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1 Introduction

Several deformations of boson, fermion and full Fock spaces and Brownian motion have been
proposed so far. Bozejko and Speicher used the Coxeter groups of type A (= the symmetric
group) to construct a g-deformed Fock space and a g-deformed Brownian motion [12] (= Fock
space of type A). Bozejko, Ejsmont and Hasebe followed this idea in [10] and constructed an
(a, q)-Fock space using the Coxeter groups of type B. We give an alternative construction to [10]
of a generalized Gaussian process related to the Coxeter groups of type B. Our motivation is
inspired by the following reasoning. If we start the construction of a deformed probability space
by using some symmetrization operator (with a given statistic on the set of permutations), then
we obtain that the joint moments of a Gaussian operator may be expressed by the analogue of
statistic on the set of pair partitions. We explain this by the examples.

First of all, we focus on the work by Bozejko and Speicher about ¢g-Gaussian process [12] on
the g-deformed Fock space Fy(H) := (CQ) ® @7, H®", where —1 < ¢ < 1, and Q denotes the
vacuum vector and H is the complexification of some real separable Hilbert space Hg. On this
space the authors introduced a deformed inner product, using the following symmetrization:

Z qinv(a) o,

oeS(n)

where S(n) is the set of all the permutations of {1,n,...,n} (the Coxeter groups of type A) and
inv(o) := card{(4,j): i < j,0(¢) > o(j)} is the number of inversions of o € S(n). On this space

we define a creation aj(r) and its adjoint, i.e., an annihilation operator aq(z), and a Gaussian
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operator Gy(r) := ay(x) + aq(z). The key point of g-Gaussian distributions is the methodology
of computing their multidimensional moments, which are given by

<Q7Gq($1)"'Gq(x2n)Q>q = Z qcr(ﬂ) H <$ivxj>a

TEP2(2n) {i,jyer

where cr(m) is the number of crossings of a pair partition 7 (see [12]).

Bozejko and Yoshida [16] (see also [6]) introduced a two-parameter refinement of the g-Fock
space, formulated as a (g¢,t)-Fock space F,(H), where —1 < ¢,t < 1. The corresponding
symmetrization operator has the form

Z qinv(o)tcinv(a) o,

UES’VL

where cinv (o) denotes the number of co-inversions of a permutation cinv(o) := card{(,j): ¢ < j,
o(i) < o(j)}. If we denote the creation operator by a;,(z) and the annihilation operator
by aq(x), then the moments of the deformed Gaussian operator G () := a; ,(¥) + aq(x) are
encoded by the joint statistics of crossings and nestings in the set of pair partitions:

<Q, Gq,t(fl) - Gq,t($2n)9>q = Z qcr(W)tnest(r) H <='Ei, xj),

mEP2(2n) {i,7}em

where nest(7) denotes the number of nestings in pair partition of 7 (see [6, Section 2]).

From these two examples we see that the inversions and co-inversions in the symmetric group
now become the joint statistics of crossings and nestings on the set of pair partitions. The
symmetrization operator of type B for —1 < a, ¢ < 1, has the form

§ ' anumber of negative inversions in o qnumber of positive inversions in o o
)

c€B(n)
where

e B(n) is the hyperoctahedral group, see Sections 2 below;

e the definition of positive and negative inversion is given in Section 4.3 below.

If we apply the above reasoning to the statistic which appears during calculation of moments of
type-B Gaussian operator, it should be

§ : anumber of negative pairs of m numbers of crossings of 7

q )
m€PE(2n)

where P2 (2n) is the set of pair partitions of type B (see Definition 4.3). It is worth mentioning
that probabilistic considerations of type B that first appeared in [10, Corollary 3.9 (2)] are not
quite associated with our present approach. The goal of this paper is to introduce a double
Fock space of type B, such that the Gaussian operator moments are compatible with a statistic
symmetrization related to the Coxeter groups of type B. We claim that this approach is more
natural than the methodology proposed in [10]. In particular, we use this model in order to
describe the kernel of the symmetrization operator, that was difficult to achieve with the model
from [10].

2 Preliminaries

In the present section we show that the construction of type B Fock space [10] can be adapted
to recover the double Fock space of type B. In the following we will briefly describe the tools
we use in this investigation, which is partially contained in the previous paper [10]. For further
information the reader is referred to [10] and the references therein.
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2.1 Coxeter groups of type B

Recall that the Coxeter group of type B (also known as the hyperoctahedral group) of degree n,
denoted by B(n), is generated by the elements 7y, 71, ..., m,—1 subject to the defining relations
m=e0<i<n-1, (rom)* = (mm+1)® =e, 1 <i<n-—1and (mnm;)? =eif |i —j| > 2,

0 <i,j <n-—1. Note that {m; | ¢ = 1,...,n — 1} generate the symmetric group S(n). The
Coxeter diagram for B(n) is described in Figure 1.

Figure 1. The Coxeter diagram for B(n).

We express o € B(n) in an irreducible form
0 = T4y =« Ty, OSil,...,ikSTL—l,
i.e., in a form with the minimal length, and in this case let

l1(0) = the number of the occurrences of the factor m in o,

l2(0) = the number of the occurrences of all the factor of the form 7q,...,m,—1 in o.

Remark 2.1. These definitions do not depend on the way we express ¢ in an irreducible form,
and therefore, [;(0) and l3(o) are well defined (see [14, Proposition 1]).

2.2 (q,a)-Meixner—Pollaczek orthogonal polynomials

In this subsection, we remind basic facts about the orthogonal polynomials.

For a probability measure p with finite moments of all orders, we can assign the orthogonal
polynomials (P, (z))5, with deg P,(z) = n and the leading coefficient of each P,(x) is 1, i.e.,
monic. It is known that they satisfy the recurrence relation

2Py (x) = Ppy1() + BuPr(x) + Yn—1Pr-1(x), n=0,1,2,...,

with the convention that P_;(z) = 0. The coefficients (3, and =, are called Jacobi parameters
and they satisfy 5, € R and ~,, > 0. It is known that

Y0 Yn :/R’Pn_;'_l(l')PlLb(dm), n > 0.

Let
e [n], be the g-number [n], :=1+q+---+¢" 1, n>1;
o [n],! be the g-factorial [n]y! :=[1]---[nlg, n > 1;
e (s;q), be the g-Pochhammer symbol (s; q), := [[1_; (1 — sqk_l), seR, gl <1,n>1.

