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BINOMIAL SPECIES AND COMBINATORIAL EXPONENTIATION

GILBERT LABELLE

LACIM, UQAM, Canada

ABSTRACT. We introduce a “binomial” species, B(X,Y) = (1+X)TY = E(Y Lg(1+X)),
where E(X) is the species of finite sets and Lg(1+X) is the combinatorial logarithm. The
expansion of B includes, by specialization of variables, the classical binomial expansion,
binomial expansions for symmetric functions, and (g, t)-series. We also define and study
a new exponentiation operation, F' TG, between species.

1. INTRODUCTION

The present paper is written under the framework of the theory of combinatorial species
of structures founded in 1981 by André Joyal [Joy81]. We assume that the reader already
possesses a minimal knowledge concerning “ordinary” species. See, for example, the book
[BLLIg| for basic concepts, results and early references about species. For completeness
and to help the reader, we recall the notion of a multisort weighted species on variables
XY, ..., called sorts and variables u, v, ..., called weight counters.

Informally speaking, a multisort weighted speciesis a class F' = F(X,Y,...) of weighted
structures built on arbitrary finite sets of elements of sorts X,Y,.... Each structure is
given a weight in the form of a power product u'v’ --- in the weight-counter variables.
The class F' must be closed under relabelling its structures along bijections between the
sets of their underlying elements that preserve sorts and weights. A structure in the class
F is called an F-structure, for short ]

In the special case where the weight of each F-structure is 1 = u%°--- (the trivial
monomial), F is called an ordinary multisort species.

Many operations between species have been defined in order to describe or recursively
define various species. The main operations on species include sum (+), difference (—),
Cauchy or juztaposition product (-), Hadamard or superposition product (x), division (/),

Key words and phrases. Combinatorial species, molecular expansion, combinatorial logarithm, pseudo-
singletons, generalized binomial coefficients, combinatorial exponentiation.
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1 Algebraically speaking, a species is simply a functor of the form F : SxS x -+ —3 S, where S is the
category of finite sets and bijections and Sy, is a category of finite weighted sets and weight-preserving
functions between them. In the Cartesian product S xS x- -+, an object U in the first factor is interpreted
as a finite set of elements of sort X, an object of the second factor is interpreted as a finite set of elements
of sort Y, etc. Given [U,V,...]in SxSx---, an element s € F[U,V,...] is called an F-structure on the
disjoint union U UV U ---. When an infinite family of sorts is given, the Cartesian product S x S x - --
is interpreted in the weak sense, i.e., the objects [U,V,...] are such that U UV U--- is finite.
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substitutionf] (o), partial derivations (0/0X,0/9Y,...).

Example 1.1. Figure [l] shows a G-structure belonging to the two-sort weighted species
G = G(X,Y) of simple graphs on finite sets made of black nodes (sort X) and white
nodes (sort Y'). The weight of a graph being given by

u#connected black components v#connected white componentst#connected mixed components (1 1)

® OO ®

M3

D € (H—9)
® OO - 00

FIGURE 1. A G(X,Y)-structure on {1,...,9} U{a,...,k} having weight u?v*#*.

Example 1.2. Let L = L(X) and C' = C(X) be the species of finite linear orders and
(nonempty) oriented cycles. Figure [2 describes the fact that any oriented cycle made on
a set of black nodes (X-structures) U a set of white nodes each having weight u (uY'-
structures) can be naturally viewed as either an oriented cycle made of black nodes only
(C(X)-structure) or an oriented cycle made of weighted white nodes each of which being
followed by a linearly ordered set of black nodes (C(uY L(X))-structure).

FIGURE 2. The combinatorial equation C(X + uY) = C(X) + C(uY L(X)).

Ezample 1.3. Let E' = E(X) be the species of finite setf’] and A = A(X) be the one-sort
unweighted species of arborescences (= rooted trees). Figure |3 shows that the species
A(X) can be recursively defined by the combinatorial equation

A(X) = XE(A(X)) (1.2)
2f F = F(X) is 1-sort, F oG is also written F(G). If F = F(X,Y,...), we usually write F(G, R,...)

instead of F o (G, R,...). Also, F - G is generally written in the form FG.
3F is the first letter of the french word ensembles which means sets.
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since any rooted tree can be naturally viewed as a root (i.e., an X-structure) followed
by a set of rooted tree (i.e., an F(A(X))-structure). In this figure, the underlying set is
U={0,1,...,9,a,b,...,k}.

FIGURE 3. The combinatorial recursive definition A(X) = XFE(A(X)).

