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Abstract. The computation of the generating function of the joint moments of two non—
commutative gaussiano—poissonian random variables, from the commutators of their quantum
operators, is presented first. An example of such random variables is also included in the paper.

1. Introduction

In this paper we apply the algorithm for recovering the joint moments from the commutators
of the quantum operators, and the first order moments, outlined in [9], to two noncommutative
random variables X and Y. These are not classical random variables, but symmetric operators
densely defined on a Hilbert space. We must also mention the fact that, the algorithm mentioned
above was extended to g-—commutators in [4], and the authors of that paper worked out the joint
moments of both commutative and noncommutative random variables.

The multi-dimensional case is much harder than the one-dimensional one, and for this reason
we restrict our attention to the dimension d = 2 in this paper.

The paper is structured as follows. In section 2 we present a little bit of the background
concerning Noncommutative Probability and the joint quantum operators, generated by a
finite family of noncommutative random variables. In section 3 we pose a two-dimensional
commutator problem and apply the algorithm, from [9], to find a recursive formula for the joint
moments of the two random variables involved in that commutator problem. In section 4, we use
the recursive formula, obtained in the previous section, to compute the joint Laplace transform
of the two random variables from section 3. Finally, in section 5, we show the existence of the
operators involved in the commutator problem from section 3.

2. Background

We present in this section a basic background of Noncommutative Probability and joint quantum
operators generated by a family of not necessary commutative random variables. The definition
of a noncommutative probability space is taken from [13], and the facts about the joint quantum
operators from [10].
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Let (H, (-, -)) be a Hilbert space over the field of real numbers R, and let X1, Xo, ..., Xy bed
symmetric densely defined linear operators on H. We denote by A the unital algebra generated
by X1, Xo, ..., X4. It is clear that A is in fact, the space of all operators of the form f(Xi,
Xo, ..., X4), where f is a polynomial of d noncommutative variables z1, xa, ..., 4. We make
the assumption that there exists a nonzero element ¢ of H, such that ¢ belongs to the domain
of g, for any g € A. We can normalize ¢ and assume that:

el = 1, (1)
where || - || denotes the norm of the Hilbert space H. We fix ¢ and call it the vacuum vector.

Definition 2.1 We call the pair (A, ¢) a probability space supported by H. We call every
element g of A, a random variable, and define its expectation as:

Elgl = {9¢,9)- (2)
We also define the following equivalence relation (see [10]):

Definition 2.2 Let (A, ¢) and (A’, ¢') be two probability spaces supported by two Hilbert spaces
H and H', and let E and E’ denote their expectations. Let Xy, Xo, ..., Xq be operators from
A, and X{, X}, ..., X)) operators from A'. We say that the random vectors (X1, Xa, ..., Xq)
and (X1, X5, ..., X)) are moment equal and denote this fact by (X1, Xo, ..., Xq) = (X}, X3,
oo, X0, tf for any polynomial p(x1, 2, ..., xq) of d noncommutative variables, we have:

E[p(X1,Xs,..., Xg)] = E' [p (X1, X3,..., X3)] - (3)
We define the subspace F', of H, as:

Fo= {g¢|ge A} (4)
For any non—negative integer n, we define the space F;, as the set of all vectors, of H, of the
form f(X1, Xa, ..., X4q)¢, where f is a polynomial of total degree less than or equal to n. We

observe that, since F, is a finite-dimensional subspace of H, F,, is a closed subspace of H, for
all n > 0. We have:

FhcFH CckhcCc---CcFCH (5)
and
F = U2 F,. (6)

We define Gy := Fy, and for all n > 1, G,, := F,, © F,,_1, that means, G,, is the orthogonal
complement of F,,_; into F,. For any n > 0, we call G, the homogenous chaos space of order n

generated by X1, X, ..., X4. We also define the space:
H = @%OZOGW,,
and call H the chaos space generated by Xi, Xo, ..., Xy. It is not hard to see that H is the

closure of the space A¢ :={go | g € A} in H.

We have the following lemma:

Lemma 2.3 For anyi€ {1, 2, ..., d} and any non-negative integer n:

forallk #n—1,n, and n+ 1, where L means “orthogonal to”.
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We present a proof of the above lemma, that follows exactly the proof of the same lemma, in
the commutative case, from [1].