Let MP, 4 be the probability measure supported on (—2/\/1 —q,2/\/1— q). This measure
has density (with respect to the Lebesgue measure)

dMP,,
dt

_ (#9(8%9) 9t @)g(t, —L )9t VT D9t —v/T9)
2m\/4/(1 — q) — {2 9(t,i8;q)g(t, —iB; q) ’

(t)

(2.1)
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where
g(t,b;q):H(lfélbt(lfq) 12gk 4 2 2k) H lfsq s €R,
k=0 k=0

5= vV—a, a<0,
~live, a>o.

Remark 2.2. In equation (2.1), we assume that (o, q) € (—1,1)x(—1,1 ), but by weak continuity
we may allow the parameters («,q) of MP, 4 to take any values in [—1,1] x [-1,1].

Example 2.3. In the special case, we have

2

1. The measure MP,, 1 is the normal law (2(1 + a)r)~"/2e” e 1r(t) dt.
2. The measure MPy is the standard Wigner’s semicircle law (1/27)v/4 — t21(_g 9(t) dt.
3. The measure MPg , is the ¢-Gaussian law [12].
4. The measure MP, _; is the Bernoulli law (1/2) (5m + 57\/@).

5. The measure MP, ¢ is a symmetric free Meixner law [1, 8, 19].

The orthogonal polynomials (Qn%(t))52, associated to the distribution of the MP, , are
called (g, a)-Meizner—Pollaczek polynomials satisfying the recurrence relation

QI D(t) = QY () + ]y (1 +ag" QY (M),  n=0,1,2,..., (2.2)

where Q¥[(t) =0, Qy?(t) =1 and -1 < a, ¢ < 1.

3 The double Fock space of type B

Let Hr be a separable real Hilbert space and let H be its complexification with the inner
product (-,-), linear in the right component and anti-linear in the left. The Hilbert space
K := H® H is the complexification of its real subspace Kg := Hg ® Hg, with the inner product

(x@y,E@nk = (x,6)(y,n).

We define K, := H*"@ H®" = H®?" and instead of indexing its simple tensors by {1,...,2n}
we will index them by [+n] = {-n,...,—1,1,...,n} and we will use the typical involution

n=-nforneN
Kn>x7®@Xp, =27 ®  QI7QT1Q QTp =Tp Q@+ & Tn.

We use this convention for indexing the elements of IC,, to define a natural action of the hyper-
octahedral group B(n) on K, by setting

o: Ky — Ky,
TR Q- QITRTI - QTy = To-1(m) & O Ty1(T) @ Tg-1(1) @ - @ To—1(p)

for any o € B(n).

Remark 3.1. It is worth to mention that in the present paper we act on the indexes, but in
the previous one, [10], we were acting on the vectors.
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Let Fsn(K) be the algebraic full Fock space over K:

Fiin(KC) = é/cn = éH@”,
n=0 n=0

with the convention that £K®° = H®0 @ H®Y = CQ ® € is the one-dimensional normed space
along with the unit vector Q ® Q. We equip Fg,(K) with the inner product

n

(7 ®  QITRXTI R R, Y @ QYT QY1 @+ @ Ym)0,0 1= 5m,nH<xi7yi>'

7=

3

By definition, the action of the generators m; for 0 <i<n —1 on
N=2pQ VLRI - Qx, € Ky
is given for ¢ > 1 and n > 2 by
(M) =2 ® - QT;RT77® - QIR TI QR RT11 QT ® -+ ® Ty,
and for i = 0 and n > 1 by
TN =@ QX RIT] R Iy
For the parameters —1 < «, ¢ < 1, we define the symmetrization operators

P = 3l g n>1,
c€B(n)
P(O) = IH®0®H®0.

a?q

Moreover, let

(o]
Pog = @ Pé?q)
n=0

be the type B symmetrization operator acting on the algebraic full Fock space.

Remark 3.2. From Bozejko and Speicher [13, Theorem 2.1], the operator Po(fq) is positive for
-1 <a,q¢<1 If -1 <a,q <1, then PC%) is a strictly positive operator meaning that it is
positive and ker Po(?q) = {0}.

For xp ® x, € K,, and ym ® ym € Ky, we deform the inner product (-,-)oo by using the
type B symmetrization operator:

<Xﬁ ® Xn, Ym & ym>o¢,q = 5n,m<xﬁ ® Xn, Po(:;)yﬁ & Ym>0,0-

For z € H, let l(z) and r(x) be the free left and right annihilation operators on H®",
respectively, defined by the equations

Fa)(z1® - Qxy) =2Qx] Q-+ Q Ty,
() (1@ R xp) = (T, 21)T2 ® -+ @ T,
(@) (1@ ®ap) = Q- Q X, @,
r@)(z1 @ - Qxp) == (T, 2p)T] @+ ® Tp_1,
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where the adjoint is taken with respect to the free inner product. The left-right creation and
annihilation operators b*(x ® y), b(x ® y) on Fu,(K) are defined as follows:

b (z @ y)(xm @ xy) :=1"(x )xn®r (Y)Xn, V(rzRy)QeQ =2y,
b(z @ y)(xm @ xp) 1= l(2)x7 @ r(y)Xn, bz @y)Q®Q:=0,

where x5 ® X, € Ky, n > 1. It holds that [b*(x ® y)]* = b(x ® y) where the adjoint is taken with
respect to (-,+)0,0-

Definition 3.3. Let ¢,a € (—1,1). The algebraic full Fock space Fg,(K) equipped with the
inner product (:,-)q,q is called the double Fock space of type B and denoted by F, 4(K). For
r®y € K we define b}, ,(z ® y) := b*(z ® y) and we consider its adjoint operator by q(z ® y)
with respect to the inner product (-,-)q, acting on the Hilbert space F, 4(K). The operators
b;q(x ®y) and baq(x ®y) are called double creation and double annihilation operator of type B,
respectively.

Remark 3.4. We would like to emphasize that our double Fock space of type B is different
from [10]. In the present version of the model, we apply a more natural operation on tensor
product, which finally contributes to the more natural combinatorics of calculating the Gaussian
moments. In [10], we put the action of the symmetrization on n points but in the current ap-
proach we give 2n points which is close to our construction from the articles [9, 20]. In [10],
we defined the creator in the same way as in the case of type A, and then we did not obtain
a natural combinatorics which is compatible with partitions of the set {£1,...,4+n}. Now if we
start our construction with the creator operator of double type B, the situation is completely
different from [10].

