FUSS-CATALAN NUMBERS
IN NONCOMMUTATIVE PROBABILITY

WOJCIECH MLOTKOWSKI

ABSTRACT. We prove that if p > 1 and 0 < r < p then the Fuss-Catalan sequence

(mf’rjr) 7oy 18 positive definite. We study the family of the corresponding probability

measures u(p,r) on R from the point of view of noncommutative probability. For
example, we prove that if 0 < 2r < p and r + 1 < p then u(p,r) is HB-infinitely
divisible. As a by-product, we show that the sequence mTT is positive definite and the
corresponding probability measure is K-infinitely divisible.

1. INTRODUCTION

For natural m, p,r let A,,(p,r) denote the number of all sequences (ay, as, . . ., Gmpir)
such that: (1) a; € {1,1—p}, (2) a1 +as+...4+as > 0 for all s such that 1 < s < mp+r
and (3) aq + az + ...+ amp+r = r. It turns out that this quantity is given by the two-
parameter Fuss-Catalan numbers (2.1) (see [5, 13]). Note that the right hand side
of (2.1) allows us to define A,,(p,r) for all real parameters p and r. In particular, the
Catalan numbers A,,(2,1) are known as moments of the Marchenko—Pastur distribution:

(1.1) dm(x) = %\/ A ; L dw on [0, 4],

which in the free probability theory plays the role of the Poisson measure. In this
paper we are going to study the question for which parameters p,r € R the sequence
{A.(p,7)}-_, is positive definite, i.e. is the moment sequence of some probability
measure, which we will denote u(p, ). Recently T. Banica, S. T. Belinschi, M. Capitaine
and B. Collins [1] showed that if p > 1 then {A,,(p,1)},._, is the moment sequence of
a probability measure which can be expressed as the multiplicative free power 721,

We are going to prove that if p > 1 and 0 < r < p then {A,,(p,r)} _, is the
moment sequence of a unique probability measure p(p, ) which has a compact support
contained in [0, 00). Moreover, if 0 < 2r < p and r + 1 < p then pu(p,r) is infinitely
divisible with respect to the free convolution H. In some particular cases we are able
to determine the multiplicative free convolution, the boolean power and the monotonic
convolution of the measures u(p,r). We will also prove that if 0 < r < p — 1 then the
sequence {(mﬁjr) }::0 is positive definite and the corresponding probability measure
can be expressed as pu(p —r, 1) > p(p,r), where W and > denote the boolean and the
monotonic convolution, respectively.
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The paper is organized as follows. In Section 2 we prove three combinatorial iden-
tities. Then we use them to derive some formulas for the generating functions. In
Section 4 we regard the numbers A,,(p,r) as moments of a probability quasi-measure
p(p,r) (by this we mean a linear functional p : R[z] — R satisfying (1) = 1). On
the class of probability quasi-measures one can introduce the free, boolean and mono-
tonic convolutions in combinatorial way. The class of compactly supported probability
measures on R, regarded as a subclass of the former, is closed under these operations.
We prove some formulas involving the probability quasi measures p(p,r), for example
we find the free R- and S-transforms (4.8), (4.11), the boolean powers u(p, 1) (4.18)
and, in special cases, the multiplicative free (4.12), (4.13), (4.14) and the monotonic
convolution (4.20) of the measures u(p, 7).

In Section 5 we prove that if p > 1 and 0 < r < p then p(p,r) is a measure (we
conjecture that this condition is also necessary for p,r > 0). The proof involves the
multiplicative free convolution. Moreover, we show that if 0 < 2r < pandr+1<p
then p(p,r) is B-infinitely divisible.

In the final part we extend our results to the dilations of the measures p(p,r), with
parameter h > (0. Taking the limit with h — 0 we prove in particular that the se-
quence { }:70 is positive definite and the corresponding probability measure vq is
X- mﬁmtely divisible.

