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CUMULANTS, SPREADABILITY AND THE CAMPBELL-BAKER-HAUSDORFF

SERIES
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ABSTRACT. We define spreadability systems as a generalization of exchangeability systems in order
to unify various notions of independence and cumulants known in noncommutative probability. In
particular, our theory covers monotone independence and monotone cumulants which do not satisfy
exchangeability. To this end we study generalized zeta and Mobius functions in the context of the
incidence algebra of the semilattice of ordered set partitions and prove an appropriate variant of
Faa di Bruno’s theorem. With the aid of this machinery we show that our cumulants cover most of
the previously known cumulants. Due to noncommutativity of independence the behaviour of these
cumulants with respect to independent random variables is more complicated than in the exchangeable
case and the appearance of Goldberg coefficients exhibits the role of the Campbell-Baker-Hausdorff
series in this context. In a final section we exhibit an interpretation of the Campbell-Baker-Hausdorff
series as a sum of cumulants in a particular spreadability system, thus providing a new derivation of
the Goldberg coefficients.
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1. INTRODUCTION

Cumulants were introduced by Thiele in the late 19th century as a combinatorial means to describe
independence of classical random variables. In free probability existence of cumulants was indicated
by Voiculescu [Voi85] and described explicitly by Speicher [Spe94]. Free cumulants are one of the
cornerstones in free probability, complementing the analytic machinery of Cauchy transforms, see
[NSO6] for many applications. Later on other kinds of cumulants were introduced in noncommutative
probability, e.g., various kinds of ¢-deformed cumulants were considered in [Nic95, [AnsO1] in order
to interpolate between classical and free cumulants; however no g-convolution has been found so
far; Boolean cumulants were defined in [SW97] in the context of Boolean independence (see also
[vWT73|, vWT5]); conditionally free cumulants were defined in [BLS96] which generalize both free and
Boolean cumulants. The second-named author gave a unified theory of the cumulants mentioned
above in the framework of so-called exchangeability systems as a general notion of independence
[Leh04]. In the present paper we develop a yet more general framework which comprises also Muraki’s
monotone independence [MurO1], which is not covered by the approach of [Leh04] because it does
not satisfy exchangeability, the obstruction being that monotone independence is sensitive to the
order on random variables:

(O) Independence of X and Y is not equivalent to independence of Y and X.

Hence in order to avoid misinterpretations we say “the (ordered) pair (X,Y’) is monotone inde-
pendent” rather than “X and Y are monotone independent”. This property sharply distinguishes
monotone independence from classical, free, and Boolean independences. Despite lack of exchange-
ability, the first-named author together with H. Saigo managed to define monotone cumulants
[HS11bl [HS1Tal relying only on the property called exztensivity defined below. If we denote the

monotone cumulants by KM(X, Xs,...,X,) with respect to a noncommutative probability space
(A, ), then we have the moment-cumulant formula:

1
(MC) (p(XlXQXn) = Z —K%\:[T)(leXQ,---,Xn)-

TeEMn |7T|'

The notations are introduced in Sections ] [3, and Bl The set M,, of monotone partitions is not a
subclass of set partitions, but a subclass of ordered set partitions. The factor ﬁ is new in the sense

that it is hidden in the classical, free or Boolean cases, the reason being that |r|! is the number of
possible orderings of the blocks of the underlying set partition of .

Cumulants carry essential information on independence, in particular the vanishing of mixed cumu-
lants, that is, of cumulants with independent entries, characterize independence [Leh04, Prop. 3.5],
which is the major reason for their usefulness in free probability [NS06]. More precisely, if a fi-
nite family of random variables X7, Xs,...,X,, can be partitioned into two mutually independent
subfamilies (in the general sense of Definition .6 below) then

(V) Kn(X17X27...7Xn):O.

As a consequence, cumulants are additive, that is, the cumulant of the sum of two independent tuples
(X1, Xs,...,X,) and (Y1,Y3,...,Y,) decomposes as

(1.1) Ko(X1+Y, Xo+Yo, .. X4 Y,) = Ku( X1, Xo, ..., X)) + K, (Y1, Y5, ... Y,).

By contrast, because of property (Q)), monotone cumulants do not satisfy additivity and thus
mixed cumulants do not necessarily vanish. Instead, they satisfy the weaker notion of extensiv-

ity: if {(Xl(j ),Xéj ), . ,X,(Lj )) 21 is a sequence of monotone independent random vectors such that
(X1, X2, .., X)) (XD X X9 for any j > 1, then
(E) EM(N.X1,N.Xs,...,N.X,,) = NEM(X}, Xo, ..., X,.),

where N.X; = Xi(l) + XZ@) ot XZ.(N) is the sum of i.i.d. copies.

Extensivity is strictly weaker than the property of vanishing of mixed cumulants, but extensivity
(together with some other properties) still suffices to prove uniqueness of cumulants even in the case
of exchangeability. Therefore extensivity is a natural generalization of the property of vanishing of
mixed cumulants.
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The first goal of this paper is the unification of second-named author’s approach based on ex-
changeability systems and first-named author’s monotone cumulants based on natural products of
states. The second-named author’s definition of cumulants includes g-deformed cumulants as well as
tensor (or classical), free and Boolean cumulants. On the other hand, the approach of the first-named
author and Saigo comprises monotone cumulants as well as tensor, free and Boolean cumulants, but
not g-deformed cumulants. In the present paper we establish a unified theory based on the concept of
spreadability which has been considered recently by Kostler [Kos10] in the noncommutative context.
Similar to the transition from symmetric to quasisymmetric functions, the concept of spreadability
systems naturally arises as a generalization of exchangeability systems and allows to unify various
kinds of independence and cumulants, including conditionally monotone independence [Has11] and
two other generalized notions of independence [Has10], with a generalization of the moment-cumulant
formula (MC) and the property of extensivity (El).

Our approach is combinatorial on the basis of ordered set partitions. An ordered set partition is
defined as an ordered sequence of disjoint subsets whose union is the entire set (say {1,2,...,n}).
We first investigate the structure of the semilattices OP,, of ordered set partitions (with respect to
dominance order) and show that they locally look like the lattices Z,, of interval partitions, in the
sense that any interval in OP,, is isomorphic to an interval in Z; for an appropriate k. This property
is crucial for the study of multiplicative functions in the incidence algebra of ordered set partitions
and we establish an isomorphism with the composition algebra of generating functions analogous
to the well known formula of Faa di Bruno. In particular, we obtain the fundamental convolution
identity for the generalized zeta- and Mobius functions.

Our interest in ordered set partitions was stipulated by the appearance of monotone partitions
in the classification of independence [Mur03| and their role for monotone cumulants [HS11b], but
presently it turns out that the structure of ordered set partitions is actually easier to describe than
that of monotone partitions. For example we do not have a good understanding of the structure
of intervals [o,7] € M,, for o,m € M,, and in particular the values of the Md6bius function remain
mysterious. This and some other open problems on monotone partitions are listed at the end of the
paper and left for future investigations.

The second goal is the application of our results to free Lie algebras. Connections of free probability
to formal groups have been pointed out early by Voiculescu [Voi85] and more recently by Friedrich
and McKay [FM15] and in the context of monotone probability by Manzel and Schiirmann [MS17];
see also an approach via shuffle algebras [EFP18].

Here we obtain new formulations of some well known identities in terms of ordered set partitions
and cumulants. In particular our cumulants turn out to coincide with the homogenous components
of the Campbell-Baker-Hausdorff formula, if an appropriate spreadability system is chosen. Thus a
new derivation of the coefficients of the Baker-Campbell-Hausdorff formula (“Goldberg coefficients” )
drops out as a by-product of our results on spreadability systems.

We hope that our results will stimulate more connections to combinatorics, in particular Hopf
algebras and noncommutative quasi-symmetric functions [BZ09]. Not being familiar with the abstract
theory behind these concepts we proceed in a pedestrian way. Our proofs only use elementary and
at times tedious calculations, yet we suspect that many of our results have been obtained in different
contexts before and that those with the right knowledge will find easier and more conceptual proofs.

The paper is organized as follows. In Section [2 we collect basic definitions and results concerning
ordered set partitions, including the description of intervals in the poset of ordered set partitions,
incidence algebras, multiplicative functions, generalized zeta functions and the corresponding Mo6bius
functions.

In Section Bl we define spreadability systems and give examples coming from the four (or five)
natural products of linear maps. Then we define a generalized notion of independence and show that
it indeed extends the existing theories.

In Section (] we define cumulants associated to a spreadability system and express cumulants in
terms of moments and vice versa. We prove extensivity and uniqueness of cumulants and list the
previous moment-cumulant formulas in the literature as special cases.

In Section Bl we discuss the central limit theorem associated to spreadability systems satisfying the
singleton condition.
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a noncrossing partition an interval partition

Ficure 1. Examples of partitions

In Section [0l we obtain recursive differential equations for the time evolution of moments. This
generalizes for example the complex Burger’s equation in free probability.

In Section [7, we compute mized cumulants, i.e., we express cumulants of random variables, which
split into “independent subsets” in terms of lower order moments or cumulants. These formulas shed
light on the gap between extensivity ([E|) and the vanishing property (V) and uncover the role of the
Campbell-Baker-Hausdorff formula.

In Section [8 we define a spreadability system whose cumulants are the homogeneous components
of the Baker-Campbell-Hausdorff formula; in particular, the specialization of our cumulants to free
algebras yields Lie projectors. Finally we give a new derivation of the coefficients of the Baker-
Campbell-Hausdorff formula (also known as “Goldberg coefficients”).

We conclude the paper with several open problems.

2. ORDERED SET PARTITIONS

2.1. Set partitions. Let N denote the set of natural numbers {1,2,3,...}, and let [n] denote the
finite set {1,2,...,n}.

A set partition, or simply partition, of a finite set A is a set of mutually disjoint subsets 7 =
{P\,Ps,..., P} such that U¥ | P, = A. The number k is the size of the partition and denoted by |n|.
The elements P € 7 are called blocks of w. The set of partitions of A is denoted by P4. We are mostly
concerned with the case A = [n] and in this case P,] is abbreviated to P,, and called (set) partitions
of order n. As is well known there is a one-to-one correspondence between set partitions 7 of [n]
and equivalence relations on [n] by defining for 7 € P,, and 4, j € [n] the relation i ~, j to hold if and
only if there is a block P € 7 such that both 4, j € P. The set partitions of fixed order n form a lattice
under refinement order: For partitions 7w and o we write 7 < ¢ if for any block P € 7, there exists a
block S € o such that P € S. In other words, every block of ¢ is a union of blocks of 7. The minimal
element of this lattice is 0, = {{1},{2},...,{n}} and the maximal element 1, = {{1,2,...,n}}. We
proceed with the description of several classes of set partitions.

Definition 2.1. Let m € P, be a set partition.

(i) Two (distinct) blocks B and B’ € 7 are said to be crossing if there are elements i < i’ < j < j
such that i,7 € B and ', 3’ € B'. 7 is called noncrossing if there are no crossing blocks, i.e., if
there is no quadruple of elements i < j < k <[ s.t. i ~; k, j ~; l and ¢ ¢, j. The noncrossing
partitions of order n form a sublattice which we denote by NC,,.

(ii) Two blocks B, B’ of a noncrossing partition = are said to form a nesting if there are i,j € B
such that ¢ < k < j for any k € B’. In this case B is called the outer block of the nesting and B’
is called the inner block of the nesting.

(iii) A block B of a noncrossing partition 7 is inner if B is the inner block of a nesting of 7. If
this is not the case B is called an outer block of m. The set of inner blocks of 7 is denoted by
Inner(7) and the set of outer blocks of = by Outer(r).

(iv) An interval partition is a partition 7w for which every block is an interval. Equivalently, this
means that 7 is noncrossing and has no nestings. The set of interval partitions of [n] is denoted
by Z,. The blocks of an interval partition {Iy,Is,...,I,} can be uniquely ordered so that i < j
whenever i € I, j € I;, s < t. This ordering provides a natural embedding Z, ¢ OZ,, (see
Definition Z6l[)) and we may write (Iy, Io,...,I,) € Z, rather than {Iy,I5,...,I,} € Z,.

Analogous definitions apply to any finite linearly ordered set A and the corresponding sets of parti-
tions are denoted P4, NCy, I, etc.

Examples of partitions are shown in Fig.[Il The lattice of interval partitions plays a central role
in this paper and has a particularly simple structure.
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Proposition 2.2. The lattice of interval partitions Z,, is anti-isomorphic to the Boolean lattice B,,_;
via the lattice antitsomorphism

(11,12,.. . ,Ip) g {Tl,T‘Q,.. . ,Tp_l} c [’I’L— 1],
where the blocks I; are uniquely determined by their maximal elements r;; note that always r, = n.
The following construction inverts the previous bijection in a certain sense.

Definition 2.3. Fix a number n € N and a subset A ¢ [n].

(i) Among all noncrossing partitions containing A¢ as an outer block there is a maximal one, which
we denote by Vpax(A). Removing A¢ we obtain an interval partition of A which we denote by
tmax(A); in other words, the blocks of t1,,(A) consist of the maximal contiguous subintervals
of A. Yet in another interpretation, the blocks of ¢, (A) are the connected components of the
graph induced on A from the integer line.

(ii) Among all noncrossing partitions containing A¢ as a block there is a maximal one, which we
denote by Ipax(A). Removing A¢ we obtain a noncrossing partition of A which we denote by
Imax(A); in other words, the blocks of 7., (A) consist of the maximal contiguous subintervals
of A when we consider it on the circle, i.e., the blocks of 7,,.,(A) are the connected components
of the graph induced on A from the Cayley graph of Z,.

Remark 2.4. 1. Construction (il) will occur in some examples below (see, e.g., Examples[6.6land [6.7]).
2. Construction (fi) occurs in the recursion (6] for free cumulants and Example below.

The lattices considered so far have the following structural property. It is easy to see for both P,
and Z, while for N'C,, it is proved in [Spe94].

Proposition 2.5. Let P, be one of P,, NC,, and I,,. Then for any pair of elements o, 7 € P, such
that o < there are uniquely determined numbers k; such that the interval [o, 7] is isomorphic (as a
lattice) to the direct product

Plk1 X PQk2 X +ee X Prlfn.

2.2. Ordered set partitions. An ordered set partition of a set A is a sequence (P, P,...,P,) of
distinct blocks such that {Py, Ps,..., P,} is a set partition of A. In other words, it is a set partition
with a total ordering of its blocks. Ordered set partitions are also known under the name of set
compositions, see, e.g., [BZ09], pseudopermutations [KLN*00], packed words [NTOG], etc. The set of
ordered set partitions of A is denote by OP4 and OPy, is abbreviated to OP,,. Let 7~ 7 be the
map from OP,, onto P, which drops the order on blocks, that is, (P, P,,...) = {P, Ps,...}. We
say that an ordered set partition is in canonical order if the blocks are sorted in ascending order
according to their minimal elements. It will be convenient to transfer as much structure as possible
from ordinary set partitions to ordered set partitions when no confusion can arise. For example, the
notation P € 7 indicates that P is a block of 7. There is a natural partial order relation on OP,,,
namely if 7= (P, P,...,P,),0 = (5,5,...,5s) € OP,, we define 7 < ¢ if the following conditions
hold.

e 7 <0 as set partitions.
o If P,cS;, PjcS fori<y, then k<.

In other words, 7w < o if every block of ¢ is a union of a contiguous sequence of blocks of 7. This
order makes (OP4,<) a poset (but not a lattice as will be seen shortly). Note that 7 < o implies
7 < o, but not vice versa.

We consider the following subclasses of ordered set partitions on [n].

Definition 2.6. (i) An ordered set partition 7 € OP,, is called noncrossing if the underlying set
partition 7 has this property. The set of ordered noncrossing partitions of [n] is denoted by
ONC,,. Outer blocks and inner blocks of a ordered noncrossing partition are defined according
to the case of noncrossing partitions.

(ii) An interval ordered set partition of [n] is an ordered set partition 7 such that 7 € Z,. The set
of interval ordered set partitions of [n] is denoted by OZ,.
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(iii) A monotone partition is a noncrossing ordered set partition 7 = (P, P,,...,P) such that
for every nesting the outer block precedes the inner block; in other words, the order of the
blocks implements a linearization of the partial order given by the nesting relation. The set of
monotone partitions is denoted by M,,.

Example 2.7. Figure 2] shows some examples of monotone and non-monotone partitions whose
underlying noncrossing partition is 7 =Im 111

1 | [] | 1 |

1 2 3 1 3 2 2 3 1

1 | [] | 1 |

2 1 3 3 1 2 3 2 1

FIGURE 2. Monotone partitions (upper row) and non-monotone partitions (lower row).
The labeled numbers denote the order of blocks.

In section [8, we need the following extension of ordered set partitions.

Definition 2.8. An ordered pseudopartition of [n] is a sequence (P, P, ..., P,) of disjoint subsets
of [n] such that U?_ | P, = [n] with empty blocks allowed. We keep the notation |r| = p for the length,
now including empty blocks. The set of ordered pseudopartitions of [n] is denoted by OPP,,.

Lemma 2.9 (see, e.g., [BS90]). The poset of ordered set partitions OP,, is isomorphic to the poset
of nonempty chains in the boolean lattice 2™ with the reverse refinement order, i.e., a chain &= Ag c
Ay c - c Ay = [n] is smaller than a chain @ = By c By c --- ¢ By = [n] if it is finer, i.e., as sets
{BO,Bl’...7Bl} g {AO,AI,... 7Ak}.

Proof. The bijection is given by the map
D, : (Al cAyc-c Ak) g (A17A2 NALAsN Aoy AN Akfl)-
O

Moreover, when the empty chain is added, OP,, becomes a lattice isomorphic to the face lattice of
the permutohedron [BS96, [Ton97]. With this alternative picture it is now easy to see a join semilattice
structure, namely the join operation corresponds to the intersection of chains in the chain poset.

The maximal ordered set partition is unique and is 1, := ([n]), while there are several minimal el-
ements, namely all permutations of the minimal set partition 0, := ({1},{2},...,{n}). Consequently
there is no meet operation, but we define the following associative but noncommutative replacement.
It turns OP,, into a band, i.e., a semigroup in which every element is an idempotent; however it is
not a skew lattice.