The following proposition can be derived directly from [10, Proposition 2.3].

Proposition 3.5. We have the decomposition

POy = (IoPUT VO R on Ku 21,

where
n—1
Rgz =1+ quﬂn—l Tk aq" T —a - T (1 + quﬁ . '7Tk>> n > 2,
k=1

RS}; = I + amy.
n)

We can compute the annihilation operator in terms of R((I,q
that in [10, Proposition 2.4].

by using the similar method to

Proposition 3.6. Forn>1 and x ® y € Kr, we have
ba,q(z ®y)—b(x®y)R( n) on K.

Remark 3.7. Using the above notation, we can decompose b, 4(x ®y) into the positive part p,
and the negative part n, as

bag(x ®@y) =pe(z @ y) + ang(z @ y), rRy ek,

where

n
=Y ey e ® @ a0 D
k=1
RTI® R ® @ Tn, (3.1)
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n
ng@ @y =q¢""> ¢ e, m)(yap) 10 QE @ ®ay
k=1

RITI R QIR+ R T, (3.2)

where n = x5 ® --- ® x,. We called the operator p, the positive part and n, the negative part
because in the next section we see that they contribute to positive and negative partitions of
type B, respectively.

The following commutation relation is almost the same as in [10, Proposition 2.6]. The
difference is due to a twisted inner product which appears in the second part of the following

equation: (x,n)(y,&).

Proposition 3.8. Forz ® y,£ ® n € IKC, we have the commutation relation

bavg(z @ Y)b}, 4 (€ @) — qbs (€ @ Mbag(z @ y) = (2, )y, M + alw,m)(y, &) (¢*)",

where (¢*) is the operator on Fun(K) defined by the linear extension of (¢*)NQ® Q =0 and
X @ Xp — @25 @ X forn > 1.

Now we come to calculate the norm of the creation operators. The following theorem is
inspired by [10, Theorem 2.9]. The proof is almost identical to that of [10, Theorem 2.9], and it
can be omitted (the only difference is the estimate of the norm at the end).

Theorem 3.9. Suppose that x @y € Kr, x @ y # 0.
1. If (a,q) € A, where A =[0,1] x (—1,0], then

1654z @ Y)llag = VI]2lyl1? + afz, )2
2. If (o, q) € B, where B =[—1,0) x (—1,0], then

[ [[lyl
e <1z @ Y)llag < [zllllyll-

vi—gq
3. If (a,q) € C, where C = {(a,q) | |ao] < q < 1}, then

* Iy
It @3)log = it

4. Otherwise, if (a,q) € [-1,1] x (=1,1)\ (AUBUC)

1+ |af
1—g¢q

B2l

Vi—gq

< g (& @ Y)llag < l(lyll-

4 The double Gaussian operator of type B

In this non-commutative setting, random variables are understood to be the elements of the
x-algebra generated by {baq(* ®y), b, ,(z®y) | z®y € Kr}. Particularly interesting are their
mixed moments. In order to work effectively on this object we need to define the corresponding
statistics. We provide an explicit formula for the combinatorial moments, involving the number
of crossings and negative pairs of a partition. First, we need to define the operators, the set of
partitions and statistics of type B.
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4.1 The orthogonal polynomials
Definition 4.1. The operator
Gog(z@Y) =bag(r®@y) +b,,(r®y), r@yekp
on Fi,(K) is called the double Gaussian operator of type B. Denote by ¢ the vacuum vector
state p(-) = (Q® Q,- QA Q).
Using a similar argument as in [10, Theorem 3.3], we can prove the following.

Theorem 4.2. Suppose a,q € (—1,1) and 2 ®y € Kg, ||z|]| = ||yl = 1. Let paqazy be the
probability distribution of G q(x ®y) with respect to the vacuum state. Then fiq q ey 1S equal to
MP o (z,)2,4-

Proof. We observe that for n > 1, we have

Gaq(z @ y)z®" @ y®" = b}, (2 @ y)z®" @ Y®" + bag(z @ y)z®" @ y="
= g®F1) @ o®(ntl) 4 [n]q (1 + a(z, y>2q”_1):17®("_1) ® y®=1),
where Remark 3.7 was used in the second line. Note that for n =1
Q@ ) (G, (2@ Y)AB QA = Cayz@ Y@ =20y

and by induction

QUG (G, y(r @ y)R @ Q
= Gog(z @ y)QLEW (G, o (x @ )2 Q
— g (1 + oz, )2 QT (G, y(x @ )2 @ Q

= Gz ®@y)z™" @y — [n],(1+ alz,y)*¢" ")z @ y® =

Therefore, the map ®: (span {z®" ® y®™ | n > 0}, || - [laq) — L*(R, MP (3 4y2,4) defined by

(I)(.T®n Q y®n) Q(a z,y ,q)( )

is an isometry. Since @ is an isometry, we get (22, Gaq(z®Y)"Q)ag = Mn(MPy 5 2 4), Where
mp () is the n-th moment of measure p. Since MP ;112 , is a compactly supported measure,
the Hamburger moment problem has a unique solution and hence MP ;. y2 ¢ = fa,ga,y- |

4.2 Pair partitions of type B

Let S be an ordered set. Then m = {V,...,V,} is a partition of S, if the V; # @ are ordered
and disjoint sets V; = (v1,...,v), where v; < --- < v, whose union is S. For V € 7 , we say
that V is a block of w. Any partition m defines an equivalence relation on .S, denoted by ~,
such that the equivalence classes are the blocks of 7. Therefore, i ~, 7 if i and j belong to the
same block of . A block of 7 is called a singleton if it consists of one element. Similarly, a block
of 7 is called a pair if it consists of two elements. Let Sing(w) and Pair(w) denote the set of
all singletons and pairs of 7, respectively. The set of partitions of S is denoted by P(S), in the
case where S = [n] := {1,...,n} we write P(n) := P([n]). We denote by P; 2(S) the subset of
partitions m € P(S) whose every block is either a pair or a singleton.

From now on, we will work on a set [+n] := {n,...,1,1,...,n}. For a pair V = (a,b) (or
a singleton V = (a)), we denote its reflection by V = (b,a) (V = (a)), where @ = —a. Similarly,
we define

T:={V|Vem mePEn])}.
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Definition 4.3. We denote by 7752(71) the subset of partitions 7 € Py 2([£n]) such that they
are symmetric 7 = 7 (which is invariant under the bar operation), but every pair V € 7 is
different from its reflection V', i.e., V # V. We call 7752(71) the set of partitions of type B.