2. SOME COMBINATORIAL IDENTITIES

We will work with the two-parameter Fuss-Catalan numbers defined by: Ag(p,r) := 1
and

Tm
2.1 A, = —
( ) o Hmp—irr z

for m > 1, where p, r are real parameters. Note that (2.1) can be written as (
unless mp + r = 0. One can check that for m > 0

(2.2) An(p,r) =An(p,r— 1)+ Apa(p,p+1r—1),

merr) r
m mp+r"’

under convention that A_;(p,r) := 0, and

(2.3) An(p,p) = Ama (p,1).
It is also known (see [13]) that

(24) Z Ak(p; T)Am—k(pa S) = Am(p7 T+ S)‘

Now we are going to prove three identities, valid for ¢, d, p, r,t € R, which will be needed
later on.

Proposition 2.1.

m

(2.5) > Alp —r.0)Api(p.kr + d) = A (pc + d).
k=0
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Proof. 1t is easy to check that the formula is true for m = 0 and m = 1. Denoting the
left hand side by S,,(p,r, ¢,d) we have from (2.2):

m

Sm(p7 rc, d) = Z Ak(p - C)Am—k(p7 kr + d)
k=0

NE

[Ae(p =7, = 1)+ Apa(p —rp =7+ ¢ = 1)] Ani(p, kr + d)

k=0

NE

Ak(p -Trc—= ]-)Am—k(p7 kr + d)

B
Il

0

+ ZAk—l(p -rnp—-r +c— 1)Am—k(p7 kr +d>

k=1
m—1
= Sm(p7 r,c— 17 d) + Z Ak(p —nrnp—-r +c— ]‘)Am—l—k(pa kr +7r+ d)
k=0

- Sm<parvc_ 17d) + Sm—l(p7,rap_r+c_ 17T+d)7
so that we have
Sm(p,ryc,d) = Sy (p,rye—1,d) + Sy (p,rsp—1r+c—1,r+d).

Fix m and assume that (2.5) holds for m — 1. Now we prove that for m it holds for
every natural c. Indeed, it holds for ¢ = 0 and if it does for ¢ — 1 then, by assumption

and by (2.2):
Sm(p,r,c,d) = Sp(p,rye—1,d) + Spa(p,r,p—r+c— 1,7+ d)
Appye+d—1)+Apa(p,p+c+d—1)=An(p,c+d),

which proves that the statement holds for ¢. Therefore it holds for all natural ¢. Now
we note that both sides of (2.5) are polynomials on ¢ of order m, therefore the formula
holds for all ¢ € R, which completes the inductive step. Il

Proposition 2.2.

m m—l

(2.6) L=)> A(p. 1)) Aprj(pjlp— 1) + 1)t

1=0 §=0

—i—tZAm,j(p,j(p - 1)+ T)tj = Am(p,r + 1).
=0
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Proof. Using first (2.4) and then (2.2) we obtain:

£>  Ap(pjlp—1) + 1)t
=0

+(1-1) iAl (p,1) n.iAm_l_j (p,j(p—1) +r)¥/

=0
m m—j A
(L= > Al DAnjilp,jlp— 1) + )P
j=0 1=0
=t> An — 1) +r)t/
j=0
+(1=1)) Ans(pjlp = 1) + 7+ 1
7=0
m m—1
:ZAm—j(p7j —1)+T‘+1 ZAm —j— 1(p j(p—1)+T+p)t]+1
7=0 7=0
Proposition 2.3.
mp+r
(2.7) ZAm k(0 k(p—1) +r)p" = ( . )

Proof. Denoting the left hand side by T,,,(p,r) we use (2.2) and get get

Api(p, k(p — 1) +1)p"

hE

Tm(p’ T) =

k=0

hE

[Apmk(pk(p—1)+7r = 1)+ Ay i(p, k(p—1) +p+r — 1)] p*

B
Il

0
=Tnp,r = 1)+ T a(p,p+r—1).

