nﬂ = Z qu(ﬂ)JrSd(Tr)tsz(ﬂ)Hq,sl(‘n') (X(t), t)Q
TEP1,2(n)
_ Z qrc(ﬂ)+sd(7r)t52(7r)§f§31 (m)
TI'EIPLQ(’IL)
- Hq,n(gta _t)v
where &; is considered as an element of the tensor algebra, with the tensor

multiplication.

6.3. THE ¢-P0o1ssON PROCESS. The following representation is similar to but
different from that of [SY00H].

DEFINITION 6.16. Let V =C, {§ =1 € V,T =1d,A =1 and & = 1oy, T} =
1j0,+). The g-Poisson process is the process X (t) = p(&;, Tt,t). The distribution
of X (t) is the ¢g-Poisson distribution with parameter ¢, given by LHq_l(t, td1).

We use the definitions of the ¢g-Poisson distribution and the g-Poisson-Charlier
polynomials that were introduced in [SY004]. See that paper for an explicit
formula for the g-Poisson distribution.

DEFINITION 6.17. ¢-Poisson-Charlier polynomials are defined by the recursion
relations

(12) 2Cqn(@,t) = Cqmir(@,t) + ([n]g + )Cqn (@, 1) + [n]gtCqn-1(z, t)
with initial conditions Cyo(z,t) =1, Cg1(z,t) = = — .
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REMARK 6.18. Let Sk pig = Zﬂel_[(n k) ¢ where II(n, k) is the set of parti-
tions in P(n) with k classes. It is appropriate to call these ¢-Stirling num-
bers: they interpolate between the usual Stirling numbers for ¢ = 1 and

ﬁkﬂ(@ (Zj) for ¢ = 0. Then according to [Bia97] (cf. [F]S9é-ll), the gen-

erating function
Z Sk,n;qtkzn

k,n>0

has the continued fraction expansion

[1]4t22

1—([0]g +t)z — 2],422

1—([1]4 + 1)z

It is also the moment-generating function (in z) of the probability measure with
g-cumulants r,, =t for n > 1. The formula says precisely that the orthogonal
polynomials with respect to that measure satisfy the 3-term recursion relation
(@) These are then the orthogonal polynomials with respect to the ¢-Poisson
distribution with parameter ¢. A more direct proof follows from the following
lemma, which is almost verbatim from [

LEMMA 6.19. The following chaos representation holds:

Coan(X (1), )2 = &P,

Therefore the distribution of X (t) is the orthogonalization measure of the q-
Poisson-Charlier polynomials.

For the g-Poisson process, for k > 0, Ai(t) = X (t) independently of k. The
situation with the more general stochabtic meabures is more complicated. In

particular, it is not true that St .n (X (£),t), unlike in the classical
and the free case [ Nevertheless the analog of equation (,

which is a form of q—Kailath Segall formula for centered processes, does hold,
as follows:

LEMMA 6.20. Forn >0,
Cont1(X(2),t) = (X () —t)Cyn(X(2),t)

Z gln =g [n =5+ 1gAja (6 X)Conj (X(2), 1)

Proof. We need to show that
(13)

Com+1(z,t) = (x — t)Cq,n(z,t) Z gln —1q...[n = j 4+ 1]qzCq,n—j(z, ).
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We will prove this by induction. The formula holds for n = 0. Suppose the
formula true for n — 1, i.e.

Cyn(z,t) = (x — 1)Cqn-1(z,1) +i(_1)j[" —1g[n = 2]g. .. [n— jlqgzCqn—j-1(z,1).
Then
— [n]¢Coqn(z,t)
= —[nlg(z —t)Cqn-1(z,t) + Z(*l)jﬂ[n]q[n —1g...[n—jlgzCqn—j-1(z,t)

= [n]qtCqn—1(z,t) + 3 (*1)j+1[n}q[n —1]g...[n = jlq@Cqn—j-1(z,1)
0

J

= [n]qtCqn-1(z,t) + (_1)j[n]q[” —1]g...[n—j+1]2Cqn—j(, ).

I

Il
=

J
Add to it the recursion relation ([1g)

n]qCyn(z,t) + Cyni1(x,t) = (x — 1)Cyn(x,t) — [n]gtCyqn-1(z,t)
to obtain ([L3). O

7. VON NEUMANN ALGEBRAS

In this section we list some preliminary results on the algebras generated by
the ¢-Lévy processes. Throughout the section we consider only ¢ € (—1,1).
Let X be a centered ¢-Lévy process with X = p(&;,T;,0), i € [1...k]. We
further assume that the Hilbert space V' has a real Hilbert subspace Vi so that
V' is the complexification of Vg. Then the Hilbert space H is the complexifica-
tion of its real subspace L?(R,,R,dr) ® Vg. So H has a natural conjugation
“defined on it. Assume that {@}f:l C Vg, and that for each i, T;(Vk) C V&
and T; is the complexification of its restriction to Vg. Denote by B(F4(H))
the algebra of all bounded linear operators on Fy(H), and by Ax its von Neu-
mann subalgebra generated by {X®(¢):i € [1...k],t € [0,00)}. As usual, if
the operators comprising X are not bounded, we mean the algebra generated
by their spectral projections.

First consider the multi-dimensional g-Brownian motion. Let {fi}le be an
orthonormal basis for V, let Vg be the real linear span of {fi}le, and all
T; = 0. Since the space of simple functions is dense in L?(R, ), the resulting
algebra is the same as the one obtained from the ¢-Gaussian functor. The

algebra A is known to have the following properties [BS94, BKS97.

a. The vacuum vector € is a cyclic vector for A.

b. The vacuum expectation ¢ is a trace on A.

