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Cyclic independence: Boolean and monotone

Octavio Arizmendi, Takahiro Hasebe & Franz Lehner

ABSTRACT The present paper introduces a modified version of cyclic-monotone independence
which originally arose in the context of random matrices, and also introduces its natural analogy
called cyclic-Boolean independence. We investigate formulas for convolutions, limit theorems
for sums of independent random variables, and also classify infinitely divisible distributions
with respect to cyclic-Boolean convolution. Finally, we provide applications to the eigenvalues
of the adjacency matrices of iterated star products of graphs and also iterated comb products
of graphs.

1. INTRODUCTION

The present paper takes its origin in the concept of cyclic-monotone independence
which appeared in the study of random matrices [5, 20] and which deserves sepa-
rate treatment; see [2] for further work. The term “cyclic-monotone independence”
was coined in [5] because of its apparent similarity with monotone independence ex-
cept that it involves two linear functionals: a state and a tracial linear functional. It
abstracts an asymptotic formula for the mixed moments, with respect to the non-
normalized trace, of a random rotation of two sets AN and BY consisting of N x N
deterministic matrices such that all mixed moments of AN have finite limits with
respect to the non-normalized trace as N tends to infinity, and all mixed moments
of BY have finite limits with respect to the normalized trace. More precisely, sup-
pose that {AN : 1 < i < k} and {BY : 1 < i < k},N = 1,2,3,... are families
of N x N deterministic matrices that satisfy the following conditions: for any -
polynomial P(z1,z2,...,2,) in non-commuting variables 1, za, ..., z) over the field
C without a constant term (e.g. P(x1,22) = xz2x7), the limits

1
lim Try[P(AY,AY,...,AN)] and Jim —NTrN[P(B{V,Bé\’,...,B,iV)]
—00

N—o00
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exist in C. According to [5, Theorem 4.3], for an N x N Haar unitary matrix UN, N =

1,2,3,..., we have the almost sure convergence
Jim Tey[ANV (UMY BNUN AY (UNY*BYUN - AN (UN)*BY UM
— 00
(1.1) k

1
N P N AN N : N
= Jim, TexaY Y AN | (5]

j=

The formula (1.1) shows some similarity with monotone independence, but they are
not the same because the formula involves both normalized trace and non-normalized
trace.

The present paper offers a simple operator model for cyclic-monotone independence
realized on the tensor product of Hilbert spaces. This construction also uncovers the
associativity of cyclic-monotone independence with respect to a state and a trace. In
order to ensure associativity, we modify the definition of cyclic-monotone indepen-
dence. The new definition consists of two conditions: one is basically the condition
in [5, Definition 3.2] referring to both the state and the tracial linear functional, and
the other is monotone independence with respect to the state (see Definition 7.2).
The modified definition of cyclic-monotone independence shares the same spirit with
c-monotone independence [10] (and c-freeness [3]) because they are all associative
notions of independence referring to two linear functionals.

However, the relationship between the random matrix model and the operator
model is not perfectly understood. Curiously monotone independence does not appear
in the random matrix model above, although it appears very naturally in the operator
model. This is related to the fact that the random matrix model above is limited to
two families of random matrices AV and BY and hence the question of associativity
is not relevant.

Our operator realization of (modified) cyclic-monotone independence also indicates
that a similar construction works for Boolean independence, which therefore leads to
a notion of cyclic-Boolean independence. We develop a general theory of these two
independences: computing generating functions for the sum of independent random
variables, limit theorems, cyclic-Boolean cumulants which are governed by cyclic-
interval partitions and infinitely divisible distributions with respect to cyclic-Boolean
convolution. We do not know how to define cyclic-monotone cumulants and therefore
this question is not addressed in the present paper.

Moreover, the operator models for cyclic-Boolean and cyclic-monotone indepen-
dences are directly connected to the star product of (rooted) graphs (see Section 2.6)
and the comb product of (rooted) graphs (see Section 2.7). Specifically, the eigenvalues
of their adjacency matrices can be analyzed by means of cyclic-Boolean independence
and cyclic-monotone independence, respectively.

The techniques are motivated by the relations between the adjacency matrix, the
spectrum, the characteristic polynomial and walk generating functions of a graph.
These form the core subject of algebraic graph theory, which deals with various ma-
trices, polynomials and generating functions and other invariants carrying information
about graphs.

It was shown by Schwenk [19] (later generalized by Godsil and McKay [9]) that the
characteristic polynomial of the star product (or coalescence) and the comb product
(or rooted product) of graphs only depends on the characteristic polynomials of the
factors and the walk generating function at the roots of the factors and he gave
an explicit formula. Similar simple formulas for the generating function of closed
walks starting at the root hold. While Schwenk’s proofs are combinatorial, we will
give algebraic proofs based on the Schur complement which can be generalized to
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arbitrary matrices and operators. Accardi, Ben Ghorbal and Obata [1] and Obata
[15] initiated the application of monotone independence and Boolean independence
to the asymptotic spectral analysis of adjacency matrices of iterated comb products
and star products, respectively. The operator models for cyclic-monotone and cyclic-
Boolean independences extend their work in the sense that the new framework also
enables one to analyze refined properties of eigenvalues of the adjacency matrices.
These generalizations are the subject of the present paper and illustrate the emergence
of new notions of noncommutative independence, i.e., cyclic-monotone and cyclic-
Boolean ones.
To summarize, the main contributions of the present paper are:

(1) the new notion of cyclic-Boolean independence (Sections 3) and a modification
of the definition of cyclic-monotone independence given in [5] (Section 7);
(2) operator models for cyclic-Boolean independence (Sections 3) and for cyclic-
monotone independence (Section 7);
(3) convolution formulas for the sum of independent random variables (Sections
4, 7) and their relationships to algebraic graph theory (Section 2);
(4) limit theorems for sums of independent random variables (Sections 3, 7);
(5) cyclic-Boolean cumulants and the relevant partition structure with cyclic-
interval partitions (Section 5);
(6) classification of infinitely divisible distributions for cyclic-Boolean convolution
(Section 6);
(7) analysis of the asymptotics of the eigenvalues of the adjacency matrices of
iterated star product of graphs and iterated comb product of graphs (Sections
4, 7).
Recently Collins, Leid and Sakuma found a different matrix model for monotone
independence and cyclic monotone independence [6]. So far a connection between
their model and ours is not clear.

2. PRELIMINARIES

2.1. ADJACENCY MATRIX. Let I' = (V,E) be a graph on a vertex set V =
{v1,v2,...,v4} with edge set E. We always consider finite undirected graphs without
loops or multiple edges. An edge between two vertices u and v is denoted by wv. The

adjacency matriz of T' is the matrix Ar = [az‘j]g,j:1 with entries

1 if ViV € FE,
Q5 = .
0 otherwise.

Since the graph has no loops, the diagonal entries of Ar are all zero. The spectrum of
the graph T is the spectrum of its adjacency matrix. It consists of the eigenvalues \;
of Ar which are the roots of the characteristic polynomial

d

¢r(xz) = det(x] — Ar) = H(x —\i).

i=1
Alternatively, the eigenvalues of Ar are the poles of the (tracial) Cauchy transform
(2.1) or(2) = Tr((=] — Ap) ™).

The Cauchy transform and the characteristic polynomial are mutually related by the
logarithmic derivative

- Lo_dy oo 9n(2)
(2.2) or(2) _; vt d g ¢r(2) ()
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For the generalization of this identity to trace class operators it will be convenient to
remove the moment of order zero and work with the “renormalized” Cauchy transform

(23) 5r(2) = op(2) — = Te((a] — Ar) ™ —=71])
instead.

2.2. WALK GENERATING FUNCTIONS. Let (T, 0) be a finite rooted graph, i.e., a graph
on vertices vy, vs, . .., vy Wwhere we single out the vertex o = v as the root of the graph.
The number m,, of closed walks of length n starting at the root o is equal to (Afer, e1)
where Ar is the adjacency matrix of I" and e; is the vector (1,0,0,...,0) € C%. Denote
by

(2.4) Mrp(z) = mpz" = (I - zAr) 'e1,e1)
n=0

the walk generating function. One caution is in place here. To keep notation sim-
ple here and below we do not explicitly write the root in subscripts, although the
generating functions depend on the choice of the root.

It will be more convenient to rather work with the resolvent of Ar and with the
Green function (evaluated at the root)

(25) Gr(s) = (o1 — Ar)ersen) = 2o (1)
and its reciprocal
(2.6) Fr(z) = %(Z)

We can obtain a relation between the Green function (2.5) and the Cauchy trans-
form (2.1) from the Schur complement.

2.3. SCHUR COMPLEMENT. Let

CD

be a block matrix and assume D is invertible. Then the Schur complement [24] is
defined as

(2.7) M/D=A-BD™!'C.

w-[i3

It appears in Aitken’s factorization
I BD Y| [A—BD~'C 0 I 0
0 I 0 D||D7tC I}’
which is obtained by Gaussian elimination on the original matrix M. From this fac-
torization we infer the following assertions:
(1) M is invertible if and only if M/D is invertible. If this is the case, then the
Banachiewicz inversion formula

(A— BD~1C)"! —(A—BD'C)"'BD"! }

(2.8) M= [

-1 _
(2.9) M= [—DlC(A —BD'C)"' D'+ D"'C(A— BD"'C)"'BD""!

holds.
(2) The determinant factorizes and Jacobi’s identity
(2.10) det M = det(M/D) det D
holds.
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2.4. RELATION BETWEEN THE GREEN FUNCTION AND THE CHARACTERISTIC POLY-
NOMIAL. Let (T',0) be a rooted graph on vertices vy, vs,...,vq. If we decompose its
adjacency matrix

0 b*
o= [35)

into block form with D = Ap.,. Then the resolvent of the matrix

M =M(z) =2l - Ar = {—szIED}
can be determined from the Banachiewicz formula (2.9). The Schur complement is
S=z-b"(2I-D)" '
and the Green function
Gr(z) = ((zI — Ar) te1,e1) = 571

i.e., the Schur complement is S = Gr(z)~! = Fr(2). Being a matrix of dimension 1
it equals its determinant and Jacobi’s identity (2.10) yields

(2.11) ¢r(z) = det Sdet(zI — D) = Fr(x) ¢ro(x), z e C\R.

2.5. RELATION BETWEEN THE GREEN FUNCTION AND THE CAUCHY TRANSFORM OF
A GENERAL MATRIX. Let A be a d x d matrix. We want to understand the relation
between the functions

Ga(2) = ((z = A)erer)  and  ga(z) = Tr((z — A)7).

To this end, we partition the matrix into blocks of dimension 1 and d — 1

|« a:{
(2.12) A= [ag A] .

Now the corresponding Schur complement (2.7) of z — A is a scalar
S=z—a—ai(z—A)ay

and we conclude from the Banachiewicz inversion formula (2.9) that

1
2.13 Ga(z)=8""1= -
(213) a(?) z—a—ai(z— A)"lay
and
S—1 *
ga(2) =Tr x (z— /i)_l +(z— fi)_lagS_la’{(z — /01)_1

= Galz) +94(2) + Galz) Te((z — A)tagai(z — A)7Y)

= Ga(2)(1+Tr(aj(z — A)"%as)) + 94(2)

_ Fi(2)

= Fil) +94(2).
After subtracting the unit matrix according to (2.3) we obtain the identity

- s d . 1 Gh(z)

Q1) 84(2)=8a(2) + IoBGOAR) =84+ + G2

which can be extended to trace class operators.
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2.6. THE STAR PRODUCT AND ITS ADJACENCY MATRIX. Let (I'1,01) = (V4, E1,01)
and (T2, 02) = (Va, E3,02) be rooted graphs. The star product, denoted by (I'1,01) ®
(T3, 02), is defined by conglutinating the graphs (T'1,01), (T'2,02) at their roots; see
Fig. 1. Formally the vertex set of I' can be realized as a subset of V; x V3,

V ={(x1,092) : 1 € V1} U {(01,22) : z2 € Va}.