Now we proceed as in the proof of (2.5), using the binomial identity
mp+r\ [(mp+r—1 . mp+r—1
m B m m—1 '

3. GENERATING FUNCTIONS

In this part we are going to study the generating functions

(3.1) B,(z) :== Z Ap(p, 1)2",
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which are convergent in some neighborhood of 0 (to observe this one can use the in-
equality

m—1
[ A (p, )| < [rl[m(|p] + 1) +[r[]™/m!
and apply the Cauchy’s radical test). From (2.4) and (2.3) we have

(3.2) By(2)" =Y Aun(p.r)z
and
(3.3) By(z) =1+ 2B,(2)".

Indeed, denoting the right hand side of (3.2) by A, ,(2) we have A, ,(z) = B,(z) and, by
(2.4), Ay (2) - Ay 5(2) = Ap45(2), which implies that A, ,.(z) = B,(z)". Taking r = p
and applying (2.3) we get (3.3).

Now we are going to interpret formulas (2.5), (2.6), (2.7) in terms of these generating
functions.

Proposition 3.1. For any real parameters p,r we have
(3.4) Byt (2By(2)7) = By(2).
Proof. First we note that if A(z) =Y~ a,2", B(z) => - b,z" then

=1

11,82,..,0 >1
11 +i2+...Fig=m

Putting b; := A;_1(p, r) for fixed k, m we have:

Z bi,biy ... by, = Z A (p,m)Aj(p, 1) .. Ay (p,T)

02,051 172505620
i1+ia+...Fig=m Jitje+.tik=m—k

= Am—k (pa k’l”),

the coefficient of B,(2)*" at 2™ *. Now we put aj := Ai(p — r,1) and applying (2.5),
with ¢ =1, d = 0, we get

(3.6) ar D> bbby = An(p, ),
k= 11,82,y >1

i1+io+...+ig=m

as A (p,0) = 0 for m > 1, which completes the proof. O

Note that in the proof we applied (2.5) only with ¢ =1 and d = 0.
For p,r,t € R we denote

Bp(z)l—i-r
(1—=t)B,(z) +t

Proposition 3.2. For p,r,t € R we have

(3.8) Dyrilz Z ZAm k(0 k(p — 1) +7)t*,

(3.7) Dy ri(z) =
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in particular:

(3.9) Dyrp( i (mpﬂ) "

m=0

Moreover
(3.10) Dyt (2Bp(2)") Bp(2)" = Dp,rts(2)-
Proof. Using (2.6) we can verify that

[(1-1)B, Z ZAmkp, — 1)+t

which proves (3.8). Formulas (3.9) and (3.10) are consequences of (2.7) and (3.4). O

— BP(Z)H-T

Proposition 3.3. In some neighborhood of 0 we have

(3.11) By(2(1+2)") =1+z2,
and more generally, for r # 0 we have
(3.12) Bp(((1+z)%—1)(1+z)%p>r:1+z.

Proof. Since B,(0) =1 and B'(0) = 1, there is a function f, defined on a neighborhood
of 0 such that f,(0) = 0 and B(f,(z)) = 1+z. Substituting z — f,(2) in (3.3) we obtain
fo(2) = 2(1+2)7P. Now we put z +— (1 +w)/" — 1 to (3.11) and taking the r-th power
we obtain (3.12). O

Remark. Note that (3.11) leads to an analytic proof of (3.4). Namely, substituting in
(3.4) z— z(14 2)7? we get

By (2(1+2)B, (2(1+2)7")") =By (2(1+2) P(1+2)")
=1+2=8,(x(1+2)7").
Finally we note a symmetry possessed by our generating functions.