Ezample 1.4. Given a species F' = F(X,Y,...), the derivative species %F(X, Y,...)is
defined as follows: s is a aiXF -structure on U UV U --- if and only if s is an F-structure
on (UU{e}) LUV LUI--- where o is an unlabelled element of sort X outside U. The
weight of s, as a %F -structure, is that of s, as an F' —structur. Take, for example, the
species ®,, = ®,(X,Y) whose structures are functions from finite sets of black elements
(X-structures) to finite sets of white elements (Y-structures), the weight of a function
being given by y#non empty fibers of f “Rigyre 4l shows that ;% ®,(X,Y) = uE(X)Y ®,(X,Y)
(the underlying set of the aiX@u—structure in this case is {a,b,...,g} U{1,2,...,5}, and
the weight is u®). One can check that the following combinatorial differential equality
also holds: 2 ®,(X,Y) = ©,(X,Y) + uE, (X)®,(X,Y), where E,(X) is the species of
nonempty finite sets of elements of sort X.

A
w @u v @O Qe ® @

FIGURE 4. The combinatorial equation %@, (X,Y) = uE(X)Y®,(X,Y).

/

/
u’ Qu
/

We include/recall in Subsections 1.1-1.3 of this introduction some more advanced mate-
rial and special notational conventions about species that will be used later: combinatorial
power series versus species, underlying formal power series, substitution of power series
into species. Subsection 1.4 contains an overview of the main items of the remaining
Sections 2—4 of the paper: the tools of combinatorial logarithm and pseudo-singletons,
binomial species, generalized binomial coefficients, and a new operation of exponentia-
tion between species. Appendix [A] recalls the substitution formulas for weighted species.
Appendix [B| discusses formal summability for families of species.

4Similarly, %F is defined by adding an extra unlabelled element o of sort Y on the set V, etc.
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1.1. Encoding species by combinatorial power series. Yeong-Nan Yeh has shown
in [Yeh86] that weighted multisort species F' = F(X,Y,...) with weight counters u, v, ...
can conveniently be encoded by combinatorial power series. These are series of the form

Z fokroaX"YE o JH, (1.3)
n,k,....H
where, for any tuple (n, k,...) of integers, H runs through a system of representatives of
the conjugacy classes of the Young subgroup S, .. of Syiit... in Sn+k;+~~-E| and
Jokroit = fog, m(u,v,...) € Cllu,v,...] (1.4)

are formal power series with complex coefficients in the weight variables u, v, . ...

In fact, the subgroups H are taken (up to conjugacy) as the stabilizers of the F-
structures (up to isomorphism) built on the multi-sorted set [n|U[k]U- - - (disjoint union),
where [n] = {1,2,...,n}. The elements of the summands [n], [k], ... in this disjoint union
are interpreted as singletons of sorts X,Y,..., respectively. Since automorphisms of
structures must be sort-preserving, the elements h € H are sort-preserving permutations
of [n] U [k] U---, that is, elements of S, ;. . Since S, =S, X Sk X ---, the elements
h € H will be written in the form h = (hy, ha,...), where hy € S,,, hy € Sk, . ...

An alternate form for the combinatorial power series puts emphasis on the indi-
vidual terms in its full expansion. It can be written as

> cuupnX"Y*.. /H, (1.5)
w,H
where ;1 = u'07 --- runs through all power products of the variables u,v,..., and the

coefficients ¢, i are complex numbers depending on p and H. Note that H determines
n,k,... in and that i +j+---+n+k+--- < oo in each term.

Under this setting, (or (1.5))) is called by Yeh the molecular expansion of the
species F' into its molecular (i.e., irreducible) components X"Y* ... /H. The coefficients
fok...m € N[[u,v,...]] in are power series with nonnegative integer coefficients de-
scribing the family of weights assigned to F-structures (up to isomorphism) whose sta-
bilizer is conjugate to H and the coefficients ¢, i in are nonnegative integers (see
Example below in the case of a 1-sort weighted species).

Two species FI(X,Y,...) and G(X,Y,...) are naturally equivalent (as functors) if and
only if they have the same expansion or . In this case, we say that F' and G are
combinatorially equal and simply write F' = G.

Allowing negative integral coefficients in f,, g in (1.3) (that is, for..m €
Z[[u,v,...]]), or negative integral coeflicients ¢, g in (that is, ¢, w € Z), we are
led to the notion of weighted wirtual species in the sense of Joyal [Joy85]. These are
formal differences, ' — G, between weighted species F' and G.