From Definition 4.3 it follows that for every block in B € 7, 7 € 7352 (n) there exists a unique
reflection block B € 7. This leads to one more definition. We call B = ((b,a), (a,b)) a B-pair
if b < b, |a] < |b| and (b,a), (a,b) € m. The B-pair ((b,a), (a,b)) is called positive if b x a > 0;
otherwise it is called negative; see Figure 2. The set of such B-pairs is denoted by Pairp(w). Let
us notice that from Definition 4.3 it follows that the element s is a singleton of 7 € sz(n) if
and only if 5 is also a singleton of 7, thus we can define the subset of B-singletons ((a), (a)) as

Singp(7) := {((a), (a)) | a,a € Sing(w), a < a}, T E 7752(71).
Let

PB(n) = {r e Pfg(n) | Singp(m) = @}
and

Pit(n) == {r € P¥(n) | b,a), (a,b) € 7 = ((b,a),(a,b)) is positive},
i.e., it is a subset of PP (n), with only positive B-pairs.
Remark 4.4.

1. We note that a B-pair is not a block of 7, but a pair of reflection pairs.

2. We note that #Ps'(n) = (n — 1)!! for even n, which is the same as the number of the
classical pair partitions on n points. In Figure 6, they are depicted on the top row.

VY VAN
4 3 2 1 1 2 3 4
Figure 2. The example of 7 € P (4) with a positive B-pair ((3,2), (2,3)) and a negative B-pair

((4,1),(1,4)).

We introduce some partition statistics. For two pairs V and W, we introduce the relation cr
as follows:

VAW < V=_(,j), W = (k,l) suchthat i<k<j<lI,
For a set partition 7 € Pfg(n), let Cr(m) be the number of crossings of B-pairs, i.e.,
Cr(m) = #{((V,V), (W,W)) € Pairp(r) x Pairg(r) | V < W}
+#{((V,V), (W, W)) € Pairg(r) x Pairg(r) | V< W},

For two blocks V', W of a set partition, we say that W covers V if there are ¢,j € W such that
i <k < jforany k € V and then we write V <~ W. For 7 € 7352(71), let Cs(m) be the number
of pairs of a B-singleton and a covering B-pair:

Cs(m) = #{((V,V), (W, W)) € Singg(n) x Pairg(r) | V< W}
+#{((V, V), (W,W)) € Sing() x Pairp(r) | V< W}
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We say that the B-pair (W, W) cover the B-singleton (V, V) if VW or VR W (equivalently,
(V, V) is the inner singleton of (W, W))

Let Nb(m) be the number of negative B-pairs of Pairg(7), where m € 7752 (n). A set partition
T € PEQ(n) is non-crossing if Cr(m) = 0. The set of non-crossing pair partitions of [£n] is
denoted by NCF(n), and by NC4(n) we denote the subset of NCF(n) where all B-pairs are
positive.

Remark 4.5. While reading this, the first impression seems to be that the procedure of counting
the crossings is complicated. This is not true since it can be read from the figure as follows.
First, we draw a vertical line in the center as in Figure 3. Then we count only the crossings on
the left of this vertical line. We count the number of negative B-pairs as the number of B-pairs
crossed by a vertical line (¢ points on Figure 3). Similarly we count the pairs of the form

(B-singleton, covering B-pair)

as the number of such a pairs with at least one leg on the left of this vertical line.

1

oo e
NeJ

[ ]
3 2 1 1 2 3 4 5 6 7

= e

7 6 5

| ®

0 9 10

Figure 3. The example of statistic of partition 7 € 7352(10), ie., Cr(m) = 4, Nb(m) = 3,
Cs(m) = 5.

Now we prove the following theorem, which shows the relationship between the set of parti-
tions of type B (corresponding statistic) and a joint action of Gaussian operators on a vacuum
vector.

Theorem 4.6. For any i € {1,...,2n} and z; ® x; € Kr, we have
P(Gogltgy ®w2n) -+ Gaglez@m)) = Y N1 (ay,y). (4.1)

n€PE (2n) (¢,j)€Pair(m)

Proof. Given ¢ = (£(1),...,e(n)) € {1,}", let PP,._(n) be the set of partitions 7 € PLy(n)
such that

e if ((b,a), (a,b)) is a B-pair of Pairg(r), then e(|a|) = *, £(|b]) = 1,
e if {c} is a singleton in 7, then &(|c|) = *.
We will prove first that
b (2 @ ) - - WD (27 @ 1) @ Q
_ Z aNb(Tl’) qu(Tr)+CS(7r) H <xi7 l‘j> ® zi (42)

ﬁGPEQ;E (n) (¢,j) €Pair(m) 1€Sing()
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holds, where

Sing(7) = {(Um);- .-, (01), (1), ..., (vm)} C NUN, U < -+ <01 <01 <00 < Upyy
and ®iesmg(ﬂ) x; denotes the tensor product x5, ® -+ @ Tp, @ Ty, @ =+ @ Ty, . If

#{i € [j][e(i) =1} > #{i € [j] | (i) = *}

for some j € {1,...,n}, then we understand the sum over the empty set is 0 since 7352;5(71) =g
in this case. The proof of (4.2) is given by induction.

When n = 1, then b, 4(71 ® 71)Q2® Q = 0 and b}, (1 ® 21)Q ® Q = r1 ® 71 and hence the
formula (4.2) is true.

Suppose that the (4.2) is true for n = k. We will show that the action of bgsléﬂ)(:cm@a:kﬂ)

for e(k+1) = x or e(k+1) = 1 corresponds to the inductive pictorial description of set partitions
of type B.
Case 1. If e(k + 1) = x, then the operator b, (777 ® 7k41) acts on the tensor product,
putting zx41 on the right and z;77 on the left. This operation pictorially corresponds to
adding the singleton (k+1) and (k + 1) to m € PlB,Q;E(k), to yield the new type-B partition
e 731372;5(14: +1) such that ((k+ 1), (k + 1)) € Singg (7). This map 7 + 7 does not change the
numbers Nb, Cr or Cs, which is compatible with the fact that the action of bz,q(xm ® Tpt1)
does not change the coefficient. Hence the formula (4.2) holds when n = k+ 1 and e(k+1) = *.
Case 2. If e(k + 1) = 1, then we have two subcases, depending on p, and n,.