Definition 2.10. (i) For an ordered set partition o = (S1,5s,...,Ss) € OP,, and a nonempty subset
P c [n], let the restriction o|p € OPp be the ordered set partition (PnS;, PnSy,...,PnS;) €
OPp, where empty sets are dropped; see [PSO§|, where this operation arises in the context of
Hopf algebras.

(ii) For 7 = (P, P,...,P,),0 = (51,52,...,5s) € OP,, we define the quasi-meet operation m A
g € OPn to be (P1 ﬂSl,Pl ﬂSQ,...,Pl ﬂSS,PQ ﬂSl,PgﬂSQ,...,PQ ﬂSS,...,PpﬂSS), where
empty sets are skipped. In other words, the quasi-meet is the concatenation of the restrictions
TAC=0|po]|p0|p,.

Remark 2.11. The quasi-meet operation is associative and coincides with the multiplication opera-
tion in the Solomon-Tits algebra of the symmetric group [Sol76] which has received a lot of attention
recently from the point of view of Markov chains [Bro00, Bro04] and Hopf algebras of noncommutative
quasi-symmetric functions [BZ09].

Proposition 2.12. (i) The quasi-meet operation on OP,, is compatible with the meet operation on
P.., in the sense that TAoc =T AG.
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(i1) m Ao < for any m,0 € OP,,.

(i1i) If 0 < pe OP,, then o Am < p AT for any me OP,,.
(iv) TAho=1 <= T<a0.

(v) TAC=0 <= o<m.

Proof. The first three items are immediate from the definition. To see (L)), assume first 7 A o = 7.
Then by () also 7 =7 Ad <. Conversely, if 7 <7, then 7 Ad =7 and by (i) 7 A o0 < 7. Since the
number of blocks of T A G and 7 A ¢ are equal, we must have 7 A o = 7.

As for (@), if 7 A 0 = o then it follows from (@) that o < 7. On the other hand, if ¢ < 7 and
7 =(By,Ba,...,By), then mAo = 0|p,0|p, -0 |p, and the order of the blocks of o remains unchanged,
somAO =0. U

The interval structure of the poset OP,, can be described as follows. Recall that a down-set or
order ideal in a poset P is a subset I such that x € [ and y < x implies y € I. The principal ideal
generated by x, denoted by |z, is the smallest down-set containing x, i.e.,

lr={yeP:y<ux}.
The following proposition is immediate.

Proposition 2.13. The principal ideal generated by an element m = (Py, Pa, ..., P,) € OP,, is canon-
wcally 1somorphic to
O'Ppl X OPP2 X oo X OPPP
via the map
o (olp,olp,...,0]p,)
There is no direct analogue of Proposition for ordered set partitions; instead the next propo-
sition shows that the interval structure can be expressed in terms of lattices of interval partitions.

Proposition 2.14. Let o, € OP,, be ordered set partitions of size |o| = s and |r| = p respectively such
that o <m. If m= (P, P, ... P,), let k; be the number of blocks of o contained in P;, j € {1,2,...,p}.
Then ki+ko+---+k, = s and as a poset the interval [o,7] is canonically isomorphic to Ly, x Ly, x---x Iy, .
More precisely, if o = (S1,52,...,5) <meOP,, then there exists a unique T = (11,15, ...,T,) € I

such that
7r:(U Si, USi7"'7 U Si)-

€Ty €Ty 1€y
The map ®: Iy, x Iy, x - x Iy, — [o,7] by

(Tl,TQ,...,Tp)P—)( U Si, U Si,..., U Sz ceey U Sz ey U Sz)a

’iGTl’l ’iGTl’g ieTl,krl iETpJ iETp,kp
where 7, = (T;1,Tio, ..., Tik,), 15 a bijection, and so its inverse establishes a bijection

U.=pL: [0771'] > Tpy X Ly, X o kap
with k; := |T;|. The composition (ki, ks, ..., k,) is called the type of the interval [o,7].
Proof. Let m = (P1, P,,...,P,). Each block of 7 is the union of blocks of ¢, and so we can find
A c [s] such that P, = U;aS;. We show that there exists k such that A = [k]. Suppose that
there are 1 < u < v < p such that u ¢ A and v € A. Then there is j > 2 such that S, ¢ P;. This
contradicts the fact that u < v, S, € P; and m < 0. Hence A = [k] for some k. Removing the first

block of m and the first k£ blocks of 0 we can repeat the argument with the ordered set partitions
(Sk+15Sks2y .-, 55) < (P, Ps, ..., Py) and find Py = Ug,1<i<40S5; for some [. After a finite number of

iterations we thus construct a unique interval partition 7 = (71,75, ...,7T,) € Z, such that
™= (U Si, U Si7~-~7 U Sz)
€Ty €Ty €Ty

Clearly the image of ® is contained in [0, 7] and ® is injective and it remains to show surjectivity.
To this end pick an arbitrary p € [o,7]. From the first part of the proposition we infer that p > o is

of the form
p:(U Si7 U SZ77USZ)

i€eGGy i€Ga 1€Gy
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for some v = (G1,Gs,...,G;) € Z. Since p < 7, the partition v must be finer than 7. Hence, each
restriction |7, € Zr,,i € [p], consists of sequence of consecutive blocks of v without splitting any
original block Gy,Gs,...,G; € 7. Hence we obtain ®((v1,72,...,7,)) = p and the map & is indeed
bijective. O

2.3. Incidence algebras and multiplicative functions. Let (P, <) be a (finite) partially ordered
set. The incidence algebra J(P) = J(P,C) is the algebra of functions supported on the set of pairs
{(z,y) e Px P:x,y € P;x <y} with convolution
frg(@y)= ), f(z,2)9(zy)
r<z<y

For example, if P is the n-set {1,2,...,n} with the natural order, then J(P) is the algebra of n xn
upper triangular matrices. The algebra J(P) is unital with the Kronecker function é(z,y) serving
as the unit element and a function f € J(P) is invertible if and only if f(x,z) is nonzero for every
x € P. An example of an invertible function is the Zeta function, which is defined as ((z,y) = 1. Its
inverse is called the Mdbius function of P, denoted u(x,y). For functions F,G : P - C we have the
fundamental equivalence (“Mé&bius inversion formula”)

(VxeP:F(x) = ZG(y)) — (VxeP:G(x) = ZF(y),u(y,:c))

y<z y<zx
A function f € 3(P,) (actually a family of functions) is called multiplicative if there is a characteristic
sequence (fn)ns1 such that for any pair o, 7 € P we have

f(aaﬂ-) = Hfzkl
where k; are the structural constants of the interval [o, 7] from Proposition 25 It can be shown
[DRS72] that the multiplicative functions form a subalgebra of the incidence algebra J(P,). For
example, the Zeta function is multiplicative with characteristic sequence (1,1,...) and the Mobius
function is multiplicative as well with characteristic sequence p,, = (-1)""1(n—-1)!, cf. [Sch54, Rot64];
more precisely, if 7 = {Py, P,,..., P,} then
P

(2.1) pp(o,m) = [[(-1)% (k; - 1)!
i=1

where k; = #(o|p,). Multiplicative functions on the lattice of set partitions provide a combinatorial
model for Faa di Bruno’s formula which expresses the Taylor coefficients of a composition of expo-
nential formal power series in terms of the coefficients of the original functions, see [DRS72, [Sta99];
in the case of noncrossing partitions the convolution is commutative and can be modeled as mul-
tiplication of certain power series (“S-transforms”), see [NS06]. The lattice of interval partitions
combinatorially models the composition of ordinary formal power series, see [Joy81]. From Proposi-
tion 2.14] one might guess that convolution on the poset of ordered set partitions is also related to
some kind of function composition, and Proposition below shows that this is indeed the case for
a certain class of functions to be defined next.

Definition 2.15. Denote by Ng° the set of finite sequences of positive integers,
N =[NP
p=1
For m € N let Fopm be the set of C-valued functions f on the set of m-chains

{(01,...,0m) €Uy (OPy x - x OP,,) |01 <09 <+ <o )

m fold

We are concerned with different levels of reduced incidence algebras.
(i) A function f € Fyp2 is said to be adapted if there is a family (fi)genz S C such that

f(O',ﬂ') = fkl,...,kpa

where (k;);_, is the type of the interval [o, 7] as defined in Proposition 214 The family (fy.)gene
is called the defining famaly.
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(ii) To any adapted function f € F,p2 we associate its multivariate generating function

f(z Z sz— z2=(21,22,23...)

keNg®
with the usual multiindex convention z£ = zfl 252---, where 21, 29,... are commuting indetermi-
nates.
(iii) A function f € Fyp2 is said to be multiplicative if it is adapted and moreover the defining family

satisfies

P

fkly--'7kp = H sz
i=1

If f is multiplicative, then the sequence f, = f(@n, 1n) is called the defining sequence of f.
(iv) To a multiplicative function f € Fjhp2 we associate the (univariate) generating function

Zf(z) = anzn

(v) A function f € Fyps is said to be quasi-multiplicative if there is an array (fjk);okzl ¢ C such that

flo,p,m) =TT T1 fijer

i=1 GE’yi

where (71,...,7,) is the image of p under the map ¥ in Proposition 2.14l The array (fjk);?"kzl
is called the defining array of f.

(vi) To a quasi-multiplicative function f € Fj,ps we associate a sequence of (univariate) generating
functions

Z}j)(z)z > [, jeN.
k=1
(vii) For f e Fpps and g € Fyyp2 we define the convolution

(2.2) (fog)o.m):= > flo,pm)g(pm), o<

pelo,m]
This latter provides a combinatorial model for the composition of multivariate functions.

Proposition 2.16. If f € Fyps is quasi-multiplicative and g € Fpp2 is adapted then f ® g € Fpp2 is
adapted and

Z1oy(2) = Z,(Z57(21). 2 (2),...),  z=(212,...).

Proof. We use the notations in the statement of Proposition 214l Pick any p € [o,7] and let
(1,72, ---,7) == ¥(p) be its image under V. Thus v; = (G;1,Gi2,...,Gim,) € Iy, is an interval
partition and we have the bijective images

\I/([O', p]) :I|G1,1| XI\Gm\ X X:Z.lGl,mll XZ‘|G271‘ X X1-|Gp,mp|’
U([p,7]) =Ty % Lpy) % -+ % Ly -

Hence
(fog)(om)= 3 flo.p,m)g(p,7)
pe[o,m]
p
= ( ) ZZ 7 I u (Gl’—l flvG) g"Yl‘,"Y2‘y---,hp‘
(23) Y1725 Yp k1 ko kp Vi

= 2 > [1 (H fnk) Il sl

ri€[k;],1<i<p (Mik)ielp] kelr;] i=1
N1 +ni2+e N, =k;,1<i<p

=: (f (@) g)k1,k2,---7k‘p
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This shows that for every pair (o, 7) the value f ® g(o,7) is determined by the structural sequence
(k1,...,ky) and thus f ® g is adapted. Now multiplying the terms with z& and summing over k we
obtain

Zioy(2) = >, (Joeg

k=(k1,ka,... )eNg*

-3 > > H (H finaz "’“) Grirarry

p2lr=(r1,r2,...,rp)eNP (n1,...,nip, JeN"I =1

(2.4) - 1<i<p

oG
= Z grl,rg ..... Tp I_—{Zf (Zz')r

p21r=(r1,r2,...,rp)eNP

=2,(2(21), 2 (=),...).

Corollary 2.17. If f, g € Fop2 are multiplicative, then so is f + g and

Zpeg(2) = Zg(Z(2)).
Proof. Given a multiplicative function f € Fjyp2, we lift it to a quasi-multiplicative function fe Fops
via its defining family f;x = fx, i.e., f(o,p,7) := f(0,p) and the generating functions are Z}])(z) =
Zf(z) for all 7 > 1. On the other hand, g is multiplicative, therefore adapted with gi, . &, = gk,**"gk,
and has generating function

(2.5) Z,(21,22,23,...) = Y gkl---gkpzlflu-z;p = > Zy(21)Zy(2p).
p=1 (k1,....kp)eNP p=1

By Proposition 2,16
Zf@g(zl’z27 )= Z;Zg(Zf(Zl))"'Zg(Zf(zp))-
p:

This shows that (f ® g)x, ky = 115 hi,, where hy = %i—kk‘zzoZg(Zf(z)). Therefore f® g = f g is

multiplicative and Z;,, = Z,(Z¢(2)). O

.....

2.4. Special functions in the poset of ordered set partitions. We define several special func-
tions in the case of ordered set partitions, and compute their generating functions.

Definition 2.18. Given ordered set partitions o < p < 7© = (P, P,...,P,) € OP,, a sequence
t = (t1,ta,t3,...) € RN and a number ¢ € R we define

(2.6) filo,m) = ﬁ (ﬁ(cfjipi))’

(2.7) Bi(o,7) = B,y (0,7),
29 o) -1 (i)

where (i) is the generalized binomial coefficient and (71,...,7,) is the image of p by the map ¥ in
Proposition .14l Moreover, for ¢ < m we define

(2.9) [o: 7] =[TH(olp),

(2.10) [a:ﬁ]!:pu(ajp)!,
(2.11) {(o,7) = & }ﬂ!,
(2.12) f(o,m) = %

Remark 2.19. The values (o, 7) and (o, p,7) depend only on the first |7| elements of .
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Since every interval in OP,, is isomorphic to a product of lattices of interval partitions (Proposi-
tion 2.14]) and thus is a Boolean lattice, it follows that the semilattice of ordered set partitions is
eulerian, i.e., its Mobius function only depends on the rank and puop(o,7) = (=1)l--I7l see [Rot64),
Proposition 3 and its Corollary|. Hence if 0 < m we may write,

(p(o,m
(2.13) (o, = %
(2.14) o) = H T L) (0, ) (o),

where the Mobius function pp was defined in formula (2.1]).
Proposition 2.20. (i) The function B, € Fypp2 is adapted with defining family

(2.15) (B)k = 121 (,i)

i=1
(11) The function v € Fpps is quasi-multiplicative with defining array
t:
(216) o= (1)

(i1i) The functions Bt,ﬁ,ge Fop2 are multiplicative with defining sequences

(2.17) Bi(0,,1,) = (t)

n
~ o A 1
(2.18) C(0,,1,) = e
. . -1 n-1
(2.19) (0, 1) = &
n
Proof. The claims follow by definition and by Proposition 2.4l O

Corollary 2.21. (i) The inverse function (with respect to the convolution %) of Ti is C.
(i1) For s,t € R™ we have
Vs @ BL = 6§0§7
where sot = (s1ty1, Sata,...).
(11i) By satisfies the semigroup property Ps * By = Bsy for s,t € R.
Proof. [l) Since Zz(z) =log(1 +z) and Zz(z) = e* - 1, we have Zz(Zz(2)) = 2
@) We have

29 =3 (P)= (e

Z,(2) _;ﬁ( )k zﬁngﬁ((l+zi)“—l).

By Proposition .10 Z, 44, (2) = Zﬁt(Zssl)(zl) Z’E/?)(ZQ), ... ), which equals Z, (2).
() We can use Zg,(2) = Yooy ( )2" = (1+2)t -1 and Corollary 217 O

3. A GENERALIZED NOTION OF INDEPENDENCE RELATED TO SPREADABILITY SYSTEMS

3.1. Notation and terminology. From now on we denote by A and B unital algebras over C and
by 1 their unit elements. Elements of A are called random variables, and elements of A", n € N are
called random wvectors. An (algebraic) B-valued expectation is a unital linear map

p:A->DB

and we call the pair (A, ) an (algebraic) B-valued noncommutative probability space (B-ncps). In
the case where B is a subalgebra of A and ¢ is a B-module map in the sense that p(bab’) = byp(a) b’
for all @ € A and b,b’ € B, the map ¢ is called conditional expectation. This property will however
not be crucial in the context of the present paper.
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Usually the involved algebras are *-algebras and the linear maps are positive, in particular in the
case where B = C and ¢ is a state; then the pair is called a noncommutative probability space (ncps).
We include the algebraic B-valued setting here because the proofs remain essentially the same and
it will be essential in Section [§

We say that two sequences (X;)2, (Y;)2, € A have the same distribution if

for any tuple (i,%2,...,4,) € N*,n € N, and in this case we write (X;), a (Y;)2,. Alternatively, a
unital homomorphism ¢ : D - A from some unital algebra D into A is also called a random variable.
This definition extends random variables (elements of A) and more generally random vectors. Indeed,
given a random vector (X1, Xs,...,X,), we get a homomorphism ¢ : D — A defined by I(x;) = X,
where D = C(x1, 23, ...,,) is the unital algebra freely generated by noncommuting indeterminates
T1,Ta, ..., Ty, Let (A1, 1), (A2, ¢2) be two B-ncps such that g, ¢y take values in a common algebra

B. Sequences of random variables (é“);:l c Hom(D,Al),(ng))j?’i1 ¢ Hom(D, Ay) have the same
distribution if
o1 (5 (@) )™ (22) 1" () = (™) (21)e5™ (22) 5™ ()
for any (i1,42,...,1,) € N* and any x1,2s,...,x, € D. In this case we write
)\oo d 1)\ 0o
LE ))i:1 = (ng) j=1-

Given X1, Xo,..., X, e Aand P ={p; <pz <---<pg} € [n], it will be convenient to introduce the
notation

k
(3.1) Xp =[] X,,,
j=1

which means the ordered product X, X,,---X,,.
For a k-linear functional M: A* — B, we denote

(3.2) M(Xp):=M(X,,, Xps, - Xp,)-
The following tensor notations will be used in Theorem With the setting above,
Xep=1® 090X, 019 0X,010 X, ®le®---®1lcA®,

where X, appears in the pj;-th position of the total of n factors. When P = @ ¢ [n], we understand
that

Xeg=1®1® ---®1.

This allows us to write expansions like

(33) (X1+}/1)®(X2+Y2)®®(Xn+yn) = Z X®IY®IC
Ic[n]

in a compact way.
Similarly for a linear map L: A — B we denote by L&": A®" - B the linear map

(3.4) PP =10l® - ®L®l® - ®Lel[® - ®L® &I

with L appearing exactly at position p; for every p; € P.
Recall that the tensor product has the universal property that any multilinear map

T:A" -8B
has a unique lifting to a linear map
T: A®" 5 B

such that on rank 1 tensors we have T'(a; ® ay ® -+~ ® a,) = T'(ay, as, . . . , a,). We will tacitly identify
T with T in order to simplify notation.
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3.2. Spreadability systems. In this subsection we introduce the notation necessary to generalize
the notions of partitioned moment and cumulant functionals of [Leh04] from the exchangeable setting
to the spreadable setting.