Two vertices (z1,x2) and (y1,y2) of V' are connected by an edge if either z1y; € E
and xo = Y3 = 09, or 1 = y; = 01 and x2ys € Fs. The cartesian product of the
vertices corresponds to the tensor product of the vector spaces and the adjacency
matrix has entries

— oD (2)
a(ﬂil,ﬂﬂz),(yl,m) - a$1,y1 6362,02 6y2,02 + 6$1,01 6y1,01 a’wz,yg

ie.,

A=A410 P+ P ® A
where P; is the orthogonal projection of ¢?(V;) onto the one-dimensional subspace
spanned by the delta function d,,; see [12, Proposition 8.50].

The star product is associative and hence one may define by iteration the star
product (I',0) = (V, E,o0) of rooted graphs (I';,0;) = (V;, E;,0;),s = 1,2,...,N.
Suppose further that those graphs are finite and simple. Then the vertex set V' of T’
can be regarded as a subset of V; x --- x Vy and hence the adjacency matrix Ar can
be regarded as an operator on ¢2(V;) ®- - - ® £2(Vy). Under this identification one has

N
(2.15) Ar=) PI@P,® - ®P,_1®Ar,® Py ® - ® Py.
i=1

@

FIGURE 1. Star product of rooted graphs

2.7. THE COMB PRODUCT AND ITS ADJACENCY MATRIX. Given a graph I'y =
(V1, E1) and a rooted graph (T's,02) = (Va, Ea,02), a new graph I' = T'; > (T'g, 02)
is defined by gluing a copy of I's to every vertex of I'; at the root o2: The vertex
set V of I is V] x V4 and two vertices (x1,22) and (y1,y=2) are connected by an edge
if and only if either x1y; € E7 and 29 = y2 = 09, or £1 = y; and zoys € Ey. If we
further specify a root of I'1, then the natural root for the comb product is (01, 02),
which makes the comb product associative (but non-commutative) in the category of
rooted graphs; see Fig. 2. The adjacency matrix now can be written as

Y,

F1cUrE 2. Comb product of rooted graphs
A1 @ P+ 1 @ Ay

Algebraic Combinatorics, Vol. 6 #6 (2023) 1702
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and by iteration one may define the comb product (I',0) of a sequence of rooted
graphs (T;,0;) = (V;, E;,0;), i = 1,2,..., N. The adjacency matrix Ar can then be
regarded as an operator on £2(V1) ® -+ ® £?(Vy) and it has the form

N
(2.16) AI‘:ZII®I2®"'®Iifl®AFi®Pi+1®"'®PN§

i=1
see [12, Proposition 8.38].

For comb products of identical rooted graphs, Accardi, Ben Ghorbal and Obata
used monotone independence satisfied by the summands in (2.16) in order to study
the asymptotics of the Green function of T' as N — oo; see the original article [1,
Theorem 5.1] or the book [12, Theorem 8.40]. On the other hand, for the star product,
the summands in (2.15) are Boolean independent, which provides another type of
asymptotics of Green function; see the original article of Obata [15, Theorem 3.7] or
the book [12, Theorem 8.53].

In the present paper we study the asymptotic behavior of eigenvalues or
empirical eigenvalue distributions of Ar for large N using the asymptotics of
the characteristic polynomial ¢r(z) or the Cauchy transform gp(z).

2.8. IDENTITIES FOR THE STAR PRODUCT. For the sake of notational convenience we
denote by I'; ® I's the star product of two rooted graphs (I'1,01) and (I'g, 02). The
Green function of the star product satisfies the following relation, which follows from
the decomposition (2.15) of the adjacency matrix into Boolean independent operators
and the linearization formula for Boolean convolution in [23, Section 2]; see also [17]
for another proof of the latter.

PROPOSITION 2.1. For rooted graphs (T'1,01) and (Ta, 02) the following formula holds.
(217) FF1®F2(Z) :FFI(Z) +FF2(Z) -z
The Cauchy transform of the star product is computed by the formula below.

PROPOSITION 2.2. For rooted graphs (I'1,01) and (T, 02) the following formula holds.
G/F1 ®T2 (Z) G/l"l (Z) + Gll"z (Z)
GF1®F2 (Z) GF1 (z) GI‘2 (Z)

REMARK 2.3. Later we will give two alternative proofs in a more general setting; see
Theorem 4.2.

(2.18) or,er, (2) + =or, () +9r,(2) +

Proof. The key is the simple identity
(2'19) ¢(F1®F2)\0($) = ¢1"1 ~o1 (:L‘) ¢1"2 ~o2 (.’)3),

for the star product, which follows from the fact that the removal of the root splits
the graph into two disjoint connected components

(I‘l ® FQ) N0 = (Fl N 01) U (I‘Q N 02).
Using the Schur identity (2.11) we can rewrite (2.19) as
(2'2()) ¢F1®F2 (Z) GF1®F2 (Z) = ¢F1 (Z) Grl (Z) ¢F2 (Z) Gr2 (Z)
and taking the logarithmic derivative of (2.20) together with (2.2) yields (2.18). O

Finally, the characteristic polynomial of the star product satisfies the following
identity proved by Schwenk, for which we give an alternative proof.

THEOREM 2.4 ([19, Corollary 2b], [8, Lemma 9.1]). For rooted graphs (I'1,01) and
(T3, 09) the following formula holds.

(221) ¢F1®F2 (.I) = d)r‘l (1:) ¢F2\02 (1:) + ¢F1\01 (JC) ¢F2 (ZE) - x¢rl\01 (1‘) ¢F2\02 (1’)

Algebraic Combinatorics, Vol. 6 #6 (2023) 1703



O. AriZzMENDI, T. HASEBE & F. LEHNER

Proof. Equations (2.20) and (2.17) give rise to
¢r,0r, () = ¢r, ()¢r, (z)Gr, (2)Gr, (z)(FT, () + Fr, (2) — 2)
= ¢r, (¢)¢r, (z)(Gr, () + Gr, () — G, ()G, (7).
Substituting the formula (2.11), Gr, (z) = ¢r,<(z)/¢r, (z), into the above yields the

desired formula. O

2.9. IDENTITIES FOR THE COMB PRODUCT. In this section, the comb product is de-
noted simply by I'; > I's, the root being omitted for simplicity, for a graph I'; and
a rooted graph (I's,02). The relation between the Green functions is simple and fol-
lows from the decomposition (2.16) of the adjacency matrix together with Muraki’s
formula [14, Theorem 3.1]; see also [16, Theorem 3.2] for another proof of Muraki’s
formula.

PROPOSITION 2.5. For rooted graphs (I'1,01) and (T, 02) the following formula holds:
(2'22> FF11>F2<Z) = FFI (FFZ(Z))

For the characteristic polynomial Schwenk proved the following relation by combi-
natorial arguments; we give an algebraic proof based on the simpler relation (2.22).

THEOREM 2.6 ([19, Theorem 5]). Let T' be a graph on d vertices and (H,0) a rooted
graph. Then

(223) d)FDH(x) = ¢H\o(x)d¢1"((bH(x)/QSH\o(x)) = ¢H\o(x)d¢F(FH(x))~

Proof. We proceed by induction. Fix an arbitrary vertex o’ of I" as a root and denote
by o’ the root of T' > H. Removing it from T' > H splits off an extra copy of H \ o
(cf. Fig. 2)
T>H)N " =(I'\d)>H)UH\0)
and therefore
¢(FDH)\O” (:E) = ¢(F\o’)>H($) ¢H\o(x)-
We proceed with identities (2.11) and (2.22) to conclude by induction
¢reu(T) = droH)~o (T) Frou ()
= ¢(ro=H(T) PH 0 (2) Frou(T)
= ¢H-0(2)" ! dr o (Fu(z)) pu-o(z) Fr(Fu(z))
= ¢H0(2)" or(Fu(x)).
O

Finally, formula (2.23) gives rise to an equivalent formula for the renormalized
Cauchy transform.

PROPOSITION 2.7. In the setting of Theorem 2.6, one has
rou(2) = dar(z) + Fu(2) §r(Fu(2)).

REMARK 2.8. Later we will give two more proofs in a more general setting; see The-
orem 7.7.

Proof. Combining (2.2), (2.23) and (2.11) yields

() = i log P25 4 Fie) ae(Fia(2)

= ()~ 5 ) + Fa(o) ar(Fin(2).
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which can be rewritten as

) dd (. 4 Fly(2) N d
fren() + 2 =d (a2 + £ - ZE) 4 Fao) (aeFae) + 15 ).
where d’ is the number of vertices of H. O

3. CyYCLIC-BOOLEAN INDEPENDENCE

In order to study the eigenvalues of the adjacency matrix of star product graphs, we
will compute traces of powers of the adjacency matrix. These computations can be
abstracted and formulated as a new notion of independence, which we call cyclic-
Boolean independence.

3.1. DEFINITION AND EXAMPLE. The definition of cyclic-Boolean independence is
motivated by the star product from Section 2.6, which can be extended to the general
setting of Hilbert spaces as follows.

ExXAMPLE 3.1. Let H;,i € N, be Hilbert spaces with distinguished unit vectors §; € H;,
P;: H; — H; the orthogonal projection onto C&;, T(H;) the x-algebra of trace-class
operators on H; and ; the vector state on B(H;) defined by ¢;(A) = (4&;, &).

Let H=H1® - Hy, £ =& ® - ® &y and ¢ be the vacuum state on B(H)
defined by &. Let m;: B(H;) — B(H) be the x-homomorphism defined by
(3.1) T(A)=P® - @P 1®8AQ P11 ® - ® Py.

The family of *-subalgebras {m;(B(H;))}Y; is Boolean independent in (B(H), ¢); e.g.
see [12, Theorem 8.8]. Furthermore, we compute the mixed moments with respect to
the trace. A key formula is

(32) PAP; = p;(A)P; A € B(H;).

For any cyclically alternating tuple (k1,...,k,) € N™, namely those satisfying k; #
ko # -+ # k, # k1, and for any A; € T(Hy,) a direct computation using formula
(3.2) yields

Trp,, (A1) ifn=1,
Oy (A1) 0ry (A2) - o1, (A) i n > 2.

Let us raise this identity to an abstract concept.

Try(mk, (A1) -+ g, (An)) = {

DEFINITION 3.2. Let A be a x-algebra over C, ¢ a positive linear functional on A and
w a positive tracial linear functional on A. The triplet (A, o, w) is called a cyclic non-
commutative probability space (cncps). Here the term “cyclic” reflects the invariance
of the trace w under cyclic permutations of the argument. The distribution of a self-
adjoint element a € A is the data {(¢(a™),w(a™)) : n > 1}.

