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On the powers of Voiculescu’s circular element
by

FERENC ORAVECZ (Budapest)

Abstract. The main result of the paper is that for a circular element c in a C*-
probability space, (c",c”*) is an R-diagonal pair in the sense of Nica and Speicher for
every n = 1,2, ... The coefficients of the R-series are found to be the generalized Catalan
numbers of parameter n — 1.

0. Introduction. Circular elements of a C*-probability space play a
central role in Voiculescu’s free probability theory, and they provide one of
the most frequently used x-distributions (see e.g. [11]). An important char-
acterization of non-commutative random variables is based on the R-series
of certain pairs. The R-series of a pair is an infinite power series in two
non-commuting indeterminates, and can be taken as the free analogue of
the Fourier transform [6]. Now an element c is circular if the R-series of the
pair (c,c*) is of the form

Ric ey (21, 22) = 2122 + 2221.

As a natural extension of the notion of circular element, we will call
a pair (aj,az2) of non-commutative random variables a circular pair if its
R-series is

R(ah%)(zl, 22) = Z1%22 + zZ921.
In [7] Nica and Speicher introduced the notion of R-diagonal pairs in

the following way. The pair (z,y) of non-commutative random variables is
R-diagonal if the R-series of (z,y) is of the form

Rz ) (21, 22) E ap(z122)F + E a(2221)"

for some sequence {ay }52, of complex coefﬁments. The aim of this definition
was to establish a class of pairs of non-commutative random variables which
contains the pair (c,c*) obtained from a circular element ¢, and (u,u*)
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obtained from a Haar unitary element u. Haar unitary elements form another
important type of non-commutative random variables [10], characterized by
the R-series of the pair (u,u*) having the form

Riyuy(21,22) = Z(—l)k ck—1(z122)" +Z “lepo1(z221)",
k=1 k=1
Where ek = 7 ( °¥) is the kth Catalan number [3].
n [8] and [2] various other conditions equivalent to R-diagonality are
given.

The main result of this paper (stated as Theorem 3.2) is that for any
circular pair (b, bs), the pair (b7,05) is R-diagonal for every n > 1. The
sequence {ay}52, of coefficients of the R-series of (b7,b%) is found to be
{n—1ck}72,, the generalized Catalan numbers of parameter n — 1 (see [3]),
given by the formula

1 (n—1)k
hCh = ——— k=01,...:n=23,.).
1k (n—2)k:+1( k > (k=0 n=23...)

The structure of the paper is the following. In Section 1 we review the
necessary elements of non-commutative probability theory. In Section 2 we
state and prove some combinatorial lemmas concerning rather special types
of partitions of certain sets. These lemmas are used for the proof of our
main result, Theorem 3.2, which can be found in Section 3, along with some
remarks and consequences.

Soon after this paper was completed, F. Larsen obtained some more
general results on powers of R-diagonal pairs. These results can be found
in [5].

1. Preliminaries. In this section we briefly review some basic elements
of non-commutative probability theory used throughout the paper. For fur-
ther details see e.g. [2,12] and the references listed there.

If A is a unital algebra over C and ¢ : A — C is a linear functional
normalized by ¢(1) = 1, then we call the pair (A, ¢) a non-commutative
probability space. In this case the elements of A are called non-commutative
random variables and for a € A, p(a™) is called the nth moment of a. If we
require in addition that A is a C*-algebra and ¢ is positive, then (A, ¢) is
called a C*-probability space.

In the rest of this section (A, ) stands for a non-commutative probability
space.

We denote the set of all infinite power series in the non-commuting in-
determinates Xi,..., Xy by Co(X1,...,Xg). For F € Co(X1,...,Xg),
[coef(i1, ..., im)](F) means the coefficient of X; ... X, in F (m > 1 and
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1<iy,...ipg <k). T V={h,...,h.} C{1,...,m} for some hy <...<h,,

then let (i1,...,%m | V) mean (in,,..., 5, ).
Let a1,...,ar € A. A series M(q, ... a,) € Coo(X1,..., Xg) is called the
moment generating series of the k-tuple (aq,...,ay) if