Definition 3.1. Let (A, ) be a B-valued ncps.
1. A spreadability system for (A, ) is a triplet S = (U, 3, (1D )32, ) satisfying the following properties:
(i) (U, P) is a B-valued ncps.
(i) ¢+ : A - U is a homomorphism such that ¢ = o U) for each j > 1. For simplicity, () (X)
is denoted by XU, X € A, and we denote by AU the image of A under ().
(iii) The identity

~ 71 72 in ~ h(i1 h(iz h(in
(3.5) ¢()(f )XQ( ). X ¢ ))=S0(X1(( ))XQ(( .. x )))

holds for any X, Xs,..., X, € A, any 41,i9,...,i, € N and any order preserving map h :
{i1,99,...,i,} = N, that is, i, < i, implies h(i,) < h(7,).

2. A triplet € = (U, (1), P) is called an ezchangeability system if, in addition to (i), (ii) above, eq.

B5) holds for any X, X, ..., X,, € A, any 4,19, ...,7, € Nand any permutation h € S := U1 Gn-

If no confusion arises, we write ¢ instead of .

Remark 3.2. 1. In order to be able to include Boolean and monotone products and some other
examples (Section [3.3)) we do not require the homomorphisms ¢(9) to be unit-preserving.
2. Condition (B3.5]) can be rephrased as follows:

(3.6) (D2 B ) 4 (L) (m2) [ (ma)

for any strictly increasing sequence (n;):; € N. This is the definition given in [K&s10].

If (3.35) holds, then (B.0) is easy to show. If (3.6) holds, then take any 41,1s,...,4, and order-
preserving function h : {iy,is,..., i} = N. Let {j1,72, -, Jm} = {i1,%2,. - in}, Jj1 < J2 <" < Jm-
By (B3.6), we have

(G002 Gy LW @)y dRG) (hG)hGm))Y,

which implies (3.5]).
3. It is easy to extend the definition of exchangeability systems (resp., spreadability systems) from
N to an arbitrary set (resp., arbitrary totally ordered set).

Definition 3.3. (i) The ordered kernel set partition (i1, is,...,i,) of a multiindex (i1,42,...,%,)
is defined as follows. First, pick the smallest value, say p;, from 41, 4o, ...,7, and define the block
Py ={ke[n]|ix =p1}. Next, pick the second smallest value py from iy,1is,...,i, and define the
block P, = {k € [n] | ix = p2}. By repeating this procedure, we obtain an ordered set partition
(P, Ps,...), which we denote by k(i1,i2,...,0,)-
(ii) The kernel set partition K(iy,is,...,1,) of a sequence of indices is defined as the underlying set
partition k(iy,1s,...,%,) of the corresponding ordered kernel set partition. In other words, it is
the equivalence relation such that by p ~ ¢ if and only if ¢, = 1.

Using this notation the condition of spreadability (3.5]) is equivalent to the requirement that

(3.7) (X)X 02 x ()Y = (X0 xG2)... x Gn))

holds whenever k(iy,1s,...,1,) = k(j1,J2,---,Jn). That is, the expectation (3.0) only depends on the
ordered kernel set partition x(iy,is,...,7,). Thus for every ordered set partition w € OP,, we can
define a multilinear functional ¢, : A" - C by choosing any representative sequence (iy,is,...,1,)
with k(i1,19,...,4,) =7 and setting

(3.8) (X1, Xo, .., X)) = (X X () x )y,

Invariance (B.7) ensures that this definition is consistent and does not depend on the choice of the
representative.

This generalizes the corresponding notions from exchangeability systems [Leh04]: given an ex-
changeability system & = (U, 7, (1)), we can define a multilinear functional ¢, this time for any
set partition 7 € P,

(39) <,07T(X1,X2, .. ,Xn) = Sé(Xl(il)XQ(iQ)”.XTS,in)),
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where (71,19, ...,1,) is a representative such that &(i1,%2,...,1,) = 7.

3.3. Examples from natural products of linear maps. Spreadability systems typically arise as
universal products of linear maps defined on a free product of *-algebras. Universal products were
classified by Speicher [Spe97] and Muraki [Mur03] into five types: tensor, free, Boolean, monotone
and anti-monotone products. The latter is essentially the reversion of the monotone product and
therefore omitted from the discussion below. Usually natural products are defined in the setting of
noncommutative probability spaces, i.e. A is a *-algebra and ¢ is a state. In the present paper our
interests are in combinatorial aspects and we consider (A, ) to be an arbitrary pair of an algebra
and a unital linear map.

3.3.1. Tensor exchangeability system. Let U := ®°, A be the algebraic infinite tensor product of the
same A’s, and @ := ®,p be the tensor product. Let ¢U) be the embedding of A into the jth tensor
component:

(X)=1°0DeXelele-

Aof U. Then Er = (U, 5, (1)) is an exchangeability system for (A, ), called the tensor ez-
changeability system. In order to stress that &r is a spreadability system, we may write St instead
of &r and call St the tensor spreadability system.

3.3.2. Free exchangeability system. Let U = %2, A be the algebraic free product of infinitely many
copies of A identifying the units of A’s, and let & := %3°, ¢ be the free product of linear maps [Avi82,
Voi85]. Let ¢(9) be the embedding of A into the jth component A of Y. Then & = (U, 7, (LD)2))
(or we may write S to stress the spreadability) is an exchangeability system for (A, ¢), called the
free exchangeability (or spreadability) system.

3.3.3. Boolean exchangeability system. Let Uy = x2, A be the algebraic free product of infinitely many
copies of A, this time without identifying the units of A’s, and let U := Cly ®Uj be its unitization. As
before, 1) is the embedding of A into the jth component A of Uy. The Boolean product & = o2,
is defined on U by the following rule [Boz86]: if X}, € t(#)(A) and iy, # iz, for any 1 <k <n -1, then

P(X1 X Xy) = p(X1) p(X2)p(Xy).

The triplet &g = (U, @, (¢(D)$2,) (or we may write Sp) is an exchangeability system, called the Boolean
exchangeability (or spreadability) system.

3.3.4. Monotone spreadability system. Let (U, (:D)%,) be the same one as in example B33 The
monotone product @ = >, ¢ is defined on U by the following recursive rules [Mur00].
() la=, F1u) = 1 |
(11) @,(X1X2Xn) = QO(Xl) @,(XQXan) if Xk € L(Zk)(A), 1<k<nand il > i2.
(111) @,(X1X2Xn) = @,(XIXQ"'anl) gO(Xn) if Xk: € L(Zk)(A), 1<k<nand in > Tyt
<1V) @I(X1X2Xn) = @’(X1X2X],1XJ+1XYL) QO(X]) if 2 S] <n- 1, Xk: € L(Zk)(A) for 1 <k<n and
ij—l < ij > ij+1.
Then Sy = (U, 7, (1)) is a spreadability system for (A,¢), called the monotone spreadability
system. It is a proper spreadability system, i.e., it does not satisfy exchangeability.

3.3.5. Conditional monotone spreadability system. This example requires two linear maps @, : 4 —
C and hence is of a different spirit from the previous settings. The conditionally monotone product
(3,0) = >, (p,9) is defined on on the full free product (U, (¢®),) from example B34l according
to the following rules [Has11].

i) 1 is the monotone product of 1) according to Example 3.3.4
(il) Pla=w, &(1y) = 1. |
(ifl) (X1 X+ Xn) = 9(X1) P(Xo X5 Xy) if Xy € L0 (A), 4y, da, .. in €N, iy > .
(iv) P(X1 X+ X,) = P(X1 X X)) 9( X)) i X € L0 (A), d1yia, oy €N, dy >
(V) PX1 X Xp) = FX1 Xy X)) (9(X;) = 0(X;)) B(X i1+ Xn)
+ (X)) P(X1 X X1 Xjar - X)
if 2 Sj <n- 17 Xk € L(Zk)(A)a Z.172.2, ce ,in e N and ij—l < ij > ij+1.
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Then Scy = (U, @, (¢19)2,) is a spreadability system for (A, ¢) which does not satisfy exchangeability.
It is called the c-monotone spreadability system.

Remark 3.4. More examples may be extracted from [BLS96], [Has10], but we omit them here.

The definition of the c-monotone spreadability system does not require the second linear map 0,
and so one may skip to define it. However, ¢ is important when we want to formulate the concept
of associativity, as below.

Remark 3.5. The above examples satisfy associativity in the sense of [Mur03]: Take for instance
the monotone spreadability system. For I ¢ N, we can define U; := Cly, @ (*i1A) and @y := D
on U;, similarly to the case I = N. Thus a map I — (U, ;) is obtained. Now take three subsets
I,J,K cNsuch that I < J< K, ie. i<j<kforanyiel,jeJkeK. We can naturally identify
Ur =U; with U, ;. Using this identification it is easy to see that the monotone product is associative
in the sense that that (27 > @) > Px =@ > (P > Pk ) on Up,juk. Similarly one can show that the
tensor and free and exchangeability systems satisfy associativity as well.

For the c-monotone spreadability system associativity is proved in [Has11, Theorem 3.7]. Here the
map [ — (U, (51,171’1) can be defined similarly, and associativity means that for I, J, K € N such that

I<J<K onehas ((Z1,%1) > (&5,%4)) b (Br. k) = (@B1,01) > ((Fr,%s) > (Pr.¥k)) on Ups ok
3.3.6. V-monotone spreadability system. Recently Dacko introduced the concept of V-monotone in-
dependence and constructed a corresponding the V-monotone product of probability spaces [Dac19].
These notions are based on the notion of V-shaped sequences and partitions. A sequence of numbers
1,79, ...,1, is called V-shaped if there exists an index 1 < r < n such that iy > iy > -+ >4, < 4,41 <
.-+ < i,. Given a family of unital algebras A; with units I; and states ¢;, the V-monotone product
@ = Q@y; is defined on their nonunital free product & and characterized by the following factorization
properties. Let ne N and Xje A, j=1,2,...,n be arbitrary elements.

(i) o(X1X5--X;) =0 whenever i; # i, for all j and ¢, (X;) = 0.

(ii) In addition,

(p(XlXQ"'Xj_lXj+1"'Xn) if (’il,’ig, PN ,ij) is V—shaped

0 otherwise.

(X1 Xo X111, Xjor - X,) = {

whenever ¢, (X1) = 05, (X2) == ¢y, (X;-1) = 0.
This notion gives rise to a spreadability system, however it is shown in [Dacl9] that (¢ @ 2) @ @3 =
01 @2 @ p3 + 1 @ (P2 @ p3) and therefore associativity does not hold.

3.4. £-independence. Recall the notion of independence associated to exchangeability systems
[Leh04, Definition 1.8]. Roughly speaking independence of a pair (X,Y") means that the joint distri-
bution of (X,Y) coincides with the joint distribution of (XY (?), where the couples (X1 Y1)
and (X® Y (?) are exchangeable copies of the couple (X,Y"). This property can be reformulated in
a lattice theoretical way as follows.

Definition 3.6. (i) Let £ = (U, p) be an exchangeability system for a given B-ncps A. Subalgebras
{A;}ier € A, where I is a subset of N, are said to be £-independent if for any tuple of indices
(71,12,...,i,) € I", any tuple of random variables (X1, Xs,...,X,) with X; € A;; and any set
partition w € P,,, we have

@n(XlaX% cee 7Xn) = SOWAR(il,Z'Q,...,Z'n)(X17X27 cee 7Xn)

(ii) For a subset R ¢ A denote by C(R) the subalgebra of A generated by R over C (possibly without
unit) and by C;(R) the unital subalgebra generated by R. Random variables { X}, where
I <N, are said to be £-independent if the algebras {C(X;)}i; are E-independent. In particular,
random vectors {(X1 (i), X2(7), ... ,Xn(i))}id are said to be £-independent if the subalgebras
{C(X1(3), X2(i),...,Xn(i)) }ier are E-independent.

Remark 3.7. We exclude the unit of A from the polynomial algebras because the homomorphisms
() may not be unit-preserving, e.g., in the case of the Boolean exchangeability system &g. By
considering the non-unital polynomials, we have the equivalence

(X})ien is Boolean independent < (X );ey is Ep-independent,
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where &g is the Boolean exchangeability system (see Section [3.3]).

For the free and tensor cases we may use the polynomial algebras Ci(X;(i), X2()..., X, (7))
containing the unit of A instead of C(X;(7), X(7),..., X, (i)) because the homomorphisms ¢() for
Er,Er are unit-preserving.

The reader is referred to [Spe97] for the details of this subtle unital/non-unital problem.

Example 3.8. (i) To illustrate the concept of £-independence, two algebras A;, A € A are inde-
pendent, if for any sequence Xi, Xs,..., X, € A; U Ay and disjoint subsets By, By € [n] such
that X; € A, for i € B; and X, € A, for i € By we have

(310) QOW(Xl,XQ, s ,Xn) = ()OWJBlﬂ'JBQ (Xl,XQ, ce ,Xn)
where p = { By, Bo} and 7|, 7|5, is the set partition of [n] consisting of the restrictions of 7 to
Bl and BQ.
To be specific, consider the boolean exchangeability system &g from Section 3.3l Here for an
arbitrary tuple of random variables X, Xs, ..., X,, we have
()OW(X17X27 s 7Xn) = H QO(XV)7
Ver

where 7 is the maximal interval partition which is dominated by m. Moreover, suppose that
subalgebras A;, A4, ¢ A are Boolean independent. Pick X, Xs,..., X, € A; U Ay and any
partition p = { By, By} which splits the X; into independent subsets as above. Then according
to Boolean independence for each block V' € m we have

e(Xv) = o(Xvap,) ¢(Xvag,)-
In total this yields

(Pw(XhX% e 7Xn) = H @(XVmBl) @(XVmBQ) = H SO(XVmBl) H @(XVmBQ)
Ver Ver Ver

= QOWJBl (XBl)QOWJBQ (XBQ) = QOWJBlﬂJB2 (X17X27 s 7Xn)

and condition (3:I0)) is satisfied. Thus we have shown that Boolean independence of subalgebras
A1, Ay implies Eg-independence of A;, A;. Conversely, by supposing 7 = 1,, we can more easily
show that &g-independence of A;, As implies Boolean independence of Ay, As. This argument
extends to any number of subalgebras, and hence &g-independence is equivalent to Boolean
independence. Similar reasonings show the analogous equivalence in the case of tensor and free
exchangeability systems.

3.5. S-independence. In order to generalize independence from exchangeability systems to spread-
ability systems we replace set partitions by ordered set partitions. This time independence of an
ordered pair (X,Y) means that the joint distribution of (X,Y") coincides with the joint distribu-
tion of (XM Y (@), where the couples (XM Y1) and (X®),Y?)) are spread copies of the couple
(X,Y).

Definition 3.9. Let S = (U, @) be a spreadability system for a given B-ncps A. A sequence of subalge-
bras (A; )i of A, where I € N, is said to be S-independent if for any tuple of indices (i1, s, ... ,i,) € I,

any tuple of random variables (X1, Xs, ..., X,,) with X € A;; and any ordered set partition 7 € OPy,
we have

(311) QOF(X17X27 cee 7Xn) = SOWAH(i17fL'27...7fL'n)(X17X27 cee 7Xn)

A sequence of random variables (V) is said to be S-independent if the sequence (C(Y;))ir of
algebras they generate is S-independent. A sequence of random vectors (( X1 (), X2(7), ..., Xn(7)))ier
is said to be S-independent if the sequence of algebras (C(X;(7), X2(7),..., Xn(7)))ir they generate
is S-independent.

Remark 3.10. With the notation introduced in Definition 3] equation (B.I1]) may be rewritten as
(K1 X X) = pa (X XD (o)

This condition means that the random vectors (Xj,) e,y and (X, lg““)) ke[n] have the same “distribution”
with respect to (¢, ). This is compatible with the concept of spreadability, which is to regard the
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sequence (1U)(A));e; as independent subalgebras of (U, 7). Note that we need the distribution not
only with respect to @, but with respect to all (¢x)reop, nen because a spreadability system may
not have a (quasi-) universal calculation rule of mixed moments in the sense of Speicher [Spe97]
and Muraki [Mur02]. For instance, we have the exchangeability system associated to the g-Fock
space (see [Leh05]) and in this case the distribution with respect to @ alone is not sufficient to
determine the distribution with respect to (¢, )., which is a consequence of the non-existence of
“g-convolution” [vL.M96].

Example 3.11. For two subalgebras S-independence reads as follows. A pair of subalgebras (A1, As)
of A is S-independent if the following condition holds. Given elements X1, Xs,..., X, € A; U A, let
p = (B1, By) be an ordered set partition of the index set [n] such that X; € A; for i € By and X; € A
for i € By. Then for any ordered set partition m € OP,, we have

()OW(X:L?XQ? L 7Xn) = SOWJBlﬂJB2 (X17X27 see 7Xn)

More specifically, the monotone spreadability system Sy from Section B.3] induces Muraki’s mono-
tone independence.

Moreover, we can show that Boolean independence, &g-independence and Sg-independence are
all equivalent (note that the equivalence of the first two was shown in Example B.8). A similar
equivalence holds for the tensor and free cases.

4. SPREADABILITY SYSTEMS AND CUMULANTS

4.1. Cumulants and factorial Mobius and zeta functions. Cumulants provide a powerful tool
to describe independence of random variables. In [Leh04] the second author defined cumulants by a
kind of finite Fourier transform, known as Good’s formula in the mathematics literature [Goo75] and
Cartier’s formula for Ursell functions in the physics literature [Per75l [Sim93]. Note that in physics
literature cumulants are called Ursell functions. This approach apparently fails in the present, non-
exchangeable setting; however in their study of monotone cumulants [HS11bl [HST1a] the first author
and Saigo found a good replacement of the dot operation from umbral calculus [RT94]. We take it
as a starting point for the definition of cumulants in full generality.