¢. The vacuum vector Q is a cyclic vector for the commutant A’ of A.
Therefore it is a separating vector for A4, and the vacuum expectation ¢
is faithful on A.
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d. Define an anti-linear involution J on F,(H) by

Then A" = JAJ.
e. A is a factor. Therefore A is a II; factor in standard form.

We now investigate these properties for more general processes.

LEMMA 7.1. Ifspan ({§; i € [1...k]}) is dense in V, the vacuum vector Q is
a cyclic vector for Ax.

Proof. For a multi-index # of length n and a family of intervals {I;},
i=1

with 77 € @?;&(L2(R+) ® V)®I. So if span ({&; : i € [1...k]}) is dense in V,
by induction on n we see that ) is a cyclic vector for Ax. O

REMARK 7.2. We could also consider the algebra generated by the process
and its higher diagonal measures determined in Section E We describe the
construction in the one-dimensional case. Let X = p(§,T,0), and define

An = p(Tnilfv Tna <£a Tn72§>)

Let Ax a be the von Neumann algebra generated by all the processes A,,(t) for
n > 1. Then  is a cyclic vector for Ax o. We may describe this construction
in more detail elsewhere.

LEMMA 7.3. Let ¢ = 0. If the cumulant functional R(-;X) is a trace on C(x),
then ¢ is a trace on Ax.

Proof. Let {Ii}ﬁzl be a family of disjoint intervals. It suffices to show the trace
property for the family of operators {X (“(i))(Iv(i))}jzl for arbitrary multi-
indices u,v. However, it is easy to see that

© lﬁX(u(i)) (]v(i))l

i=1

> 11 N L | (&G Ti@ - Tia-né&im)

c€NC(n) Beo jEB
en (), B=G(1)5@) i)

> Roxa:X) [ [ Lot

ceNC(n) Beo |jeB
o<m(?)

If R(;X) is a trace, this expression is symmetric under simultaneous cyclic
permutations of the components of ¢ and . O
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The hypothesis of Lemma EI is rarely satisfied. It does hold for the ¢-Brownian
motion, and it also holds for the g-Poisson process. For the remained of the
section we investigate the latter.

Let {fi}le be an orthonormal basis for V, with Vg the real linear span of
{&}le. Let T} be the orthogonal projection on &;. The process X with X () =
p(&,T;,0) is the centered k-dimensional g-Poisson process. By Lemma 7.1
is a cyclic vector for Ax; a related statement is contained in Lemma 6.19.
First let ¢ = 0. Then by Lemma @, @ is a trace on Ax. By the same
arguments used in [} for the g-Brownian motion, it is easy to see that 2 is
separating for Ax, and Ay = JAxJ. In fact, using a different representation
of the process ] it follows that Ax is the reduced von Neumann algebra of
the free group on infinitely many generators. The preceding discussion shows
that it is given in standard form.

For ¢ # 0, for simplicity we consider the 1-dimensional process. Then H =
L?(R;). We extend the mapping I — X (I) to the map on all of Hg, namely
for f € L*(Ry,R,dx), X(f) = a(f)+a*(f)+p(My), where My is the (possibly
unbounded) operator of multiplication by f. Then Ax is the von Neumann
algebra generated by {X(f): f € Hr}.

PROPOSITION 7.4. For the q-Poisson process X, Q is a separating vector for
Ax.

Proof. Define the Wick map W : Foio(Hr) — Ax as follows. For f, f1, fa,... €
Hg, let W(Q) =1d, W(f) = X(f), inductively

Wi . 0fHh)=X(HWhHhe.. . of)

D AT W(he. .0 fi®...® f)
i=1
D WA h®.. @ fi®...® f),
i=1
and extend R-linearly. Clearly
(14) WHR..@fL)QA={®...® fu.
For f € Hg, define the operator X, (f) with dense domain Fy(Hr) by
Xe(NH@ . .0 fh=WHO...0LX(NHA=W(fi®...® fa)f.
X, (f) commutes with Ax on its domain of definition. Indeed,
X ()Xo ()= X(g9)f =W(9)f = X (f)g = X:(f) X ()92

Also,

X@)Xr(Nh @ .. @0 fa=X@W( 1 ®...0 fu)f
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and

=X (HX@OW([1®...Q fn)Q

=Xr(f)[W(g<§©f1<E©..-<§©fn)+2q“1 (G AW ®...0 fi®...® fa)

+ q"”W(gfi®f1®.4.®fi®...®fn)]9
i=1

=X(@W(f1®...® fa)f
Next,

Xr(fn)Xr(fnfl) .. XT(fQ)XT(fl)Q = W( .. W(W(fl)fZ) cee fnfl)fn

=f1®f®..® fnt+1,

with 77 € @?;01 H®!, Therefore () is separating for Ax. O

As a consequence, the map W is in fact determined by the condition (B)

LEMMA 7.5. Assume q # 0. Then for the q-Poisson process X,
a. @ is not a trace on Ax.
b. Ax and JAxJ do not commute.

Proof. Let Iy, I5 be two disjoint intervals. It is easy to see that
@ [X(11) X (I2) X (1) X (I2) X (I)] = ¢ [I1| |12,
while
@ [X (1) X (1) X (12) X (1) X (I2)] = q ||| I2] .

Therefore ¢ is not a trace on Ax.

Moreover, for an interval I, (X(I)JX(I)J)(n1 ® n2 ® n3) contains the term
1; ®m1 ®n2 ®n3 with coefficient ¢%, while (JX (I)JX (I))(n1 ®n2 ®n3) contains
no such term. So already on H®3, Ax and JAx.J do not commute. O

We conclude that even for the g-Poisson process, the Fock representation of the
corresponding algebra provides little immediate information about the algebra.
The subject certainly deserves further investigation.
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