Proof. Let i€ {1,2,..., d} be fixed.
Ifk¢{n—1,n,n+1}, then either k >n+2o0r k <n—2.

Case 1: If £k > n+ 2, then let v € G,, and v € Gy. Since u € G,, there exists f a poly-
nomial of degree at most n, such that:

u = f(X1,X9,...,Xq)0. (8)
Since the polynomial z; f(z1, 2, ..., x4) has degree at most n + 1, we have:

Xiu = X;f(X1,Xo,...,Xq)0
e Foi1.

Because n + 1 < k, we have Gy L F, 11, and so:
v 1L Xu.

Case 2: If £k < n — 2, then let u € G,, and v € G. We can see as before that X;v € Fjy1.
Using first the fact that X; is a symmetric operator, and second that G, L F, 11 since n > k+1,
we obtain:

(Xiju,v) = (u, X;v)
= 0.

U
To ease our notation, we write: X = (X, Xo, ..., Xy) and f(X) = f(X1, Xo, ..., Xg) for
every polynomial f of d variables.

Let n be a fixed nonnegative integer, and f(X)¢ € G,. Then, according to the previous lemma,
forany 1 € {1, 2, ..., d}:

Xif(X)p € Gn1®Gpn®Gpir. (9)

Thus, there exist and are unique f;,—1(X)¢ € Gn_1, fin(X)op € Gy, and fin41(X)¢ € Gy,
such that:

Xif(X)o = fin1(X)o+ fin(X)d+ fint1(X)o. (10)
We define the following three families of operators:
D (i) : Gy — Go_1, (11)
defined as:
Dy () f(X)¢ = fin-1(X)o. (12)

Since f has degree n, while f;,,—1 has degree n — 1, we see that D,, (i) decreases the degree of a
homogenous polynomial by 1 unit, and so we call D (i) an annihilation operator.

D2(i) : G, — G, (13)
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defined as:

DY F(X)¢ = fin(X)o. (14)

Since f has degree n, and f;, has degree n, too, we see that DY (i) preserves the degree of a
homogenous polynomial, and so we call DY (i) a preservation operator.

Dt (i) : Gy — Gy, (15)
defined as:
Dy()f(X)¢ = finy1(X)o. (16)

Since f has degree n, while f; ,41 has degree n + 1, we see that D! (7) increases the degree of a
homogenous polynomial by 1 unit, and so we call D; (i) a creation operator.

If we restrict the domains of the operators X;, Xs, ..., X4 to the space G,, then we can see
from (10) that, for all i € {1, 2, ..., d}, we have:

Xilg, = Dy (i) + Dp(d) + D (). (17)

We have defined, so far, the annihilation, preservation, and creation operators only separately
on each homogenous chaos space Gy, for n > 0. We can extend this partial definition, in a linear
way, to the whole space F' = A¢. More precisely, if f is a polynomial of degree k, where k is a
nonnegative integer, then f(X)¢ € Fj, and we know that:

F, = GooG1 -Gy (18)

Thus, there exist and are unique fo(X)¢p € Go, f1(X)o € Gy, ..., fr(X)¢p € Gk, such that:

F(X)¢ = foX)o+ f(X)o+ -+ fuX)o. (19)
We define:
a()f(X)¢ = Dy ()fo(X)p+ -+ Dy (i) fr(X), (20)
() f(X)o = DY) fo(X)$+ -+ DY(i) fu(X)s, (21)
and
at()f(X)¢ = Dy (i) fo(X)p+ -+ Df (i) fu(X)s. (22)

We call a=(i) an annihilation operator, a’(i) a preservation operator, and a* (i) a creation
operator.

We also call the operators {a™(i)}1<i<a, {a"(i)}1<i<d, and {a™(i)}1<i<a, the minimal joint
quantum operators generated by the family {X;}1<;<4. The domain of the minimal joint quantum
operators is understood to be the space F.

Restricting the domain of each X;, for i € {1, 2, ..., d}, to the space F', we have now:

X, = a (i) +ad°G)+aT (i), (23)

forallie{1,2,...,d}.
For each 1 < i < d, we call the equality (23), the minimal quantum decomposition of X;.
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One should not forget that, for any i« € {1, 2, ..., d} and n > 0, a= (i) : G, — Gp-1,
a’(i) : Gy, — Gp, and a*t (i) : G, — Gpi1, where G_1 := {0} is the null space.