Proposition 3.4. For p,r,t € R we have

(3.13) By(—z2)" = Bi_,(2)",

(314) met(—Z) = Dl—p,—l—r,l—t<z)-

Proof. One can check that (—1)™A,,(p,r) = A,(1 — p,—r), which proves (3.13), and
by the definition (3.7), (3.13) implies (3.14). O

4. RELATIONS WITH NONCOMMUTATIVE PROBABILITY

By a probability quasi-measure we will mean a linear functional p on the set R[z]
of polynomials With real coefficients, satisfying ,u(l) = 1. In case when p is given by
= [ P(t ) for some probablhty measure j; on R we will identify p with g and
say that W is pmper or is just a probability measure. A probability quasi-measure p is
uniquely determined by its moment sequence {u(x™)}.°_,. It is proper if and only if its
moment sequence is positive definite, i.e. if
Z w(z e >0

%,j=0
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holds for every sequence {a;};-, of real numbers, with only finitely many nonzero entries.
All probability measures encountered in this paper are compactly supported and there-
fore uniquely determined by their moment sequences. For a probability quasi-measure
p we define its moment generating function, which is the (at least formal) power series

Mu(z) = 3 pla™)zm

and its reflection p by f(z™) := (=1)"u(z™) or, equivalently, M;(z) := M,(—=2). If p
is a probability measure then so is i and then we have ji(X) = pu(—X) for every borel
subset of R.

For p,r,t € R we define probability quasi-measures p(p,r) and v(p,r,t) by

(4.1) plp,r)(@™) = Am(p,7),

(4.2) M%TﬁﬂﬂW2=5§Am4ﬁxﬂp—1)+fﬁﬁ
in particular -

(43) v = ("),

For example, p(1,1) = v(1,0,1) = 6; and for every p € R we have u(p,0) = v(0,0,0) =

do- Note that v(p,r,0) = u(p,r) so that the class of probability quasi-measures u(p,r)

is contained in that of v(p,r,t), we will be interested however mainly in the former.
First we note that Proposition 3.4 leads to

Proposition 4.1.

(4.4) i, 1) = (1 = p, =),
(4.5) viprt) =v(l—p,—1—r1—t). O

There are several convolutions of probability quasi-measures, apart from the classi-
cal one: (uxv)(z") == Yo (1) pu(z®)v(a"F), which are related to various notions of
independence (namely, the free, boolean and the monotonic independence) in noncom-
mutative probability.

1. Free convolution (see [2, 15, 11]) is defined in the following way. For a probability
quasi-measure p we define its free R-transform (or the additive free transform) R, (z)
by the formula:

(4.6) M, (2) = Ru(zM,(2)) + 1.

The free cumulants ry, () are defined as the coefficients of the Taylor expansion R,,(z) =
o2 ri(p)2* (combinatorial relation between moments and free cumulants is described
in [11] and [4]). Then the free convolution pHv can be defined as the unique probability
quasi-measure which satisfies

(4.7) Ry (2) = Ru(2) + R (2).

We also define free power u®, t > 0, by R (2) = tR,(2).
As a consequence of (4.6) and (3.4) we obtain:
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Proposition 4.2. For the free additive transform of u(p,r) we have
(48) Ru(p,r)(z> = BP*T(Z)T -1
so that for the free cumulants we have r,(u(p,r)) = Ap(p—r,r), m > 1. 0

The free S-transform (or the free multiplicative transform) of a quasi-measure i, with
p(zt) # 0, is defined by the relation

(4.9) R, (2S,(2)) = = or M, (2(1+2)7'8,(2)) =1+ 2.

Then the multiplicative free convolution p, X ps and the multiplicative free power ™,
t > 0, are defined by

(4.10) Sy (2) 1= S, (2)Suy(2) and S mi(2) := Su(2)".

Proposition 4.3. For r # 0 the S-transform of the measure u(p,r) is equal to
1

(4.11) Suipr(2) = %(1 +2)7

Consequently

(4.12) (1 +p1, 1) B p(l + po, 1) = p(1 + pr +pa, 1),

and more generally

(4.13) (pr,7) B (1 + pa, 1) = p(pr + 7pa, 7).