5Two combinatorial monomials X"Y* ... /H and X" Y* ... /H" are considered as equal (or similar)
ifn=n'k=F,... and H,H' are conjugate in Sy, i.... Hence, similar terms are collected in (1.3) and

5]

yeen
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The above main operations on species, +, —, +, X, /, 0o, 3/0X,0/9Y, ..., have all been
extended by Joyal [Joy85] and Yeh [Yeh86] to allow Complex coefﬁcnents in f, k.. g (that
i8, fok.. o € Cllu,v, in .ﬂ

Because of these facts a,ny series of the form - or . in any number of variables,
X,Y,..., will generally be called a species in the present text. The set of species will be
denoted, for short, by

LIX Y, where C,,, . = C[[u,v,...]]. (1.6)

Since XY .. /{zdnk J = X"Y*... monomials in the usual sense in X,Y,... are
special cases of combinatorial monomials X"Y* ... /H. We have the inclusions

NCcZcCcC[X]| cC[X,Y,...]] CC,,, [[X,Y,...]] CCpu || X,Y,...]| . (L.7)

This implies that non-negative integers, complex numbers and power series in the usual
sense are all special cases of combinatorial (weighted) power series.

Recall that “ordinary” species are elements of N || X,Y,... || and that “ordinary”
weighted species are elements of N, | X,Y,.. ||

Example 1.5. To illustrate the notion of molecular expansion in the case of ordinary
weighted species on one sort, X, of singletons, consider, for example, the species A, =
A, (X) of arborescences weighted by

w(rooted tree) — u#internal nodes # rootv#leaves. (18)

Denote by X™ = X™/{id,} the species of linear orders of length n (where {id,} denotes
the trivial subgroup of S,) and by E, = E,(X) = X"/S, the species of n-set]] (that
is, linear orders of length n up to an arbitrary permutation of their elements). Figure
(in which the labels of the underlying elements have been omitted for greater readability)
shows that some of the first terms of the molecular expansion of the species A,, look as
follows:

Ap = Ap(X) = X + 0 X2 + 0’ X By + wv X? + v* X B3 + u? X2 By + (wo® + v?v) X*
4+ 4 Quvd P XPEy - (1.9)
Hence, A, = A,(X) € N, .|| X || € C,|| X ||, in this case.

Example 1.6. Virtual species (i.e., elements of Z,,, || X,Y,...||) are combinatorially also
very useful. For instance, substituting an ordinary (non virtual) species into a virtual
species may well produce another ordinary (non virtual) species.ﬁ For example, consider

6Although most operations are routinely extended from ordinary to virtual species, substitution (o)
for virtual species is rather delicate to define. In fact, Yeh has shown that these extensions can be made
using coeflicients ¢, g € K, where K is any binomial ring; that is, a ring with torsion-free additive group,
containing k(k — 1) --- (k —n+1)/n! for every k € K and integer n > 0. In the present paper, we find it
convenient to take K = C. Appendlx describes this substitution for species in C,,,, .|| X,Y,...].

"In particular, Eo(X) = X°/Sy = 1 is called the species of the empty set, and Ey(X) = X'/S; = X is
the species of singletons (i.e., 1-element sets). The species of all finite sets is expanded as £ = E(X) =
Dm0 X"/ Sn-

8The situation is similar to the Cardano method for solving real third degree polynomial equations:
one uses complex numbers when the three roots are real.
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FIGURE 5. Some molecular components of the species A, (X) of arbores-
cences weighted by w(rooted tree) = y#internal nodes 7 rooty#leaves,

the ordinary species A(X) and a(X) of rooted and unrooted (free) trees. Pierre Leroux
has shown (see [BLLIS| p. 280]) that

a(X) =Vo A(X), (1.10)
where V(X)) is the virtual species defined by
V(X) =X+ Ey(X) — X% (1.11)

Combinatorial equation is called the dissymmetry theorem for trees. Its importance
stems from the fact that one can easily deduce from it all the combinatorial, enumerative
and asymptotic properties of trees from those of rooted trees, despite the fact that trees
have more complicated automorphisms than rooted trees.

Example 1.7. Virtual species are also used to define the multiplicative inverse of species
by making use of geometric series. Here is how it works. Let F' = F(X,Y,...) be an
ordinary weighted species satisfyinéﬂ F(0) = 1. Since F' can then be rewritten in the
form FF =1+ F, with F,(0) = 0, the expression 1/F (also denoted F~!) is defined by
the virtual species

1/F=1—F +F —F+ - 4+ (=1)"F} +---. (1.12)
More generally, Equation (1.12)) is used to define 1/F for any F € C,, || X,Y,... |
satisfying F'(0) = 1.
The multiplicative inverse of the species E(X) = > ., X"/S, =1+ E,(X) of finite
sets has a special status. It can be expressed in another form:

1/E(X)=E(-X). (1.13)
This is a consequence of the standard combinatorial equalities

E(X +Y)=EX)E®Y), B(0)=1, (1.14)

9f F = F(X,Y,...), then F(0) is a shorthand notation for the result of the simultaneous substitutions
X=0Y=0,...,u=0,v=0,... in F.
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that reflect the facts that any finite set made of X-singletons and Y -singletons is naturally
the same as a finite set made of X-singletons “followed” by a finite set made of Y -singletons
and that an assembly of nothing is an empty set. The substitution ¥ := —X in ([1.14)
gives 1 = F(0) = E(X — X) = E(X)E(—X), from which we deduce (L.13).