If for each n > 0, we denote by P, the orthogonal projection of H onto its closed subspace F,,
and restrict the domain of P, to F, then it is not hard to see that:

[e.e]
a=(i) = ) PuaXiPy, (24)
n=1
[e.e]
a(i) = Y PuXiPy, (25)
n=0
o
at(i) = Y PuaXiP, (26)
n=0
for all i € {1, 2, ..., d}. We can see from these three formulas that, since X; is symmetric, for
all w and v in F, and all i € {1, 2, ..., d}, we have:
(@t (@u,v) = (u,a (i)v), (27)
(@®(@u,v) = (u,a’(i)v). (28)

If U and V are two operators, then we define their commutator [U, V] as:
U, V] = UV -VU. (29)

It was proven in [1], [2], and [10], that X1, X2, ..., X4 commute among themselves if and only
if the following conditions hold, for any i, j € {1, 2, ..., d}:

[a_ (Z)v a (.7)] = 0, (30)
[ai (1)7 ao(.j)] = [ai (j)v ao(i)} ) (31)
la=(i),a*(j)] = [a~(j),a* ()] = [a%(j),a’(d)]. (32)

Example 2.4 Let X1, Xo, ..., Xg be classic random variables defined on the same probability
space (0, F, P), having finite moments of any order. Let H := L*(Q, F, P) and ¢ = 1,
i.e., the constant random variable equal to 1. We can view X1, Xa, ..., Xg as multiplication
operators on the space A1 C H, where A is the algebra of the random variables of the form
f(X1, Xo, ..., Xyq), where f is a polynomial of d variables. It is obvious that X;X; = X;X;,
foralll <i<j<d.

The following definition is taken from [10].

Definition 2.5 Let H be a Hilbert space, (A, ¢) a probability space supported by H, and
{Xi}t1<ica elements of A, that are symmetric operators. Let {ag, }1<i<d, {agi}lgigd, and
{a;}lgz‘gd be three families of linear operators, defined on subspaces of H, such that, ¢ belongs
to the domain ofaglilagfi2 eag  foralln > 1, (i1, 92, ..., in) € {1, 2, ..., d}", and (€1, €2, ...,
€n) € {—, 0, +}". We say that these families of operators form a joint quantum decomposition
of {Xi}i<i<aq relative to A, if the following conditions hold:

X, = a;i—i—agi—l—a;ri,
(a5,)" [A® = ag, |49,

Zq

a, H, C Hp 1,

T

a H, C H,,

T



XXIst International Conference on Integrable Systems and Quantum Symmetries (ISQS21) IOP Publishing
Journal of Physics: Conference Series 474 (2013) 012027 doi:10.1088/1742-6596/474/1/012027

foralll <i<d andn >0, where H_y := {0}, Hy := R¢, and Hy, is the vector space spanned

by all vectors of the form a:hai"_h . -a;&,kgé, where iy, g, ..., i € {1, 2, ..., d}, for all k > 1.
We call a;, an annihilation operator, agi

forall1 <1i¢<d.

a preservation operator, and a; a creation operator,

For all 1 < i < d, the fact that (a AP = az,|A¢ is understood as:

<a;§iu, vy = <u,a;iv),
for all v and v in A¢, where (-, -) denotes the inner product of H. Because, for all i € {1, 2,
..., d}, X; is a symmetric operator, it follows from (34), that:

(a2,)"[A¢ = af |A. (37)

The following lemma from [10] refers to the uniqueness of the joint quantum decomposition
of a finite family of symmetric random variables.

Lemma 2.6 Let {X;}i1<i<q be a family of symmetric random variables in a noncommutative
probability space (A, ¢), and {ag }1<i<d, {agi}lgigd, and {a;}lgz‘gd a joint quantum
decomposition of {X;}1<i<q relative to A. Let A" be the algebra generated by {X;}1<i<a, and
{a= (i) }1<i<as {a®(i)}1<i<a, and {a*(i)}1<i<q be the minimal joint quantum decomposition of
{Xiti<i<a. Then for anyic {1, 2, ..., d} and any e € {—, 0, +}, we have:

ag,|A'¢ = a(i)|A'¢. (38)
Moreover, if A" denotes the algebra generated by UL {ag, , a2, af }, then

A'e = Ao, (39)

and {a;, }1<i<d, {agi}lgigd, and {a;}lgz‘gd is a joint quantum decomposition of {X;}i<i<n
relative to A”.