We have also

(4.14) (1 +p, DB = p(1+tp, 1).

Proof. Formula (4.11) is a consequence of (3.12). In particular

(4.15) Sup(2) = (1 +2)77

which leads to (4.12), (4.13) and (4.14). O

2. The boolean convolution u; W us and the boolean power p* ¢ > 0, (see [14, 3])
can be defined by putting
1 1 1

(4.16) - + —1,
MMHJ;&(Z) MMl

(417) Mwat(Z) =

Compering this with definition (3.7) we get
Proposition 4.4. For p,t € R we have
(4.18) p(p, ) =v(p,0,t). O

3. Monotonic convolution (see [10]) is an associative, noncommuting operation >
which is defined by: puy > po = p iff

(4.19) My(2) = My, (2My(2)) - My (2).
Then (3.4) and (3.10) yield
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Proposition 4.5. For any parameters a,b,r,t € R we have

(4.20) p(a,b) > pla+r,r)=pla+rb+r),
(4.21) v(a,b,t) > ula+r,r)=via+r,b+rt). O

In the next section we are going to study which of the probability quasi-measures
w(p,r) and v(p,r,t) are actually probability measures. For this purpose we will use
some of the the following facts, which are available in [15, 11, 14, 10, 6, 7]: The class
of all compactly supported probability measures on R is closed under the free, boolean,
and monotonic convolution and also under taking the powers u®, % for s > 1, ¢t > 0.
Moreover, the class of probability measures with compact support contained in [0, o) is
closed under the free, multiplicative free, boolean and monotonic convolution and also
under taking the powers p®, ™ and p** for s > 1 and ¢ > 0.

A probability measure p on R (resp. on [0,00)) is called B-infinitely divisible (resp.
N-infinitely divisible) if p= (resp. p®) is a probability measure for every ¢t > 0. If p
has compact support and r,,(u) are its free cumulants then p is E-infinitely divisible if
and only if the sequence {r,,42(p)},o_, is positive definite.

5. PosiTiviTy

The aim of this section is to study which of the quasi measures u(p,r) and v(p,r,t)
are actually measures, i.e. for which parameters p,r,t € R the corresponding sequence
is positive definite. We start with

Theorem 5.1. If p > 1, 0 < r < p then {A,(p,7)}_, is the moment sequence
of a probability measure u(p,r) with a compact support contained in [0,00). If p <0,
p—1<r <0 then u(p,r) is a probability measure which is the reflection of u(1—p,—r).

Proof. We know already that 7 = u(2,1) is the free Poisson law (1.1). Then, as was
noted in [1], 7 is K-infinitely divisible and for s > 0 we have 7™ = u(1+s,1). Hence if
p > 1 then u(p, 1) is a probability measure with a compact support contained in [0, 00).
By (2.3) it implies that the sequence A,,(p,p) = A,i1(p, 1) is also positive definite,
namely we have

4 £(2) dup, p)(x) = / F (@) du(p, 1)(x)

for any continuous function f on R. Hence pu(p, p), p > 1, is a probability measure with
a compact support contained in [0,00). For 1 <r < p we apply (4.13) to obtain:

u(p, ) = p(r,r) ®p(p/r, 1),

which proves the first statement for the sector 1 < r < p.
For r € (0,1) the measure (1, r) is related to the Euler beta function

(5.1) B(a,b) = /01 211 — z) da.

We will use its well known properties: B(a,1—a) = z"— and B(a,b) = ;%15 B(a—1,b).
If we define probability measure

(5.2) oy = s 7T7Axr_l(l — ) "dx
7r
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on [0, 1] then we have

. m s 1
/Rxm du,.(z) = SH:TTB(””H‘ rl—r)= H % = An(L,r).

k=1
which means that p(1,r) = p,.. Now for s > 0 we have
w1 +75,7) = (L, ) B (1 + 5, 1),

which proves the first statement for (p,r) € [1,400) x (0,1). It remains to note that
w(p,0) = oy for every p € R.
The second statement is a consequence of (4.4). 0

We conjecture that the last theorem fully characterizes the set of parameters p,r € R
for which p(p,r) is a measure (apart from the trivial case u(p,0) = dp). Note that
Ao(p,r)As(p,m) — Ar(p,7)? = 7(2p — 1 — 1) /2, hence a necessary condition for positive
definiteness of the sequence A,,(p,r) is that r(2p — 1 —1r) > 0.