1.2. Other formal power series associated to species. Apart from the basic combi-
natorial power series expansion

FX,Y,..)= Y fake XY JHECyy | X, Y, ], (1.15)
n,k,....H

various other underlying formal power series are associated to species. The main one is
the cycle index series

Zp = Zp(1, 02,73, - 3 Y1,Y2, Y3, -3+ ) (1.16)
where x1, T2, 3,...;Y1,Y2,¥s3,...;... are countable families of extra formal variables that
are associated to X,Y, ..., respectively. These variables are distinct from the weight
variables u,v,.... We recall the definition of the cycle index series in the case of an
ordinary weighted species:

1 c1\o c2\0 c3\o C1\T Cco\T Cc3\T
Zp = Z nlkl... Z |Flo,,.. ,]|x11( )$22( )x33( )"'911( )y22( )933( ). , (1.17)
n,k,... oc€ESp, TESE, ...

in which |F[o,7,...]| € N[[u,v,...]] denotes the total weightl”| of the F-structures on
[n] U [k]U--- for which (o, 7,...) is an automorphism, and ¢;(c) denotes the number of
cycles of length ¢ in the permutation o.

When the ordinary weighted species F' is written as a combinatorial power series ,
it is not difficult to show, using Pélya theory, that

Zp = Z Jro i P (%1, 02, T3, 5 Y1, Y20 Y3, 5 ), (1.18)
n,k,....H

where Py is the classical Polya cycle indicator polynomial of the group H acting on the
multi-sorted set [n] U [k]U---:

1 C C: Cs C C: &
Py = = Z mll(hl)x;(hl)xgs(hl) . yll(h2)y22(h2)y33(h2) o (1.19)
| | (hl,hz,...)EH
Because of this fact, it is natural to define Zg by (|1.18]) for any combinatorial power series
FeCyy, || X,Y,...||. Hence, Zp is a (generally infinite) Cl[u, v, .. .]]-linear combination
of monomials in the variables x1, xo, x3,...; Y1, Y2, Y3, . ... In other words,
Zp € Cllu,v,...;2T1, T2, %3, .3 Y1, Y2, Y3y« -5+ - |- (1.20)

Many operations, including Zr + Zg, Zp - Zg, Zr X Za, Zp(Za, Zr, .. .), == Zp, between

) Oz
cycle index series, have been defined in such a way that the map F' +— Zp turns out to be

1001 total number, if the weight of each structure is 1.
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compatible with the corresponding combinatorial operations on species:

Zpvc =Zr + Za, Zr.c = Zr - Za, Zrxc = ZFr X Zg, (1.21)

ZpGp.) = Zr(Za, Zr, .. ), Zop=5oiZr, etc. (1.22)

The first equality in (1.22)) is satisfied if 0 = G(0) = R(0) =--- orif F = F(X,Y,...)

is of finite total degree in X,Y,.... The notation Zp(Zg, Zg,...) refers to plethystzc

substitution of cycle-index series which is defined as follows.
Definition 1.1. The plethystic substitution, f(g,r,...), of cycle index series

g1y € Clluyv, . .51, @9, 3, . 3 Y1, Y2, Y3y e oo e -] (1.23)

in the cycle index series f = f(u,v,...;x1,%2,T3,...;Y1,Y2,Y3,---;...) is the cycle index
series h given by the formula

h:f(U,U,...,gl,gg,gg,...;7’1,7”2,7’3,...;...), (124>

where, for each integer k£ > 1, the following notation is used:

fo= Fm 08, Tok, T3k, - Yk Yok Yk -G e s ) (1.25)

Note. In (|1.25), each weight variable is raised to the power k and the lower index of
each variable x,y, ... is multiplied by k. Summability conditionﬂ must be satisfied for

existence of series (|1.24)).