3. A commutator problem
Let us consider two symmetric “random variables” X and Y, whose joint quantum operators
satisfy the following commutation relationships:

la;,a,] = 0, (1)
[a;,a;] , (2)
la; ,ay] bI, (3)
lay,ay] = I, (4)
la;, )] pa, +pa,, (5)
[a;,ag] 0, (6)
lay,ag] = 0, (7)
oy ay] = d'az +qa, (8)

We assume that E[X] = E[Y] = 0.
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Taking the adjoint in both sides of each of the relations (1), (3), (5), and (8), we obtain the
following commutation relationships:

oy, af] = 0, 9)
[a;,a;] = bl, (10)
a3, af] = paj +pay, (11)
[ag, agﬂ datl + qa;. (12)
From the Jacobi commutation identity:
[ay [0z, 1] + [0z, [a2 @y 1] + [af [ay a2]] =0,
we conclude that p’ = —pb. Similarly, we can see that ¢’ = —gb. Thus the commutation
relationships (5) and (8) can be written as:
la; 03] = p(ag —bay), (13)
[a;, ag} = q (a; — ba;) . (14)

We assume that [b] # 1, b # 0, p # 0, and ¢ # 0. It follows that XY # Y X, since if
XY =YX, then we would have:

0

(X, Y]
= [ay +a)+al,a; +a)+a]
— Z [a?,af] .
(61762)6{_707+}2
In the above sum of commutators, we have [ag!, a;?] + [as?, ajt] = 0, for all 1 # e3. Moreover,

y
la;, a,] = [af, af] = 0. Thus we obtain:

T

[a27 ag] = [Xa Y]
0.
Using now the Jacobi identity:
[az [az, ay]] + [0z, [ay, az]] + [ay, [az . aa]] = 0,

and the fact that bpg # 0, we conclude that a,” = ba, . Taking the adjoint in both sides of this
equality we get a,f = ba;. It follows now from (2) and (4) that b%> = 1, which is not possible
since |b| # 1. Therefore we are dealing with non—commutative random variables.

We will show at the end of the paper that, for each b € (—1, 1), p # 0, and ¢ # 0, there is a
model in which these commutation relationships are realized. The necessary condition |b| < 1
follows from the Schwarz inequality, as it will be explained below. We exclude the case b = £1
from our discussion.

Since both X and Y are symmetric, using Schwarz inequality, we obtain:
[EIXY] = [(XY¢,0)|
= |(Y¢,X9)|
(Yo, Y o))" (X, X0))'/?
(XZ(;S ¢) /2(Y2,¢ )1/2
(B (X)) (B [y?)". (15)

IN
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Because E[X] = E[Y] = 0, we have a2¢ = aggb = 0. Since a; ¢ = a, ¢ = 0, we have:

EXY] = ((a; +a)+a})(a, +a)+a))p,¢)
(a; + a3 + a})ay ¢, )

al o, (af +al +a;)o)

Similarly, we have:

and
E[YY = 1. (18)
It follows now from (15), (16), (17), and (18) that:
b < 1. (19)

Inside the algebra A, we can consider the bi-module M (X, Y) (left module over the ring
P(X) of all polynomials of X, and right module over the ring P(Y’) of all polynomials of Y)
generated by the identity operator I. That means, M (X, Y) is the vector space spanned by the
monomials of the form {X™Y"},,>0,>0, in which all factors of X are to the left of all factors of
Y. We show below a method for computing the expectation of all monomials from M (X, Y).