If the positive part p, (subcase (a)) (resp. ang — subcase (b)) acts on the tensor product on
the right hand side of (4.2) (for fixed 7), then new m terms appear by using (3.1). We obtain
the equations

m

Pg(T757 @ Tht1) T3, @ -0+ @ Ty, = qu_i(ﬁmyﬂfﬁiﬂ%w’ﬂmﬁ (4.3a)
i=1 3a

sz’)m@@j@@®xﬁ1®xv1®®jvl®®mm;

m
qu(:vm & $k+1)$@m R B Ty, = qum_l Z qz_1<$ma xvi><x17w xk+1> (4 3b)
i=1 :

Xxﬁm®®jjil®®xﬁ1®xv1®®-fvz®®mm

Now we will focus on the i-th summand of the above equations.
We fix 7 € sz;e(k:) and suppose that 7 has singletons

Upp < -+ <0 <+ <O <vp <+ <0y < -+ < Uy, Where i € [m].

We assume that Pairg(m) contains the B-pairs (Wi, Wh),..., (Wy, W,) which cover the
B-singleton ((v;), (vi)). Case 2(a) — see Figure 4. In the i-th term of (4.3a) the inner prod-
uct (277, T5;) (T, Tht1) appears with coefficient gt
ting a set partition 7T € 7352;6(16 + 1) by adding the positive B-pair ((m, v;), (vi, k + 1))
to Pairp(7). This new B-pair crosses the B-pairs (Wj, Wj), j € {1,...,u} and so increases
the crossing number by u but decreases the number Cs(7) by u because originally ((v;), (v;))
was the inner singleton of B-pairs (Wj, Wj), j € {l,...,u}. Now the new inner B-singletons
((i41), (0i+1)), - -+, (Om), (Um)) of B-pair ((k + 1,%;), (vi,k + 1)) appear. Altogether we have

Pictorially this corresponds to get-

Cr(7) = Cr(m) + u, Cs(m) =Cs(m)+m—1i—u and Nb(7) = Nb(m).

So the exponent of ¢ increases by m — 4. This factor ¢™*

equation (4.3a).

is exactly the factor appearing in
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o o
vm k41 Um, v U1 v1 V4 vm k+1

Figure 4. The visualization of the action of pq(acm ® Ti1).

Case 2(b) — see Figure 5. In the i-th term of (4.3b) the inner product (777, Tv,) (*5;, Tk+1)
appears with the coefficient ag™**~2. Graphically this corresponds to getting a set parti-
tion 7 € 731%;50“ +1) by adding £ +1 and k¥ + 1 to m and creating the new negative B-pair
((k+1,v;), (0;, k+1)) € Pairg(). Similarly to Case 2(a), we count the change of numbers and
get

Cr(7) =Cr(m)+u, Cs(m)=Cs(mr)+m—1+i—1—u and Nb(7) = Nb(x)+ 1.

Altogether, when moving from =« to 7, the exponent of « increases by 1 and the exponent
of ¢ increases by m 4+ ¢ — 2, which coincides with the coefficient appearing in the action of
ang (777 ® Ti41), creating the inner product (2777, v, ) (To,, Tt 1)-

Um v, 51 1.11 :’i :’m k1 Um v; 1:)1 v v vm k+1
Figure 5. The visualization of the action of ang (7777 ® T41).

Note that as 7 runs over PfZ;(a(l),...,s(k))(k)’ every set partition 7 € 7352;(5(1)’“_’5(,6)’1)(]{ +1)
appears exactly once, either in Case 2(a) or in Case 2(b). Therefore, in Case 2, the pictorial
inductive step and the actual action of bOé’q(xm ® xg41) both create the same terms with the
same coefficients, and hence the formula (4.2) is true when n =k + 1 and e(k + 1) = 1. Case 1
and Case 2 show by induction that the formula (4.2) holds for all n € N.

For a given set of B-pairs {((b1,a1), (a1,b1)), - -, ((l_)n/g, n/2), (@2, bny2))} € Pairp(m), where
7 € PP(n), we denote the set of left and right legs of © by I, := {ai,a1,... s Qp/2,0n 2}, and
T i= {b1,b1,...,by/2,by/2}. Formula (4.1) follows from (4.2) by taking the sum over all ¢ such
that Sing(7) = @. In this case, we understand that );cging(r) Ti = 2 ® 2 and

|| PLm)= || {zePPn)|(ba)(ab)er = =(la]) == e(|b]) =1}
ee{l,*}" e€{l,x}n

= |_| {WEPQB(n) | lr = L and 7, = [+n] \ L}

LC[+n]
#L=n

— PE(n).
Finally, applying the state action, we get

@(Ga,q(xﬁ ® Tap) - - - Goz,q(xi ® wl))

= Y (bl (wgr @ wan) - b (wr @ @)
ee{l,x}2n
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_ Z Z aNb(w) qu(Tr)+CS(7r) H <xi, l‘j>

e€{1x}?" rePP, _(2n) (i,7) EPair(m)
Sing(m)=2

— Z Z aNb(ﬁ)qu(w) H <xi7 $j>

e€{l,x}2n WEP55(2TL) (4,7)€Pair(m)

_ Z OZNb(7r)qu(7r) H <5L’i7 $j>- m

n€PE (2n) (4,4)€Pair(m)

Example 4.7. The set of partitions of type B for

O(Gag(rg @ x4) - Gog(r] ® 1))

can be graphically represented as shown in Figure 6.

Ao oan TN NN

4321 1234 321 12314 4321 1234
(zz,23)(25,27)(21,22)(23,24) q{zg,25)(rg,x7)(x1,23)(T2,24) (zg,27)(23,25)(21,24)(22,23)
4321 123414 4321 1234 4321 1234
a(zy,z3)(z5,21)(z],72)(T3,74) aq(zz,zz)(z3,71)(z1,73)(z2,24) ag?(zg,07) (r5,29) (21,24) (z5,23)
Il o m m
4321 1234 4321 1234 4321 1234
a(zy,z3)(z5,27)(z1,72)(T3,74) agq(zz,z2)(z3,27)(r1,73)(z5,24) a(zy,z1)(z3,25)(z],24)(T2,73)
4321 1234 14321 1234 4321 1234
a2<z1,z3)<z§,zl><zi,12>(zg,z4> aQq(zz;vzz)(Igvzl)<Ii»9~‘3><9~‘§v14> a2q2<14 Hez,wo)(r],74)(T5,73)

Figure 6. The statistics and the set of partitions of type B for the fourth moment.