[Coef(il’ ) im)](M(a17---7ak)) = Sp(ah s aim)

form>1and 1 <iy,... i, <k (see [9]).
Let &, consist of the formal infinite sums

o0
T= E Ciryeoosimignregnbin -+ Lin Uy o 15

m,n=0

where Ciyyoosimiftsejn € (C, UlyeveybmsJlyeeesjn € {1, ceey k}, li,..., 1,
i,..., 1} are non-commuting formal symbols (one can think of them as
creation and annihilation operators), and there exists an N € N such that
Civ,...imijiyejn = 0 whenever n > N. Multiplication of the sums is governed
by the computational rules [jl; = 1 and [jl; = 0 when i # j, while we add
the elements of £ in the usual way. The condition on the coeflicients ensures
that when multiplying two infinite sums we have to add only finitely many
numbers. On &, we define a normalized linear functional w by w(T) = c,
where c is the constant term of the infinite sum 7.

Let ai,...,ar € A. A series Ry, . 4.) € Coo(21,...,2k) is called the
R-series of the k-tuple (aq,...,a) if for T € &,

T=1+> [coef(ir, ., im)|(Rar,....an) iy ling s - - s
m=0

and w(l; T...1;T) = ¢(a;, ...a;) for I > 1T and 1 <iy,...,i; <k (see [6]).

It is important that for any k-tuple (a,...,ar) the moment generating
series M, ... a, and the R-series R, ... 4, exist and are uniquely determined;
moreover, according to the so-called moment-cumulant formula [9] we have

(1.1)  [coef(it, ... im)](May,....an))
- Z H[coef(z'l,...,im]V)}(R(ah,,,,ak)),

TeNC(k) Ver

where the summation is over all non-crossing partitions of {1,...,k} and
the product is over the blocks of the partition 7. (The notions concerning
non-crossing partitions are described at the beginning of Section 2.) One
easily verifies that the moment-cumulant formula is invertible, that is, the
coeflicients of the R-series of any k-tuple can also be expressed uniquely by
the coefficients of the moment generating series of the k-tuple (though that
formula is somewhat more complicated; see e.g. [7]).
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Let aj,as € A. The pair (a1,az2) is an R-diagonal pair if the R-series
of the pair is R4, 4,)(21, 22) = Sore g ap(z122)F + Sore g ag(z221)* for some
sequence {ay,}72, of complex coefficients (see [7]).

An element ¢ of a C*-probability space (A, ) is called circular if the
R-series of the pair (c,c*) is Rc,cv)(21,22) = 2122 + 2221.

2. Combinatorial background. For a finite set S, 7 = {V;,...,V,}
is a partition of S if the (non-empty) sets V; are disjoint and their union
is S. The sets V; are called blocks of the partition. The number of blocks
in a partition 7 is denoted by ||, the number of elements in a block V;
is denoted by |V;|. For a linearly ordered set S we call the partition 7 of
S crossing if in 7 there are two blocks V; # V; and elements vi,vy € V;,
wi, w2 € Vj such that v1 < wy; < vy < weg; otherwise 7 is non-crossing.
A partition 7 of S is called a pair-partition if every block of 7 contains
exactly two elements of S. The sets of all non-crossing partitions and of all
non-crossing pair-partitions of {1, ..., k} are denoted by NC(k) and NCP(k),
respectively.

For further details of the theory of partitions see e.g. [1,4] and the ref-
erences listed there.

DEFINITION 2.1. Fix a function ¢ : N — {1,2} and k,n € N. Let
Hz(l) i(k) = {ﬂ' S NC(k) ’ for every V = {pl, .. 7p|V|} cm,

|V'] is even and i(p;) # i(pj4+1) for j=1,...,|V| =1}

.....

-----

i(lp/nl) # i(la/n])}

where |x[ means the smallest integer not smaller than x.

Moreover we call a partition 7 of {1,...,k} an n-partition if every block
of m contains exactly n elements. We denote the set of all non-crossing
n-partitions of {1,...,k} by NC,, (k).

The cardinality of NC,,(In) is known to be the Ith generalized Catalan
number of parameter n given by

nCl = m (7) (n,l € N)

(see e.g. [10]). Concerning the generalized Catalan numbers see also [3].
LEMMA 2.2. Let i : N — {1,2} be either
o~ J 1 af jois odd, o )2 if jis odd,
Z(j)_{2 if 7 1s even, or Z(])_{l if 7 is even.