Lemma 3.1 If X and Y satisfy the commutation relationships (1)—(8), then for any m and n
non—negative integers, with m > 1, we have:
E[X™Y"] = (m—1DE[X™2Y"] +nbE[X™ Y™}
-1
(1 —b?) <m , >pE[Xm_3Y”]

2 D (X" (e — bay )XY, )
0<j<i<m—2
—(m —1)bpgRy,
where
Ry = Y (X"Y" 1 H(a, —ba,)YFG, ¢).
0<k<n—1
Proof. Let m and n be two fixed non—negative integers, such that m > 1. We apply the
commutator method from [9]. According to that method:
E[X™"Y"] = (X"Y"¢, )
= ((af + 03 +a)X" Y76, 9)
= (X"Y"¢,a;0) + (XY, a0) + (ay XY, )
= 0+ (X"Y"¢, B[X]g) + (a; XY™ 9, ¢)
= (a; X"'Y"9,9),
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since E[X] = 0. We swap now a, and X™~1Y™ using the product rule for commutators:

[A,B; - ZBl Bi_1[A, Bi] Biy1--- By,
for all operators A, By, ..., By, and the fact that a, ¢ = 0, and obtain:
EX™Y" = (a; X" 'Y",0)

= (X" Y"a; ¢,¢) + ([a;, XY "¢, $)
= > (X" e, X]XY"¢,¢)
0<i<m—2
+ Y (XY, YY g, 9).
0<j<n—1
Let us observe now that:
la;. X] = lag,af +a2+a;]
= [ag,af] + [a;,al]

I+ pla, —bay)

and
_ o -+ — 0 I
[aa:')Y] - [aaz?ay] + [a:L‘?ay] + [a’ﬂway]
= bI+0+0
bl.
Therefore, we have:
EIX™Y" = S (X" 4 pla; - bay) XY, 0)
0<i<m—2
+ ) (XY TIbIY g, ¢)
0<j<n—1
= (m—1)E[X™2Y"] + nbE[Xm—lyn—l]
P D, (XM ag — bay )XY, ).
0<i<m—2

Let us swap now the operators a; —ba, and X 'Y™ using again the product rule for commutators,
and the fact that (a; —ba, )¢ = 0. We obtain:

E[X™Y"] = (m—1DE[X™2Y"] +nbE[X™ 1y" 1]
+p D (X ag —ba, )XY, 9)
0<i<m—2

= (m—1)E[X™?2Y"] + nbE[melynfl]
+p Y (X" ay —ba, , XY "¢, ¢)
0<i<m—2
= (m—1)EX™2Y"] +nbE[X™ Y"1
Y (XX ey — by, X]XTY ", 6)

0<j<i<m—2

o Y D (X MTEIXY T o — bay Y]V, ¢).

0<i<m—20<k<n—1
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Using the simple facts that X 27¢Xi=1=J = Xm=3=J and X™ 271X = X™ 2 we obtain:

E[X™Y"] = (m—1)E[X™2Y"] +nbE[ X" Y"1
+p Y (X" ey —bay, X]XIY "9, 6)

0<j<i<m—2
Hm-1p Y (XY HRag —bay Y]V, ).
0<k<n-—1

Let us observe that:

la; —ba,,X] = laz, X]—bla,, X]
= I+pla, —bay;)— b1
= (1=0)I+p(a, —bay,)

and
lagz —ba,.Y] = [a;,Y]—0[a,, Y]
bI — b{I + q(a, — bay)}
= —bq(a, —bay).
Thus, we obtain:
E[X™Y"] = (m—1E[X™2Y" 4+ nbE[X™ Yy
+p Y (XTI =)+ plag —ba, )} XY, ¢)
0<j<i<m—2
—(m—1bpg > (XY R ay —bay)YEe, ¢)
0<k<n-—1

= (m—1DEX™2Y"] +nbE[X™ Y"1
(1 - %) (m; 1>pE[Xm—3Y"]

+p* Y (XM (ag — bay ) XY, )
0<j<i<m—2
—(m — 1)bpqRy,

where

Ry = Y (X" 1R (a, —ba,)YFEg, ¢).
0<k<n-—1

Lemma 3.2 Using the notations from the Lemma 3.1, we have:

1—b?
Ry = —5— B (X772 {(Y +q)" = Y" —ngY" }].
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Proof. Swapping a, — ba, and Y*, we get:

Ry = ) (X" Fag —ba,, Yg, ¢)
0<k<n—1
=Y XYY s Y)Y 6, 9)
0<l<k<n—1
= S (XY - W) + gqlay, — bay ) )Y, ¢)
0<l<k<n—1

= (1-t? <Z>E[Xm2Y”2]

+q Y (XY ay - bag )Y, 9).

0<i<k<n—1

y — bag and Y!, and so on, and obtain in the end

We repeat this procedure, swapping now a
that:

Ry = (1-b9) { <Z>E[Xm2Y”2] + (g) gE[X 2y 4

4 <Z> qn_2E[Xm_2YO]}
1—b?