Let VN(Gq (KRr)) be the von Neumann algebra generated by {Gqq(z®y) | z @y € Kg} for
lg| < 1.

Proposition 4.8. Suppose that dim(Hg) > 2 and |q| < 1. From Ezample 4.7, we can easily
calculate that the vacuum state is a trace on VN(Gq q(KRr)) if and only if o = 0.

Proof of the last statement. By using Example 4.7, we obtain

P(Gaglrz ® x4)Ga7q(x§ ® xS)Ga,q(xg ® 22)Ga,q(r1 ® 21))
= (23, x3) (3, 21) (21, 2) (T3, T4) + ¢(27, 73) (23, T1) (T1, T3) (T2, T4)
+ (21, 71) (23, 23) (21, T4) (T2, T3) + W{7g, T3) (23, 1) (21, T2) (T3, T4)
+ aq(zg, w3) (23, 71) (27, 23) (T2, 74) + 0q” (27, 27) (23, 22) (1, 24) (X5, 3)
+ afzg, 23) (T3, 1) (21, T2) (T3, T4) + q(T7, T2) (73, ¥1) (21, ¥3) (T2, T4)
+ alwy, w1) (w5, 23) (1, 24) (T2, T3) + & (w5, 33) (3, T1) (W71, T2) (3, T4)

+ a2q<x4, ‘7:2) <‘T37 x1> <J}1, x3> <x§7 x4> + a2q2<x217 x1> <J}g, x2> <xi7 x4> <x§7 $3>7
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and by permuting r; ® x4, ...,27 ® x1,

P(Gayg(73 @ 23)Gaq(23 @ 22)Gag(21 @ 21)Ga (21 ® 74))

= (x5, 23) (21, 73) (T4, 21) (22, ¥3) + q{73, 71) (W3, ¥7) (¥4, ¥2) (71, T3)
+ ($3a5@1>< r3, 21) (24, T3)(T1, T2) + ofz3, 23) (271, T4) (T3, 21) (T2, T3)
+ aq(rs, w1) (w3, T4) (T3, w2) (X1, T3) + 0q® (w3, w3) (w3, 1) (4, 33) (27, 2)
+ afrs, x2) (7 >(904, x1)(22, ¥3) + aq{xs, v1) (23, 23) (T4, T2) (T, T3)
+ oz, wa) (w3, 27) (1, 23) (11, T2) + O (3, T2) (7, T4) (W3, 1) (3, T3)
+ &’q(xg, m1) (w5, wa) (w3, 22) (w1, 23) + &°¢* (w3, 34) (23, 1) (27, 23) (207, 22).

Since dim(Hp) > 2, there are two orthogonal unit eigenvectors ej, es, and we take x1 = x4 = e,
T1 =23 = €2, T3 = T3 = e1 and Tg = 3 = ez. Hence

SO(Ga,q(xZ ® x4)Ga7q($§ ® 373)Goc,q(x§ ® x2)Ga7q($I ® 1))
— 9(Gag(23 ® 13)Ga (25 ® 12)Gag(r] ® 71)Gayg(r7 ® 24)) = 0*¢° — 0.

Therefore, the vacuum state is not a trace when o # 0. When a = 0, the traciality follows from
the similar arguments of [13, Theorem 4.4]. [

For 7 € NC4(2m) we say that B-pair is inner if it is covered by another B-pair. A B-pair of
a non-crossing partition of type A is outer if it is not inner. In accordance with this definition
we can formulate the following corollary.

Corollary 4.9. Assume that x;,z; € Hg fori=1,...,2m.

1. For a =0, we recover the q-deformed formula for moments [12, Proposition 2|:

P(Go,q(Tam @ Tam) - Go,q(21 ® 1))
— Z qu(ﬂ H (x; — Z qu(w) H (x4, 1’j>-
TE€PE(2m) i,j)em TEPZ(2m) (i,5)em
Nb(m)=0

2. For q =0, we obtain the formula for moments of the symmetric Kesten’s law

©(Ga,0(Tg,; @ Tom) -+ - Gap(r1 ® 21)) = Z aNP(™) H (x4, 25).
TENCE (2m) (ij)em

3. For q =0, we obtain the formula

P(Ga0(@am @ Tom) -+ Gaolar @a1) = > (14 a) OO TT (wi,2)?,
TENCE (2m) (i,)em

where #0ut(m) is the number of outer B-pairs in a non-crossing partition of type A.

Proof. 2. When ¢ = 0, then the nonzero terms in part 2 of Theorem 4.6 occur only when 7 is
non-crossing of type B.
3. In order to proof the third point, we introduce the following map

D: NCB(2m) — NC5 (2m), T,
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(O A A, A A

—
S

m N DN D aon DN
b

Figure 7. The visualization of the action D on NCZ(4).

where 7 is defined through the B-pairs of #; more precisely, the B-pairs C' = ((b,a), (a,b)) €
Pairp(7) are mapped according to the action of the following relation

((b,@), (a,b)), if C is the positive pair of Pairg(7),
((b,a), (a,b)), if C is the negative pair of Pairp (7).

We further observe that every negative B-pair in Pairp(7) is mapped to an outer positive B-pair

in Pairg(m) — see Figure 7. For any choice of outer blocks Vi,...,V; € =, there is a unique
7 € D~Y(7) which whose negative blocks are exactly the preimages of V1,...,V;. Thus, we get
#O0ut(m)
Out
#D () = Z <# u(7r)> for e NCH(2m).
i=0 !
Using the above fact we obtain
#Out(m)
Out(m
> e [ @i = Y Y o (# OV T ey
TENCE (2m) (i,5)€m reNCE(2m) =0 (i.4)em
= > 2 o] ey’
TENCE (2m) 7ED~1(7) (i,)em

and finally by using NCZ(2m) = |_|7reNC§‘(2m) D~Y(n), we get

= Z H iy Tj)

FENCE (2m) (i.5)emr

Let us observe that during this procedure we don’t change the inner product because now we
assume that z; = z;. |

Remark 4.10. The formula in Corollary 4.9 (3) was employed in many papers related to con-
ditional free probability, e.g., [11, 15, 30].