-----
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Proof. We define a bijection T : (n)ff,;(l)w,i(%) — NCpt1(k(n+1)).
First let b be the function defined by

b:{l,...,2kn} — {1,...,k(n+ 1)},
1j(n+1)+1 ifjis even,
s—=b(s) =4 7. s
57 +1(n+1) if jis odd,
where j = [(s —1)/n] and | = s — jn; here [z] stands for the integer part
of z.

-----

whose blocks are defined in the following way.

(1) If {51, 82} € v, then let b(s1) and b(s2) be in the same block of T'(v).
(2) If ry is in the same block as 73, and 79 is in the same block as rs,
then let 1 and r3 be also in the same block (transitivity).

Conditions (1) and (2) clearly define an equivalence relation, which gives
a partition of {1,...,k(n+1)}.

We show that T'(v) € NC,,41(k(n + 1)) for every v € (n)ﬁi(1)7...,i(2k)-
N — {1,2} it follows that if {51,527} € v, then one of j; = [(s1 —1)/n],
jo = [(s2 —1)/n], say ji, is odd, while the other is even. Then for every
s; € {1,...,2kn} of the form s; = jin+1 (Il = 1,...,n) we have b(s;) =
2(j1 +1)(n+1). Take the block V of T'(v) that contains 1(j1 + 1)(n+1) €
{1,...,k(n+1)}. Let the pair of s; in v be r; (that is, let r; € {1,...,2kn} be
(unique) such that {r;,s;} € v; v is a pair-partition). As [(s; —1)/n] = 51

is odd, j; = [(r; — 1)/n] must be even. Let the “decomposition” of r; be
r. = jin + h;. Then by (1), b(r;) = %jl(n + 1) + hy is also in V for ev-
ery [ = 1,...,n. This means that V has at least n + 1 elements, namely

b(s;) (which is the same for every ) and b(r;) (which is different for dif-
ferent ). Take any x € {1,...,2kn} for which b(z) = 3(j1 +1)(n + 1) or
b(z) =30+ 1)(n+1)+h (I=1,...,n); the element b(y) defined by the
pair of x is already in V' because of (1), so (2) cannot put any other element
in V. This means that V' has exactly n 41 elements. By the same argument
every block of T'(v) consists of exactly n + 1 elements. It is also clear that
in every block V in T(v) there is exactly one element of the form 1j(n + 1)
(call it b-odd), while the remaining ones are of the form of 1j(n+1)+1 for
some [ =1,...,n (we will call them b-even).

Suppose that T'(v) is crossing for some v € (n)_ﬁi(l),“”i(zk). Then there
are VU € T(v) (V #U), v1,v2 €V, u1,us € U such that v1 <uy < ve < us.
If one of v; and vy and one of u; and us is b-odd, then there are blocks
{sv,rv} and {sy,ry} of v such that b(sy) = vy, b(ry) = ve, b(sy) = u; and
b(ry) = uz, where sy < sy < ry < ry. This means that v is also crossing,
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which contradicts the fact that v € (n)ﬁi(l),...,i(zk)- If among vy, vs, U1, usg
there is only one b-odd element (say one of v; and vs), then if the (unique)
b-odd element ug of U is smaller than vy or greater than vs, then instead of
ug we can take ug to get the “crossing elements” vy, va, uy, ug (if ug < vy then
ug < v1 < up < v, ifug > vg then vy < uy < v9 < ug); while if ug is between
v1 and vs, then v, v2, ug, us will be good crossing elements containing two
b-odd elements, leading to the same contradiction. If none of vy, vy, uy, us is
b-odd, then if ug < v1 or ug > vo then vy, vs, u1, ug, while if v1 < ug < vo
then vy, v, ug, us are good crossing elements with one b-odd among them,
leading again to the same contradiction. This finally shows that T'(v) is
non-crossing for every v € (n)ﬁi(l),...,i@k% that is, T'(v) € NC,,41(k(n+ 1))
for every v € (n)Hi(1)7i(2)7...,i(2k).

Next we show that T is injective.