Definition 4.1. Let (U, (:9));51, %) be a spreadability system for a ncps (A, ¢).
(1) Given a noncommutative random variable X € A and a finite subset A ¢ N we define
Ja(X) =y X®
i€A
i.e., the sum of i.i.d. copies of X. In the case A = [N] we will also write dy(X) and frequently
abbreviate it using Rota’s dot operation

NX = XD 4 X@ 4oy x (V)

whenever it is convenient.
(2) Slightly abusing notation we define

(4.1) (X X2 XY = o iy (X1, Xy X)),

and
N1 No

Nn ) ) )
Or(NLX1, No Xo, o N X)) = 30 S 3 (X, X §) L X)),
i1=1ig=1  in=1

(3) Given an ordered set partition 7 = (P, P, ..., P,) € OP, and i € [n], the unique number k such
that i € Py is denoted by m(i). When 7 consists of singletons only, i.e., #P; = 1 for all 7 € [p]
then 7 can be identified with a permutation of [n], and then the notation 7 (i) is consistent with
the familiar notation for permutations. Similarly, in the general case 7w can be represented by a
multiset permutation. This point of view will be crucial in Section [7] below.

Remark 4.2. Note that (L)) is actually an abuse of notation, because ¢ is defined for elements of
A only (see (3.8)); we pretend that S = (U, ()2, &) can be interpreted as a spreadability system
for the algebra A(1:2--N) generated by the images AW, A®@) ... AN This is true in the case of free
product constructions, but needs justification otherwise; yet (£J]) is well-defined and convenient to
keep notation manageable.
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Spreadability implies that the value (4.1]) is invariant under order preserving changes of the indices;
however, for partitioned expectations invariance holds under the weaker assumption that the order
is preserved on every individual block. We will only be concerned with the following particular case
and therefore refrain from formulating this fact in full generality.

Lemma 4.3. Let m € OP,, be an ordered set partition. Fiz a block P of m and a number m € N and
let (iy,42,...,0n), (31,45, ...,d) be n-tuples such that

. k+m ifkeP

M ik ifk¢P
Then T A K(i1,12, ... ,in) =7 AK(1],1h, ... 10).
Remark 4.4. Note that without performing the quasi-meet operation in the lemma above the kernel
partitions (i1, s, ..,i,) and x(i},i),...,d,) may well be nontrivial permutations of each other or
even r(i,ih,...,10) # K(i1,02,...,0,).

Theorem 4.5. For any ordered set partition m € OP,, and numbers N1, N, ... € N we have
QOW(NFU).Xl, NF(Q).XQ, Ce 7N7r(n)Xn) = Z @J(X17X27 Ce 7Xn) /BM(O',W),

with By (o,m) as in Definition [2.18. It follows that ¢-(Nray.X1, Na2)-X2, ..., Na@n)-Xn) s a poly-
nomial in Ny, ..., Nz without constant term. In particular for N € N and w € OP,
@F(N.Xl, N.XQ, AN ,NXn) = Z (pU(Xl,XQ, AN ,Xn) BN(O',W),

o<m

is a polynomial in N consisting of monomials of degree at least |x|.

Proof. The proof boils down to the enumeration of the set
SM(CT,TF) = {(il,ig, e ,Zn) € [Nw(l)] X [NW(Q)] X eee X [Nﬂ(n)] LA /{(’il,’ig, e ,’Ln) = 0'}.

Pick an arbitrary block P; = {p1,pa,...,px} of m = (P, P,,...). There are (u(ﬁ;)) possible ways to

choose a tuple (ip,,ipy,- .., ip, ) such that k(ip,,ip,,...,i,, ) defines the partition o|p: for each block
of o|p, we have to choose a distinct label from [N;] respecting the order prescribed by the labels of
the blocks of o |p,. That is, we have to choose a subset of [V;] of cardinality # (o |p,). This can be
done for every block of 7 independently and thus
(42) @m-T1(, N )=o)
4.2 Sny(o,m) = ( ’ ):BN o,T).
- izt \f(o]r) o
If N; < f(o]p,) for some 4, then 7 A k(i1,12,...,4,) can never be equal to o, and so the cardinality
of Sn(o,m) is 0, in accordance with the generally adopted convention that the generalized binomial

coefficient (],Z) is zero when N < k. O

Definition 4.6. Given an ordered set partition m = (P, P»,...) € OP,,, we define the (partitioned)
cumulant K (X1,Xs,...,X,) to be the coefficient of NI*l in ¢ (N.X;,N.X5,...,N.X,,). Alterna-
tively, inspecting the proof of Theorem [A.7] this is the same as the coefficient of the multilinear
monomial Ny Ny--Niz in the polynomial ¢ (Nyray. X1, Nr2)-Xa, ..., Nr)-Xn)

The next theorem shows that this definition coincides with a natural generalization of [Leh04),
Definition 2.6].

Theorem 4.7 (Cumulants in terms of moments). For any m € OP,,, we have
KW(Xl,XQ, ce ,Xn) = Z (pU(Xl,XQ, e ,Xn)[j(O',ﬂ').

o<m

Proof. For 0 < k < N, there is no constant term in (%) = N(N‘l)'l'g'!(N"“l)

(D(=2)(ck+1) _ (DF!
k! - k

(regarded as a polynomial

. Therefore the coefficient of

in N), and the coefficient of its linear term is _
Ni-Npy in By(o,m) = H'{L'l (n(ﬁ;)) is equal to (_B[:r‘;d. Note that Y pe, f(c]p) = |o|. Comparing
with (2.12) the desired formula follows. The same argument holds true if we look at the monomial
N7l when N; = Ny =--- = N. O
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Using Corollary 2.2T] we can immediately express moments in terms of cumulants.

Theorem 4.8 (Moments in terms of cumulants). For any m € OP,,, we have

(X1, Xo, .o, X)) = ) Ko (X1, Xo, ., X,) (o, 7).

o<
The next proposition shows that the definition of cumulants for spreadability systems is consistent
with the previous definition for exchangeability systems from [Leh04].

Proposition 4.9. If a spreadability system satisfies exchangeability, then K, = Ky for m =
(P, P,,...) € OP, and h € &y, where h(m) = (Py1), Pu2y,--.); i.e., the value is invariant under
reordering of the blocks of m and thus is determined by the underlying unordered partition .

Proof. Exchangeability entails invariance under permutation of blocks, that is, ¢, = 4 for any
o€ OPy,g € &,. For any h € & and iy,is,...,1, € N, there exists g € &, such that h(7) A
k(i1,02, ... ,in) = g(m A K(i1,12,...,4,)). Therefore,
Sph(ﬂ') (Xl(“)7 X2(i2)7 s 7Xr(bzn)) = @h(ﬂ)/\m(il,ig ..... in)(X17 X27 s 7Xn)

= Qg(ranlivio,.in)) (X1, X2, ..., Xp)

= Prak(it,iz,..., in)(X1>X2>~-->Xn)

(X0 X0y
Thus we have equality ¢-(N.X1,N.Xo,...,N.X;,) = @pr)(N.X1,N.Xy,...,N.X,,) and hence, by
deﬁnition, KW(Xl,XQ, ce ,Xn) = Kh(ﬂ-)(Xl,XQ, AN ,Xn) [

Example 4.10 (Cumulants in terms of moments). We will write the ordered kernel set partition
k(i1,...,1,) simply as the multiset permutation é;is . . .7,. For example, 211 = ({2,3},{1}). Examples
of Theorem [4.7] are given by

(4.3) K1(X) = ¢ (X),

(1.4 Kn(XY) = on(X.Y) - S (0 (X,Y) + o (X, ),

(4.5) K12(X,Y) = p12(X,Y),

(4.6) Koi(X,Y) = p21(X,Y),

(4.7) K11 = o111 - %(@112 + Q121 + P12 + Pa11 + Pa12 + Pao1)

+ g(s0123 + Q132 T ¥213 T Y231 + Y312 + 90321),

1
(4.8) Kz = 112 - 5(90123 +213),
where for the sake of compactness (X,Y,Z) are omitted in the last two formulas.

Example 4.11 (Moments in terms of cumulants). Examples of Theorem [£.§ are given by
(4.9) p1(X) = K1 (X)),

1
(410) QOH(X,Y) = KH(X,Y) + §(K12(X7Y) + Kgl(X,Y)),
(411) 9012(X7Y) :K12(X7Y)7
(412) 9021(X7Y) = K21(X7Y)7
1
(4.13) e = Ky + §(K112 + K1 + Ko + Kopp + Kopg + Kag1)

1
+ §(K123 + Ki3g + K13 + Kozp + K310 + K321),

1
(4-14) w12 = Ko + §(K123 + K213),

where (X,Y,Z) are omitted in the last two formulas for simplicity.
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4.2. Extensivity and uniqueness of cumulants. In order to show uniqueness of cumulants we
first show extensivity.

Definition 4.12. (i) For 7 € OP,, and M;, N; e N;i=1,2,... n, we define

QOW(Ml.(Nl.Xl), MQ.(NQ.XQ), e ,Mn(Nan))
= Z Pra(ii,iz,..., in)(Nl-XlaN2-X27---an-Xn)-

(i1 ,0yin )e[ My |x-+x[ My ]

(ii) For m e OP,, and iy,1a,...,i, € N, we define

Ko (X0 x$02) x Yy = S (x( x ) XS5 (o, )
ceOP,,

o<m

= Z Pork(iy,iz,..., in)(X17X27---7Xn)/7(077T)
geOP,,

o<

and extend it by linearity to

Kﬂ(Nl.Xl, NQ.XQ, e ,Nan) = Z QOJ(Nl.Xl, NQ.XQ, e ,Nan) [7(0',71').
i

Remark 4.13. We would like to alert the reader that the formal definition of the expectation
Or(M;.(N1.X4), My.(N2.Xs), ..., M,.(N,.X,)) is not necessarily related to M.(N.X) as an element
of an enlarged space, obtained, e.g., by iterating a product construction. Yet we show below that the
random vectors (Mw(l)Nﬂ(l).Xl, e ,Mﬂ(n)Nﬂ(n).Xn) and (Mﬂ(l).(Nw(l).Xl), ey Mﬁ(n).(Nﬂ(n).Xn))
(which formally expresses (N.X)M + (N.X)® + .-+ (N.X)M) “the sum of i.i.d. copies of N.X7)
have the same distribution. This property implies extensivity of cumulants, see Theorem below.
It is a consequence of the associativity of the corresponding product of states in the case of classical,
free, monotone and Boolean independences [HS11a]. For general spreadability systems it holds on a
formal level (Proposition [£.14]), even when it comes from a nonassociative product of states, as the
example of V-monotone independence from Section B.3.6l

Proposition 4.14. Let 1 € OP,, X; € A and M;,N; e N;i=1,2,... |x|.
(i) The value o (Mray.(Ney-X1),s - s Mrn).(Negny-Xn)) is a polynomial in M;, N;,i=1,2,... |7,

and Kr(Nzay.X1,. .., New).Xy) is the coefficient of My--Miz.
(i) The dot operation gives rise to an action of N*° which leaves the distribution invariant:

()OW(MW(l)Nﬂ'(l)'X17 ey Mw(n)Nﬂ(n)Xn) = ()OW(MW(l)'(NT('<1)'X1)7 N ,Mﬂ(n)(Nﬂ(n)Xn))

Proof. {l) Let M := (M;,..., M,0,0,...) € N~ and similarly N € N*. Then the following expansion
holds:

Or (M) (Ne)-X1), -+ s Mrny-(Nrny-Xn))

= > Crnn(insizserin) (Ve - X1, - s Ny Xn)
(il ..... Zn)G[Mﬂ.(l)]XX[Mﬂ.(n)]

(415) = Z Z SOU(Nﬂ(l)-Xlr-- 7N7r(n)Xn)
os™ (il 7777 in)e[Mﬂ(l)]X"'X[Mﬂ'(n)]v
TAK(11,82,..0y0n )=0

= Z (po(Nﬂ(l).Xl, Ce ,Nﬂ(n).Xn) ﬁM(O',ﬂ'),
where we used the identity (42). Therefore pr(Mr1).(Nr1y-X1)s- -+, Mr)-(Na@n)-Xr)) is a poly-
nomial in M;, N;,i =1,2,... |n|, and from the proof of Theorem 7] we infer that the coefficient of
My---My is equal to Kr(Nry-X1,. .. Ne@y-Xn)-
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() We proceed with the computation of (A.I3]).

(416) (pﬂ(Mﬂ(l).(Nw(l).Xl), ceey Mw(n)(Nw(n)Xn))
= Z (po(Nﬂ(l).Xl, . ,Nﬂ(n)Xn) ﬁM(O',ﬂ')

o<

Z Z QPP(XDXZ?-"7Xn)7ﬂ(pvo-vﬂ-) BM(U’TF)

0€OPn, peOPn,
o<T pso

= Y e, (X, X, X)) | Y A, 0,7) B (o, )

pe(?'Pn7 O’EOPn7
psm pLo<T
= Z SOP(X17X277Xn)(7M@BM)(p77r)
peOPy,
P
= Z Qpp(XlaX% S 7Xn) ﬁMOE(pv 7T)
p€(9<'Pn,
p<m

= P (MryNe)-X1s - o, M) Na(n)- X)),
where Corollary 2.21] was used in the next to last line. O

Theorem 4.15. Cumulants satisfy extensivity
(E) K,(N.X{,N.X,,...,N.X,) = N"K_(X{,X5,...,X,),
and more generally,

Kr(Nray- X1, s Nen) - X5) = NN K (X0, Xo, 0, X)),
Proof. By definition, @r(Mr1)Nz1)-X1,- -+, Mr(n)Na(n)-Xn) is of the form

||

(JTM:N:) K (X1, X5,...,X,) + (the sum of monomials on M;N; with higher degrees).

i=1
On the other hand, from Proposition EET4I(),

Pr(Mr(1y-(Ne1)-X1), -+« Many-(Nr(n)- X))
= My My Mg K (N.X1, N.Xs, ... N.X,)

+ (the sum of monomials on M; with higher degrees).

We have thus computed the expectation in two ways and it follows from Proposition L T4({) that
the coefficients of M---Mj coincide. O

Finally, we prove uniqueness of cumulants.

Proposition 4.16. The cumulant functionals K, satisfy the following properties.
(i) There exist constants c(o,m) € C for o <m, o,m € OP,, such that

Ke=prt Y c(0,7) ¢,
ceOP,,
o<m

(ii) Extensivity holds: K (N.X{,N.Xs,...,N.X,,) = N"K_ (X, Xs,...,X,).

Moreover conditions ([{l) and () uniquely determine cumulants: If family of functionals K, satisfies
the same conditions with some constants (o, ), then K, = K for all m.

Proof. We know from Theorems [£§ and that K, satisfy () and (i), and the value of the

coefficient (o, ) is explicitly given by =, which in fact does not depend on order of blocks of 7

[owm]l?

or o, i.e., it is uniquely determined by the underlying unordered partitions @ and &.
To prove uniqueness, we recursively write the first condition in the form

or = K+ Z d(o,m)K,
ceOP,,

o<
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and similarly for K. Then we can write ¢, (N.X1,N. X5, ..., N.X,,)) in two different ways:
o (N.X1,N. X, ..., N.X,)
= NMEK (X1, Xy, X)) + Y NOUK (X, X, .., X)) d(o, )

o<t

(4.17)
= NME (X1, Xo, ., X)) + Y NOUK, (X, Xs, ..., X)) d(0, 7).

o<t

The coefficients of NIl must be the same and therefore K, = I?ﬂ. O

4.3. Examples. Let us now briefly review instances of moment-cumulant formulas coming from
noncommutative independences under the light of Theorem The central objects are the n-linear
maps

K, = Kinv Pn = P1,

for the maximal ordered set partition 1,. We call K,, the nth cumulant and in the next definition we
extend the subscript n of ¢, and K, multiplicatively to set partitions and ordered set partitions.

In the remainder of this section, we assume that B is commutative, but it will not be difficult for
readers familiar with operator-valued independence [Spe98| [Pop08, [HS14 [Ske04] M1002] to generalize
the results to general B in the cases of free, Boolean and monotone products and spreadability
systems.

Definition 4.17. The multiplicative extensions (@(x))xep,: (K(x))rep, Of (0n)nen, (K )new are re-
spectively defined by

o (Y1, Ye, . Y) =TT ap(Yp),  YielJi(A), jeln],
=1

Per
K(ﬂ)(Yluyéu'-an) = HK|P\(YP)7 }/}EU[’(Z)(A)7 je[n],
Per i=1

where the notation (3.2)) is used for multilinear functionals. We also define ¢,y := ¢z) and K, =
K 7y for ordered set partitions 7 € OP,,.

These multiplicative extensions are important to understand the cumulants associated to the four
natural products. It turns out that for specific spreadability systems certain cumulant functionals
vanish identically. This is related to a certain factorization phenomenon which is subsumed in the
following lemma.

Lemma 4.18. Let S be a spreadability system for some noncommutative probability space (A, p)
and let m e OP,, be an ordered set partition.

(i) Assume that
(4.18) PR (X1, Xy X)) = 0y (X0, Xy, XG)
holds for any tuple of random variables X; € A. Then
K3(X1, Xa, ., Xp) = K5y (X1, X, .0, X))

as well.
(11) Assume otherwise that there are universal constants ¢, , such that the expansion
(4.19) O3 (X1, Xo, s Xn) = Y Cro 0oy (X1, Xoy oo, X))

o<T

holds for any tuple of random variables X; € A. Then K3(X1,Xo,...,X,) =0 identically.

Proof. Since the number of blocks of any partition o < 7 is strictly larger than the number of blocks
of 7, this is an immediate consequence of Theorem and Definition O

Proposition 4.19. (i) Let KI' be the cumulants associated to the tensor spreadability system St.
Then
(4.20) K=K}

w = By

meOP,.
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(i1) Let KY be the cumulants associated to the free spreadability system Sg. Then

KF - {O, 7 ¢ ONC,,

4.21
“20) " T\KE, reoNC,.

(111) Let KX be the cumulants associated to the Boolean spreadability system Sg. Then

0 ¢ OL

4.22 Kp=<" i

( ) T {Kgr), meOL,.

(i) Let KM be the cumulants associated to the monotone spreadability system Sy. Then
0 TEM,,

4.23 KY'=3" ’

( ) T {K?fr), T e M,.

Proof. Items (), () and (i) satisfy exchangeability and are covered in [Leh04] (note that our
cumulants are invariant under the permutation of the blocks of 7, see Proposition [4.9); alternatively
these cases can be shown using Lemma [£.18]

We are left with case (iv]). Assume first that m € M,,, then it follows from the very definition of
monotone independence in section [3.3.4] that (£18) holds and thus K vanishes identically.