= 7 E [me2 {(Y +ql)" —-Y" — an"fl}] .

O

Lemma 3.3 If X and Y satisfy the commutation relationships (1)—(8), then for any m and n
non—negative integers, with m > 1, we have:

E[X™Y™] (20)
= (m—1EX"2Y"] + nbE[X™ Y

+1 — b2E {(X+pD)™ ' = X" — (m—1)pX™ 2} V"]

b(l;bz)E [{(X +pf)m_1 . Xm—l} {(Y+ qI)n _yn_ ann_IH ‘

Proof. Using Lemmas 3.1 and 3.2, we get:

E[X™Y"]
= (m—1E[X"2Y"] + nbE[X™ Y

(1 - b2 <m2_ 1>pE[Xm_3Y"]

Y (XM ey — bay ) XY, )
0<j<i<m—2
b(l — b2) m—2 n n n—1
_TE [(m—DpX" 2 {(Y +q)" = Y™ —ngY" '}].
We do now a similar procedure as in the proof of Lemma 3.1, by swapping first (a, — ba, ) and
X7Y™. In this way we arrive at a new sum Rz which is similar to Ry. We compute R3 in the
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same way that we calculated Ry in the proof of Lemma 3.2, and so on, obtaining in the end
that:

E[X™Y"
= (m—1DEX™2Y"| 4 nbE[X™ Yy

+(1—b?) {( ) E[X™3Y"] + <m3_ 1>p2E[Xm_4Y”] -

: +< ! P 2E[X0Y”]}

—1
12
—b(lqb)E < >pXm 2{ (Y +qI)" Y”—an"_l}]
12
q
12
= (m—l)E[Xm 2Y” E[x™~lyn)
10

E[{(X+pD)" = X" — (m—1)pX" 2} Y"]

_b(1;b2)E [{(X _}_pI)mfl _mel} {(Y_f_ql)n_yn_nqynfl}} .

4. Joint left X — right Y Laplace transform of X and Y

In this section, we compute the joint Laplace transform of the random variables X and Y from
the previous section. We start first by presenting some important bounds for the joint moments
of X and Y.

Lemma 4.1 Let X = a; +al +af and Y = a2 + ag + a; be joint quantum decompositions
of two random variables, whose terms satisfy the commutation relationships (1)-(8), where b,
p, P, q, and ¢ are real numbers, such that |b| < 1, p’ = —pb, and ¢ = —qgb. We assume
that E[X] = E[Y] = 0. Then there exists a positive constant C, such that, for any m and n
non—negative integers, we have:

|E[X"Y"]] < Cmlnl (21)
Proof. Indeed, if we define, for all non—negative integers m and n,
Conn = max{|B[X'Y7)|/(il!) | 0 <i<m,0<j<n}, (22)

then the sequence {Cy, n }m>0n>0 is left and right increasing, in the sense that if we fix n, then
it is increasing with respect to m, and vice—versa. We have:

|E[{(X +p)" " = X" — (m—1)pX" 2} Y|

EXmlzyn 7
_1lnlz| I P

= i)ln! dl
m— lpl-

< (m—=1"Cp_3n ; o

< (e —1—p)Crgn(m—1)nl.
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Similarly, we have:

B [{(X+pD)™ 7 = XY 4 ql)" = Y™ —ngy" 1|
< (P =1)(e"=1—-q)Cp2pn2(m—1)nl

It follows now from our recursive formula (20) that:

[EX™Y™]
< (m—1)Cr—apn(m—2)n! +nbCpy—1 p—1(m — 1)!(n — 1)!
1— 2
+ ‘p’b (€7 —1—p)Cr_3n(m—1)n!
[bl(1 - 0?)

(el —1)(e?—1—¢q)Cr—2n—2(m—1)Inl.