DEFINITION 3.3. Let (A, ¢, w) be a cneps. A family of x-subalgebras { Ay }rek is said
to be cyclic-Boolean independent if
(i) it is Boolean independent with respect to @, that is, for any n > 2, alternating
tuple (k1,..., k) € K™ (namely, with ky # ko # -+ # ky) and a; € Ay, i =
1,2,...,n, one has the factorization
plar - an) = plar)p(az) -~ lan);
(ii) for any n > 1, any cyclically alternating tuple (ki,...,k,) € K™ and any

choice of a; € Ay,,i=1,2,...,n, one has
w(ay) ifn=1,
w(a1a2...an) = ;
{@(al)w(az) ceplan) ifn=2.
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A family of elements {ay}rex of A is said to be cyclic-Boolean independent if this is
the case for { Ax}rek, where Ay is the x-subalgebra generated by aj without unit.

EXAMPLE 3.4. Suppose that {a, b, ¢} is cyclic-Boolean independent in (A, ¢, w). Then
p(ba®be®b) = p(b)p(a?)p(b)¢(c®)(b)

and
w(ba®be?d) = (b%)p(a®)p(b)o(c?).
Another operator model occurs on star products of Hilbert spaces.

ExXAMPLE 3.5. Let H; be separable Hilbert spaces with distinguished unit vectors &;
as above and H; = (C&;)*. The star product of the Hilbert spaces H; is the direct
sum

H=CiodH:

Then each H; can be identified with the subspace C¢ @’f[i C H and there is a canonical
representation of B(#H,;) on H which acts by simply annihilating the complement of H;.
More precisely we decompose H as a direct sum H ~ H; ® H;- where H;- = EB#Z. 7—Dlj
and define the representation m;(X) = X @ 0. Then the algebras A; = m;(B(H;))
are Boolean independent with respect to the vacuum expectation ¢ = (.£,&) and
moreover, the algebras A; are cyclic-Boolean independent with respect to the trace.
Indeed, let Py € B(H) be the projection onto C¢ and P; the projections onto H,;
then Py, P, Ps,... form a partition of unity and by definition we have X = (P +
P)X(Py+ P,) for all X € A;. Let X7 X5...X, be a cyclically alternating product of
trace class operators, i.e., Xy € A;, with iy # ix41 for all k and 4,, # i1, then

Tr(X 1 Xo--- X)) = Te((Po+ Piy) X1 (Po + Pyy)(Po + P,) Xo(Po+ Py)
o (Po+ P ) X (Po + P;,,))
— Te(Py X1 PoXoPy - - Po X Po)
= @(X1) p(X2) - o(Xn)
where we used the identity (Py + P;)(FPy + Pj) = P, valid for i # j.

Next we show that any Boolean independent family can be represented on a star
product space.

3.2. CONSTRUCTION OF A CYCLIC-BOOLEAN TRACE. Let (A, ) be a noncommu-
tative probability space, where A is a x-algebra and A; are Boolean independent
subalgebras. In the following assume that A is faithfully represented on a Hilbert
space H and that the state ¢ is realized as a vector state p(X) = (X¢&,&). One way
to achieve this under certain conditions is the GNS-construction.

Recall that the GNS-representation consists of the Hilbert space H, obtained by
completing the quotient space A/N,,, where N, = {z € A | p(z*z) = 0}, with respect
to the scalar product

([7]ps [Ylp) = w(y™z).

The action of the GNS representation is 7, (z)[y], = [zy],.

LEMMA 3.6. The GNS representation is faithful if and only if the state ¢ is nonde-
generate in the sense that if p(axb) =0 for all a,b € A, then x = 0.

Proof. Let x € A, then n,(z) = 0 < my(z)lyl, = 0forally ¢ A —
([rylg, [2lp)p =0 forall y,z € A <= p(z*zy) =0 for all y,z € A. O
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If A is unital, then the state vector { = [1],, comes for free, otherwise the state
must satisfy the Cauchy-Schwarz condition

lp(z)* < Copla*z)

for some fixed constant C' in order to allow a positive extension to the unitization of
A, see [18, Theorem 4.5.11].

Assuming that A and the state ¢ are faithfully represented on some Hilbert space
H we identify A with a subalgebra of B(H) and we are now going to reconstruct the
star product space from this data. Let Ho = [{] = CE£ be the subspace spanned by
& and Py the orthogonal projection onto it. Adjoining this projection to the algebra
A and to each subalgebra 4;, Boolean independence is preserved because ¢(Fp) = 1
and Py X Py = ¢(X) P, for any X € B(H); therefore without loss of generality we may
assume that Py € A; for every i. Let now A; = ker N A;, then we can construct the
components of the star product space as follows.

LEMMA 3.7. Let Ho = [§] and H; = [Azf] be the closed invariant subspace generated
by &. Then

(i) Ho L H; for alli.

(i) Hi L H; foralli#j.
Proof. Tt suffices to verify orthogonality on the dense subspaces .,Zlif )

(i) Let X € A, then

(XE,6) = p(X) =0.
(ii) Let X € A; and Y € A; with i # j, then
(XEYE = o(YX) = (V") p(X) = 0.
O

We now construct the decomposition. Under the assumption that Py € A; we have
Hi = Ho®H; = [A;€]. Let P; be the projection onto H;, A the x-subalgebra, of
A generated by (A;)icr and H = [A€] C H the closed invariant subspace generated
by &. Let further P and P+ be the respective projections onto the space # and its
orthogonal complement HE.

PROPOSITION 3.8.
(i) For each i the space H; is invariant under A;, i.e., for X € A;

(3.3) X(Py+P)=(Po+P)X(Py+ PB).

(ii) Fori # j the subspace 7-olj is annihilated by A;, i.e., for X € A;
(3.4) XP; = P;X =0.

(iii) The space H is the closed linear span of the subspaces A;€, i.e.,
(3.5) H="Hoo DM
Proof.

(i) This is an immediate consequence of the definition.
(ii) It suffices to show that XP; = 0, i.e., X vanishes on #;. We verify this on
the dense subspace A;¢. Indeed, let Y € A;, then

IXYE|* = (XYE XYE) = p(Y* X XY) = p(Y*) p(X"X) (V) = 0;
finally P;X = (X*P;)* = 0 because A; is a *-algebra.
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(iii) The space # is the closure of the span of the alternating words X X5 ... X,,¢
with X; € A;; and i; # jji1. We claim that such a word satisfies
X1 Xo--- X6 € Hi. We proceed by induction. The claim is obviously
true for n = 1. Let now n = X; X5 --- X,,€ be a given word. Then n = X7/
with ’ = X5 -+ - X,,€ and by induction hypothesis y’ € H,,, say ' = af + 1"
with " € H,;,. But then from item ((ii)) we infer that X117’ = aX1£+0 € H,,.
O
COROLLARY 3.9. Fvery X € A has block decomposition
(3.6) X =PXP+ PLxpt
and more precisely every X € A; has the block decomposition
(3.7) X = (Py+ P)X(Py+ P) + P+ X P*.
THEOREM 3.10. The functional w(X) = Tr(PX P) is a semifinite trace on the algebra
A and the subalgebras A; NT(H) are cyclic-Boolean independent with respect to w.

Proof. w is a trace on A because P is in the commutant of A. Now let X1 Xs--- X,,
be a cyclically alternating product with X; € A;; for j =1,2,...,n, then we have

w(X1Xo - Xp) = Tr(P((Py + Py) X1 (Py + Pyy) + PHX, PF)
X ((Py + Pi,)X2(Py + P,,) + P X, P)
- ((Py+ P)Xn(Po + Pi,) + P X, PH)P)
Tr((Po + Pi, ) X1(Po + Pi,)(Po + Pyy) X2(Po + Piy)
- ((Po+ P, ) Xn(Po + P,))
= Tr((Py + P, ) X1 P X2 Py - - Py X (Po + Pi,))
= Tr(PyX1PyXoPy - - Py X, Py)

and it follows that PX 1X9 - X, is trace class. O

4. CONVOLUTION AND CENTRAL LIMIT THEOREM

4.1. CyCLIC-BOOLEAN CONVOLUTION. Let (A, ¢,w) be a cneps. If a,b € A are cyclic-
Boolean independent and self-adjoint, then the distribution of the sum a 4+ b, i.e., the
collection of moments {(p((a + b)™),w((a 4+ b)™)) : n > 1}, is uniquely determined
by the marginal distributions, i.e., the individual moments {(¢(a™),w(a™))},>1 and
{(o(d™),w(b™))}n>1, of @ and b, and is called the cyclic-Boolean convolution of (the
distributions of) a and b. The description of convolutions in noncommutative proba-
bility is very much facilitated with the help of generating functions and we will see
that cyclic-Boolean convolution makes no exception.

We start by generalizing the Cauchy transform (2.1): the renormalized (tracial)
Cauchy transform is the formal Laurent series

ga(z) = Z L:Ela::tl) :

n=1

By slight abuse of terminology, we call G, the Green function (evaluated at the state
) of a. It has formal Laurent expansion

and we denote the reciprocal Green function by Fi,(z) = 1/Gq(2).
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If a is a trace class operator on a Hilbert space and w is the trace then | Tr(a™)| <
Ila|*~1|| Tr(|a]) < |la]|™~* Tr(|a|), and hence g, (z) is absolutely convergent in {z € C :
|z| > |la]|}. Moreover, if a is selfadjoint then g, has analytic extension to C \ spec(a)
by Lidskii’s theorem

4.1 §,(2) =Tr((z—a) ' —27h)=) ————

(41) () =T -0 =) =30

where {\;};>1 is the multiset of eigenvalues of a. In particular, the non-zero eigenval-
ues of a can be detected from g, as poles. If the Hilbert space is finite-dimensional,
then we also have the formula

dim(H) ,
- 1 dim(H)

4.2 = —
(42) )= 3 oy

and hence

lir% 2 §,(z) = the multiplicity of the eigenvalue zero — dim(H).
z—

REMARK 4.1. By [5, Corollary 2.2], the tracial moments Tr(a™) for all but finitely
many natural numbers n determine the eigenvalues of a. So, for any p € N, we can
generalize the above setting to the Schatten class .S}, by using the truncated generating

function
n

B2 = “;ffil).

Let a and b be cyclic-Boolean independent in (A, ¢,w). It is known [23] (and will
be shown in Remark 4.4 below) that the Green function of a+b can be computed via
the formula

1 1 1
(43) G TG 7T Ganle)
ie.,

Ba+b(z) = Ba(z) + Bb(z)»
where
(4.4) Ba(z) = m —1

is the Boolean cumulant transform. The next theorem generalizes this identity to an
analogous formula for the generating function g, ,(z) which gives information on the
eigenvalues of a + b.

THEOREM 4.2. Let a and b be cyclic-Boolean independent elements. Then the renor-
malized Cauchy transform of their sum is
Gi(z) Gap(z) 1

Gu2) T Gie)  Gonnls) T 7

§a+b(z) = ga<z) + @b(Z) +

i.e., if we define (cf. (2.14))

(45) B (2) = 8(2) + - log 22
then
(1.6 Buss(2) = 0a(2) +By(2).