Let v1,10 € (n)—ﬁz(l) Li(2k)- Wecall s € {1,...,2kn} j-odd (resp. j-even)
if in the decomposition s = jn + 1, j is odd (resp even). The definition of
(n)Hl(l), ,i(2k) shows that every block of v € (n)H,(l) .i(2k) contains exactly
one j-odd and one j-even element. So if v # v, then there is at least one
j-even s € {1,...,2kn} whose pairs in v; and in vy are different. Suppose
that {s,r1} € v1,{s,ra} € v and r1 = jin+1y1, r2 = jan+la, where j; # jo.
In this case in T(11), b(s) is in the same block as b(r1) = 3(j1 +1)(n+ 1),
while in T'(v), b(s) is in the same block as b(r2) = 3(ja + 1)(n+1) # b(r1).
As b(rq1) and b(rg) are both b-odd, they cannot be in the same block, so
T'(v1) and T'(v2) are different.

Next we show that if there is no j-even s € {1,...,2kn} such that
in the decompositions of its pairs in v; and in vy, j1 = [(r1 — 1)/n| and
jo2 = [(r2 — 1)/n] are different, then vy must be identical to vo. In this case
the set {s1,...,s,} of the pairs of the n j-odd elements of the form r; = jn+I

(I =1,...,n) in vy is the same as that in vo, for every j = 1,...,2k — 1.
But, as can easily be checked, there is only one pair-partition of the subset
{81,y 8nysT1,..,rn} C {1,...,2kn} which is non-crossing and in which

every pair contains one s; and one 77, i.e. which can be a “subpartition” of
ave (n)ﬁi(1)7...,i(2k)- This means that all the blocks of v are the same as
the blocks of vo, proving the injectivity of T'.

Finally we show that T is surjective, by induction on k.

For k = 1 the only element of NCy11(n + 1) is 7 = {1,...,n + 1}.
The partition v = {{1,2n},{2,2n—1},...,{n,n+1}} € (n)HZ(1)7Z(2) clearly
satisfies T'(v) = m. Suppose that T is surjective for k. We show that this
implies the same for k + 1. As 7 € NC,,41((k + 1)(n + 1)) is non-crossing
and every block of 7 contains exactly n + 1 elements, at least one block of
7 contains the elements {p,p+1,...,p+n} for some p € {1,...,k(n+1)}.
Among these elements there is exactly one of the form j(n + 1) for some
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j=1,...,k+ 1. We denote it by ¢. Deleting the block {p,p+1,...,p+n}
from 7, we get a shorter partition 7 € NC,11(k(n + 1)). By assumption
there exists a v € (n)ﬁi(l) ,,,,, i(2k) such that 7 = T'(v). Consider the set
{1,...,2kn} with its partition v. Let

e ) s

p
n+1
This ensures that b(s) = p. Now put 2n extra elements between s — 1 and s,
and renumber the whole set to get {1,...,2(k + 1)n}. Let v be the follow-
ing pair-partition of this set. For the elements that came from our original
set {1,...,2kn}, their pairs in v are defined by v, while for the 2n new
elements we define their pairs to be {sp, j,Sh,—;} for j = 1,...,hy and

2n— (n—1) if ¢ = p.

tforj=0,1,...,n —ho — 1, where hg = q — p,

S =~
{ h07n7373h0+1+]

pt+h p+h
=|—|2 - |— 1 f =0,1,...
Sh |:7”L+1:| n+<p+h |:n+1:|(n+ )) or h=0,1, ,m, h# ho,

and

n+1
As the given pair-partition of the 2n new elements is non-crossing and
$0 is U € (n)Hj(1),....i(2k), v is non-crossing. Moreover (as can be verified
easily) the pair of every j-odd element of {1,...,2(k+ 1)n} is j-even, which

5h07l:2<p+h0 —1>n+l (I=1,...,n).

ensures that v € (,,)H;1), .. i¢2(k+1))- In T(v) the block that contains g is
clearly {p,p + 1,...,p + n}, while all the other blocks of T'(v) are defined
by v (taken as a subpartition of v), so T(v) = m, which means that T is
surjective for k£ + 1, and so for all k.

We conclude that T' : () H;(1y,...ic2k) — NCry1(k(n + 1)) is a bijection,
which proves our statement. m

LEMMA 2.3. For any function i : N — {1,2} and for all k € N, n =
2,3,4,...,
#m) Hiv),...itk) = Z H n—1C|v|/2-

7T€Hi(1) i(k) vern

.....