Assume now to the contrary that 7 € OP, ~ M,,, then it follows from [Mur02, Prop. 3.2] that
(19) holds and thus K, vanishes identically. O

Remark 4.20. Other examples of noncrossing cumulants come from the c-free exchangeability sys-
tems of [BLS96], see [Leh04, Section 4.7]. Again Lemma I provides a new proof.

We conclude this section with a generalized variant of monotone cumulants coming from c-
monotone spreadability system Scy as we shall see next. Recall that we consider two states ¢, on
an algebra A to define Scy.

Proposition 4.21. The cumulant functional K¢ associated to the c-monotone spreadability system
Scm s given by
CM M, )
Kﬂ (Xh XQ’ .. 7Xn) = { PeOuter(m) Pelnner()
07 ™ ¢ Mn,

where Ky is the n™® monotone cumulant with respect to the linear map ¢ : A — C.

Proof. We extend the linear map 1 on A to U by taking the monotone product of ¢/’s, and so we have
two spreadability systems: the c-monotone spreadability system Scy = (U, (1), @) for (A, ) and
the monotone spreadability system Sy = (U, (¢(7)2,, 1)) for (A, ). The multiplicative extension ¢
of ¢ is now replaced by
(4.24) @(n),w(Xtha s Xp) = H @\P|(XP) H 1/1\P|(XP)7 e ONC,,

PeOuter () Pelnner()
which coincides with ¢(,) if ¢ = 1. Similar to the monotone case, for every ordered pair p,7 € P,
with p < 7 there exist a universal constant con(p, 7) € C and a subset V(p, T) S p, such that

er(Y1,Ys,....Y5)

Py (Y1,Ya, . Yy) + ZCCM(UJ_T)( [I <P5|(Ys))( [1 1/15|(Ys))7 T eM,,

oePn SeV(o,m) SeV(o,m)°

o<T

ZCCM(UJ_T)( [1 <PS|(YS))( [1 1/15|(Ys))7 ¢ M,

o€Pn SeV(o,m) SeV(o,m)e

o<T

for Y; e U2, 1D (A),j € [n] and the same idea of Lemma [L.I8 and Proposition .19 applies. O

Remark 4.22. Similar arguments apply for the cumulants introduced in [Has10].
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5. CENTRAL LIMIT THEOREM

Cumulants provide a natural framework to understand central limit theorems. Speicher and
Waldenfels studied central limit theorems in a general setting of noncommutative probability as-
suming a certain singleton condition [SW94] (see also [AHO98]). In this section we will see that a
similar approach also applies in the setting of a spreadability system, provided that an appropriate
singleton condition holds.

Definition 5.1. (i) An element k € [n] is called a singleton of 7 € OP,, if {k} € 7.
(ii) Let S = (U, (119));51,P) be a spreadability system for a noncommutative probability space
(A, ). We will say that the singleton condition holds for S if (X1, Xo,...,X,) =0 for every
tuple (X1, Xs,...,X,,) and every partition 7 containing a singleton {k} such that ¢(X}) =0.

Under this assumption we can show the following type of central limit theorem.

Theorem 5.2. Assume that a spreadability system (U, (10));51,P) for (A, ) satisfies the singleton

condition. Assume @(X) =0 and let Yy := N—\/§ Then, for each n €N and p € Py,

: Zweopg) ﬁgoﬂ(X7 X7 ce 7X), n iS even,
]\lflm 0p(YN, YN, ..., YN) = 7<p
o 0, n 18 odd.

where (973512) 1s the set of pair ordered set partitions, i.e. every block of m € (’)7322) contains exactly 2
entries.

Proof. Note that the following holds: if 7 has a singleton at k& and ¢(X}) =0, then

(5.1) K (X1,Xo,...,X,)=0.
This holds because K, (X1, Xs,...,X,,) is the coefficient of N in ¢ (N.X1, N.X5,...,N.X,,), and
(5.2) or(N.X{,N.Xs,...,N.X,)) = B Z [ ]gomm(il,i27.,.7l-n)(X1,XQ, oy Xp) =0
i1i2,min€[n
because each 7 A k(i1,12,...,4,) has a singleton at k.
Now multilinearity and extensivity of cumulants imply
(5.3) K.(Yn,Yn,...,Yy)=NMK (X X,..., X).

If 7 has a singleton, this is zero. If m does not have a singleton nor 7 is not a pair ordered set
partition, then || < §. Therefore,

K.(X,X,...,X), ifniseven and 7 ¢ O’P,(f),

0, otherwise.

(54) J\lflm KF(YN,YN, ce ,YN) = {

If 7€ OPSLQ), then K (X, X,...,X) = ¢ (X,X,...,X) from Theorem [L.7] because the expectations
v, (X, X,...,X) all vanish for ¢ < 7 from the singleton condition. Finally, from Theorem [L§] we
obtain the conclusion. O

Thus the use of cumulants simplifies the proof of the central limit theorem. It may happen that
the moments of the limit distribution are not uniquely determined only by the variance of X alone,
because in general ¢, (X, X,...,X) cannot be written in terms of ¢(X?). For example, the limit
distribution for the c-monotone spreadability system is characterized by the moments

2Outer(m)| g2lnner(m)| s even,

- Y @
5.5 1 Vi) =4 SmeM il
(5:5) Noroo P(V%) {0, n is odd,

where a? = p(X?), 42 = (X?) and M is the set of monotone pair partitions; the reader is referred
to Theorems 4.7, 5.1 of [Has11]. The limit moments also depend on the second linear map v and they
are not determined by o?. To recover uniqueness, we have to introduce an additional assumption.
One possibility is a universal calculation rule [Mur02, [Spe97] which also works for spreadability
systems:
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Definition 5.3. Let (U, (:1));51,%) be a spreadability system for a ncps (A, ¢). It is said to satisfy
a universal calculation rule if there exist constants s(7,7) € R for each w € OP,,,7 € P,,,7 < 7, such
that the equality

Pr = Z S(Tvﬂ-) 90(7')

T€Pn,
T

as functionals on A™.

For our purpose, it suffices to consider a universal calculation rule for 7 € O'P,(f) and 7 < 7 (the
case T < T in fact guarantees the singleton condition). Then the limit distribution of the central limit
theorem is determined only by the variance and by the universal constants s(m, 7). More precisely,
o (X, X,...,X) =s(7,m)o2 if 1 e OPP) a2 = o(X?) and ¢(X) = 0. Hence the limit moments can
be written as

2 reop? S(if)
(5.6) lim o,(Yy,Yy,...,Yy) =1 "S5
N=eo 0, n is odd.

a?l"l. nis even,

Tensor, free, monotone and Boolean spreadability /exchangeability systems satisfy universal calcula-
tion rules. On the other hand, the result of Maassen and Leeuwen showed that the exchangeability
system for the ¢-Fock space does not have a universal calculation rule [vLM96]. A natural question
is if there exist more spreadability systems which have universal calculation rules. The answer to
this question seems to be positive; Muraki recently constructed some examples [Murl3].

6. PARTIAL CUMULANTS AND DIFFERENTIAL EQUATIONS

Neither the defining formula (Definition [£.6]) nor the Mobius formula (Theorem [4.7]) are suitable for
the efficient calculation of cumulants of higher orders. In the case of exchangeability systems recursive
formulas are available which are more adequate for this purpose; see [Leh04, Proposition 3.9]. In the
classical case, the recursion reads as follows:

KT(X17X27 . 7Xn) = EX1X2Xn - Z K‘E'(XZ 1€ A)E H X]
Ag[n] jeAe
1leA
In the univariate case this is the familiar formula

nwlin-1
“”:m”_z(k—l

)F&kmnk
k=1

which for normal random variables specifies to Stein’s method.
In the free case the recursive formula reads

(6.1) KE(X1, Xs,..., X)) = (X1 X0 X)) - Z K&‘(XZ- ti € A) Prnanae) (X | 7 € A9)
gy

(see Definition 2.3)) and specifies to the free Schwinger-Dyson equation [MS13]. From the point of
view of combinatorial Hopf algebras this has been recently considered under the name of “splitting
process” [EFP16].

Turning to our general setting we note that already in the case of monotone probability we lack
a simple recursive formula; however the first author and Saigo [HS11al, [HS11b] found a good re-
placement in terms of differential equations. Differential equations also play a major role in free
probability, for example the complex Burgers’ equation and its generalizations appear in the context
of free Lévy processes [Voi86G]. In this section we will unify these differential equations from the
viewpoint of spreadability systems.

For m = (Py,...,P,) € OP,, we have observed in Theorem that ©-(Nray. X1, .., Nr)-Xn) is a
polynomial in Ny,..., N, and we may formally replace Ny,---, N,, with real numbers ¢;,...,¢,. Thus
we obtain formal multivariate moment polynomials

(6.2) e (X1, X)) = 0n(be)y Xy oo bagny- Xn),  teRP
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In this section we derive recursive differential equations for these moment polynomials. By Defini-
tion [4.6 our cumulants are given by

or
Oty 0ty---Ot,,

In order to get recursive differential equations we need a refinement of cumulants which we call partial
cumulants. They are obtained by taking the derivatives in (6.3]) one at a time.

Definition 6.1. Let 7 = (P, P,,...,P,) € OP,,t = (t1,...,t,) € RP,j € [p]. We define the partial
cumulant to be the polynomial

(6.3) K.(X1,...,X,) = O5 (X1, Xa, .., X)),

t=(0,...,0)

i 9
KOt (X LX) = 2| (X X,
J

t;=0

Applying the binomial formula to specific blocks similar to the proofs of Theorems and [A.7] it
is easy to derive the following explicit expression for the partial cumulants.

Proposition 6.2. Let 7= (P, Ps,...,P,) € OP,, t=(t1,...,t,) €RP, je[p]. Then

(tl7---7tj—1717tj+17---7tp) _ (tlv"'vtj—l717tj+17"'7t1)) ~ 1
K (X1 X)) = Y Qlmtrtint) (X X (0, 1),
anij

We are now ready to establish partial differential equations for the evolution of moments.

Theorem 6.3. For m= (P, Ps,...,P,) € OP,, t = (t1,t2,...,t,) and j € [p] we have

8 t (t ) .
L _ 17"'7t]—1717t]7tj+17--'7tp)
(64) atj (pﬂ-(Xl’.. ) 7Xn) B @#;P K(Pl7---7Pj—17A7Pj\A7Pj+17---7PP)7A(X1’.. : 7Xn)
=g
_ (t15ee5ti=15t5, Lt 5eestp)
(6.5) - Z K(P1,...,Pvfl,P«A,A,Pvﬂ,...,P ),A(Xl’ s Xn).
@+ACP; ’ ! ’ b
=7

Proof. The main ingredient here is the invariance principle of Lemma [4.3l Recall the delta oper-
ation from Definition [LJ|(I]), tensor notations from Section [B.J] and recall that for any partition
T = (P,P,...,P,) € OP, the multilinear map ot A - C is identified with the linear lifting
e A% > C. Let X = X1 @ Xo®---® X, let k+[m]:={k+1,k+2,...,k+m} and let e; € RP be the
jth unit vector. Then, for each j € [p],

(6.6) AT (Xy, e X)) = o (X) = o ((5?@%] 1 55@3) (X)) |
1#]
Now by (B.3) we have
®P; _ i _ ®P;NA
(6.7) 5[Nj+m] - (5[Nj] +5Nj+[m])®P - Z 5[Nj] 5f%f+[m]
AEPJ'

and thus (6.6]) is equal to
Pj\A i
(6.8) =2, ‘Pﬂ((‘sﬁm O H5E®z€]) (X))'
AcP; %]

This is a sum of ¢,’s with entries X k(fk),k € [n], where the indices i, with k € A are strictly larger
than the indices ¢, with k£ € P; \ A, and therefore we may split the block P; € m into two parts:

PiNA )
(69) = Z QO(Pl,PQ,...,Pj,l,Pj\A,A,P]url,...,Pp) ((5?]\[]]] 5}8\)[;44_[”1] H 5?]\51]) (X)) *
AcP; i+]
Now by Lemma the local shift in A can be omitted without changing the value and we obtain
PiNA .
(6.10) = Z P(Pr,Py,...;Pj-1,PiNA, A, Pji1,..., Pp) ((5?ij] 55:?] H 58\17?]) (X))
e

AEPJ'

_ (N1,N2,...,Nj-1,Nj,m,Nj41,...,Np)
(6.11) = AZ ‘P(Pl,PQ,...,Pj,l,pj\A,A,PjH,...,Pp)(X)-
=7
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The analytic extension of this identity is

QO%:SEj (X) _ Z (p(t17t27-..,tj—1,tj,S,tj+1,-..7tp) )(X)

(P1,Pa,...,Pj_1,PjNA,A,Pj1,...,P,
Ac; J J i+ p

_t (t1,t250 5t -1, 5,8, 5415 5tp)
= pr(X) + Z P(Py,Py,...P;_1,P; \A,A,Pjﬂ,...,Pp)(X)’

@+ ACP;
and the derivative satisfies the derived identity (6.5):
9 4 J AT (t1,t £, 11ty
(X)) = = (X)) = Fe (Ot timn b, Lt ot X).
A0 - o A= 3 ()

Py,Ps,...,Pj_1,PjNA,A,Pj1,...,P,
8=0 ®¢ACP ( 1,472 J-1 J+1 P

In order to prove the first differential equation (6.4 we replace (6.1 by the complementary expansion
(6.12) 00t = (T + a0 = 3 3846204

[N +m] [m] " m+[N;]’

AEP]'

and following the lines of (6.8)—(G.I0) we obtain

AN ) = 3 (s202 T8 00))
i#]

AQPJ'
PiNA :
(613) = Az; ()O(P17P2,...,Pj_1,A7Pj\A,Pj+1,...,Pp) ((5%55\7;] H 5?]\??]) (X))
cr; 1%]

_ Z (N1,N2,...,Nj—1,m,Nj,Nji1,....Np) (X)
(P17P27 7] 1,AP\AP]+1, 7PP) ’

By analytic continuation, we may replace m and N; with s and ¢; respectively. Taking the derivative
with respect to s at 0 we obtain (6.4)). O

Remark 6.4. In the case of exchangeability both differential equations coincide.

In the remainder of this section we consider specializations to the differential equations of Theo-
rem to various spreadability systems. In all these examples & factorizes into products along to
the blocks of 7 and therefore it suffices to consider 7 = 1,,, i.e., the expectation ¢!(Xi,...,X,) :=
o((t.X1)(t.X2)(t.X,)).

Example 6.5 (Tensor independence). Consider the tensor spreadability system St. Then

(6.14) PO (X1 X)) = 91 (Xa) 9 (X o),

so we get

019 KGA00 X X0 = | O = K (X ().
The identities in Theorem (for 7 = 1,,) read

(6.16) %(pt(Xl,...,Xn): > KE4|(XA)g0t(XAc).

@+Ac[n]

This differential equation can be translated to (exponential) generating functions as follows. Let
u = (ug,us,...,u,) be a vector of commuting indeterminates and X = (X, Xs,...,X,,) a vector of
random variables. We define the exponential moment generating function

Fio(u)=1+ %d(}g,...,xh... Xo,eo X)
(6.17) reapiltatopy PPt
= [p(em X gunXn )t
and the exponential cumulant generating function as the logarithm of the previous
Lx(u) = D MK;+ o (X1 X X X))
<6'18> (ph-(sz.).’elf)ui{oo})” prin p1 times Pn times

= log[Fx (u)].
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Then one can prove that

(6.19) S (w) = Lx(u) F (u),

which is equivalent to (6.16). Note that the functions Lx (u) and F§ (u) commute.

Example 6.6 (Boolean independence). In the Boolean spreadability system Sg we have
(620) gifc) (X17X27"'7Xn) = H gotl(XP) H Spt2(XQ)
PGLmaX(A) QeLmax(Ac)

where . (A) is the interval partition constructed in Definition 23] and consists of the contiguous
subintervals of A. It follows that

K|],34‘(XA) HQGLmaX(AC) 90t2 (XQ)7 if |[’max(A)| =

6.91 K& (X X, X,) =
( ) (AA)A( 1 2 ) 07 if|5max(‘4)|>1

The identities in Theorem (for = 1,,) coincide and read
d

A: interval of [n] Q€tmax (A°)
This differential equation can be interpreted in terms of generating functions in noncommuting in-
determinates z1,...,2,. To this end we define noncommutative formal power series
(623> M;((z Z Z (pt( i1 127' x 7Xim)zi1'”zim
m=1141,,im=1
and
K% 0 M!
X(Z) E (X1,X2,..., Xn)(é)
(6.24)

= Z zn: KT]?L(XZ sz)zll . im'

m=141,im=1

Then the differential equation ([6:22]) is equivalent to the identity
(6.25) —Mt 5 (2) = My (2) K3 (2) M (2).
Note that M} (z) and K3 (z) do not commute.