Since the sequence {Cp, n}m>0n>0 is left and right increasing, we conclude now that there is a
constant K depending on b, p, and ¢, such that:

IE[X™Y"]| < KCp_1p(m—1)Inl,

for all m > 1, n > 0. Dividing both sides of this inequality by m!n!, we obtain:

|E[X™Y™] K
S —Um—1n,
m!n! ’

for all m > 1 and n > 0. Thus, we have:

Comn = max{Cpin, |E[X"YO]| /(ml0)),...,|[E[X"Y"] /(min)}

K K
< max {Cm—l,na Cm—l,(]a cee m—l,n}
m m

K

= maX{le,n,le,n
m

— Cm—l,ny

for all m > |K| 4+ 1 and n > 0. On the other hand we have Cy, , > Cp—14, for all m > 1
and all n > 0. Thus, the sequences {Cy,0}m>1, {Cm,1}m>1, ... are uniformly stationary,
in the sense that there is natural number mg, that is the same for all n > 0, such that

Cmo,n = Cmg—i—l,n = Cmg+2,n =

On the other hand, since X and Y are symmetric operators, we have:

E[Y"X™ = (Y"X™¢, )
= (¢, X"Y"9)
E[X™Y™].
Thus a similar argument will imply now that there exists an ng > 1, such that for all m > 0,
Crmmno = Cmng+1 = Cmono+2 = - -+ . Since the sequence {Cy, ptm>0n>0 is left and right increas-
ing, we conclude now that, for all m > 0 and all n > 0, we have C,, , < Cyyny- Thus, for all
m >0 and n >0, |[E[X"Y"]| < Cpynem!nl. O

We are now ready to compute the joint Laplace transform of X and Y.
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Theorem 4.2 Let X = a; +a) +af and Y = ag + ag +a be joint quantum decompositions
of two random variables, whose terms satisfy the commutation relationships (1)-(8), where b,
p, V', q, and ¢ are real numbers, such that |b| < 1, p’ = —pb, and ¢ = —qb. We assume that
E[X] = E[Y]| =0. Then, for all (s, t) € (-1, 1)2, the series:

EleXe] =Y S 2 XY (23)

min!
m>0n>0
s absolutely convergent, and the joint left X—right Y Laplace transform is:
I [eSXetY] _ es2+2b25t+t2

Xel;igz(eps_l_ps_ 1p282)61q2172 (eqt 1— qt_titQ)

g~ @ L) e 1) (24)
If p =0 or g =0, then formula (24) makes sense by taking the limit as p — 0 or ¢ — 0 in its
right-hand side. Moreover, there ezist two commuting random variables U and V', such that (X,
Y)= (U, V), if and only if bpg = 0. If bpg = 0, then there exist an invertible 2 x 2 matriz T,
a vector (u, v) in R%, and two independent classic random variables X' and Y', that are either
Gaussian or Poisson, such that (X, Y) = (X', YT + (u, v).

Proof. It follows from Lemma 4.1 that the series 3~ ,~¢s™t"E[X™Y"]/mln! is absolutely
convergent for all s and ¢ complex numbers, such that |s| < 1 and |t| < 1. We denote this series
by E[e*Xe!Y], to be in agreement with the classic commutative case. Let ¢(s, t) := E[esXe!Y].
It follows from Weierstrass M—test that the double series, from the definition of ¢(s, ), can be
differentiated term by term, with respect to both s and t, for |s| < 1 and [t| < 1. If we multiply
both sides of the recursive relation (20) by s™~'t!/[(m —1)!n!] and sum up the resulting relations
from m =1 to oo, and from n = 0 to co, then we obtain:

Zf(sat) = sp(s,t) + bip(s,1) (25)
+1 bZ(eps_l_ S) (S t)
» ps)pls,
12
_b(lqb)(eps —1)(e? — 1 — qt)p(s,t).

In particular, for t = 0, we conclude that the function g(s) := E[eX] satisfies the differential
equation:

79
W) = sgls) + 7"

Since ¢(0) = 1, we must have:

Similarly, we can see that:
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Solving now the differential equation, in the variable s, (25), we obtain:

182 (ps g p2s?
o(s,t) = K(t)e2eb3t v P
Xe_ib(lz:zb )(eps—l—ps) (eqt—l—qt)

Setting s = 0 in this equation and using the fact that ¢(0,¢) = E[e'¥], we conclude that:

Thus, we have:

2 2 2,2
t 1-b t q-t
=+ ed"—1—qt—41—
E[esXetY] — ¢2 2 ( q 3 )
b2 2.2
PS_1_mae__ P S
X e 2 ebst (e 1 ps 2 )
b(1-b
xe_i( o )(eps—l—ps)(eqt—l—qt)
524 2bst+t2
= e 2
b2, . 2.2
Xelp2 (epé_l_ps_pzs )
edt—1—qt— L —
><e 2 =82 q )
b(1—b
Xef%(em—l—psxeq*—l—qt)