-----

whose blocks are defined the following way.

(1) If {s1,s2} € v, then let p; = |(s1 —1)/n| and ps = |(s2 — 1)/n[ be
in the same block of L(v), where ]z[ means the smallest integer no smaller
than x.

(2) If 1 is in the same block as ry, and 72 is in the same block as 73,
then let 7y and 73 be in the same block too (transitivity).
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Conditions (1) and (2) clearly define an equivalence relation, which gives
a partition of {1,...,k}.

Let si(p) = p—1)n+1 (1 =1,...,n, p=1,...,k). We show that
for every v € (n)Hi(l),...,i(k) if Vv = {pl,...,p|v|} (pl < ..o < p|V|) is
a block of L(v), then {s,(p;),s1(pj+1)} € v for j = 1,...,|V — 1], and
{sn(p|v),51(p1)} € v. As v is a non-crossing pair-partition and as i(]s;/n[)
# i(]s2/n|) for {s1,s2} € v, the pair of s1(p) must be s,(q) for some
g = 1,...,k, and the pair of s,(p) must be s1(q) for some ¢ = 1,...,k,
for any p = 1,..., k. (Otherwise the number of elements s between s1(p)
and its pair for which i(]s/n[) = 1 would differ from the number of those for
of s,(p;) is not s1(pjy1), then p; and p;i1 could not be in the same block
of L(v) (again because v is non-crossing).

The pair of s,(py|) cannot be s1(p) for p > pjy| or p < pjy|, because
in this case pjy;| would not be the largest, or p; would not be the smallest
element in V. But if the pair of s, (pjy|) is s1(p) for some p; < p < pyy,
then—as v is non-crossing—p; and pjy| could not be in the same block
of L(v). It follows that the pair of s, (p|1|) is necessarily s1(p1).

-----

Suppose that some L(v) is crossing. Then there are V,U € L(v) (V # U),
v1,v2 € V, uy,us € U such that v1 < u; < va < ug. Let v1 be the largest
element of V' which is still smaller than u1; let U5 be the smallest element of V'
which is still greater than wu1; let u; be the largest element of U which is still
smaller than U5, and let us be the smallest element of U which is still greater
than vy (such elements clearly exist). This implies that there is no element
of V between v; and vy nor an element of U between %1 and s, and still
U1 < Uy < Uy < up. But, as we saw above, in this case {s,(v1),s1(v2)} € v
and {s,(u1),s1(uz2)} € v. As s,(01) < sp(u1) < s1(v2) < s1(uz2), v would
also be crossing, a contradiction.

Next we show that for every v € (n)ﬁi(l),...,i(k) and for every block V =
{p1,--pviy (0 < ... < ppvy) of L(v), [V] is even and i(p;) # i(pj+1)
(j=1,...,|V]—1). We saw above that {s,(p;),s1(pj+1)} € v, which yields

o= (]2 [22512) -t

n n

while {s,(pv|),s1(p1)} € v gives

=i 22 ) (D2 )

n n

which proves our statement. This means that L(v) € Hiy,...ik) for every
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We show that L is surjective, that is, for any m € Hj(1),... 4(x) there exist
(several) v 6'(,1)?[“1) k) sqch that L(v) = m. Let 7 = {V4,..., V|5 }, and
let V; = {pgj),...,p‘(f/)l} (py () . < pl(f,)‘, j=1,...,|n|). Let v be the

pair-partition of {1, ..., kn} which consists of the blocks {s1(p (])) Sn (pl(‘]/) Db

{5n(p “)) a(pfiln} and {513 1), sn41-1(p5) >} where j = 1,...|x],

m = SVil—=1,t =1,...,]Vj]/2 and | = ,n— 1. Clearlyue
(n)Hi(l) ..... iy and L(v) =7