For ordinary weighted species, F' = F(X,Y,...), the other classical “counting” series,
namely the exponential generating series, F(x,y,...), and the type generating series,
F(x,y,... ) respectively, are classically defined by

Y
F(z,y,...) Z\F E (1.26)
F(z,y,...) Z|F Jjamyk e (1.27)

where |F[n, k, .. .]| is the total weight of the F-structures on [n]U[k]U- - - and |F[n, k, ...]|
is the total Weighﬁ of the unlabelled ones (that is isomorphism types of such structures).
These two series are extended to any combinatorial power series F' € C,, || X,Y,...]||
by the obvious formulas

F(z,y,...) = Zp(2,0,0,...5y,0,0,...5...), (1.28)
- 2 .3 2 3
F(z,y,...)=Zp(x,2°,2°, .. 50,90, o5 ). (1.29)
Hgee Appendix [B| for a general discussion of summability.
Again, x,y,... are auxiliary formal variables, distinct from the weight variables u,v, ..., that are

associated to X,Y, ...
3By definition, the weight of an unlabelled structure is the weight of one of its labelled representatives.
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This implies, of course, that for general species given in the form ([1.15)), we have

cm Jeuny n
Flzy,...)=>_ | > ﬁ ke (1.30)

PR

ﬁ(m, Yoo ) = Z Z Cnk,.. H "yt (1.31)

Tb,k‘,... HSSn,k

PR

where H < S, ;... means that H runs through a system of representatives of the conjugacy
classes of the group S, ...

Table [1] describes the underlying series of some common species/series that will play a
role in the sequel. These are those of singletons, X, finite sets, E(X), analytic exponential,
exp(X), cyclic permutations, C(X), analytic logam'thmﬂ log(1+ X)), permutations, S(X),
linear orders, L(X) =1+ X + X%+ .-, and 2-sort functions, ®(X,Y [

F(X,)Y,...) Zp(x1, Ty Y1, Y2s -5 Flxyy,..0) | Fx,y,...)
X Ty T T
E(X) =200 X"/5n exp(Pis ) exp(z) e
exp(X) =3 oo m X" exp(x;) exp(z) exp(z)

C(X) = 2@1 Xn/C, Zigl@ log(ﬁ) log(ﬁ) -
log(1+X) =Y., “L " x» log(1 + 1) log(1+ ) | log(1+ =)
S(X) = E(C(X)) HiZl 1%% ﬁ Hi21 1+xz

L(X) = ano X" 1—1501 ﬁ ﬁ
O(X,Y) = B(E(X)Y)  fexp( Do % exp (o1 2 ) explexp(@)y) | Tiso

TABLE 1. Underlying series of some common species/series.

The species E(X) of finite sets is often called the combinatorial exponential. Tt is
important to note that

B(X) # exp(X). (1.32)

Example 1.8. A typical example of a cycle index series associated to a weighted 2-sort
species involves the species A, (X,Y") of rooted trees with internal nodes (including the
root) of sort X and leaves of sort Y weighted by

w(rooted tree) = qfinternal nodes (1.33)
1The corresponding series for the combinatorial logarithm, Lg(1 + X), will be given in Section 2.

151 Table 1, C, is the standard cyclic subgroup of Sy, ¢ denotes the Euler totient function, and a
®-structure on [n] U [k] is a function f : [n] — [k].
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Then since each A,-structure is canonically a node, weighted by u, followed by a (possibly
empty) set of leaves or A,-structures, the following combinatorial equation holds:

A (X,Y)=uXEY + A,(X,Y)). (1.34)
From this equation, the cycle index series a = a(x1,xo, T3,...,Y1,Y2,Y3,...) = Z4, Can
be recursively computed to any degree in a computer algebra system using the formula
a = uT| exp ( ?/kZ%) : (1.35)
k>1

1.3. Substituting power series into species. Since C ¢ C,,  C C,, || X,Y,...|,
every complex number ¢ € C or power series o € C,,,, . can be considered as species. In
particular if F' = F'(X,Y,...) is a species, a,b,--- € C and o, §,--- € C,,, then

Fol(a,b,...)=F(a,b,...) and Fo(a,f,...)=F(a,p,...) (1.36)
should be species. In fact, we will see that
F(a,b,...) and F(o,8,...) € Cyy.. (1.37)

assuming summability conditions. Here is how it works in the case of 1-sort species F'(X).

First of all, recall that 1 = X%/S is the species of the empty set (there is only one
I-structure and it “lives” on the empty set). Hence, F(1) is the species whose structures
are F-assemblies of 1-structures. That is, F-assemblies of empty sets. Such structures
are precisely the unlabelled F-structures, each of which is living on the empty set. By
Pélya theory, we then must have

F(1)=Zp(1,1,1,...) = total weight of all unlabelled F-structures, (1.38)

which is an element of C,,, . assuming summability of the right-hand side of (|1.38)).
More generally, for any £ € N, k = k- 1 is the species whose structures are empty sets
“coloured” by a colour ¢ € [k]. There are exactly k such structures:

{}17{}27"'7{}i7"'7{}k7 (139>

each of which lives on the empty underlying set. This time, an F(k)-structure is a k-
coloured unlabelled F-structure living on the empty set. By Pdélya theory, we must have

F(k) = Zp(k,k,E,...) = total weight of all unlabelled k-coloured F-structures. (1.40)

Now take the series @« = u+v+--- € C,,, . (i.e., the formal sum of all variables u, v, ... ).
Then, since u+v+---=u-14v-1+---,a (u+v+---)-structure is an empty set weighted
by u, or by v, etc. Hence, an F(u+v+-- - )-structure is an F-assembly of indistinguishable
dots each of which being weighted by u, or by v, etc. Accordingly, invoking again Pélya
theory, this means that

Flutv+-)=Zp(ut+v+ - >+ 4+ -+ 4+ ). (1.41)



BINOMIAL SPECIES AND COMBINATORIAL EXPONENTIATION 11

Similarly, using the same kind of combinatorial arguments, for m,n,--- € N, we have

F(mu+nv+..):F(y+u+...+y+v+/_i_.)
=Zp(mu+nv+--- mu? +nt 4+ omud et 4+ ).
(1.42)

More generally, we can replace u,v,... in (1.42) by power products p,v,--- € C,,, . and
obtain

Fmp4nv+4--)=Zp(mp+nv+--- mp? +nv* +- omp+n® +---00). (1.43)

Finally, since the coefficient ¢;; = = ¢ . (m,n,...) of each individual monomial
¢ij..uv? -+ in the expansion of (1.43)) is a polynomial in m,n,... with coefficients in
Q, we can replace m,n,... by any complex numbers a,b,... and we have the following
facts.

Lemma 1.1. Let F(X) be a 1-sort species and o = o(u,v,...) € Cy, . be a formal
power series in the weight variables u,v,.... Then, assuming summability,

F(O[) = ZF(OzleéQ,Olg, ce ), (144)
where, fork=1,2,...,
ar = ag(u,v,...) = a(u® v . ..). (1.45)

More generally, let F(X,Y,...) be a species on many sorts X,Y,... of singletons and

a,B, - € Cy,.... Then, assuming summability,

F(a,B,...) = Zr(an,ag, a3, .5 81, B2, B350 ). (1.46)
NOTATIONAL CONVENTION. Recall that auxiliary variables are lower case indeterminates
x,1,z,... associated to sorts X,Y,Z, ... that are distinct from weight variables and

complex numbers. We will find it convenient, from a notational point of view, to extend
toseries o, 3, -+ € Cy w0, 50 as to include possible substitutions of the auxiliary
variables z,y,.... This is done by considering the auxiliary variables as “plethystically
vanishing” by making use of the following notational convention:

Given a = o(z,y,...;u,v,...) € Cpy uy,., define ap, bk =1,2,3,..., by

ap = ay(x,y, .. 5w, .0) =Ty, .. U0, .. ), (1.47)
o = oz, y, .. u,v,. . ) =a0,0,. . uf 0k ), if k> L (1.48)

For each k > 1, the transformation o — «y, is a C-algebra endomorphism
(*)k : C:p,y,...;u,v,... — Cx,y,...;u,v,.‘.- (149)

Making use of this convention, one can consider expressions such as

F(z,8,...), F(“_jl+ 2v 3u2y,...), (1.50)

9
— U
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as compact encodings for the (generally more complicated) series

ZF(JZ',O,O,...;51,62753,...;...), (151)
u+2v u?+20% ud+ 203 9

A ce33 0,0,...5...]. 1.52

F(]_—U’ 1— 22 0 1 — 3 Uy, U, U, ) ( )

As a consequence of ([1.44]) and ((1.46)) this notational convention is compatible with sums,

Cauchy products and substitution:

(F+G+ e B,...)=F(a,8,...) +Gla,B,..) + -, (1.53)
(F-G- Y, B )= F(, B, ) Gla, By ) o (1.54)
Fo(G,R,.. ), B,...) = F(G(a,B,...), R(e, 3,...),...), (1.55)

under the condition that both sides in (1.53)—(1.55) are formally summable in the sense
of Definition in Appendix [B] For substitution, the standard conditions are:

(i) the constant terms G(0), R(0),... in the species G, R, ... are all 0,
or
(ii) the total degree of FI(X,Y,...) in X,Y,... is finite.

Formulas ([1.53)—(1.55)) can be used to generate various power series identities from com-
binatorial identities between species.
Partial substitutions of series into species can also be considered. Expressions such as

X

F(a,Y,...), F(—,ﬁ,...), (1.56)
l—q

where F' € Cy, || X,Y,.. ||, a,8 € Cypy, .uv.., and ¢ is a weight variable, will then be

perfectively legitimate and freely used in the present paper.