REMARK 4.3. While h linearizes independent sums and is useful for analyzing convo-
lutions, we will later introduce a modification which deserves to be called the cyclic-
Boolean cumulant transform; see Section 5.
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Algebraic proof. We expand the power (a 4+ b)™ and regroup the resulting monomials
into those ending in a and those ending in b:

(aer)n:anJrZapobmam,,,bqkapk+bn+zbqoambq1,,,am-,bqk’

k>1 k>1
P020,P1,91,---,Pk gk 21 3020, P1,91,--:Pk gk 21
pot+pitqi+-+prt+qr=n qo+q1+p1+-+pr+ar=n

and applying w yields
w((a+b)") = w(a") +w®") + Y wla el - hi)

k>1

020, P1,q1,--Pk,q 21
potpitqi+--+prtgr=n

+ Zw(b%+q;cap1 par ... apk)
k>1

G020, Pp1,q91,--,Pk Qe =1
qo+p1+qi+-+pr+qr=n

= w(@”) +w®") + Y e(a ) o(b™) p(a) - - p(b™)
k>1
020, P1,q1,--Pk, QK 21
pot+pitqi+---+prtgr=n

+ > (0T ) p(aP) p(b™) - - p(aP*).

k>1
020, P1,q1,--,Pk, QK 21
qo+pi1+qi+--+pPr+qr=n

Multiplying the above identity by z~"~! and taking the summation over n yields

- w((a+b)")
Gasb(2) = Z T ont
n=0
_ N\ wla) w(b") p(alotPr) (™) (a?)  (b®)
- Z>:1 o+l +2>:1 s SPotpktl a1 api Lk

Po=0,p1,q1,---,Pk,qr =1

n Z @ bQOJer apl) @(bql) QO(CL;D’C).

290+tqk+l  op1 e 2Pk

q020, pl,ql mk«m?l

Now
(p apo+p1 (p(am)
A=y A o s A - oy
po=0 m=21 po=0 m>1
p>1 p>1
po+p=m
and thus
Gat0(2) = 8a(2) + 85(2) = D_(2Ga(2)) (2Ga(2) — 1)*H(2Gh(2) — 1)*
E>1
=Y (2Gh(2))(2Galz) — DF(2Gi(2) — 1)F
E>1

. = (2Ga(2))(2Gh(2) = 1) + (2Ga(z) = D(2Gb(2))’
— (2Ga(2) = 1)(2Gu(2) — 1)

s GO o~ Fy(2)
= 8B - T T R R G — - R - B)
(G (2)) e

Gy(2) Fa(2)Fo(2) = (2 — Fu(2))(z — Fy(2))
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Gfl Z—Fb _ 1+G7;7 Z—Fa
G,) Fo+F,—z z Gy) F,+F,—=z

1
z
F F 1 1
=4 q Za(, _ [ b F)-1) T4 =
() u(e) + (P = P4 o= )= 1) e+
1
z

F; ; 1
—e(y—F, - F b F,-F)-1+F +F ) —
+(Fa(z b) + b(z p) — 1+ F, + b> T
- - 1 F. F F,
= 8u(2) + () —

O

Analytic proof in the setting of Example 8.5. Under the assumption that our x-

algebras are represented as trace class operators on the star product Hilbert space
H=CED 7:11 (&) 7’22

equipped with a vacuum state ¢ = (.£,€) and the trace w = Tr we can use this
decomposition and represent the involved operators as block operator matrices

ad 0 B80Y a+pdt
(4.7) A= |aAo|l, B=|000|, A+B=| a A0
000 b0 B b 0B

In other words, (A + Bf = A@® B is a direct sum and therefore
Sarny(2) = 0,4(2) +95(2)
and we conclude with the identity (2.14). O

REMARK 4.4. The idea of the above algebraic/analytic proofs can also be used to
verify the known formula (4.3). For example, the Banachiewicz formula (2.9) applied
to the decomposition (4.7) yields the Green function in the form

1 / A\—1 / >\ —1
——=z—(a+8)—d(z—A)""a—-b'(2— B) b.
e it CR R ELICEP VR CR )
Combining this with the formulas
1 / Av—1 1 / —1
=z—a—-d((z—A)""a and =2—0B-b(2—B)" b

we obtain (4.3).

4.2. EXAMPLES FROM STAR PRODUCT GRAPHS. For a rooted graph (T, 0), its N-fold
star product (', on) = (I',0) ® (T, 0)® --- ® (T, 0) has the adjacency matrix that is
the sum of cyclic-Boolean independent copies of the adjacency matrix of I'; see (2.15).
Therefore, Theorem 4.2 and (2.17) imply that

e Gp(z) Cry(z) N1
(4.8) Ory(2) = Ngo(2) + NGII:(Z) ~ Gry(2) " ?
where

1
(4.9) SV

Gry(2)  Gr(z)
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SRS OO &

FIGURE 3. Star graphs

SR

FIGURE 4. Friendship graphs

F, = K;

EXAMPLE 4.5 (Star graph). The star graph (Sy,on) on N + 1 vertices {0,1,..., N}
has edges {0,i},7 = 1,2,..., N. It is the N-fold star product of the complete graph
(K3, 0) (Figure 3). The eigenvalues of the adjacency matrix of Ky are £1, and hence

- 1 1 2 1 1 1
ng(z)_z—l—i—z—}—l_; and GKQ(Z)_Z(,7,'—14_,2—1)7

where the latter formula can be computed via (2.11). Using (4.9) entails
1 1 1 5.(z 1 1 1
GSN(Z):( — ) and SN():f— — .
2\z—VN z+4+VN Gsy(2) 2 z—VN z+VN

The renormalized Cauchy transform of (Sy,on) may be calculated from (4.8) as
follows:

1 1 2
a :N - - N
85, (2) <z—1+z—|—1 z)+

+( 1 n 1 1>+N—1

z—=VN z+VN =z z
1 n 1 2

z—\/ﬁ z—i-\/N z

The Cauchy transform is given by

() 1 n 1 +N—1
Z) = .
I z2—+vVN z+4++/N z

This recovers the fact that the multiset of eigenvalues of the adjacency matrix of Sy

is given by {[\/N]lv [_\/N]l’ [O]Nil}'

EXAMPLE 4.6 (Friendship graph). The friendship graph Fy is the graph with 2N + 1
vertices {0, ...,2N} in which 0 is connected to every other vertex and the only other
edges are {2i — 1,2i} for 1 < ¢ < N. The friendship graph is the N-fold star product
of the complete graph (Ks, 0) with itself; see Figure 4.

In this case

2 1 3 1 2 1
B, (2) = 2 d  Gx,(2)=:
i, (2) z+1+z—2 z an i< (2) 3(z—|—1+z—2>’
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from which

Gk,(?)  —22+22-3 P11
z4+1 z-2

Gk, (2) B_22—242 2-1
On the other hand

1 N _(N_l)Z:z(z—l)—2N

Gry(2) - Gk, (2) z—1 ’
and then
G, (2) _ 1 N 1-22
Gry(z) z—-1 22—z-2N
1 1 1

z—=1 z—(1+VI+8N)/2 z—(1-+VI+8N)/2

Thus the renormalized Cauchy transform may be calculated as follows.

gr, (2)
2 1 3 1 1 1
<z+1+z—2 z)+ (z—l z+1+2—z)

1 1 1 N-—-1
- - - +
(zl z—(1++v1+8N)/2 z—(l—\/1+8N)/2> z
]\771Jr N + 1 N 1 72N+1
z—1 z+1 2z—(1++vV1+8N)/2 z—(1—-+1+8N)/2 z

Then

- 2N +1
QFN(Z) = QFN(Z) + >

N-1 N 1 1
+ + + -
z—1  z+1 z—(14+VI+8N)/2 z-(1—+v1+8N)/2

This recovers the fact that the multiset of eigenvalues of the adjacency matrix of Fy
is given by

11 ! 11 '

{ [2 - 5\/1 + 8N] N N [2 + 5\/1 + 8N} } .
4.3. CYCLIC-BOOLEAN CENTRAL LIMIT THEOREM. Since we have an appropriate
linearization (4.6) for cyclic-Boolean convolution, we are able to determine the central
limit law.

THEOREM 4.7. For each N € N, let {al(-N)}ﬁ\Ll be self-adjoint cyclic-Boolean inde-
pendent random variables in a cncps (An,on,wn). Assume that, for each fized
k € N, the moments @N((QEN))’“) and wN((aEN))k) do not depend on i or N, and
also wN(agN)) = @N(aEN)) = 0, @N((agN))Q) = 1 for all i and N. Then, for the
normalized sum

a4l
N \/N )
it holds that
_ 1 ifke2N . 2 ifke2N+2
lim sk = ’ and lim wy(s%) = ’
A, N () {0 ifk€2N -1, NN ) {0 ifk €N +1.
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Proof. The Boolean central limit theorem [23] asserts that G5, (z) — 2/(2% — 1). Let
a= wN((aEN))2), then Theorem 4.2 yields

—2 a—2
— N3/2 Nz)=N32 (22 L o(N"2)) -
Bon (2) B (V) e TONT)

Therefore

: 2z 2 a—2 On

R R PSP

n=1
where
0 if nis odd,
g, =142 ifnisevenand n >4,

a ifn=2.

The limit law exhibits a large spectral gap:

COROLLARY 4.8. In addition to the setting of Theorem 4.7, suppose that Ay is the -
algebra T(Hy) of trace class operators on some Hilbert space Hy andwy = Trp,, . Let
AN and ppn be the largest and smallest eigenvalues of sy, respectively. The following
assertions hold:

(i) the multiplicities of Ax and pn are both one for sufficiently large N;
(ii) An converges to 1 and py converges to —1 as N — oo;
(iii) the remaining eigenvalues accumulate around 0:

lim dist(spec(sy) ~ {An, un},0) =0
N—o0

Proof. Let s be a self-adjoint operator of rank two on a Hilbert space K having
eigenvalues —1,1,0. Then Trx(s™) = 2 for even n > 2 and Trg(s™) = 0 for odd
n > 1. The convergence of Try(s%;) in Theorem 4.7 and [5, Proposition 2.8] imply
that sy — s in eigenvalues and this concludes the argument. O

REMARK 4.9. As shown in the proof of Theorem 4.7, Trg, (s%) converges (actually
is equal) to  which might not equal 2 = Tr (s?). This difference of Hilbert-Schmidt
norms is due to a large number of small eigenvalues of sy and does not contradict
the convergence of eigenvalues; see [5, Proposition 2.8, Proposition 2.10 and Remark
2.11].

Now we come back to the original model, the adjacency matrix of the star product
of rooted graphs.

COROLLARY 4.10. Suppose that (T',0) is a rooted graph with deg(o) > 1. Let An be
the adjacency matriz of the N-fold star product graph (T',0) ® (T',0) ® ... ® (T, 0)
and denote by Ay and py the largest and smallest eigenvalues of (deg(0)N)~2 Ay,
respectively. The following assertions hold:

(i) the multiplicities of Ay and pn are both one for sufficiently large N ;
(ii) Ay converges to 1 and uy converges to —1 as N — oo;

(iii) 1\}1_r>noo dist(spec((deg(o)N)_%AN) ~{Av,un},0)=0

Proof. This is a combination of Corollary 4.8, formula (2.15) and Example 3.1. The
factor (deg(0o)N)~2 appears because of the variance (ARdo,00)e2(v) = deg(o), where
V is the vertex set of I O
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REMARK 4.11. In the setting of Corollary 4.10 it is already known that, according to
the Boolean central limit theorem, the distribution of (deg(o)N)~2 Ay regarding the
vector state pn = (-d,,d,) converges weakly to %(6_1 + 61). This fact entails an intu-
itive consequence of Corollary 4.10: the vector §, in the tensor product Hilbert space
22(V)®N is almost orthogonal to the subspace spanned by eigenvectors corresponding
to small eigenvalues, or equivalently, J, is almost contained in the two-dimensional
subspace spanned by the eigenvectors corresponding to the eigenvalues near +1.