Example 6.7 (Monotone independence). Consider the monotone spreadability system Sy. With
the notation tyay(A) introduced in Definition 2.3 we have

(626) E: Zc))(XlaXQw-'aXN) = gptl(XA) H gth(XB)a
Betmax (A°)
using monotone independence. Thus
(6.27)
0
K (X0, X, X)) = ol et T e (Xe) = K(Xa) TT ¢ (Xa).
11t1=0 Betmax (A€) Betmax (A°)
The first identity in Theorem (for m = 1,,) reads
d
(6.28) %‘Pt(Xl,XQ, X)) = Z K%(XA) H ¢ (Xp),

@+Ac[n] Beimax (A°)
which is exactly the first identity in [HS11al Corollary 5.2].
On the other hand

KO A (X1, X, X)) =

B
. O"(Xa) J] ¢"(Xp)
2 1t2=0 Betmax (A°)

(6.29) :{wtl(XA) KN (Xae),  if [ tmax (A9)] = 1,

0, I | (A%)] > 1.
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The condition | tmax(A°)| = 1 holds if and only if A¢ is an interval. Therefore, the second equality in
Theorem (for w = 1,,) reads

d

(6.30) -9

(X17X27"'7X ): Z K|B§|(XB)90t(XBC)>

B: interval of [n]

which is exactly the second equality in [HS11al Corollary 5.2].
Results on generating functions in [HS11a] correspond to these differential equations. For non-
commutative indeterminates zi, ..., 2,, we define the cumulant generating function

K¥@ = 5] M)

(6.31) - n
Z Z Krl\r/LI(XhXiz“'Xim)zilzig“'zi

=1141,i2,,im=1

Then it is shown in [HS11a, Theorem 6.3] that
(6.32) M5 (2) = M (2) Mx (21 M5 (2), - 20 M (2))-
The partial derivatives of (6.32)) regarding s at 0 and ¢ at 0 become (6.28) and (6.30]), respectively.

m*

Example 6.8 (Free independence). Consider the free spreadability system Sg. One can use the
formula for products of free random variables [NS06, Theorem 14.4] to show that for a nonempty
subset A € [n] we can expand

(6.33) oy (X1, Xo, . X)) =0(Xa) ] @(Xp)+R,
Pelmax (A°)

where Ipax(A€) is the partition defined in Definition 2.3 (i) and every term in R has at least
two factors from A, i.e., factors of the form (X, Xg, Xk, ), ki,ko,... . kn € A. For example
Oi2a,1,350 (X1, Xo, ., X5) = o(XoXy) o(X1X5) o(X3) + R, where every term in R has the fac-
tor p(X2) ¢(X4). This implies that

(6.34) P (XL X X)) = (X)) [T @2 (Xp)+0(#) (> 0),
Pelmax(A°)

so by taking the partial derivative z- ‘ we get

(635) K((iltjc):) A(X17X27 s 7Xn) = K|i‘(XA) e H(A )SOtQ (XP)

This yields the differential equation

d
(636) E@t(XhX%"an) = Z ‘A|(XA) H got(XP)7
@+Ac[n] Peimax (A€)

which is similar to the monotone case (6.28)).

Let z = (21,29,...,2,) be a vector of noncommuting indeterminates and let X = (X3, Xs,...,X,))
be a random vector. In order to obtain a differential equation we need in addition the two-sided
generating function

(637) MX(Z w ZO Z ( i1 12,...,Xip,Xj1,Xj2,...,qu)ZilZZ'Q"'ZZ'prlejQ"'qu
P,9=0 i1,i2,...,ipe[n]
J1:J25e0 jqe[n]

as well as the R-transform

(638) Rx(Z) Z Z KF( i1y 22,"',X2‘j)2i12’i2"'2’ij.

g=lay,i5=1

After some computations we infer from (6.36) that

(6.39) %Mg(z) = M (2, R(z:1 M (2), 20 M (2), ..., 2a M (2)) (M (2)) 7).
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Note that by [NS06, Corollary 16.16] the second argument can be written as
1-Mg(2)™"
—

When n = 1 the differential equation (6.39)) is equivalent to the generalized complex Burgers equation
(see [Voi86, p. 343])

(6.40) R(z: M5 (2), 2aM5 (2), ..., 2a M5 (2)) (Mk (2)) " =

0 Rx(G%(z)) 0
A1 -Gt CANTXNT) D ot -
(6 ) atGX(z) + GtX(Z) 82GX(2) 07
where G% is the Cauchy transform
(6.42) Gi(z) =Y ¢'(X,..., X))z
"0 n fold

7. MIXED CUMULANTS AND SUMS OF INDEPENDENT RANDOM VARIABLES

7.1. Vanishing of mixed cumulants in exchangeability systems. In the case of exchangeability
systems independence is characterized by the vanishing of mixed cumulants [Leh04, Prop. 2.10].
That is, if the arguments of K, (X1, Xs,...,X,,) can be split into two mutually independent families
then the cumulant vanishes; more generally, K, (X1, Xs,...,X,) =0 whenever the entries of one of
the blocks of 7 splits into two mutually independent subsets. This is the content of the following
proposition.

Proposition 7.1. Let (A,) be a ncps and € = (U, ) an exchangeability system for A. Given
a partition ™ € P, and a family X1, Xs,..., X, € A such that there is a block P € w which can be
partitioned into P = PiOP, such that {X;:i € Pi} and {X; : i € Py} are independent in the sense of
Definition (3.4, we have K (X1, X5...,X,) =0.

For further reference let us reproduce here a short proof, due to P. Zwiernik [Zwil2], which is based
on Weisner’s Lemma (see [Sta97, Cor. 3.9.3] for a simple version and [BBR86] for the full version).
Its generalization will be essential for the understanding of mixed cumulants in the spreadable setting.

Lemma 7.2 (Weisner’s Lemma). In any lattice (P,<) the Mdébius function satisfies the identity

wu(e,b) ifa>b
TrAa=c
Proof of Proposition[7.1 Let p be the partition obtained from 7 by splitting the block P as indicated

in the proposition, then p < 7 and by assumption ¢, (X1, Xs,..., Xy) = @orp (X1, Xo,...,X,,) for any
o € P,; hence

Z [L(:L‘, b) =

KW(X17X27"'7X71) Z SOU(X17X27"'7XH)M’P(O-77T)

o, Py,
o<m

Z QOO'/\p(XlaX% s 7Xn) MP(O-aﬂ-)

o,m€Py,
o<m

Y e (X1, Xo, ., X)) Y pp(o,m).

T,7T€Pn, o€Py,
T OANP=T

Now p # 7 and the second case of Weisner’s lemma applies. O

7.2. Partial vanishing of mixed cumulants in spreadability systems. Since vanishing of
mixed cumulants implies additivity of cumulants (IT]) for sums of independent random variables, it
cannot hold for general spreadability systems, e.g., monotone convolution is noncommutative and
therefore monotone cumulants are not additive [HS11a].

In this section we investigate what remains true in the general setting and we provide a formula
expressing mixed cumulants in terms of lower order cumulants. This question is intimately related
to the question of convolution - determining the distribution of the sum of independent random
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variables, which is not commutative in general. As we shall see, the Goldberg coefficients will appear
in our formulas.

To obtain this result in full generality, it turns out that certain statistics of multiset permutations
play a central role. The first systematic study of permutation statistics is contained in the seminal
work of MacMahon [Macl5], for a modern treatment see [B6n12]. These statistics play a major role
in the theory of free Lie algebras [Reu93], see Section B below.

Definition 7.3. A multiset is a pair (A, f) where A is the underlying set and f: A - N is a function.
The value f(a) is called the multiplicity of the element a € A. Informally, a multiset is a set which
contains multiple indistinguishable copies of each of its elements. In the present paper multisets
will always be based on integer segments A = [n] and in this case the tuple (f(1), f(2),..., f(n)) is
called the type of the multiset. A permutation of a multiset is a rearrangement of all its elements
where all multiplicities are preserved, i.e., a word with a prescribed total number of occurences of
each letter. The number of distinct permutations of a multiset of type (f1, fa, ..., fn) is given by the
multinomial coefficient
(fl + fat+oo +fn)

f17f27---7fn

A proper set is a multiset of type (1,1,...,1) and we recover the number of its permutations as n!.
We will be interested in the following statistics of multiset permutations.

Definition 7.4. Let 0 = wjw,...w,s be a permutation of a multiset of type (f1, fa,..., fn) where
s=fi+fo++ fn. Anindex 1 <i<s—11is called a
(i) descent (or drop or fall) if w; > w;,1.
(i) plateau (or level) if w; = w;yq.
(iii) ascent (or rise) if w; < w;y.
We denote by
Des(0) = Des((wi)i-y) = {j € [s = 1] | w; > wjir},
Pla(o) = Pla((wi)i,y) = {j € [s = 1] | wj = w1},
Asc(o) = Asc((wi)iy) = {j € [s - 1] [ wj <wjn}
these sets and by des(0) = des((wi),) = [Des((w)i,)], plao) = pla((w)i,) = [Pla((wi),)]

and asc(o) = asc((w;)i;) = |Asc((w;)i,)| the respective cardinalities, i.e., the number of descents
(ascents, plateaux respectively) of the multiset permutation o.

Remark 7.5. 1. Note that some authors also count ¢ = s as a descent and ¢ = 0 as an ascent.

2. Counting permutations by descents and ascents is a classic subject in combinatorics. In the case of
descents of multiset permutations this is also known as Simon Newcomb’s problem |[Rio58, [DRGY).

Clearly every element except the last is either a descent, an ascent, or a plateau, and therefore

(7.2) lo| = des(o) + pla(o) + asc(o) + 1.

Definition 7.6. To any pair of ordered set partitions 7,7 € OP,, such that 7 < 7, we associate a
multiset on [|n|] by setting the multiplicity of k € {1,2,...,|n|} to be equal to the number of blocks of
7 contained in the k-th block of . Replacing every block of 7 by the label of the block of 1 containing
it we obtain a permutation of this multiset. We denote by des,(7), asc,(7) and pla, (7) its statistics
as defined in Definition [7.4l More precisely, let 7,17 € OP,, such that 7 < 7. If n = (Ey, Es,..., E.),
then the blocks of 7 can be arranged

T= {E1,17E1,27' e 7E1,l17' ‘. 7E€717' e 7E€,le}7

where each F; = Uéf:lEm is a disjoint union taken in canonical order of the subsets (i.e., sorted
according to their minimal elements). So 7 can be written as

T = (Eml,n17 Emg,nga o 7Ems,ns)7

which is a permutation of the blocks of 7. Then we denote by Des,(7), Pla, (7) and Asc,(7) respec-
tively, the sets Des((m;);_,), Pla((m;);_,), Asc((m;);_,) and by des,(7),pla,(7),asc,(7) the respec-
tive cardinalities of the latter.
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Example 7.7. Consider the partitions n = (Ey, Ey, E3, Ey, E5) € OP1y with blocks By = {5,8},
E2 = {9,10}, E3 = {3,6}7 E4 = {1,2,4}7 E5 = {7}, and 7 = (Tl,TQ,Tg,T4,T5,T6,T7,T8) € Oplo with
blocks Ty = {3}, To = {6}, T3 = {1,4}, Ty = {7}, T5 = {10}, Ts = {5,8}, T7 = {9}, Ty = {2}. Then 7 < 7.
Now T € F5 and thus wy = 3, T5 € E3 and thus ws = 3, etc.; the multiset permutation thus induced
on 7 by n is

(w;)%, =(3,3,4,5,2,1,2,4),
and the statistics are des((w;)%,) =2, pla((w;)$,) =1 and asc((w;)%.,) = 4.

Definition 7.8. Let o = (w;)?_; be a multiset permutation. An ascending (resp. descending) run is
a maximal contiguous subsequence (w;), which is strictly increasing (resp. decreasing). Similarly,
a level run is a maximal subsequence (wi)f:j such that w; = wj.q =+ = wy.

Proposition 7.9. Let o = (w;)i_; be a multiset permutation.
(i) o can be decomposed uniquely into ascending runs separated by descents and plateaux. The
number of ascending runs is equal to s —asc(o).
(i1) o can be decomposed uniquely into descending runs separated by ascents and plateauz. The
number of descending Tuns is equal to s —des(o).
(i1i) o can be decomposed uniquely into level runs separated by ascents and descents. The number of
level runs is equal to s —pla(o).

Proof. We only prove (i). The claim is clearly true when asco = s -1, i.e., when the sequence is
monotone increasing. Otherwise replacing any ascent by a descent or plateau splits an ascending run
into two, i.e., increases the number of ascending runs by one. O

Remark 7.10. Assume 7 =17, i.e., if n = (Fy, Es, ..., E.) and 7 is a permutation of the blocks of 7
in the sense that there is a permutation h € &, such that 7 = h(n) = (Ena), En), - - - En(e))- Then
des, (1) and asc,(7) coincide with des(h) and asc(h), where the latter quantities are the numbers
of descents and ascents of the permutation h, respectively. See [Bén12l Bre93l Reu93] and [Sta9d7,
p. 25] for the uses of des(h) and asc(h) in the context of symmetric groups.

Example 7.11. Consider (m;)?., = (1,1,3,5,5,5,4,1,4). Then des((m;){_,) = 2, pla((m;)?.,) =3
and asc((m;))_,) = 3. The decomposition into ascending runs is given by

(1),(1,3,5),(5),(5), (4), (1,4),

the decomposition into level runs is

(1,1),(3),(5,5,5),(4), (1), (4)
and the decomposition into descending runs is
(1),(1),(3),(5), (5), (5,4, 1), (4).
Lemma 7.12. Let n,7 € OP,, such that T <1, then there is an ordered set partition o< (1,m) such
that
{o0eOPn|oan=7}=[r o (T,n)].

and the restriction of the mapping ¥ in Proposition establishes a poset isomorphism
{0eOPy|oAn=T7} > Ty xTp, x - x T,

where 1 < p; <n are the lengths of the ascending runs of the sequence (m;);_, from Definition[7.6 and

t = |7 - asc, (7).

Proof. Let 0 € OP,, be a partition such that o An =7 and write 7 = (En;y 11y Emgngs -« - » Emgn, ) and
n = (E, Es, ..., E.) as in Definition From Proposition 212 we infer that o > 7 and thus by
Proposition 2.14] there is an interval partition A = (Lq, Lo, ..., L;) € Z; such that

0= (U Emivnﬂ U Emiyni7" © U Emzvnz)

i€l i€Lo i€l

In order that o An = 7 it is necessary and sufficient that every block L € \, say L = {a+1,a+2,... a+b},
induces a strictly increasing sequence Mg < Mgyo < -+ < Mgsp-
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Let (m)ity, (mi); 1q,- - (mg)5,, ., be the decomposition of (m;)f; into ascending runs. This
decomposition defines the 1nterval blocks A; := {i;_1+1,4;.1+2,...,3;} (i = 0,4; = s) and hence defines
an interval partition o = (Ay, As,..., A;). The interval partition A\ consists of increasing intervals
and therefore is finer than «. Thus we have an isomorphism

{o0eOP, |oAn=T} >Ta, xLy, x-xLy,

via the restriction of the map V| ; ; from Proposition 214 The number ¢ = |a is equal to
|T| — asc,(7), the integers p; are the cardinalities of A; and o< (7,7n) is the ordered set partition
corresponding to A = a. d

Before discussing the question of mixed cumulants we prove an analogue of Weisner’s lemma for
ordered set partitions.

Proposition 7.13 (Weisner coefficients). (i) For 7, € OP,,, we have
w(r,n)= ), f(o,1)

oeOPy,
OAN=T
0 _1)|7|-ascy(7)-1
(7.3) [ e (1 gyt g - LU0
= -1 |T| (ascn(ﬂ-))
0, TE7

(i) More generally, for ,n,m € OP,,, we have

U}(TJP, Jp), 7_'3_, TS?T,
w(r,n,m):= Y f(o,)= lll ! !

0eOPy 0, otherwise.
OAN=T
o<

We call the numbers w(r,n,7) and w(,n) = w(r,n,1,) Weisner coefficients.

Proof. ({l) If 7 £ 77, then there is no o such that ¢ An = 7 and the sum is empty. Let us therefore
assume henceforth that 7 < 7. We take up the end of the proof of Lemma [[.12] where we established
the poset isomorphism
{ceOP,|oAn=T}2T, xIL,, x-xT,
(74) = Op;-1 X Bprl X oo X DOpy—-1
D1+ +pe—ts

where the second isomorphism follows from Proposition and p; denotes the length of the -
th ascending run. The latter contains p; — 1 rises and therefore the total number of ascents is
asc,(7) = p1 + pa + -+ py —t. In the identification above, a partition o is mapped to a subset
Ac[pr+p2+--+p —t] with |A| =|o| -t elements and we have

(-1)lol=1 (=1)lAl-1

7.5 (o, 1,) = _
Performing the sum we obtain
. (—1)lAke-1
fi(o,1,) = YT
06;371 Ag[agy(r)] |A| +1
OAN=T
_ Z() (ascn(r)) (-4
B k k+t

(76) ascy (T
[0 & )(aSCW(T)) k+t-1 dr

— / t— 1(1+x)ascn(7—) dr
-1
= (-1)""'B(t,asc, (1) + 1),
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where B is the beta function B(a,b) = FIE‘(IC)LES) which can be written in terms of binomial coefficients
as desired.

(@) In order for the set {o € OP,, |0 <7, 0 An=7} to be nonempty, it is necessary that 7 < 7 and
7 <71. We adapt the notations from Definition and infer from Proposition 2.14] that there exists
an interval partition p = (Ry, Ra, ..., R,) € Z, such that
(7.7) T=(P,Py....,P) = (U Eminis U Emyinis -+ U Enyns)-

1€Ry 1€Ro eRp

If follows from Lemma [[12 that o belongs to [7,02¢ (7,17)]. In addition, o must satisfy o < 7.

Hence, the ascending runs considered in Lemma [T.12] are split by the blocks of . More precisely,
for each k € [p] we decompose (m;)cr, into ascending runs, which give rise to the interval partition

Y6 = (Gra,-..,Gru,) € Lr, where Gy, ; consists of the indices i of the j-th ascending run of (m;);ecp, -
Then
(78) J?nsgx (TJPkanJPk) = ( U Emz’,”ﬂ R U Emzynz)

iGGkJ ieGk,uk

and for each P € 7, we pick an arbitrary op € OPp from the interval [7|p, 08¢ (7|p,n]p)], concate-
. . ~ . —1)ielp)-
nate them and obtain o = op op,--0p, € OP,. Since Ji(o,7) is the product of % over Pem,

the conclusion follows. O

Examples of the Weisner coefficients will be given in Example [[.25l we are now ready to proceed
with the investigation of cumulants with independent entries.

Proposition 7.14. Let m,n€ OP,, and (iy,i2,...,i,) € N* be a tuple with kernel k(iy,i2,...,i,) =1.
Then

KX X520 X0y = S o (X, X,y X)) w(T, ), 7).
T7eOPy,

Proof. We proceed as in the proof of Proposition [[. Il Expressing cumulants in terms of moments
(see Theorem (A7), we have

KX, X5 XY = 3 oo (X X, X)) (o, )

06(277”
= Z SOUAU(XlaXQa"'aXn)H(Uaﬂ)
ceOP,,
o<
(7.9)
= Z o (X1, Xo, .., X)) Z f(o, )
reOP,, 0€OPr
OAN=T,0<T
= Z @T(X17X27"'7Xn)w(7-7?77ﬂ-)'
7eOPy
[
Since w(7,n,7) # 0 for 7 < 77,7 < 7 and in general the expectation values p, (X1, Xs,...,X,,)

among different 7 do not cancel each other, we cannot expect the vanishing of cumulants without
further assumptions. However we can express cumulants with independent entries also in terms of
cumulants of lower orders. In this case it turns out that the coefficients are determined by the number
of plateaux.