Remark. According to Penson and Solomon [12]:

Y/108[21/3 (27 + 3y/8T — 122) ™ — 621/3]
12722/3(27 + 3y/81 — 122)1/3
on [0,27/4]. More generally, for u(p, 1) with p € N we refer to [8].

(5-3) p(3,1) = dx

Corollary 5.1. Ifeither 0 <2r <p,r+1<porp<2r+1,p<r <0 then u(p,r) is
H-infinitely divisible.

Proof. By Theorem 13.16 in [11], a compactly supported probability measure p, with
free cumulants r,, (1), is B-infinitely divisible if and only if the sequence {r,,+2(1)}°_,
is positive definite. Then it is sufficient to refer to (4.8) and to note that the numbers
Apio(p — 7, 7) are the moments of the measure x? du(p — r,7)(z). O

Corollary 5.2. If 0 < r < p—1,t > 0 then v(p,r,t) is a probability measure with
a compact support contained in [0,+00). Ifp < 1471 <0, t < 1 then v(p,r,t) is a
probability measure which is the reflection of v(1 —p,—1 —r, 1 —t).

In particular, if either 0 <r <p—1orp<14r <0 then the sequence {(mp+r)}

m=0
18 positive definite.

Proof. For 0 <r <p—1,¢t> 0 we apply (4.21) and (4.18):

v(p,rt) =v(p—1,0,t) > p(p,r) = plp — . 1)*" > p(p,7)
and Theorem 5.1. Then we use (4.5). O

A measure v on R is called symmetric if v = v. For a probability quasi-measure
w define its symmetrization p® by Mus(z) = M, (2%). If u is a probability measure
with Support Contained in [0 o0) then p® is a symmetric measure on R, which satisfies
Jo F(#3) dps(t) =[5 f( ) for every compactly supported continuous function on R.
Denote by p*(p, ) and v (p,r t) the symmetrization of u(p,r) and v(p,r,t). Then, by
(3.4) and (4.9), for the free additive transform we have

(54) Rus(m)(z) = Bp_gr (ZQ)T — 1.

In the same way as Corollary 5.2 one can prove

A\_/
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Corollary 5.3. If p > 1, 0 <r < p then pi*(p,7) is a symmetric probability measure on
R. Moreover, if p—2r > 1 and 0 < 3r < p then p’(p,r) is B-infinitely divisible. O

Let us record some formulas:

(5.5) p(p, 1) = v7(p, 0,1),
(5.6) p(a,b) > p(a+2rr) = pla+2r,b+r),
(5.7) vi(a,b,t) > p*(a+2r,r) =v¥(a+2r,b+1,t).

5.1. Picture for u(p,r).

ZEHOO

Eﬁﬂoo

EBHoo

Here we illustrate the main results concerning the measures p(p, ).

(1) If p(p,r) is a probability measure then r(2p — 1 —r) > 0 (the right-top and
left-bottom sector between the p-axis and the line r = 2p — 1),

(2) ¥4 (including X3 and £2*): 1(p,r) is a probability measure with a compact
support contained in [0, 00),

(3) X_ (including X®*®): pu(p,r) is a probability measure, the reflection of (1 —
D, _T)7

(4) XU XE>® (including XF): pu(p,r) is B-infinitely divisible,

(5) XE>°: the symmetrization of u(p,r) is B-infinitely divisible.