ExXAMPLE 4.12. Corollary 4.10 can be directly confirmed in the following examples.
(i) For the star graph on N + 1 vertices, its adjacency matrix divided by VN
has eigenvalues {[1]!,[-1]},[0]¥~!}; see Example 4.5. Eigenvectors corre-
sponding to the eigenvalues 1 and —1 are f; = (V/N,1,1,...,1) and fo =
(— VN, 1,1,. .. , 1), respectively, and hence, the function d,, which corresponds
to the vector (1, 0,0,...,0), is exactly contained in the subspace spanned by

f1 and fo.
(ii) For the friendship graph on 2N + 1 vertices, its adjacency matrix divided by

V2N has eigenvalues

R -

see Example 4.6.

1
R
8N 22N ’

5. CYCLIC-BOOLEAN CUMULANTS

5.1. UNIVARIATE CUMULANTS. Let (A, ,w) be a cncps and a € A. The generating
function b, defined in (4.5) has the series expansion

ba(’z) = Z Z:,&al)’

n=1

where the first two coefficients are hy(a) = w(a) — ¢(a) and hs(a) = w(a?) + ¢(a)? —

2¢(a?). In general, n > 2 there is a universal polynomial Q, (z1,%2,...,2,_1) such
that
(5.1) hn(a) = w(a™) —np(a”™) + Qulp(a), p(a®),..., p(a" ).

We can modify bh,(z) by adding the Boolean cumulants to delete —np(a™) from
hy(a). We switch from g, and G, to the moment generating functions

mo) =15 () = Tewrn M =1 (6 (1) -2) = et

n>1 n=1

The Boolean cumulant transform (4.4) is then expressed by

Ba(z) = 1+M Zb

We introduce the new generating function

(5.2) () = 200 (1) 42802

_ _ 2Ma(2) M, (2)
= ma(Z) (1 +Ma(2))2
(5.3) — ma(2) — M (2)B(2),
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which linearizes the convolution

Catb(2) = ¢a(2) + & (2).
The function ¢, will be called the cyclic-Boolean cumulant transform of a and the
coefficients ¢, (a) appearing as

(5.4) ca(z) =Y cnla)z"
n>1
are called the (univariate) cyclic-boolean cumulants of a. The first two cumulants are

c1(a) = w(a) and c2(a) = w(a?) — p(a)?

For general n > 2, we combine identities (5.1), (5.2) and B/, (2) = M (2)/(1+ M,(2))?
to conclude that there exists a universal polynomial P, (x1,...,2,_1) depending only
on n such that

Cn(a) = w(an) + Pn(‘ﬁ(a)’ R w(anil))'

5.2. CYCLIC-INTERVAL PARTITIONS. Cyclic-Boolean independence gives rise to an
exchangeability system and we can define and compute the (multivariate) cyclic-
Boolean cumulants using the methods of [13, 11]. The relevant partition structure
turns out to be cyclic-interval partitions, which were already discussed in [7] in their
search for notions of independence, similar to Boolean and monotone ones, but such
that the algebra of scalars, C, is independent from any other algebra.

Before embarking on we recall some basic concepts on set partitions.

DEFINITION 5.1. Let k € N. We often use the notation [k] = {1,2,...,k}.

(i) A set partition of [k] is a set m = {B1, B, ..., By} of nonempty and disjoint
subsets By, ..., By of [k], called blocks, such that their union is [k]|. The length
|| of a partition w is the number of blocks. The set of partitions of the set
(k] is denoted by P(k). Set partitions are in one-to-one correspondence with
equivalence relations: Any set partition m € P(k) determines an equivalence
relation i ~, j on [k] by requiring that i,j belong to the same block of 7; con-
versely, for an equivalence relation ~ on [k] its equivalence classes determine
disjoint subsets of [k] and hence a set partition.

(ii) A subset of [k] of form {i,i+1,...,7} is called an interval and a set partition
of [k] is called an interval partition if all its blocks are intervals. The set of
interval partitions is denoted by Z(k).

(iii) For set partitions o,m € P(k) we write o < m if every block of o is a subset
of a block of w. This makes P(k) a poset. The trivial set partition {[k]} is the
mazimum of P(k), which is denoted by 1j.

(iv) A tuple (iy,...,i) € N* induces a unique equivalence relation ~ on [k] by
the requirement that p ~ q holds if and only if i, = i,. The corresponding set
partition is called the kernel set partition, denoted by k(i1,...,ix).

EXAMPLE 5.2. Some kernel set partitions are
k(6,3,2,3,6) = {{3},{2,4},{1,5}},
k(2,7,4,7,4,2,4) = {{1,6},{3,5,7},{2,4}}.

We will see that cyclic-Boolean cumulants ¢, (defined in the next section) vanish
identically unless 7 is a cyclic-interval partition.

DEFINITION 5.3. A partition m € P(n) is called a cyclic-interval partition if every
block is an interval or the complement of an interval. In other words, there is a cyclic
permutation o € &,, such that o - 7 is an interval partition. We denote by CZ(n) the
set of cyclic-interval partitions of [n].
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FIGURE 5. The cyclic interval partition
{1,2,15/3,4,5,6,7/8/9/10/11/12/13/14}  has  separating set
{2/, 7,10/, 11, 14'}

As already noticed in [7, Corollary 1], it is not difficult to see that the number of
cyclic-interval partitions is |CZ(n)| = 2™ — n. To see this, the most convenient picture
of cyclic-interval partitions is obtained by actually drawing them on a circle as shown
in Fig. 5. Then it is clear that a cyclic-interval partition is uniquely determined by
the set of separators of the blocks. For the maximal partition 1, this set is empty,
while for all other cyclic-interval partitions there must be at least two separators.

5.3. MULTIVARIATE CUMULANTS. In order to avoid the discussion of positivity (see

Remark 5.4 below) we notice that one can easily extend the definition of independence

to a purely algebraic setting without positivity. Thus in this section we will focus on

an algebraic cyclic probability space (A, ¢,w) without positivity structure, that is, A

is an algebra over C, ¢ is a linear functional and w is a tracial linear functional.
Take copies Ay of A and define the nonunital algebraic free product

u:kzNAk:@ ) ’Ak1®~~~®Akn.

Let 79 ¢ +— a(® denote the embedding of A into U as the i-th copy A;. By the
universality of tensor products we can define (¢,&) on U as follows: for n > 1, an
alternating tuple (k1,...,k,) € N* and a; € A,,i =1,2,...,n, set

Plaraz - an) = p(ar)p(az) - - - p(an),

w(ar) iftn=1,
Olaras -+ an) = ¢ ola)p(az) - @(ay) ifn>2k #knp,
planar)p(ag) - plan—1) ifn =2k =k,.
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One can check that @ is a trace on U, p = pon®, w = & on® and the family of
subalgebras {7("(A)}22, is cyclic-Boolean independent in (U, 3, @).

REMARK 5.4 (Positivity). It is not clear under what conditions the product trace @
preserves positivity. First observe that the trivial example w = 0 shows that some
conditions are necessary. Indeed, if w = 0 and a,b € A are self-adjoint then @&((a*) +
b)?2) = 2p(a)p(b), which can be negative, although both ¢ and w are positive.

This example suggests that in order to expect positivity of & one should at least
require w(z*z) > |p(z)]* or w(z*z) > @(z*z). Both conditions however are not
promoted to the cyclic free product. Although the proof of [3, Theorem 2.2] adapts
well to show &(z*z) > |@(x)|* for x € Uy or & € Usy, Where

U= Pp éh A, ® - ® Ay,
n>3 (k1,...,kn ) EN"
ki=kn=1

etc., the following example shows that positivity fails on elements mixing these sub-
spaces. Choose z,y,z € A; and w € Usy and put a = x + ywz. Note that ywz is
alternating and we compute

w(a*a) = w(z*z) + O(z*ywz) + o(Z*w* 'y z) + w(Z*w Yy ywz)
= w(@"z) + p(za"y) p(w) + o(w") (Y rz") + (227) p(w") p(¥"y) p(w)

and

*

@(a"a) = p(x )
= p(r"z) + p(@"y) p(w) p(2) + (%) p(w™) p(y*z)
+¢(2%) ( )w(y*y) p(w) p(z).

z) + Pz ywz) + G(zw'y x) + (2w y ywsz)
(

Now choose z,y, 2z, w such that

w(z*r) = p(a"z), p(z) =0, p(zz"y), p(w) € R\ {0}.

Such a choice is possible, e.g., when w = ¢ is a tracial state: first choose a unitary «
such that ¢(u) = 0 and set z = u, y = u*, then for selfadjoint w and = we obtain

- 5 2
@(a*a) — g(a*a) = 2p(z)p(w) + [p(w)]
which can be made negative by an appropriate rescaling of x.
The positivity condition w(z*z) > |¢(z)|* proves to be inappropriate as well. In
the last specification, we further choose x so that |¢o(z)]? < ¢(2?) < 2|p(z)|?. Then

o(a*a) = |p(a)* = p(2?) = lp(@)]” + 2p(@)p(w) + lp(w)[*.

Replacing x with Az, A € R, will change this value into

p@ew) 1° | le()Ple(r?) - 2p())
#(@%) — o (@) p@?) ~lp@l

Taking A = 7% will make this value negative.

[p(a?) = (@) ] | A+

Both pairs (U, ¢) and (U, ©) are exchangeability systems in the sense of [13, Defini-
tion 1.8] except that we are not assuming unitality, which however is not essential for
the theory of cumulants. For the first pair we will get Boolean cumulants B, which
are well known; therefore we will focus on (U, @) from now on. The exchangeability
of (U,&) means that, for any n € N and a4, ...,a, € A, the value of the function

N™ 3 (iy, ..., in) = @(@Mal® - ali)) e C
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is determined by the kernel set partition @ = k(i1,...,4,). This value is denoted
by wx(ai,...,a,), which then gives an n-linear functional w,: A" — C. For each
7 € P(n) a partitioned cumulant ¢, : A™ — C is then defined by
(5.5) crlar,ag,... a,) = Z wplai,az, ..., an) p(p, ),
pEP(n)
pET

where p is the Mobius function for the poset P(n). By [11, Lemma 4.18 (ii)] or
imitating the proof of [13, Proposition 4.11] we can prove that ¢, = 0 if 7 € P(n) \
CZ(n). This vanishing property and the M&bius inversion of (5.5) imply that

(5.6) w(aiag---ap) = Z cx(a1,az,...,an).
mweCI(n)
To compute the non-vanishing cumulants we distinguish three cases.

(i) Let m € CZ(n) and first assume that 7 € Z(n). Now if 7 < 1,, then 1 %, n
and moreover 1 o, n for any p satisfying p < 7. This allows us to replace @
by ¢ to obtain

C‘Il'(a’laa’Q) .. -7an) = Z %Dp(alaaaa .. '7an) M(p7ﬂ-) = Bw(a17a27' .. 7a’n);
p<T

see [13, Proposition 4.11] for the last equality.

(ii) Let us assume next that = € CZ(n) ~ Z(n). This means that 7 < 1,, and that
1 ~; n. In this case we cannot immediately replace w by ¢, but first must use
the traciality of w and rotate the partition 7 into an element of Z(n). Indeed
fix a cyclic permutation o € &,, such that o-7 € Z(n). Then 1 4, n and also
1 #, n for any p < m and we have

cr(a1,a2,...,0,) = Cox(Ao-1(1), Ag-1(2)5 - - -, Ao =1(n))
= Bo’-ﬂ'(aa'*l(l)a Ag=1(2)5 -+ a’a'*l(n));

notice that the rotation cannot be reversed now because the Boolean cumu-
lants are nontracial.