4.3 The positive and negative inversions

Finally, in this subsection, we explain the combinatorial interpretation of calculating the positive
and negative inversions, which is well compatible with the procedure of counting crossings and
negative blocks as described in Remark 4.5. Let us observe that we can rewrite a symmetrization
operator by using the language of the positive and negative inversions; see [14, pp. 219-220].
First, we need some definition of positive and negative roots of two types:

Rf={1,...,n} and Ry =—-R{,
Rf :={(i,j)|1<i<j<n}u{(i,—j)|1<i<j<n} and R, :=-Rj.
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In this style, we may express the lengths /; and ls as

e [1(0) =ninv(o) :=card{i | 1 <i <n and o(i) < 0} is the number of negative inversions
of 0 € B(n);

e [5(0) = pinv(o) := card{(i,j) € Ry | (¢(i),0(j)) € Ry} is the number of positive inver-
sions of o € B(n);

With the above notation, we have P(qu) = ZUGB(n) Qninv(e) gpinv() 5

Remark 4.11. The lengths functions /1 and [y are very related to root system of the Coxeter
group of type B. We can use results of [14, Proposition 1] or [7, Chapter 4.3]. In our case of the
group B(n), the this is related to root system of type B

II = 1I; U Ils,

where Iy = {e1,...,ep} and IIy = {e; £ ¢; | i < j}. The related length functions (see [14,
Proposition 1]) on our group B(n) are the following:

=#{I;No ' (-1L)}, i=1,2,

which in our notations reads Ry = IIy and Rf = II;. More information on the subject can be
found in the books of [5, 24].

This new definition of length has the following interpretation. We draw arrows which show
the action of permutation; see Figure 8. Then we follow the rules:

e if an arrow a — b crosses —a — —b, then we count them as a negative inversion. This
crossing appears in the center of picture and corresponds to a crossing which appears when
we draw the negative pair (b,a) ® (a,b), i.e., the cross of (b,a) and (a,b).

e if an arrow a — b crosses ¢ — d, (¢ # —a) and repeatedly, —a — —b crosses —c — —d, then
we count one of them as a positive inversion. In other words, we count positive inversions
as crossings of arrows, which lie to the left or to the right of the center of the picture.

We would like to emphasize that the same rule applies when we count corresponding statistics
for the set of pair partitions of type B.

Remark 4.12. We say that o € B(n) has a crossing of an arrow if it has a crossing in a sense
described and illustrated in Figure 8, and we denote the cardinality of them by Cr(o).

4.4 The Coxeter arcsine distribution

The Catalan number Cat(W) is defined for any finite Coxeter group W. Its explicit formula is

Cat(W (h+ d;),
\W\ H

where h is the Coxeter number and di,...,d, are the degrees of W, arising from its ring of
polynomial invariants (see [2, Section 2.7]). The number Cat(1¥) has been discovered indepen-
dently in several different areas and wherever it appears, it is accompanied by a wealth of new
combinatorics. Armstrong [2, p. 39, Table 2.8] displays the complete list of Coxeter—Catalan
numbers for finite irreducible Coxeter groups; in type B it is a central binomial coefficient (27:‘)
This sequence is cataloged as A000984 in Sloane’s database [27] and the numbers are called the
Catalan numbers of type B.
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-2 -1 1 2 02(32 :H_22)=7T17T07T1

-2 -1 1 2 inv(c) =2, ninv((o) =1

-2 -1 1 2 o= (_12 _21 ,12 ,21) = M1 70

-2 -1 1 2 inv(c) =1, ninv((o) =2

-2 -1 1 2 0:(:%:§%f):7r1
X X

-2 -1 1 2 inv(c) =1, ninv((c) =0

Figure 8. The example of a permutation B(2) with inversions.

Definition 4.13. A type-B set partition in a sense of Reiner [26, Section 2] is a set parti-
tion PE(n) of the set [£n], which is ordered according to the principle —1 < -+ < —n < 1 <
-+ < n satisfying the following two conditions:

e if B is a block in PE(n), then —B is also a block in PE (n);
o there exists at most one block B in Pﬁ (n) for which B = —B called the zero block.

If it is non-crossing then we call it a non-crossing partition. We denote by AN Cg (n) the set of
all non-crossing partitions in a sense of Reiner.

Our definition of partition in PP, (n) is quite similar to a partitions Pf (n), but in our situation
the zero block does not exist.

Reiner [26] showed that the cardinality of the set of non-crossing partitions of type W on
Coxeter group W is Cat(W) and in the type-B situation we have: #Ncg(n) = (27;1) It is worth
to mention that the authors also refer to these numbers as the type-B Catalan numbers, because
they count the number of lattice paths of type B from (0, 0) to (n,n) using steps (1,0) and (0, 1);
see [28, 29].

Finally, we count the number of non-crossing pair partitions of type B, which appear in this
article. If we put ¢ =0 and o = 1 in (2.2), then we obtain

QEOM = QUM +2Q0 0w, =1,
QUM =W+, n=23..

These are the Chebyshev polynomials of the first kind, defined through the identity
Qg’o)@ cos(0)) = cos(n@).

These polynomials are well known and the orthogonalizing probability measure is a symmet-
ric arcsine distribution ﬁ, supported on (—2,2); see [23, p. 39]. The moments of this
distribution is a central binomial coefficient; from this and from Corollary 4.9, we conclude that

HNCE (2n) = (2:>
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It seems to us that this is the first interpretation of the Catalan numbers of type B as pair
partitions coming form our double Fock space of type B study in that paper. A few years
ago Professor P. Biane let us know that this case is interesting because the arcsine distribution
should be analogue of the normal distribution in a free probability of type B.

Remark 4.14. Biane, Goodman and Nica [4] showed that it is possible to build a free probabil-
ity theory of type B, by replacing the occurrences of the symmetric groups and the non-crossing
partitions of type A by their type B analogues and the non-crossing partitions of Reiner [26],
ie., Ni Cg (n). In their work, a central role is played by the boxed convolution, which is a com-
binatorial operation having a natural type B analogue and describing the multiplication of two
freely independent non-commutative random variables. Our construction of double Fock space
of type B uses the geometry and length function of Coxeter groups based on simple roots, but
the main idea of the paper [4] is to use all roots and another length function. Recently, con-
nections between construction [4] and c-freeness and infinitesimal free probability were put into
evidence in [3, 17, 18, 21, 22, 25].