6. DILATIONS

For a probability quasi-measure p we define its dilation with parameter ¢ > 0 by
(Depe)(2™) := ¢™p(2™). Then for the moment generating function we have: Mp_,(2) =
M, (cz) and similarly for the free R-transform: Rp_,(z) = R,(cz), while for the S-
transform we have Sp,_,(z) = 15,(z). If p is proper then we have (D.u)(X) = p(1X)
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for every borel subset X of R. In this part we are going to study dilations of the
measures u(p,r) and v(p,r,t) and their limits as the parameter goes to 0.
For h > 0 and a, p,r € R define sequences

(6.1) (;)h = %nﬁl(a—ih),

T =0

-.
Il

3

(6.2) Ay (p,roh) = (mp +1r —ih),

1

= |~

)

with Ag(p, 7, h) := 1. In particular A,,(p,r,h) = L(”“”J”")h whenever mp + r # 0.

mp+r m

Then, for h > 0 and p,r,t € R define probability quasi-measures:

(6.3) pu(p,r, h)(@™) == Am(p, 7, D),

(6.4) v(p,r,t,h)(z™) = Z A k(p, k(p — h) + 7, R)t*.
k=0

and their moment generating functions B, (2) and D, .+ (%) respectively.
Note that if h > 0 then A,,(p, 7, h) = h™A,,(p/h,r/h) and hence these measures can
be represented as dilations:

(6-5) ,u(p, T, h) = Dhﬂ(p/hv T/h)v
(6.6) v(p,r,t,h) = Dpv(p/h,r/h,t/h).
Therefore the corresponding moment generating functions are
(6.7) Byrn(z) = Byn(hz)"/",
hBB h+r h(z)
. D, =Dy/hr hz) = Gisdaxk .
(6 8) P, 1t7h(2> p/h, /h,t/h( Z) (h —_ t>Bp,h,h(z) 4t

These formulas allow us to derive properties of the probability quasi-measures u(p,r, h)
and v(p, r, t, h) directly from our previous results when h > 0, and after taking the limit

with h — 0 if A = 0.
Proposition 6.1. For h >0 and p,r,t € R

(69) Bp,hJL(Z) =1+ Zth7p7h(Z),
(6.10) log (Bp,10(2)) = 2By p0(2),
(6.11) Dyrio(z) = Brro(2)

1—2tB,,0(2)
Proof. First formula is a consequence of (3.3) and (6.7). Then we have

3)
Bp,Lh(Z)h —1 _ Bp,h,h(z)

1
- . = 2B, p1(2).
Taking the limit with A — 0 we obtain (6.10).
For (6.11) we write use (6.8) and (6.9) to get
1 B z)—1
Llh = 0Bz +1] =1 (= iy Bl 2Ly B e)

and then we take limit with h — 0. O
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Proposition 6.2. For h > 0 and p,r,s € R we have

(612) Bpfr,s,h (ZBpmh(Z)) = Bp737h(2). ]
Proposition 6.3. For h > 0 and p,r € R we have
m mp+r
(6.13) e = (M)
me /)
Proof. For h > 0 it is a consequence of (6.6). Then we take limit with A — 0. O

Proposition 6.4. For h > 0 and p,r,t € R we have

—

(614) :u(pa T, h) - lu(h - D, h)7
(6.15) vt h) = v(h —p,—h — 1, h —t, h).
Proof. First we note that A,,(p,r, h)(—=1)" = A,,(h — p,—r, h) and then we apply (6.8)
and (3.14). O
Proposition 6.5. For the free transforms we have
(6.16) Ru(pﬂﬁh) (Z) = Bp_wjh(z) — 1
1+ 2)hr —1
6.17 Siutmrm (2 :&1_’_'2(7«—@/7« for h >0,
w(p,r;h) Lz
log(1
(618) Su(p,r,0)<z) = W(l + Z)(T—P)/T7
]. —Ppz
(619) Sz/(p,O,t,O) (Z) = ¥€t<1+z> .