(iii) Finally if 7 = 1,, there is no direct formula but we infer from the moment-
cumulant formula (5.6) that

cn(ar,as, ... an) = wlay,as, ... an)— E Bo.r(to-1(1), Go-1(2), - -+ Go=1(n)),
ﬂECI(n),ﬂ'<in

where for each 7 an appropriate cyclic permutation o is chosen.

REMARK 5.5. Note that for univariate cumulants the rotation does not change the
value of the cumulant and we can write

(5.7) wa) =ca(a)+ Y, bala),
wECI(n), <1,
where by (a) = Br(a,a,...,a) and c,(a) = ¢;, (a,a,...,a).
We can see that the definition of ¢, (a) in Remark 5.5 coincides with that in (5.4).
This can be confirmed from the definition and uniqueness of cumulants, but here

we directly prove the formula (5.3) for ¢,(a) = cin(a, a,...,a) using the recurrence
relation (5.7). Decomposing CZ(n) into Z(n) and CZ(n) \ Z(n) we obtain

Z br(a) = Z br(a) + Z bi+e(a) Z bo(a)

reCI(n),m#£1 wel(n),m#l, k4>1 oc€Z(n—k—10)
(n).mAL (n)m#1 e
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=) —bala)+ D brre(a) p(a™ "),
k>1
k+e<n—1

Multiplying the above by 2™ and taking the sum over n in (5.7) yields

me(2) = ca(2) + Mu(2) — Ba(2) + Z by e(a) 2"t Z @(an Rkt
k21 n>k+0+1

= ca(2) + Ma(2) = Ba(2) + (2B (2) — Ba(2))Ma(2) = ca(2) + 2Ma(2) B, (2).

6. CYCLIC-BOOLEAN INFINITE DIVISIBILITY

This section is devoted to the definition and classification of infinite divisibility. Due
to the lack of a precise notion of positivity (see Remark 5.4), we are not able to
treat general x-algebras with a state and a tracial linear functional. Hence, we give
the definition of infinitely divisible distributions in the special setting of operators on
Hilbert spaces where the linear functional w is chosen to be the trace.

DEFINITION 6.1. Let H be a Hilbert space and ¢ a state on B(H). An element a €
T(H)sa is said to be cyclic-Boolean infinitely divisible if for any n € N there ex-
ist a Hilbert space H,, and a state @, on B(H,) and cyclic-Boolean i.i.d. elements
a,...,an € T(Hp)sa such that a with respect to (¢, Try) has the same distribution
as ay + - - + an with respect to (o, Try, ).

Suppose that a is a trace class selfadjoint operator and cyclic-Boolean ID. For each
n > 2, a equals the sum of certain cyclic-Boolean iid random variables a, 1,...,ann
in distribution, and let ¢ = 1/n and denote g, = g, . and Gy = G, . Let {\i}icr
be the set of mutually distinct eigenvalues of a and m; the multiplicity of \;. Setting
In={ieI:\ #0} we have

. miA;
8a(2) = Z m
i€l

Moreover, let E, be the spectral decomposition of a and p; = ¢(E,({A;})) = 0; then
we have

Pi / .
Ga(z)—;pm, I'={iel:p, >0}
For later use we also set
I, =1nN1I.
By calculus, we see that G, has a unique zero in each interval between neighboring
poles and has no other zeros off the real line. Hence the set {11;};cs of zeros of G, is
contained in R and is interlacing with {\; }icr -

LEMMA 6.2. The factorization
_1 1 A
G = L IL(-2) T (1-%)
JjeJ iel’
holds for every z € C~ ({0} U{\;}ier).

Proof. When the set I’ is finite, the conclusion is easily proved since G, is a rational
function. We may then assume that I’ and hence [j) is an infinite set. We decom-
pose the set {A;};cr; into the positive part {AF1iE, and the negative part {\ },Z,
arranged in the way

A <Ay <o <0< <Af <],
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where ny € NU {0,00}. By our assumption, n_ or ny is infinity. We rewrite the
function G, into the form

2y Ha Sy S e

k=1 k 1€1’:2;=0

where p; is the weight of \¥ with respect to ¢. Now introduce ni (e) = max{k > 1
IAf| > €} < 0o and then the truncated function

© 4+ on()
€ p p _
Ge(z) = O § B4 o opl=p+ Y. pit+ Y. i
z zZ—A z— AL —
k=1 k k=1 k kAT |<e ki Ap |<e

The fact that n_ or ny is infinity implies that p(e) > 0 for every € > 0. Since G¢, is a
rational function, we have

(6.1) Go(2) = inl_([) (W) ”i_(f (Zz—uif)) ’

k=1 k=1
where i (€) is the unique zero of G on the interval between A and )‘k+1 for k =
1,2,...,n4(e) — 1 and uni(e)( €) is the unique zero of G, on the interval between 0
and Ay ).
nz(e)

In order to pass to the limit in (6.1), first note that ny (¢) — ny as e — 0. Since
G¢ converges locally uniformly to G, on C ~ {0,A\{,\; : k > 1}, we conclude that
11 (€) converges to uif as € — 0 for each k. From (the product version of) Weierstrass’
M-test (recall that [u3(e)] < [Aif]) we obtain

135y (2= up\ <z—;ﬁ)
Gulz) =~ k k)
a(?) 2H<z—)\;>kl:[1 z—/\;:

k=1

the desired formula. O

Now we are able to characterize infinitely divisible measures with respect to cyclic-
Boolean independence. First, notice that taking the logarithmic derivative in Lemma

6.2 yields that
Go(2) ‘o z(z = \) = 2(z — py)
As before, let t = 1/n and denote g, = §,, , and Gy = G, ;. Let {\i(t)}icry (1) be the
set of (mutually distinct) non-zero poles of Gy. Since
Ga(2)
(1—1)2Gu(2) +1
the set {A;(t) }icry(+) 1 exactly the set of zeros of (1—1)2G4(2)+t. On the other hand,
the set of zeros of G; is exactly the set of zeros of G, and hence

Giz) _ 1 _
Gi(2) =z Z z(z— +Z (z—p

€T (1)

Gt<Z) =

By Theorem 4.2 we have

G, 1 .G 1
ga—l—Gf-i- <gt ++>
and hence
G, G, t—-1
gt—tga‘i’tGia*at‘i’ .
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o MmN 1 Ai Hj
B DEEEs WA R DR s R WEemy

i€y i€l

ie[’(t) 2= 1)
= Z Lt Z
i€l i€lo\ 1))
14 Ai(t)
44170§:4———f+ gjg——ggf.
fer Az 1) i€ T (t) 2z = Ault)

Now, for each non-zero real a the number lim,_,,(z — @) §;(2) is non-negative, as it
is a positive integer if o is a non-zero eigenvalue of a, ; and zero otherwise.

Therefore, to cancel the negative coefficient —(1 — ) above, the only possibility
is that each non-zero y; must be a member of {A;}ier, U {Ai(t)}iery(r) and because
of interlacing of the zeros and poles of G, one sees that ;; can not be included in
{Aitier; U{Ni(t) Yiers 1) as it is a zero of G,.

It is possible that p; = X; for some ¢ € Iy \ Ij. In this case, however, for ¢ > 0
sufficiently small (namely, n sufficiently large) the coefficient tm; — (1 —t) is negative;
therefore, we conclude that p; = 0 for all j € J or J = &, and hence #J = 0 or 1.
This happens only if #I’ = 0,1 or 2.

On the other hand, for ¢ € I we have lim,_,y,(z — \;) §,(2) = ¢(m; — 1) which
must be a non-negative integer for any ¢ = 1/n. Therefore, we conclude that m; = 1
for all 4 € I)). For i € Iy ~\ I}, we have lim,_,,(z — \;) §,(2) = tm;, which cannot be
an integer for sufficiently small ¢, and hence I} = I,.

Now it remains to study the possible cases for I)) = I = 0,1 or 2.

Case 1: #I{):#I():Oorl Then Go(%) = 1/(2 — a) for some o € R and J = &,
and consequently g,(z) = ;%5 and 9.(2) = ta/(z — ta).

Case 2: #1) = #Iy = 2. Note that G, cannot have a pole at 0 because it would
create a non-zero ;. Hence Go(2) = p/(z —a) + (1 — p)/(z — B) for some «, 8 #
0, < 5,0 <p<1,and G,(0) = —p/a — (1 — p)/B = 0. The last condition yields
the restriction that a < 0 <  and G,(z) = z/[(z — &)(z — B)]. Solving the equation
(1 =1)2Gq(2) +t = 0 we obtain two solutions

tla+ B) £ /(o + B)? — 4taB

Ax(t) = 5
The eigenvalues can be retrieved from the formula
- Ag(t A_(t
gt(z) — +( ) ( )

G—A®) A
It is easy to see that the above cases are actually cyclic Boolean ID. Thus we arrive
to the following.

THEOREM 6.3. Let H be a Hilbert space and ¢ be a state on T(H). An element a €
T(H)sa s cyclic-Boolean ID with respect to (@, Trg) if and only if a has either
(i) only zero eigenvalues (that is, a =0),
(ii) only one non-zero eigenvalue and its multiplicity is one, or
(iii) exactly two non-zero eigenvalues a, B, their multiplicities are one, a8 < 0 and
the distribution of a with respect to ¢ is

o B
B—a6a+5—a

55.
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In the last case, for everyn > 2 an n-th root of a has two non-zero eigenvalues ou,, By
given as the solutions to the equation

5 a+f af
- x

+ — =0,
n
and the distribution with respect to the state is
Bn
76 +—9
6n - o 5n Qi P

EXAMPLE 6.4. The matrix

4= (o)

has eigenvalues {[1]},[—1]'} and its distribution with respect to the unit vector e; =
£(1,0) is

1 1

—0_ —47.

50-1 + 501
By Theorem 6.3, the matrix A is cyclic-Boolean infinitely divisible with respect to
(< - €1, 61>C2, TI‘(p).

7. CYCLIC-MONOTONE INDEPENDENCE

7.1. DEFINITION AND EXAMPLE. We perform an investigation for monotone indepen-
dence in a spirit similar to cyclic-Boolean independence. To this end, we start from
a specific operator model inspired by the comb product of rooted graphs in Section
2.7.

EXAMPLE 7.1. Let N € N be a fixed number and assume that for each i € {1,2,..., N}
a finite-dimensional Hilbert space H; with distinguished unit vector §; € H; be given.
Denote by P;: H; — H; the orthogonal projection onto C&; and by ¢; the vector state
on B(H;) induced by &;. Let H=H;®---QHy, £ =& ®---®&y and ¢ the vacuum
state on B(H) defined by £. This is the same setting as in Example 3.1 with the
additional requirement of finite dimensionality. Analogously to the embedding (3.1)
we introduce another embedding of B(H;) into B(H):

(7.1) 0i(A)=Iyg, @ - Iy, , @®ARP11 Q- Py.

Note that this embedding does not preserve trace class and therefore the construction
is restricted to finite dimensional spaces. It is known that the family {o;(B(H;))}Y,
is monotonically independent with respect to ¢; see [12, Theorem 8.9].