Example 1.9. The notational convention presented in — provides a uniform
compact notation for all basic “enumerative” series that are associated to species. For
example, let F' = F(X) be a 1-sort species, x an auxiliary variable, and u,q be weight
variables. Then F(z), F'(u) and F,(u) = F(u/(1—q)) compactly denote the three serieﬂ

F(2) = Ze(2,0,0,...) = 3 \F[n]|fl—7, F(u) = Ze(u,o?,a?,...) = S | Fln]lu”,

" " (1.57)

R e B > 1£, — (1.58)
where

(mwnziiﬂ—af) (1.59)

16The last series in (1.57) is denoted by F(u) in the classical theory of species (see (1.27) above). Since
u is a weight variable, the tilde on F' is now unnecessary due to our notational convention.
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The last equality in is due to Hélene Décoste [Déc93|, and the coefficients | Fi,[n]| can
be considered as “g-inventories” (or g-enumerations) of F —structureﬂ More precisely,
Décoste [Déc93] showed that |Fy[n]| is a polynomial in ¢, of degree at most n(n — 1)/2,
with nonnegative integer coefficients, which simultaneously “g-counts” (or “g-weights”)
both labelled and unlabelled F-structures in the following sense:

lim [Fy[n]] = |F[n]l,  lim[Fy[n]] = |Fn]]. (1.60)

Example 1.10. The symbol Fj in (1.58]) can be thought of as a “g-analogue” of the species
E
1

F, = F,(X) :F<1—_qX) =FX+¢X+¢X+¢X +---). (1.61)
This means that Fj-structures are F-structures in which each underlying singleton is
weighted by ¢*, where k is an arbitrary integer > 0.

A (g, t)-series can also be associated to any 2-sort species F(X,Y") as follows:

Fuafu) = F( 2w =) = 3 B~ 2 (e
u,v) = u v = n . .
S l—q '1—t NG e ()

n,k>0 !

L X, LY is the (g,t)-analogue of the species F(X,Y).

1—q™ 77 1t

where F,; = F,,(X,Y) = F(

Example 1.11. Take the species of finite sets F' = F = E(X), a=ap+bv+--- € Cy,
where a,b,--- € C and u, v, ... are power products in the weight variables u,v,... Then,

by (1.44]) and Table

1
Ela)=Fap+bw+---)= , 1.63
(o) = B ) = T (1.63)
and, in particular, taking u = u,v =wv,... we get
1
E =F b s ) = . 1.64
(@) (au+bv+--+) A= o) (1.64)
Also, if q is a weight variable # u and o = u + uq + uq¢®> + - - - = u/(1 — q), we have

n

Fy(w) = B/l ) = [[ ;=g = 3 o (1.65)

o L udt = (@)’

which is one form of the classical g-analogue of the exponential series.
Furthermore, making also use of auxiliary variables z,v, z, ..., we have, for example,
1
E buv? = —_ , a,b,ceC. 1.66
(az + buv® + cz) = exp(ax) 0=y exp(cz), a,b,c (1.66)

Example 1.12. Let C' = C(X) be the species of cyclic permutations and consider the
weighted species Oct(X,Y) = C(X +¢(Y2 +Y? + ---)) of 2-sort octopuseq]| weighted

If F = P, = E,E, is the species of k-subsets of sets, then |Fy[n]| = [Py[n]| = (}), = (g:9)n

a (@Dr(@GD)n—x’
the usual g-analogue of the binomial coefficient (Z)
183uch a structure is an oriented cycle made of non-trivial tentacles (i.e., linearly ordered sets made
of at least 2 points of sort Y') and “non-tentacle points” of sort X. A better name for such a structure
would be polypus.
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according to their number of tentacles: t#tentacles ¢ heing a weight variable. Let z,y be
auxiliary variables and w,v be weight variables distinct from ¢. From Table [T} it is easy
to see that

2 J
Oct(z,y) = —log( ty ) = Z ka Lt : (1.67)

_ | 5l
1—y vy ! !
Oct(u,y) = —log ( ) Z &li) log (1 Zb i, ku“y . (1.68)
i>1 .5,k
,UQ (’Z) tho 21
Oct(z,v) :—log( —v) —;Tlog (1 1_1}2) JZClJJg ‘v]t
(1.69)
: ) tiy 21
Oct(u,v) = —Z@log (1 —u' — . —Ul) Zd%ku vtk (1.70)
i>1 4,5,k
where
a; ;x = #k-tentacle octopuses with 7 non-tentacle points, j tentacle points, (1.71)

b jr = #k-tentacle octopuses with ¢ unlabelled non-tentacle points,
J tentacle points, (1.72)
cijx = #k-tentacle octopuses with 7 non-tentacle points,
j unlabelled tentacle points, (1.73)
d; ;. = #k-tentacle octopuses with ¢ unlabelled non-tentacle points,
J unlabelled tentacle points.  (1.74)