Lemma 7.15. Let n,7 € OP,, such that T <1, then the restriction of the map \I/J[r,in] from Proposi-
tion establishes a poset isomorphism

(7.10) {0eOPy|o27,0 <0} > Ly x Ly, x - x 1,

where 1 < q; < n are the lengths of the level runs and the number r is equal to |7| - pla, (7). In

particular, there is an ordered set partition UE}ZX (1,m) such that

{ceOP,|o>71,0<q}=[r,00% (1.n)].

max
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Proof. The proof is similar to that of Lemma [.12] Write 7 = (Eyy nys Emgngs - - - > Emgn,) and n =
(Ey, Es, ..., E.) as in Definition [T.6l Let o > 7, then from Proposition 2.14] we infer that there is an
interval partition A = (Ly, Lo, ..., L;) € Z, such that

(7.11) o=(U Emimir-» U Emyni)-

i€l i€l

Let (m;)2,, (mi)iiiﬁl, oy (my)i; 1 be the decomposition of (m;);_, into level runs. This decom-
position determines interval blocks B; := (1,1 +1,4;.1+2,...,4;) (ip = 0,4, = s) and hence gives rise to
an interval partition g = (B, B, ..., B,.). In order that ¢ <7, each L; connects only plateaux, which
is equivalent to the condition that A < 5. Denoting by ¢; = |B;| = i; —ij_1, we get the isomorphism

(CI0). The ordered set partition ob (1,m) corresponds to the choice \ = §. O

Proposition 7.16 (Goldberg coefficients). (i) For 7,1 € OP,,, we have

g(r,n) =Y. ((r.0)w(o,n)
oceOP,

o>T

1 fo d (s
- esy(T) ascy (1) _ _
= 1+ )3 P, (r)dx, T<7,
— qlquIqu 1 ( ) H (IJ( )

0, TEn,

where q; are the integers in Lemma [7.15 and
q
Py(z) =Y k!S(q,k)a""! = Ey(z,z +1)
k=1

where S(q,k) are the Stirling numbers of the second kind and E,(x,y) = ¥ see, IS7Y>°7 are
the homogeneous Eulerian polynomials [Reu93|, p. 62]. The first few polynomials are

P (z)=1, Py(z)=2x+1, P3(v)=62>+6x+1,

(i) More generally, for 7,n,m e OP,,, we have

~ Hg(TJF’aT/JP)v TN, TS,
9(7'7777”) = Z C(T7a)w(a7n77r) = | Per
aefop,j 0, otherwise.
oe[T,m

Remark 7.17. The name “Goldberg coefficients” originates from the Campbell-Baker-Hausdorff
formula, see Section [ below, in particular Theorem RI7 Some examples of g(7,7n) will be computed
in Example [[.24]

Remark 7.18. The expansion of P,(z) in terms of Stirling coefficients was first proved by Frobenius
[Com74l, Theorem E, p. 244].

Proof. @) If 7 £ 7, then w(o,n) =0 for all o > 7 and so g(7,7) = 0. Assume hereafter that 7 < 7.
From Lemma [.T5 we have the isomorphism

{ceOP,|oc>1,06<n} 2T, xT, x-x1T,,

7.12
( ) o (01,09,...,0.).

Since 7 = |7| - pla, (7) = des, (1) +asc,(7) + 1, we have |o| - asc,(7) -1 = ¥i_;(|os] - 1) + des, (7). Note

Il

also that [7:0]! = [Tj_; [1se,, |S]!. Since o just connects the blocks of a level run of (m;),_, it does
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not change the number of ascents: asc, (o) = asc,(7) and we have

> Tro)ulon)

0
— Z 1 / x\a\—ascn(r)—l(l T x)ascn(’r) dx
ocop, [Ti0]! S
o2T,0<1

(7.13)

[-1

r los
— desy (1) 1 +l‘ ascn(r) T
2 [1 ( e e

(01,02;..,07)€Lqy XLgoy x--xLyg,.

f desy (1) (1 4 g )asen )H > ale ! da.
- n\T +x asCn (T
-1 peLy, HR€p|R|'

For ¢ € N we have

7.14 _ ot
( ) pGZI:q HR€P|R|! n1+-+ng=q nl'nk'
n;>1,k>1

zlel-1 k-1

For each fixed k, the sum Y n+- ks n,qilnk, is the number of ways of distributing ¢ distinct objects
among k nonempty urns, so it equals k!S(q, k) and the proof is complete.
(@) The idea of the proof is similar to Proposition [ I3|([{) and we omit the proof. O

Proposition 7.19. Let 7,1 € OP,,. Suppose that a tuple (iy,ia,...,i,) has kernel k(i1,i2,...,i,) =1.
Then

K (x( x$2 o xy = Oz K (X1, Xy, ..., X)) g(7,7,70).
T7eOPyp

Proof. Using Proposition [7.14], we have
KL (XM, x§ )  x i)

Z 0o (X1, Xo, ..., X)) w(o,n,m)
ceOP,

Y Y KA(X1,Xs,...,X,) C(r,0)w(o,n, ™)

ceOPy, 7eOPy,

(7.15)
= Z K (X1, Xs,...,X,) Z Z(T,a)w(o,n,ﬂ)
TGOPn erlpn
oe[r,7]
= Z K (X, Xo,...,X,) g(m,n,m).
T7eOPy,
For the third equality, we use Proposition [.I3|[]) which asserts that w(o,n,7) =0 if o £ 7. O

We can characterize S-independence in terms of the above proposition, that is “semi-vanishing”
of mixed cumulants.

Theorem 7.20. Let S = (U, p) be a spreadability system for a given ncs (A,p). A sequence of
subalgebras (A;)icr of A, where I € N, is S-independent if and only if for any tuple (i1, iz, ..., i,) € I,
any random variables (X1, Xo,...,X,) € A;, x Ay, x ---x A;and any ordered set partition m € OP,,
we have

(716) Kﬂ(XhXQ,...,Xn)— Z KT(Xl,XQ,...,Xn)g(T7/i(’i1,.. Zn) ):
7eOPy

Remark 7.21. We can also formulate the theorem in terms of moments; we only need to replace
(TI6) by the equation

(717) KW(Xl,XQ,...,Xn)— Z QOT(Xl,XQ,...,Xn)w(T,I{(il,...,in),ﬂ)=0.
7eOP,,

Proof. We fix a tuple (i1, ...,4,) with kernel 7 := k(i1,...,4,). It suffices to show that for any tuple
of random variables (X1, X, ..., X,,) € A;, x Ay, x -+ x A; the following are equivalent:
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(i) or (X1, X0, ..., X)) = Qang( X1, Xo, ..., X,,) for all me OP,,
(i) Ko(X1,Xs,...,X0) = Yreop, K- (X1, Xo, ..., X)) g(7,m,7) for all me OP,,.

Assume (i), then

Kﬂ(Xl,XQ, e ,Xn) = Z (pU(Xl,XQ, e ,Xn)ﬁ(O',ﬂ')
ceOP,,

o<

(718) = Z @oAn(X17X27"'7Xn)ﬁ(U7W)
geOPy,

o<

= KL (XU x{ L x (),

where (Z9) was used in the last step. We conclude (i) from Proposition [7.19I
Conversely, assume (), then Proposition [.19 implies that

(719) KF(X17X27 cee 7Xn) = KF(X1(i1)7X2(i2)7 ce ,Xr(zzn))
On one hand Theorem 4.7 implies

(720) KW(X17X27...7Xn): Z @U(X17X2,...,Xn)ﬁ(0',71'),
ceOPy,

o<m

and on the other hand (7.9]) implies

(7.21) Ko (X x5 x2S (X0, Xa, ., X)) Ti(0, ).
ceOPy
Thus we get
(722) Z QOU(X17X2,...,X”)H(O',7T) = Z gOoAn(XhXQ,...,Xn)/’I(O',ﬂ')
ceOPy, oceOP,
o<m o<
for all 7 € OP,,. Finally Mobius inversion yields (). O

It is not obvious that Theorem [7.20] generalizes Proposition [[.I] the vanishing of mixed cumulants
for £-independent subalgebras. In fact it implies a nontrivial identity: for any 7,n,7 € OP,, such
that n|p # 1p for some P €,

heSr,

where h(7) is the action of the permutation i on the blocks of 7. Similarly, Remark [[.2] (or Proposi-
tion [7.14]) generalizes the vanishing of mixed cumulants for £-independent subalgebras. Consequently
we must have

(7.24) hz w(h(r),n,m)=0
Sy

under the same assumptions on 7,7, 7.

Some Goldberg coefficients g(7,7) are known to vanish even when 7 <77 (see [VBV16]), while the
Weisner coefficients w(7,n) do not vanish whenever 7 < 7. The following Proposition describes two
sufficient criteria for vanishing Goldberg coefficients .

Proposition 7.22. Suppose 7,n € OP,, are such that T <1.
(i) If des,(7) = asc,(T) and |7| is even then g(7,n) = 0.
(11) If || is prime then g(7,n) # 0.

Proof. (i) By [Reu93|, Corollary 3.15], the coefficient g(7,7n) of K,(Xj,...,X,) vanishes if ¢; +--- +
qr +des,(7) +asc, (1) -7 is odd and des, () = asc, (7). Since ¥i_; ¢; = 7 + pla, (7) and |7| = des, (7) +
asc,(7) + pla, (7) + 1, the conclusion follows.
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() The idea of the proof is taken from [VBV16]. Let p :=|7|. By definition and Proposition [[.13]
we have

1 (_1)|0|7ascn(0)71

9(7_777): Z E(Taa)w(aan): Z

oeOPy, ceOP,, [T : U]' |0'| ( lof-1 )
(7 25) o>T ooT ascy (o)
. (_1)p—asc7,(7')—1 1 (_1)\0|—ascn(a)—1
- p-1 * ol lo]-1
p(aSCn<T)) JG(J'(Z?T'D" [T : U] |U| (ascn(o'))

Since the number [7: o]!|o| ( ) never contains p as a factor for any o > 7, g(7,7) is nonzero. [

asc (O’)

Remark 7.23. It is a difficult problem to characterize vanishing Goldberg coefficients. The criterion
(@i)) from Proposition above does not cover all cases, for example one can show that g(7,7) =0 for
= ({3},{4},{2},{1}),n = ({1,2,3},{4}), although the pair (7,7) does not satisfy the assumption
of the criterion. More information about Goldberg coefficients can be found in [Reu93) Tho82] and
in particular [VBV16, Section IV] concerning the question of vanishing coefficients.

Example 7.24 (Goldberg coefficients and partial vanishing of cumulants). We will write the ordered
kernel set partition k(iy,...,7,) simply as i1iy. .. 7,.

1. Take n = 12. We compute ¢(12,12). Now 7 =1 so my; = 1,mg = 2,7 = 2,q; = qgo = 1. Hence
des, (1) = 0,asc,(7) = 1 and so

(7.26) 9(12,12) 1v1vf (1+2)de =

1
2
Similarly we get ¢(21,12) = -1,¢(12,21) = -1,¢(21,21) =  and

hence

1 1
Ki(XW y®) = 51(12()(,1f) - §K21(X,Y),

1 1
K (X® yW) = —§K12(X, Y)+ §K21(X,Y).

In the most important spreadability systems, like the tensor, free, Boolean or monotone spread-
ability systems, partitioned cumulants factorize, e.g., Ki5(X,Y) = K1(X)K:(Y). Hence we get
(X0, Y®) = Ky (XO, Y1) = 0.

2. We then consider the case n =112 = ({1,2},{3}). The Goldberg coefficients can be nonzero only
when 7 <17, so 7 is one of

112,221,123,132,213, 231, 312, 321.

If 7 = 112 then ¢g(112,112) = 1 by the same calculation as g(12,12). If 7 = 221 then again
9(221,112) =—3. If 7=123 then my = 1,mo =1,m3 =2,r =2,q1 =2,¢2 = 1. So
7.27 123,112 L ’ 1 P dr = L
(7.27) o )=t [ (L) Pa(a)do = .

If we take 7 =132 then m; =1,my =2,mg=1,807r=3,q1 =q2=q3 =1, asc = 1,des = 1. Thus we
get

1 1
(7.28) 9(132,112) = f o(1+2)dr =—.
If we take 7 =231 then m; =2,mo=1,m3=1. Sor=2,¢q; =1,¢2 =2, asc =0,des = 1. Hence
1 1 1
(7.29) 9(231,112) = = f 2Py() do = 5 f #(2e+1)de = .
Similarly we can compute the remaining Goldberg coefficients and get
1 1 1 1
Kin(XW YWD ZO) = K1y — —Kopy + —Kias — —Kio
' 1 1 1 1

+ —Ko3+ —Ko31 — =K319+ =K.
ot + o s = e e oo e,
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where XY, Z are omitted for simplicity. We can see that (.23)) holds (now 7 =111):

1 1 1 1 1 1 1 1
(7.31) Ll, l1,1,11.1,
2 2 12 6 12 12 6 12
Again if the cumulants factorize then Kijs = Kooy = K11(X,Y)K(Z) and Kio3 = -+ = K391 =

Ki(X)K 1 (Y)K1(Z), so the mixed cumulant K71, (X M, Y1), Z3)) vanishes.
Similarly one can compute g(7,121) for all 7 such that 7 < 121 and get

1 1 1 1

K111(X(1),Y(2), Z(l)) = §K121 - §K212 - 6K123 + EK132
(7.32) 1 1 1 1
—K —K — K319 — =K391.
+ 19 213 + 12 231 T 12 312 6 321

Now in the tensor, free or Boolean spreadability system the mixed cumulant vanishes. However
in the monotone spreadability system it does not: Ksi5 vanishes identically since 212 is not a
monotone partition (see Proposition .19) and therefore, in the monotone case we have

1 1
Kin(XW,Y®, 20) = S K101 (XY, Z) = S EKn (X, 2) Ky (V)
which does not vanish in general.

The calculation of these cumulants in terms of moments is easier.

Example 7.25 (Weisner coefficients and partial vanishing of cumulants). We can reuse some results
from Example [7.24]

1. If we take 7 =7 =12 then asc,(7) =1 and so

(7.33) w212y E L

— =
1) 2
2. Similarly if 7 = 21 and 7 = 12 then my =2,m; = 1 so asc,(7) = 0. Therefore we get w(21,12) = -1.
Similarly, w(12,21) = -1, w(21,21) = 1. So

1 1
Ku(X(l),Y(Q)) = §S012(X7Y) - §S021(X,Y)>
1 1
Kll(X(2),Y(1)) = —5@12(X,Y) + 5@21(X,Y)
In factorizing spreadability systems we have ¢15(X,Y) = a1 (X,Y) = ¢1(X) ¢1(Y) and hence
(X, Y®) = Ky (XO, YD) = 0.

3. One can show that w(112,112) = 1 = —w(221,112) by the same calculation as w(12,12) and
w(21,12). If =123, =112 then m; = 1,my =1,ms3 =2, so asc = 1 and

—1)3-1-1 1
(1)
If we take 7 =231 then m; =2, mo =1,m3 =1 and so asc = 0. Hence
—1)3-0-1 1
()
Similarly we can compute the remaining Weisner coefficients and get
1 1 1 1
K111(X(1),Y(1), Z(z)) = 590112 - 590221 - 6@123 - 6@132
(7.36)
1 1 1 1
- 680213 + 590231 - 6@312 + §<P3217
where XY, Z are omitted for simplicity. We can see that (.24]) holds (now 7 =111):
1 1 11 1 1 1 1
7.37 —-==0, ——=-=-= +-—-—-+-=0.
( ) 2 2 7 6 6 6 3 6 3

In factorizing spreadability systems the mixed cumulant Kp;;(X® Y1) Z(2)) vanishes by using
the factorization of partitioned moments.
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4. Similarly one can compute w(7,121) for all 7 such that 7 < 121 and get

1 1 1 1
K111(X<1)7Y<2)7 Z(l)) = 590121 - 590212 - 690123 - 690132
(7.38)
S L .11
3S0213 6@231 3<,0312 6@321-

In the tensor, free or Boolean spreadability system the mixed cumulant vanishes, but if it is
monotone, then a2 = (X)@(Y)p(Z) while @191 = ¢(XZ)p(Y). Therefore, in the monotone
case we have

K (X0,Y®, Z0) = 2 (g1~ gma) = 2 (9(X2) ~ (X)e(2))e(Y)

which does not vanish in general.

8. CAMPBELL-BAKER-HAUSDORFF FORMULA AND LIE POLYNOMIALS

The material of the preceding section resembles some results from the theory of free Lie algebras,
cf. the book by C. Reutenauer [Reu93| already cited above. In particular, the Goldberg coefficients
g(T,m) from Proposition [[.16 coincide with the coefficients of the Campbell-Baker-Hausdorff series,
ie.,

log(e™ e ™) = 37 guw

w:word

when it is expanded in the ring of noncommutative formal power series, see [Gol56]. Indeed the
following paragraphs will provide a new interpretation of the coefficients of the CBH formula in
terms of a certain spreadability system.

8.1. The noncommutative tensor spreadability system Sycr. Given an algebra A4 we intro-
duce an operator-valued spreadability system with the following ingredients.

e Put p=1d: A - A.
o U :=®2 A is the algebraic tensor product, cf. Section B.3.11
e (9 : A is the natural embedding of A into the j* component of U:

LX) =1%07D @ X ® 19,
® = CoNCy : U - A is the concatenation product. This can be alternatively defined by
@(Xl(il)XéiQ)“'XT(Lin)) = on( X1, Xo, .., X)) = Xp Xp, - Xp,,
where 7 = k(i1,19,...,1,) = (P1, Ps,..., P;) and Xp is defined in (3.1]).
Thus X3, Xs, ..., X, are “shuffled” by @ accordingly to the upper indices (i,1s,...,1,). For example
F(xPxPxPxP XY - X, X, X, X5 X,

We call the triple Sxer = (U, (100)32), conce, ) the noncommutative tensor spreadability system.
Proposition 8.1. The above defined triple Sxcr is a spreadability system for (A,1d).