In addition, we can compute moments with respect to the trace. Again formula (3.2)
is crucial: for n > 2, a cyclically alternating tuple (i1, . ..,4,) € [N]™ and Ay € B(H;,),
if p € [n] is such that i,_1 < ip > ip41 (with the conventions ig = i,, and 4,11 = 1)
then direct computations entail

TTH(O'Z'I (Al) c 04, (An))
= i, (Ap) Trpg [0, (A1) -+~ 00, (Ap-1) i, (Apsr) -+ 00, (An)]

Observe that if 2 < p < n then the assumption that (iy,...,4,) € I" is alternating
is sufficient. However, if p = 1 or n then the assumption that (iy,...,i,) € I™ is
cyclically alternating is crucial. Indeed, consider for instance the alternating tuple
(3,2,3); then for A,C € B(H3) and B € B(Ha)

Tr(0s(A)oa(B)os(C)) = Tru(os(CA)o2(B)) = ¢3(CA) Tru (02(B)),
which is different from ¢3(A) Try [02(B)os(C)] in general.

This example can be abstracted in the following way.
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DEFINITION 7.2. Let (A, ¢, w) be a cneps, I a totally ordered set, and I:= {—o0}UI an
enlargement of I, where —oo is the minimum of I. An ordered family of x-subalgebras
{A;}icr of A is said to be cyclic-monotone independent if

(i) it is monotonically independent with respect to @, that is, for any n = 2, any
alternating tuple (i1, ...,in) € I (namely iy # -+ # i) and a, € A; k =
1,2,...,n, if p € [n] is such that ip_1 < ip > ip11 (with the convention that
10 = ipt1 = —00) then

plar---an) = p(ap)plar - ap_1api1---an);

(ii) for any n > 2, any cyclically alternating tuple (i1,...,i,) € I™ (namely
i1 £ 0 #E iy £ 01) and ax € Ay k = 1,2,...,n, if p € [n] is such that
ip—1 < dp > ipt1 (with the different convention that ig = i, and iny1 = i1)
then

w(ar - an) = plap)w(ar - ap_1ap41-- - an).

REMARK 7.3. In the case n = 2 condition ((ii)) of the preceding definition boils down
to multiplicativity of w in the sense that

w(araz) = w(a1)p(az)

whenever a; € A;, and as € A;, with i1 < is.
For n > 3 it is important to insist on cyclically alternating tuples, see the observa-
tion at the end of Example 7.1.

DEFINITION 7.4. Let (A, p,w) be a ecneps and I a totally ordered set. An ordered family
of elements {a;}icr of A is said to be cyclic-monotone independent if so is {A;}icr,
where A; is the x-algebra generated by a; without unit.

EXAMPLE 7.5. Suppose that (a, b, ¢) is cyclic-monotone independent in (A, ¢, w). Then
p(ba*bac?b) = p(c*)p(b)*p(a”)

and
w(babac?h) = o(c)p(b)p(b?)u(a?).

REMARK 7.6. Cyclic-monotone independence already appeared in the random matrix
model in [5] (see also [20, 2] and Section 1), where independence was defined for
a pair of x-subalgebras and only for w. For a random matrix model for monotone
independence see [4].

In [5] the trace functional w is unbounded, because it can diverge in the large
dimensional limit, and therefore a domain for w was specified. To avoid this problem
in the present paper we focus on finite dimensional Hilbert spaces and w = Tr.

It should be noticed that Example 7.1 does not provide an i.i.d. operator model
even when H; = K does not depend on i; for A € B(K) the operators {o;(A)}Y, are
identically distributed with respect to ¢, but not with respect to w, because

w(oi(A)) = d Trg (A),

where d = dim(K). In fact, we do not know of any non-trivial operator model for cyclic
monotone i.i.d. random variables and for this reason we do not see any meaningful
notions of cumulants and of infinitely divisible distributions.

7.2. CYCLIC-MONOTONE CONVOLUTION. Similar to the cyclic-Boolean convolution,
for a,b in a cncps which are cyclic-monotone independent, we call the distribution of
the sum a + b the cyclic-monotone convolution of (the distributions of) a and b. The
convolution formula can be verified in several ways.
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THEOREM 7.7. Let (A, p,w) be a cncps and a,b € A. Suppose that (a,b) is cyclic-
monotone independent. Then we have

ga+b(z) = gb<z) + Fl;(z> ga(Fb<Z))'
Algebraic proof. Expand (a + b)™ into
(a+b)" =0b" + > b ab®a - - - ab¥+1,

E>1

q1,92;---,qk+120
Q1+ Fqrp1t+k=n

and applying w yields

W@t by =w) + S b p(b) (b Ju(ab).
k=1
q1,92,--,qk+120
q1++qrr1t+k=n

—n—1

Multiplying the above identity by z and taking the summation over n yields

PO H 1) p(b7) o) wla¥)
ga-‘,—b - gb + Z Z 21+t 2492 o 29k ZkJrl
k>21q1,...,qr+120

w ak
— 8(2) - 2Gy() Z[zamzn’“*%
k>1
= g 2 k+1 )
k>1

=0y(2) + Fé(Z) 94 (Fb(2))-
Note here that the identity
bern
S A gy
m2=0,n>0

is used above. O

Analytic proof in the setting of Example 7.1: Schur complement approach. Let A €
B(H1) and B € B(Hz) be operators with block decompositions

aa R
A—[a A} and B—[b B}

according to the decomposition H; = C&; & H; as in (2 12) and let 01(A) = A® Py
and 02(B) = I ® B act on H1 @ Hay =~ (C§697-[1 @ (H1 ®’H2) accordlng to Example 7.1,
i.e., if we denote by 71 : Hy — My the embedding and 77 : #; — H, the projection,
then

o1(A)=al®a®0 02(B){ =BE@0@ (&1 ®D)
o1(A)hy = (a'hy)¢ @ Ahy © 0 0a(B)hy = 0@ Bhy @ (m(ha) @ b)
o1(A)(hy @ hy) =0
and ° o o o o
02(B)(h1 ® hy) = (V'ha)(§7h1)€ @ (b'ha)ni (h1) @ (hy ® Bhy);

thus we obtain the block decompositions

aad 0 B 0 &Gab
)= lado|, wB=| 0 BL ey
000 £1®b771®b_[1®B
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and together
a+f o &V
01(A) + 02(B) = a A+BLNIRY
@b meb IIeB
We compute the resolvent
z—a—ﬁ‘ —a’ &V
(72) (-0 -oB)'=| -4 |-BL-A4 -mov
—£1®b —771®b Il®(ZIQ_B)
via the Schur complement. To this end, we first compute the lower resolvent
CE Yy }
-m®b L ®(zl,—B)
on Hi ® (H1® 7-[2) The corresponding Schur complement of L is
Sp=(z=B)h—A- (i @V)(h®(zl—B)")(m @b)
=(z= )L —A—niLim @V (21, — B)™'b
= Fg(z)I; — A
If we denote by R 4 (Fp(2)) = (Fp(z)l, — A)~' and Rp(z) = (213 — B)~! the resol-

vents of A and B , respectively, then with the help of Banachiewicz’ formula (2.9) the
resolvent (7.3) can be written as

(7.3) L' = [

-1 { St Spt(nt @ V) (I ® Rs(2)) }
L ®Rp(2)(m @0)SE (It @ R (2))(1+ (m @ 0)ST (1 @ V) (I @ Ry(2)))
_ { R ;(Fp(2)) R (F(2))n @ V' Rp(z2) ]
m R4 (Fp(2)) @ Rp(2)b Iy @ Rp(2) +m R4 (Fp(2))n] © Rp(2)b Rp(z) ]
Now we plug L1 into Banachiewicz’ formula (2.9) for (7.2):
S—l ‘ S—l [al ST ® b,} L1
(z=01(A)=02(B)) ! = 1 a 1|71 -1 a S ek oo ] T—1
1 2 L~ [§1®b]5 L'+ L [£1®b]5 [a" &§ @ V] L

After some cancellations the Schur complement evaluates to
S = Fy (A)4ou(B)(2)
=z—a-f—[-d =&V L} {_g%b}
—z—a—-B—dFgl)l —A)a—&b (2l —B) '
= Fp(2)—a—d(Fe(z)l, —A)'a
— Fa(Fs(2))
where we used the Schur complement representation (2.13). Finally the resolvent is
1 R(FR() W
(z = 01(A) = 02(B)) ™" = Ga(FB(2)) | R (Fi(2))
u

YFA(Fp(2) L™t + Ly

where
u' = [a Ry (Fp(2)m + &0 R(z)
u=[mR;(Fp(z))a+&] @ Rg(2)b
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T Tni +R;i(Fp(2))aéf @ b Rg(z)
mT +&a" R4 (Fp(2) @ Rp(2)b Lao

Ly =
with
T = (Fp(z) — A)"ad (Fp(z) — A)~?
Loz = (mTny +m R4(Fp(2))a&; +&d’ R4 (Fp(2))ni +6&7) @ Rp(2).
Finally the trace of the resolvent evaluates to
Gor (1) 4oa(3)(2) = GalFB(2)) + (L) + Ga(Fi(2)) Tr(Lo)
= GA(Fp(2)) + 94(Fp(2) + Tr[(z — B)~'0b/ (= — B) 7]
+Tr(1) 85(2) + Telp (Fe(z) — A)'nj]
+ Ga(Fp(2) Tt[T(Fp(z) — A)~'ad (Fp(z) — A) 7]
+ Ga(Fp(2)) Tr(mT; + &€ Tr[(z — B) 0 (= = B) ']
=Ga(Fp(2) +94(Fp(2)) + d19p(2) + 9,4(Fp(2))(Fp(z) — 1)
+Ga(Fp(2))[Fa(Fp(2) — 1+ Fi(Fp(2))(Fp(2) — 1)]
=d1g5(2) + 94(FB(2))Fip(2). -
We note here that another equivalent convolution formula can be given in terms of

Liz)=-Y w(a"),

nz™
n>1

The convolution formula in Theorem 7.7 then reads [}, ,, = I +(I, oF})’" and hence
latn(2) = 1(2) + la(F3(2)).

7.3. LiMIT THEOREM. In the setting of Example 7.1, let H; be the same Hilbert space
K with d = dim(K) € {2,3,4,...} and with a distinguished unit vector ¢ and let
a” = g;(a) for some a € B(K)s,. Let w be the trace on H, Tr the trace on K and 1)
the vector state on K determined by &.

Our main object in this section is the sum

(7.4) by =aV + - 4o,

In order to see the convergence of trace moments of by we start from some examples.
Since Tr(Ix) = d, we obtain

w(by) =Tr(a) + dTr(a) +--- + aN-1 Tr(a) = [Ny Tr(a),
where [N]g=1+d+d>+---+d¥~!, and

wbd) = w@Pa9) + 3 w@Pa9) + 3 w((a®)?

i<j i>7

= Z w(a)p(a?) +3 " p(aP)w(a?) + [N]g Tr(a?)

_Zdj +Zdzd71 r(/}(a)—f—[N]d’I‘I'(aQ)
N-1 _

=~ i 1 [d(dd_ 1 1) (N — 1)] Tr(a)¥(a) + [N]a Tr(a?)

= (Nl ~ N) Te(@)(a) + [N]a Te(a?)
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A similar computation yields that
[Na =N _ N(N - 1)

(1) =6 | " — iy | @R + 72 (N = M) Trai(o
+ 2 (Va = N) Tr(@)i(a) + [N Ti(a?)
Therefore, the normalized traces converge as N — oo without rescaling of by:
(b)),
A Nalt) > T TH@le) + 7 T,
4 Nalb) ~ g @@ + =5z Tre?)ola)
+ g M) + o )

In order to describe the general situation, we need some concepts on ordered set
partitions.

DEFINITION 7.8. Let k € N.