5. The existence of the operators X and Y

We close the paper by showing that, for any |b| < 1, and any real numbers p and ¢, we can
construct two random variables satisfying the commutation relationships from the previous
theorem. Let b, p, and ¢ be fixed, such that |b| < 1. Let U and V be two jointly Gaussian
classic (commutative) random variables, with mean 0, variance 1, and covariance b, defined on
the same probability space (2, F, P). We have U = a,, +a and V = a; +a;, [a;, a}] = [a;,
af] = I and [a, a] = [a,, af] = E[UV]|I = bl. See [5], [6], and [8]. Let A be the unital
algebra generated by a,, a}, a,, and a;. This is an algebra of operators that are densely
defined on the Hilbert space H := L*(Q, o(U, V), P), where o(U, V) represents the smallest
sub—sigma—algebra of F, with respect to which both U and V' are measurable functions. Inside
the algebra A, let us consider the following operators:

X = a, + [maja, + fi(afa, +afa,) +nafa,] +a) (26)
and
Y = a, + [aeata, + Ba(afay, +atay) +veatay] +af, (27)

where «;, B;, and v;, 1 < i < 2, are real constants that will be determined such that X and
Y satisfy the commutation relationships (1)~(8). The coefficients of afa, and a}a, are the
same in the definitions of X and Y, ({1 and (2, respectively, to ensure that X and Y are
both symmetric operators. Let ¢ := 1 € H, be the unit vector with respect to which the
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noncommutative expectation will be computed. The terms of a joint quantum decomposition of
X and Y (relative to A), are:

a; a;?
a) = oaia, +Bilata, +afay) +maa,,
a’j = a;.’lj?
Ay = Gy,
ay agafa, + Bolafay +atay) +vaalay,,
af = af.

It is now clear that (1), (2), (3), (4) hold. Also, because in the formulas of a2 and aj, the

annihilation operators a;, and a; are always to the right of the creation operators a;f and a;,
we conclude that the conditions E[X] = 0 and E[Y] = 0 hold. To compute the commutators
la; , Y], [a;, ad], [a, , a2], and [a,, )], we apply again the product rule for commutators. For

example, one commutator involved in the computation of [a, a2] is [a,, a;a;], which can be
computed as follows:

la,,afa,] = [a;,af]a; +afay,a;]
= bla, +0

ba. .

xT

Doing all these types of commutators, we obtain:

lay,a)] = (o1 +0bB1)a; + (b1 +bn)a,,
lay,a9] = (v2+bB2)ay + (B2 + baz)a,,
lay,a)] = (B1+bar)a; + (11 +bBi)a,,
[a;, ag] = (B2 +by)a, + (a2 +bB2)a,

If we want the commutation relationships (5), (6), (7), and (8) to hold, then identifying the
coefficients of a; and a, , we should have:

a; +bf1 = p,
Bi+byn = —pb,
Y2 +bB2 = 0,
fo +bas = 0,
fr+bay = 0,
1+b81 = 0,
P2+bya = —qb,
az +bBr = q.

This is a system of eight equations and six unknowns, that can be split up into two sub—systems
of four equations and three unknowns each. Each of these two sub-systems is consistent and
has a unique solution:

p

1— bQ (1a _ba b2)

(a1, B1,m)
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and

q

m(l,—b, b?).

(a2, B2,72)

Thus we have proven the existence of two noncommutative random variables X and Y, for which
the commutation relationships (1)—(8) and the condition E[X] = E[Y] = 0 hold.

The left X-right Y Laplace transform E[e*¥efY] is a generating function only for the
joint moments of the form E[X™Y™"], m > 0, n > 0. Because X and Y do not
commute, we also need to compute other Laplace transforms like E[e*1XeftYes2Xet2Y]
Eles1XehtYes2Xel2VessXolsY] and so on, to generate the other joint moments like
E[Xmym xmeyn2| BIX™ Y™ Xm2yn2 X™msyn3] . Our commutator method can be applied
to compute these other Laplace transforms, but the calculations are more complicated.
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