Proof. Clearly $o () =1d on A. The symmetry condition (3.5) holds too since the value of & only
depends on the ordered kernel set partition of the upper indices. O

The corresponding NCT cumulants KNCT satisfy (ordered) multiplicativity like the tensor, free
and Boolean cumulants.

Proposition 8.2 (Multiplicativity of partitioned cumulants). For m = (P, P, ..., P,) € OP,, we
have

KYCT(Xy,..., X)) = KNGT(Xp) KNST(Xp, ) KNG (Xp,).
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Proof. For = (Py,...,P,) € OP,,
SOW(NXhuNXn) = Z goﬂAn(il,...,in)(Xlu"'7Xn)

il,...,inG[N]
= > Xtirin) e Xlirin) py X nlirsoin) ],
il,...,inG[N]
(8.1) - Z X"Q(ilv"'vin)Jpl Z X"Q(ilv"'vi")JPQ.“ Z Xﬁ(ilv---,in)JPp
kePy kePs kePp
= rp'(]'[ N.XZ-) ol [T N-Xi |
i€ePy i€Pp
The conclusion follows by comparing the coefficients of NP. O

After having established multiplicativity it suffices to compute KN¢T. Theorem LT reads as follows.
Proposition 8.3. For n e N we have
-1 |7r|-1
KNT(X,,...,X,) = > LXPlXPQ---)fpm.
7=(Py,Py,...)eOPp ||

Example 8.4. The reader can easily verify that

(8.2) KYCT(X) = X,
1
(8.3) KYCT(X1, X)) = [Xl,XQ]
(84) K:)I)\ICT(Xl,XQ,Xg) = g(XlXQXg-f-XgXQXl)

1
- 6(X1X3X2 + X2X1X3 + X2X3X1 + X3X1X2).

Remark 8.5. It can be shown that KNCT (n > 2) can be expressed as a sum of commutators.
For the proof it suffices to show that KI' defined later can be written as a sum of commutators,
which follows from the fact that K¥(aq,...,a,) is a Lie polynomial (see Remark R.I4]) and every Lie
polynomial is a fixed point of the (linear extension of) map ajas---a, — n~ay,[as, [, [an-1,an]]]
(see [Reu93, Theorem 1.4]).

The CBH formula on 4 can be expressed in terms of NCT cumulants.

Theorem 8.6 (CBH formula). As formal power series on A we have the identity
log(e®e®---e™)

1
= —— gggﬁ_,.+pn(a1,a1, ey Ay Oy gy e G ).
(P1.p2.pn)e(NU{O})™, P17P27" " P
(p1,p2,---pn)#(0,0,...,0) p1 times Pn times
Proof. First observe that
1
1+ Z —— 'Fp’((N.al)pl(N.aQ)pQ---(N.an)p")
(p1,02,--pn)e(NUfO})", P1-P2""Pn
(85) (p1,p2;---,pn)#(0,0,...,0)
— (p(@N .ay, Nan)
— (,0( a§1)+ +a§N)”_eagll)+---+a;N)).
Our construction implies that agj ), 7=1,2,3,... commute for each fixed i, so
(V)

N( a§1)+ +a(N)“_ea§ll)+---+an

)

= 6((60’11 6a§2)"'6 ( )(eagl) 6a52).. a’gN)) (eagl)easf).. eagzN)

(8.6)
)

By the definition of $ the last expression equals
(8.7) (e®1e2...eam )N,
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We conclude by comparing the coefficient of N in the identity

Nlog(e1e®2...en) — (eal e%2...0n )N

e
1
(8.8) =1+ 3 —— 3((N.a1)"(N.az)?>---(N.a, )*").
n p1palpy!
(p1,p2,-.;pn)e(NU{O})™,
(p1,p25---pn)#(0,0,...,0)
O
Remark 8.7. Theorem is similar to the well-known formula in probability theory,
10gE[6z1X1+-~+ann]
p1 P2 Pn
Zl 22 e Zn T
(8.9) = 3 e K e, (X X X X X X)),
(p1.p2,-eipr)e(NUfO})", PLP27 P —_ ~-
(p1,p2,--,pn)%(0,0,...,0) p1 times pn times
where X1,...,X,, are C-valued classical random variables and z1, ..., z, are commutative indetermi-

nates.

Proposition 8.8. (i) A sequence (A;)2, of subalgebras of A is Sxor-independent if and only if
the subalgebras Ay, As, ... commute mutually. This is obviously equivalent to KYCT(X,Y) =0
whenever X e A;,Y € A; with i # j.

(ii) For fixzed n > 2, if {Xq,...,X,} € A splits into two mutually commutative families then
KNCT(X,,..., X,) =0

Remark 8.9. 1. Additivity of Lie polynomials in commuting variables is well known, see [Reu93,

p. 20]).
2. We have thus shown that

Snor-independence = commutativity = vanishing of mixed NCT cumulants.

This example illustrates that in general vanishing of mixed cumulants does not imply exchange-
ability.

Proof. () Suppose that (A;)®, is Sxcr-independent. Let m = 1y,p = ({2},{1}) € OP, and let
X eA;,Y e A; for fixed i > j. Then k(4,5) = p and

(8.10) or(X,Y) = XY, Orrp(X,Y) =YX,

and by Sxcor-independence these two must coincide, so XY = Y X. This shows that [A;, A;] = 0.
Conversely, if the subalgebras A, As, ... are mutually commutative then for any i,...,%, € N, any
XpeA k=1,....nand any 7 = (Py,...,P,) e OP,, let p:=r(iy,...,in) = (Ry,...,R,). Then
(8.11) Prrp( X1, s Xn) = (Xpiary XpiaRy X Piar, ) (Xpynrs XpyoRry X PyaR, )

where X, is understood as the unit 14. By commutativity, { X | k € R;} and {X} | k € R;} commute
for distinct 7, and consequently for each 2 =1,...,p we have

(8.12) Xpinr, XPinRy " XpPinRr,. = Xp,,

which shows that ¢r.,(Xi,...,X,) = e (X1,..., Xp).
(@) Suppose that {X; |ie I} and {X; | i€ I°} commute with each other and @ ¢ I ¢ {1,...,n}.

Then, for commutative indeterminates z, ..., z,, we have
iel ielc

where the products [],.;, [1;c;c preserve the natural orders on I,7¢. On the other hand, by Theo-
rem [R.6 log(e*1X1---e#n%n) equals

Zplzp2_”2,£n
(8.14) L KNCT (X1, X1, X1, X, X, X)),

Ipoleeup, | - PL¥P244Pn
(P1,92,--pm)e(NU{O})", P1:P2°" P . :
(p17p27"'7pn)¢<070770) pl tlmes pn tlmes

If we compare the coefficients of 21292, in (8I3)) and (8I4]) then we get K, (X;,...,X,)=0. O
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8.2. Specialization to free algebras. We restrict the noncommutative tensor spreadability system
Sner to the case when the underlying algebra A is a free algebra. The aim of this section is to
show that the NCT cumulants are Lie polynomials in the following sense (cf. [Reu93]). Let A be an
alphabet, whose elements are typically denoted by aq,as, ..., and let A* be the free monoid generated
by A endowed with the concatenation product. An element of A* is called a word. If w = ayas---ay,,
a; € A, then the word w has length n. The length of the unit 1 is understood to be 0. Let C[A] be
the monoid algebra of the monoid A* over C.

We construct the noncommutative tensor spreadability system for (C[A],1d) as in Section Bl In
this case we call it free Lie spreadability system and denote it by Sgy, instead of Sner.

Moreover, on free algebras we can introduce a bialgebra structure. Let ¢ : C[A] - C[A]®* be the
coproduct uniquely determined by the values

k-1
Sk(a) =Y 1®" @ a @ 1®¢kn1), aeA
n=0

on the generators (compare Definition .1]). In the language of Hopf algebras, this is the k-fold
copower of the unique coproduct § for which every generator is a primitive element. Moreover, in
this case the dot operation corresponds to the coproduct, that is,

N.a=dy(a) ®1%%, a€A.

The counit is the unique linear map € : C[A] - C such that

e(1) =1, e(w)=0, weA*~{1}.
Let concy : C[A]®F - C[A] be the linear map defined by

concg (X7 Xo ® - ® Xp) = X1 Xo - X, X;eC[A].
For endomorphisms f1, fa, ..., fir of C[A], we define the convolution
Jix faroox fr=concgo(fi® fo® - ® fi) 0y

Definition 8.10. Let IT: C[A] — C[A] be the map defined by

o D g
k=1 k

where € is regarded as an endomorphism of C[A]. Tt follows from Proposition B.I2] below that for
any a; € A the value I1(ajas:--a,,) is a finite sum of words and that indeed II(C[A]) c C[A].

Proposition 8.11. Ifay,as,...,a, € A and k € N, then
or(arag-ay,) = Z ap, ® ap, ® - ap,,
W:(Pl,PQ,...)EOP'Pn
|7|=k

where the sum runs over pseudopartitions, see Definition [2.8.

Proof. Since J;, is a homomorphism, we have

Ok(aras--ay,) = O0p(ar) o (as)---or(ay)
=(1®1l®-®1+10a;®-®1++1®--®1®a)

8.15
(8.15) (1291®®1+1®a;® Q@1+ +1®--®1®ay)
(0,919 ®1+1Qa,® @1+ +1®-®1®a,),
which is equal to the desired expression in terms of ordered pseudopartitions. O

Now we have the following expression for II.

Proposition 8.12. Let aq,as,...,a, € A. Then

(1)t
H(a1a2...an) = 7G'PIGJP2"'GJP|
7=(Py,Py,.. )eOPp ||

| "
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Proof. From Proposition R.I1] we have

[I(ayas-ay,) = kil L}F(Id —€)*(ajaz-ay)

(1

(concy, o(Id —€)®* o 6, ) (arag-+-ay,)

M8

bl
1]
—_

k
_]_)k;—l
k

M8

(Id =€) (ap,)(Id =€) (ap,)--(Id =€) (ap,)-
W:(Pl,PQ,...)EOP'Pn
|7|=k
Note that (Id-€)(1) = 0 and (Id-¢€)(w) = w for w € A* ~ {1}. If P, = @ for some i, then the
product (Id —€)(ap, )(Id —€)(ap,)---(Id —€)(ap, ) vanishes. Therefore only proper ordered set partitions
contribute to the sum, and in particular £ <n. This proves the claim. O

T
A

Combining Proposition [R.12] with Proposition [R.3] we conclude the following identity.

Theorem 8.13. Let ay,as,...,a, € A and let KFV be the cumulants associated to the spreadability
system Sgr,. Then
H(aiasa,) = KX (a1, as, ..., ay).

Remark 8.14. 1. The set of Lie polynomials L(A) is the smallest subspace of C[A] that contains
A and is closed with respect to the Lie bracket [X,Y] = XY - Y X. Tt is well known that IT is
a Lie projector, i.e., L(A) = II(C[A]) [Reu93l Theorem 3.7]. So in the above setting cumulants
with entries from A are exactly Lie polynomials.

2. The values at words of higher order are given by convolution powers of II, i.e.,

1

(8.16) I, = En*k, keN,
(see [Reu93|), and we can show that
1
(8.17) I (a1az--a,) = ] Y Kit(ai,as,...,a,), a; € A, ie[n].
* meOPy

|m|=k

is the coefficient of N* appearing in $((N.a;)(N.as)---(N.a,)) by Theorem 8 and Theorem ELT5
In other words,

(8.18) B((N.a1)(N.as)-(N.ay)) =§:1Nkﬂk(a1a2---an), aieA, ieln].

Now the combination of Theorem and Theorem [B.13] provides yet another proof of the CBH
formula

P1aP2.. . qPn
(819> 1Og(eale“2~--e“n) _ Z - (w) |
(p1,p2,--pn)e(NU{0})™, pilpal-py!
(P1,P2,--Pn) #(0,0,...,0)

see [Reu93, Lemma 3.10].

8.3. Coefficients of the Campbell-Baker-Hausdorff formula. We adopt the notations and
definitions in the previous subsection. The coefficients of the Campbell-Baker-Hausdorff formula,
when written out in the monomial basis, were first computed using generating functions in [Gol56]
and are called Goldberg coefficients; a combinatorial proof can be found in [Reu93, Theorem 3.11].
In the following we give another derivation of the Goldberg coefficients; see also a recent proof using
the theory of noncommutative symmetric functions [FPT16].

Lemma 8.15. Letn = (Ey, Es, ..., E.) be an interval partition of [n] where the blocks are in canonical
order, i.e. if s <t then i< j for alli€ E, j€ Ey. Then for any X; € C[A] and any 7 € OP,,, we have
SOWAn(XbXQu s 7Xn) = ()OW(X17X27 s 7Xn)

Proof. The statement holds by definition because every block P € 7 is the concatenation of P n
E,PnE,, ....,PnE.. O
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Remark 8.16. Thus a sequence of distinct letters satisfies some partial independence, but it is not
Srr-independent. Indeed, (a1,a2) € AxA is Spp-independent if and only if a; = as by Proposition 8.8

Theorem 8.17 (|Gol56, Reu93]). Let ay,as,...,a, be distinct letters from the alphabet A, let r € N
and q;,i; € N for j € [m] such that i; # ij.1 for j € [m—1]. Then the coefficient of the monomial

ajlal--al™ appearing in log(e®---e®) is given by
(8.20) _ fo 2465 (1 4 g)ase(®) ﬁ P, (z)dx
Q1! qm! J1 j=1 K ’
where P,(x) are the homogeneous Euler polynomials already encountered in Proposition [7.16]
Proof. In order for a monomial v = a'a>---al” to occur as a term in II(af'a$®---ay") it necessarily

has to be a rearrangement of the word (= permutation of the multiset) w = a}*ab*---al", since the
projector in the CBH formula (819) does not change multiplicities and therefore every letter must
occur the same number of times in v and w.

Thus pr = Yep, ¢; Where By = {j : i; = k}. Let p = p1 +pa +--- + p, be the total length of w
and n = (A1, As,..., A,) € O, be the ordered interval partition corresponding to the composition
(P1,D2s - D), 1€y, Aj = {pr+pa+-+pj+ L, pr+pa+-+pi1+2,...,pr+pa+---+p;} and |Aj] = p;.

From Theorem we infer

p1 P2 _ 17FL _. FL¢ ..p1 ...D2
H(aia®-abr) = Ky~ (a1,aq,...,01,a2,0G2,...,02,. .., 0y, Gy, ..., 0p) =2 K3 (a7 a5, 000 a ).

~

p1 times p2 times Ppn times

Note that by Lemma BTIH we have ¢.(a;”",a5"%,...,a;"") = @ang(ay? a57?, ... ay ™) for any
m e OP,. Thus

KI(a™ ™, a;™) = Y polay™,a5™, . ai) (o, 1,)
ceOPy

(8 21) Z SOUAW(a.l..plaa.an27 s 7a;1--pn) ﬁ(0-7 ip)
: 0eOPy

2 orla™ ™, a) ()
T7eOPyp
<N

by Proposition [[.13] Thus in order to determine the coefficient of v we must collect all ordered set
partitions 7 such that

(8.22) T,={1e€OP,:7<q,p(a;", a;™, ... a;P") = v}

and then sum up the corresponding values of w(7,7n). Let us now investigate the structure of this
set. First note that T, is an order ideal: if 7 € T,, and 7/ < 7, then 7/ € T},, because every block of 7
contains only repetitions of one letter and further refinement of 7 leaves the end result v invariant.
Moreover T, is the disjoint union of the principal ideals |79 = {7 : 7 < 79} where 7y € T}, is maximal.
The maximal partition 7y arises as follows: After application of ¢, for 7 € T, each factor a?j is
divided into pieces a?l, [ € B; and the number of such subdivisions is the multinomial coefficient

(aeten)
q:leB;)

These subdivisions are in one-to-one correspondence with ordered set partitions of A; which, pieced
together in the order of j, give rise to a maximal ordered set partition 7y € T;,. Thus in total there
are as many maximal ordered set partitions as there are subdivisions, namely

1gleep |
(8.23) ( p1 )( b2 )( Dn ) _ PrpaPnt
q e By quZEBQ qlllEBn Q1'CJ2'C]m'

By Proposition 2.13] the principal ideal |7y generated by a maximal ordered set partition 7 is iso-
morphic to

OPQ1 X Optn X "'Opqm
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and in particular, all principal ideals are isomorphic. Moreover the number of ascents does not
depend on the choice of 7 € T, indeed it is equal to asc,(7) = asc(¢). Thus all ideals |7y deliver the
same contribution and as a consequence of the discussion above we are left with

p1!pal-py!
>, w(tn) = ———— > w(r,n)
7Ty q1:92°qm* 7<19

for one fixed maximal element 7y € T,.

A canonical representative 7y is obtained by concatenating consecutive subintervals of length g;
from A;;, j=1,2,...,m. Let us now turn to the value of w(7r,n). As seen above, the numbers of
both ascents and descents of 7 only depend on those of the sequence i and since 7 has no plateaux
we infer from ([.2]) that m = des(i) + asc(z) + 1. On the other hand, if we denote by (71,79,...,7m)
the image of 7 € |7y under the isomorphism of Proposition 2.13] then the first exponent in formula
((C3) of Proposition [.T3] becomes

7| —asc, (1) - 1= §;|Tj| —asc(i)-1= §(|Tj| - 1) +des(2)

and thus . .
w(’T’ 77) = fl xdeS(D(l + x)asc(g') H x|7j|71 dl‘
_ i1

and summing over the cartesian product yields the total value

Inoleep, | 0 ) om
Z ’IU(T,T]) _ pll-p2'- pn' f xdes(g)(l +x)asc(g) H Z x|p|71 dx.
€Ty q1:92:Qm- J-1 j=1 \peOPy,
Finally note that
9

(8.24) ol = N oflalr = 3 kLS (g, k)2

peOPy o€Py k=1

is indeed the homogeneous Euler polynomial as claimed, see Remark [7.1§] U

Remark 8.18. The authors were not able to prove Theorem R.I7 as a corollary of Proposition [Z.19]
although Goldberg coefficients appear in both formulas.

9. OPEN PROBLEMS

(a) Find a proof of Theorem RIT based on Proposition [[.19] or vice versa.
(b) Is there an application of spreadability systems to noncommutative quasi-symmetric functions
(see [BZ09]) or vice versa?
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