(i) An ordered set partition of [k] is a tuple m = (B1, Ba, ..., B,) of subsets of [k]
such that {B1,...,Bp} is a set partition of [k]|; that is, Bi,..., B, are non-
empty and mutually disjoint subsets of [k], and their union is [k]. The length
p of 7 is denoted by |w|. The set of ordered set partitions of [k] is denoted by
OP(k).

(ii) For a tuple i = (iy,...,ix) € N¥, the ordered kernel set partition ker(i) €
OP(k) is defined as follows: first, pick the smallest value p1 among iy, ..., ik
and then define the subset By = {j € [k] : i; = p1}; secondly, pick the second
smallest value pa among i1,...,ix and define the subset By = {j € [k] :
ij = p2}; continuing this procedure until the end we arrive at an ordered set
partition (By, Ba,...), which is denoted by ker(i).

EXAMPLE 7.9.
ker(6,3,2,3,6) = ({3},{2,4},{1,5}),
ker(2,7,4,7,4,2,4) = ({1,6},{3,5,7},{2,4}).

For further information on ordered (kernel) set partitions the reader is referred to
[11].

For an ordered set partition 7 of [k] there exists a unique packed word, i.e., a tuple
i(m) = (iy(m),...,ix(7)) € [|7]]* such that m = ker(i(r)). Using this tuple we define
w(ﬂ') to be w(a(il (71—)) e a(ik(ﬂ'))).

ExampLE 7.10. If 7 = ({1, 3}, {2}) then i(7) = (1,2,1) and
w(m) = waMa®aM) = p(a) Tr(a?).
If 7 = ({3},{2,4,6},{1,5}) then i(7) = (3,2,1,2,3,2) and
() = w(@¥a?aDa?aa?) = pla)p(a)pla®) Te(a)

With those notions, we have

w(k) = Z Z w(a™) ... al)

TEOP (k) i=(i1...,i)) E[N]*
ker(i)==
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_ Z Z dmin{il,...,ik}—lw(ﬂ_)

TE€OP(K) i=(i1...,i ) €[N]*

ker(i)=n
= Z O‘|7r\(d7 N)w(ﬂ-)v
TeOP(k)
where
ap(d, N) := > a7 Nzp o(d,N):=0, 0<N<p.
(J1,---,dp) E[N]P
.71<"'<.]p

In order to investigate the asymptotics of w(bk;) it suffices to understand the func-
tion ay(d, N).

LEMMA 7.11. For each k € N there exists a polynomial Py in two variables such that

N
dN)=—— +P,((d= 1)}, N d>2,N>0
(. N) = e + Pil(d = )7L ),
Proof. The proof goes by induction on k. For k = 1, a;(d,N) = (d¥ — 1)/(d — 1),
and hence P;(z,y) = —x. For general k > 2 we proceed as

N

ar(d, N) =3 3 = "o (d,j - 1)

j=l1 (j11-~~7jk71)€_[j—1]k71
J1<-<Jk—1

:i[ d“ 4P 1<<d—1>—1,j—1>}

Al 1 o i
:(d_l)ki(d_l)k+ZPk—1((d71) 7]71)3 N>1
j=1

By Faulhaber’s formula and induction hypothesis, there is a polynomial Q(z, y) such
that Qg (z,0) = 0 and

Z Pya(a,j—-1), N=>1,
which implies the desired formula for N > 1 by taking Py(z,y) = —2* + Q(z,y).

Since Qg (z,0) = 0 the formula holds for N = 0 as well. O

By Lemma 7.11 we obtain the limit

. -N _
J\}gr(l)od ak(d7N)—(d_1)k
and conclude the following.

THEOREM 7.12. In the setting above we have

(7.5) lim dNwdf) = > (d“(”).

TeOP(k)

Thus the empirical eigenvalue distributions of by converge (in the sense of mo-
ments) to a probability measure whose k-th moment is the above limit. Of course the
empirical eigenvalue distributions of the rescaled sum N~1/2by converge weakly to &y,
which means that the number of eigenvalues of N~1/2by outside a fixed neighborhood
of 0 is of the order o(d"). Combining this with the monotone CLT, which asserts that
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vacuum spectral distribution of N~1/2by weakly converges an arcsine distribution, it
turns out that the vacuum vector captures a relatively small number of eigenvalues
of N=1/2px that lie outside the neighborhood of 0.

The limit moments (7.5) depend on a lot of information about trace and vacuum
moments of the original matrix a. This is in sharp contrast with the fact that if
Y(a) = 0 and v(a?) = 1 then the distribution of the rescaled sum N~/2by with
respect to the vacuum state ¢ converges weakly to the same arcsine law.

We come back to the original model of comb product graphs in Section 2.7 (cf:
Example 7.1), and compute the limit empirical eigenvalue distribution of the adja-
cency matrix of the iterated comb product of the complete graph K. Even for this
simplest graph, the limit moments (7.5) are not explicit; they only satisfy a recurrence
relation. Fortunately, we can describe the limit distribution with the help of work of
Smyth [21], who defined a distribution function L, : [0,00) — [0,1) (denoted as F
therein) characterized by the property that L is strictly increasing, L, (0) = 0 and

2Li(2) — 1| = Ly(le—27]), >0,

Let A4 be the distribution associated with L, and A the symmetrization of A;. It is
known that L, is continuous and hence A\ has no atoms.

THEOREM 7.13. Let Ay be the adjacency matriz of the N-fold comb product of (Ka, 0)
with itself. Then the empirical eigenvalue distribution of Ax converges weakly to \ as
N — o0.

Proof. In the notation of this section, we are dealing with

. (01 (1
K =C=, a—(l()), and §—<O).

As already verified, the limiting p-th moment of by is described by

(7.6) > w(m),

T€OP(p)

where w(m) in (7.5) is determined by the moment sequence {w(a”)}p>o0
(2,0,2,0,...) = {2¢(aP) }p>0. It is easy to see that w(mw) =0 for all 7 € OP(p) if p is
odd, and hence all odd moments vanish. We will compute the numbers

Yk = Z w(m).

TeOP(2n),|n|=k

The very definition of w(w) shows that v, ; = 2 and w(w) is either 0 or 2. Below we
identify [p] with Z, regarded as points on a circle. Let p > 2, then a mazimal arc in
a subset B C Z, is a maximal cyclic interval I C Z,, contained in B.

Any subset B C Z,, is a union of maximal arcs of B in Z,, (see Fig. 6). This notion
is important since for 7 = (By, ..., B) € OP(2n) the factorization

(7.7) w(m) = w(rli20)< By ) 11 P(a®!)

I:maximal arc of By in Zay,

holds. Observe from the repeated use of (7.7) that w(w) = 2 if and only if

(a) each maximal arc of By, in [2n] ~ Zs,, has even size,
(b) each maximal arc of B; in [2n]\ (B;41U---UBy) ~ Z2n_zk 4, has even
j=it+1 7
size for alli =1,2,...,k — 1.
Note that these conditions imply that all B; have even size. Moreover, since B; are
not empty, we must have 2 < #B; < 2n — 2k + 2 for all ¢ € [k].
To find a recursive formula for +,, 1, we count the number &, ,, of all subsets Bj, C
[2n] satisfying ((a)) and with #B; =2m foreach 1 <k <nand 1<m<n—k+1.
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1
8 ® 2
o °
Te o3 «—— Kk kO %O
° °
6 o 4
5

FIGURE 6. By = {1,2,3,4,6,7} C [8] and its unfolded line, cut
between 1 and 8. The maximal arcs of By in [8] are {1,2,3,4} and

{6,7}.

1 1
8 * 2 8 © 2
. o . o
7o 03 and Te 3 — 00 %00 %
o . o .
6 ° 4 6 o 4
5 5

FIGURE 7. {1,4,5,8} C [8] and its counterclockwise rotation {3,4,7,8}

As in Fig. 6, two neighboring elements e of By can be joined to a single element x and
the elements on the circle can be cut between 1 and 2n and be opened to a line, so
the problem comes to counting the number of arranging m elements x and 2n — 2m
elements o on one line; however, subsets like By, = {1,4, 5,8} do not correspond to such
a line arrangement, so we adjust such a case by rotating the circle counterclockwise
as in Fig. 7. Therefore, a line arrangement of m elements * and 2n — 2m elements o
corresponds to a single By if it ends with o, while it corresponds to two By’s if it ends
with *. Altogether, we arrive at

m+2n—2m—1 m+2n—2m—1 2n—m 2n
fn,m: +2 = .
m m—1 m 2n—m

From this counting, (7.7) gives the recursive formulas

n—k+1
Tn,k = E Vn—Li#By k-1 = E &n,mYn—m k-1
BkC[2n] m=1

2K # By <2n—2k+1
By, satisfies ((a))

(7.8)

WV
WV

n—k+1 n—1
2n —m 2n n+4\ 2n
= n—m,k—1 = — -1 k 2,
Z ( m >2n—m7 k-1 Z <n_€>n+€w,k1 n
m=1 l=k—1

with 7,1 =2 for n > 1. Let

Bn = Z%”“ n =1 Bo =1
k=1
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Note that (5, is the limiting moment (7.6) of order p = 2n. The recursive formula
(7.8) implies

n—1
n+4\ 2n
(7.9) Bn= (n N e) —fe  n=L

£=0
and thus 3, satisfies the recurrence in [22, Theorem 6] and hence coincides with the 2n-
th moment of \. Some examples are: {3, }7_; = {2, 10, 80, 874, 12092, 202384, 3973580}.
It then suffices to show the determinacy of the moment problem to conclude the
weak convergence. According to Lemma 7.14 below, one easily sees Carleman’s con-

dition )
S -,
n>1
which shows that the moment problem for (7.6) is determinate. O

LEMMA 7.14. Let {8, }n>0 be the sequence defined by (7.9) with 8o = 1. There exists
C > 0 such that the inequality 3, < (Cn)** holds for alln > 1.

REMARK 7.15. The proof below shows that C' = 11 suffices. Moreover, according
to OEIS A048286, a more precise asymptotics 3, ~ ¢(2/(elog2))™n"+2~ "4 holds,
where ¢ = 1.6463....

Proof. We proceed by induction using the recursion formula (7.9) and Stirling’s for-
mula

o n+1/2 n<nl< en7z+1/2 —n7 n>1.
Let n > 2. We adopt the notation 0° = 1. Assuming the desired inequality holds until
n — 1 for some constant C' > 1, one has

ﬁn—2+z<n+£)n2:£5€\2+22<n+€) ze

n +€)n+€+1/2 n -+ E n+4+1/2

20
wf;\f?fn - z+1/2C ﬂ\sz% yn—t+1/2

20

We split the sum into the two parts 1 < / < m—4andn—3 < ¢ < n—1 (the
arguments below are valid even for 2 < n < 4 by setting the irrelevant terms to be
0). The first part is estimated as

n—4 (n+ g)n+e+1/2 o2 o n—4 (2n)n+n—4+1/2 ot < 1 n—4 on ot
> 220(p _ pn—trijz - S 920 qn—t =0 2o
=1 =1 =1
n—4 2n 2n 1 2n 2n
Saos Ot s @Ente

and the second part is estimated as

"il <n+€)n+€+1/2 C% . 3 (Zn)27Lc2n 3. 26712”0271.

22(p, — f)n—t+1/2 S 02 92n—6 T (2

L=

€

—3
Obviously, 2 < &z —5n n?"C?". Putting everything together, we obtain
194e

< ———=(Cn)?™.
B CQW\@( )
By taking C' > 1 such that C? > s (C' = 11 suffices) we obtain 3,, < (Cn)?". O
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