5 Fock space in edge cases

In the last section, we explain a situation when the kernel of the symmetrization PO(ZZ) is non-
trivial. In this case P,;(fq) projects to the space of special symmetric and antisymmetric tensors.
In the group algebra CG the natural involution is defined by z* = 2~! for x € G and extended

by anti-linearity for all groups algebra.

Lemma 5.1. If H # {e} is a subgroup of a finite group G and function ¢ is a character of H,
then Py = ‘—}I' > zem P(x)x is an orthogonal projection.

Proof. Let us first observe that Py = Pj; because p(x) = go(xfl) for x € H. We also have

HPPE =" @y =Y > elay)ey

xeH yeH xeH yeH
=) > et)t=|H|) @(t)t=|H*Py.
zeH teH teH
From this we see that Py is an orthogonal projection. |

Remark 5.2. Assume that (a,q) € {(£1,£1)}. Then we have that Po(f;]) 1= peB(n) Pag(0)0,

where ¢4 4(0) = al1(9)gl2(9) is a character of the group B(n). Indeed, we can easily see that in
each of the four cases (o, q) € {(£1,+£1)}, we have

¢a7q(07) _ all(U'Y)ql2(U'Y) _ all(U)qIZ(U)all('Y)qZZ(’Y) — ‘Poz,q(U)SOa,q(V)'

If these cases («,q) € {(0,%£1),(£1,0)}, we obtain also two characters of subgroups Hy =
gp{mo} and two characters of the permutation group S(n) generated by {m1,...,m_1}.

Now we will specify the range of parameters for which the considered operator is invertible.

Lemma 5.3. If |¢| < 1, |a] < 1 and (o, q) ¢ {(£1,£1),(0,£1),(£1,0)}, then considered sym-
metrization Po(zlq) is invertible and ker éf‘q = {0}, as operator on I>(B(n)) and on K, = H®*",
for arbitrary Hilbert space H.

Proof. The proof of this lemma follows from [13, Theorem 2.4]. [

Our operator Po(fq) has a nontrivial kernel in the following situation.
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Theorem 5.4. If « € [-1,1] and ¢ = £1 or q € [-1,1] and a = £1, then the operator Pc%)
has a nontrivial kernel.

Proof. First we consider the case a € [—1,1] and ¢ = +1. Then by well-known result from
Coxeter groups (see Remark 5.5 below), we have

Pl = TR,

and the operator %P()(Ql is the orthogonal projection (see Lemma 5.1). Therefore the space
1
Vi = (1= 2R ) )

is the kernel of P(S,’L:l):l since

PEL ) = riPf (1= 2R ) ) = (03

We proceed in a similar manner when ¢ € [—1, 1] and o = +1. Then we get form Remark 5.5
1
P, - el

Since %Pﬁ)’o = Z(e + £mo) is the orthogonal projection on *(Hy), where Hy = gp{mo}. Hence

we get that on the subspace
n 1 n
Wj(zl),o = (I - 2Pj(:1),0) (ICn),
we have Pj(g)’() (Wj(ﬁ)g) = {0}. |

Remark 5.5.

(1) We use very important result form the Coxeter groups (W, S). If J C S and W; = gp(J),
then there exists decomposition

W =w'w,
(see [24]). Moreover, if we define for the subset A C W

PM(A) =Y ¢,

B weA

then Pg(n)(W) = Pg(n)(WJ)Pg(n) (WJ) In our case, ¢ = (o, ¢) and gl(w) = oh(w)gla(w)

(2) We also observe that if (o, q) € {(£1,%1)}, then Pc(fq) is homomorphism of B(n), i.e.,
n)

Po(fq) (o102) = szq) (ol)Po(ffq) (02), Therefore, the natural extension of Po(Qq to tensor product

of Hilbert space lf’o%) K, — K, as was presented in beginning of Section 3. Hence we
have identification of linear spaces

K/ ker P = P (K,,).

(3) Finally, we describe four special tensor products. The type B-tensor product is of the form

- - 1 -
2@ = o P am @ - @ T,
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In particular cases, we distinguish the following tensors:

(I) If @« = g = 1, then symmetrization covers all B-symmetric tensor products, i.e.,

xﬁ®---®xn::

1
1o Z To(m) @ D To(n)s
" oeB(n)

i.e., we have

0(Tp® - OLn) = 2@ - - DTy

(IT) If « = —1 and ¢ = —1, then we have the antisymmetric tensor product of type B, i.e.,

1

mw@---@l‘n:w

Z (_1)number of inversions in 0$0(ﬁ) ® - ® To(n)-
c€B(n)

(ITT) If @« = 1 and ¢ = —1, then we have the fermionic tensor product of type B, i.e.,

~ - 1 e L
§ : ber of t
IR® - Q1 = - (_l)num er of positive inversions in J-ra(ﬁ) R ® To(n)-

n!2
c€B(n)
(IV) If « = —1 and ¢ = 1, then we have the bosonic tensor product of type B, i.e.,

S S 1 ive inversi in o
Tr®@ - @Tpy = o Z (_1)number of negative inversions in To(m) R ® To(n)-
"~ eB(n)

Next we distinguish yet four situations («, ¢) € {(0,£1), (£1,0)}, namely

(V) If ¢ = 0 and o = £1, then PCE:LO) =1+ amy and %]5(%) is a projection. From this we see
that

(a) if ¢ = 0 and a = —1, then we don’t have a positive inversion and at most one negative
inversion my and so we obtain

~ ~ 1
xﬁ®---®zn=5$n®---®x1®x1®-~®xn

1
—Ea:ﬁ®-~®m1®m1®-~®xn.

This tensor product might be called the Boolean tensor product of type B;
(b) if ¢ = 0 and a = 1, then we obtain the free tensor product of type B

- - 1
fl“ﬁ@'--@%n:5$ﬂ®"'®$1®1‘1®-“®$n

1
TR QT @@ @ Ty
(VI) If g = +1 and a = 0, then we have two cases namely a negative inversion does not appear
and we obtain the classical fermionic relation for ¢ = —1 and the bosonic relation for
q = 1, namely

.Cli‘ﬁ@ L. ®$n _ § : (il)number of positive inversions in o

] To(m) @O To(n)-

c€B(n
ninv(o)=0

The above cases are interesting and will be considered in future work. The most significant
situations appear, when ¢ = 0 and a = 1 as it can be a starting point for creating a new kind
of type B free probability.
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