In particular v(p,0,t,0) = D, (1,0,1,0)%P/¢,

Proof. Formulas (6.16), (6.17) are consequences of (6.7), (4.11 and (6.12). Therefore,
for h > 0 we have

1+ 2)m—1
(6.20) By <%(1 + Z)p/r> — 142,
which leads to
log(1 + 2)
21 o | —————= | =1
(6.21) By.ro (7’(1 + z)p/r> +z
and to (6.18). In particular, substituting (1 + 2) e+ | we have
¥4 —pz pz
6.22 B H+2) | = et+2)
(6.22) pol (t(l +2)° ) ‘
which, combined with (6.11) gives
z —pz 1
(623) D ,0,t,0 < €t(1+z)) = . = 14 2. O
! t(1+ z) 1— &
Proposition 6.6. For h > 0 and p,t € R we have
(6.24) w(p, h, ) = v(p,0,th, h),
(6.25) v(p,0,1,0)* = v(p,0,t,0).

Proof. Since B, 00(z) = 1, formula (6.25) is a consequence of (6.11). O
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Proposition 6.7. For h > 0,t >0, a,b € R we have
(6.26) p(a,b,h) > p(a+r,rh) = pla+r,b+r,h),
(6.27) via,b,t,h) > pla+r,r,h) =v(a+rb+rth). O

Proposition 6.8. Assume that h > 0.

1. If p > h and 0 < r < p then u(p,r,h) is a probability measure with support
contained in [0,00). If p <0, p—h < r <0 then u(p,r,h) is a probability measure
which is the reflection of u(h —p, —r, h).

2. If either 0 < 2r < p,r+h <porp<2r+h, p<r <0 then u(p,r,h) is
H-infinitely divisible.

3. If0<r<p—nh,t>0 then v(p,r,t,h) is a probability measure with a compact
support contained in [0,+00). If p < h—+r <0, t<h then v(p,r,t,h) is a probability
measure which is the reflection of v(h —p, —h —r,h —t,h)

In particular, if either 0 < r < p—~h orp < h+r < 0 then the sequence {(mﬁLJrr)h}
s positive definite. [

o0

m=0

We conclude with some remarks on the probability measure vy := v(1,0,1,0), for
which the moments are vy(z™) = (2)0 = ™~ From (4.9), (6.19) we have
(6.28) Syo(2) = eT#2,
(6.29) R,,(ze 11Zz) =z,
(6.30) MVO<1+Zel+zz> 142

Theorem 6.1. The sequence {%}::O 15 positive definite and the corresponding prob-
ability measure vy has compact support contained in [0, e]. Moreover, vy is M-infinitely
divisible.

m [ m™m

Proof. First observe that lim,, .. - = e, which implies that the support of 1 is

contained in [0, e]. Now we recall (see Theorem 3.7.3 in [2]) that a probability measure
p with support contained in [0, 00) is K-infinite divisible if and only if the function
2u(2) == S,(2(1 — 2)7') can be expressed as ¥,(z) = "), where v : C\ [0,00) — C

is analytic, satisfies v(Z) = v(z) and maps the upper half-plane C* into the lower half-
plane C~. In our case ¥,,(2) = e * and the function v(z) = —z does satisfy these
assumptions. O

Let us briefly reconstruct the way we have obtained the measure v,. We started with
T = pu(2,1,1), the free Poisson measure. Then

((p, hyh) = Dppu(p/h,1,1) = Dy, (7?@%—1) 7

so putting h = 1/n, p = 1 and using (6.24) with ¢t = 1/h = n we have

Wn

(6.31) (D; (%®”_1)> — 1, with n — oo,

Wn
where the convergence here means that the m-th moment of <D 1 (%®”*1)> tends to
%ﬂf. Note also that from (6.29) one can calculate free cumulants of vy: r; =1, ry = 1,

r3 = %, ry = _?1 Since r4 < 0, the measure 1 is not H-infinitely divisible.
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