Note that the blocks {81( (])) Sn, p‘(‘])‘)} and {s,(p (])) sl(pgfblrl)} (m =

SVl =1, 7 = 1,...,|n]) of v already define all the blocks of L(v);
and the fact that v is non-crossing ensures that the rest of the blocks of v
do not define any other elements in any of the blocks of L(v). This means
that on the elements {s;(p (J))} (where | = 2,...,n—1,t = 1,...,|V}|
and j = 1,...,|r|) any other non-crossing pair-partition 7—given in such
a way that if {51,82} € v, then i(J(s1 — 1)/n[) # i(](s2 — 1)/n])—satisfies
L(v) = . If we take into account that for any = € H,(1), .. ;) and for every
block V; = {p(]) ...,pl(g,)‘} of m we have i(p (])) # (pffl)Jrl), and that the

subpartitions of ¥ that define different blocks of m = L(7) are independent
of each other, Lemma 2.2 completes the proof. =

3. Results

DEFINITION 3.1. Let (A, ) be a non-commutative probability space, and
let by, by € A. We call (b1, b2) a circular pair if its R-series is Ry, 3,)(21, 22) =
2129 + 2221.

THEOREM 3.2. Let (A, p) be a non-commutative probability space, by, ba
€ A, and let (b1,b2) be a circular pair. Then the pair (b}, b5) is R-diagonal

for every n =2,3,... Moreover, the R-series of ( " bY) is given by
Ry pyy (21, 22) = Z _1ck(z122)F + Z _1ck(z221)",
k=1

1 Dk
'LUhe’l”e n—1Ck = (n—2)k+1 ((n k )

parameter n — 1

Proof. We use the notations of Definition 2.1.

For every R-diagonal pair (a1, a) its R-series is of the form R4, 4,)(21, 22)
=3, ap(z122)* + Sore g ag(z221)* for some sequence {ar}2, of complex
coefficients. According to the moment-cumulant formula (1.1) this implies

B1)  [eoef(i(1),. o i(m)](Mara) = >, [ o

ﬂ'EHi(l) i(m) VGﬂ'

) is the kth genemlzzed Catalan number of

,,,,,

for m > 1 and for every function i : N — {1,2}.
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From now on let a; = b, ag = b} for some fixed n € {2,3,...}. In this
case

[COGf(i(l), SER) i<m))](M(a1,az)) - (P(Qz‘(1) e ai(m))

e Z H vi/2

TEH (1),...,i(1),i(2),...,i(2),...,i(m),...,i(m) VET

) Z H 1= #(n)ﬁi(l),...,i(m)

vEwyHiqy, .. itmy VEY

(i) Z H n—1C|V|/2-

wEH;(1),...,i(m) VET

,,,,,

Here the first equality comes from the definition of the moment generat-
ing series; (1) holds because (b1, b2) is a circular pair, which means that it is
also R-diagonal for some sequence {a}%2;; (2) can be obtained by taking
into account that in the R-series of circular pairs the only coefficients that
do not vanish are those of z; 25 and of 2221, which are both 1; and (3) follows
from Lemma 2.3. This means that the moment generating series of (b7, b%)
is given by formula (3.1) for every n > 2 (m > 1, ¢ : N — {1,2}) for the
sequence {,_icx }72 ;. Since the moment-cumulant formula is invertible, this
completes the proof. m

Theorem 3.2 immediately yields

COROLLARY 3.3. For a circular element ¢ of a C*-probability space
(A, @) the pair (¢, (c*)") is R-diagonal for every n > 1.

REMARK 3.4. If n = 2, then all the coefficients «y, are 1, that is,

R(b%’bg)(zl,@) Z 25122 —|‘ Z 2221
k=1

If n = 3, then the coefficients {oy}72, coincide with the sequence
{ck}2, of Catalan numbers, so

R(b3 b3) (21, 22) E cr(z122) +E ek ( 2221 ,

where ¢ = ocf, = ﬁl (215)

REMARK 3.5. From the proof of Theorem 3.2 the following facts are
obvious for any R-diagonal pair (a1, as):

(a) @(ai(1) - - - Ai(m)) = 0 whenever m is odd,
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(b) w(a;q)y - - - aimm)) = 0 whenever

#ie{l,...,m}:i(h) =1} # 4 € {1,...,m} :i(j) = 2},

(€) e(@iq1y - - @igm)) = ©(ai1) - - - Gi(m)) for m > 1 and for every i : N —

{1,2}, where a; = ay and @y = a;.

[9]
[10]

[11]

[12]
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