Note. As said before, summability conditions must be satisfied when series are substituted
into species. For example, take F' = S(X), the 1-sort species of permutations, and o = 1

in ((1.44). Then oy = 1, = 1 for every k > 1, and, since
Zs =] —— o) =11> = (1.75)
nZl n>1 k>0

we have S(1) = Zg(1,1,1,...) = oco. That is, S(1) is not summable. However, S(x)
and S(u), where z is an auxiliary variable and wu is a weight variable, are the familiar
summable series

1
S(x):—l_x:1+x—l—x2+---, S(U)ZH(l—u" Zp (1.76)
n>1 k>0

where p(k) is the number of integer partitions of k.

1.4. Overview of the remaining sections of the paper. The first goal of the present
paper is to extend the classical 2-variable “analytic” Newton binomial expansion

1+ X)"Y = (1+X)" =exp(Ylog(l+ X)) =) Ci) X" e Q[X,Y]] (1.77)

n>0
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to the context of 2-sort combinatorial species. In order to do so, we proceed by analogy by
simply replacing the analytic exponential and logarithmic series exp(X) and log(1 + X)
appearing in by the species F(X), of sets, and a virtual species Lg(1 4+ X), due to
Joyal [Joy86], called the combinatorial logam’thm.ﬂ More precisely, the analogy consists

in replacing ((1.77)) by

XY
1T _ o )
(1+X)0 = E(Y Lg(“”@)—;( . )EZHX,YH, (1.78)
in which the expressions (XT’LY), n = 0,1,2,..., denote the 2-sort species obtained by

collecting all terms of degree n in X in the molecular expansion of F(Y Lg(1+ X)). We
call them generalized binomial coefficients and (14 X)TY is called the binomial species
The binomial species is denoted by

B(X,Y)=(1+X). (1.79)

Our second goal is to apply the binomial species to generate various identities and to de-
fine a new combinatorial operation of exponentiation F' 1 G between species. Specifically,
the remaining sections are are arranged as follows.

— IN SECTION 2| we recall some basic facts about the two main tools used in the present
paper: the combinatorial logarithm, denoted by Lg(1 + X), and the species of pseudo-
singletons, denoted by X.

The combinatorial logarithm is a virtual species defined as the inverse, under combina-
torial substitution (o), of the species of non empty finite sets.

The species of pseudo-singletons, X € Q|| X ||, was introduced by the present author
in [Lab90] as the analytic logarithm of the species E(X) of finite sets. The species X
of pseudo-singletons is similar to the species X of singletons and will be used to make a
connection between the two kinds of logarithms Lg(1 + X)) and log(1 + X).

— IN SECTION , definitions and basic properties of the binomial species B(X,Y’) and
generalized binomial coefficients (X;by) are presented together with their underlying cycle
index and counting series. Various formulas and identities are obtained through special-
ization of variables and plethystic notation. These identities include the classical binomial
expansion of Newton and corresponding binomial expansions in the context of symmet-
ric functions and (¢, t)-series. A computational method for the expansion of the species
B(X,Y) and (X;TY) to arbitrary large degrees in X is also presented.

— IN SEcCTION [4] we use the binomial species to introduce a new operation of com-
binatorial exzponentiation between species, F'TG, and study its properties with respect
to other classical combinatorial operations and underlying series. Specific examples and
applications of the combinatorial exponentiation are also presented.

O fact, Joyal used the notation log(1 + X) for the combinatorial logarithm, but we prefer to use
Lg(1 + X) in order to distinguish it from the analytic logarithm.

20We intentionally use the “uparrow notation” (1+ X)'Y instead of (1+ X)"Y to make a distinction
between the species and the series . Of course, (1+ X)Y # (1+ X)"Y in Z|| X, Y |.
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2. BASIC FACTS ABOUT THE COMBINATORIAL LOGARITHM AND PSEUDO-SINGLETONS

2.1. Definitions and underlying cycle index series. By analogy with the fact that
log(1 + X) is the analytic substitutional inverse of

1
exp (X) =exp(X) — 1= Z mxn, (2.1)
n>1
the combinatorial logarithm is defined as follows.

Definition 2.1 ([Joy86]). The combinatorial logarithm, denoted by Lg(1 + X), is the
virtual species which is the combinatorial substitutional inverse of the species

E.(X)=E(X)-1=>) X"/8, (2.2)

of nonempty finite sets. In other words,

Lg(1+X) = BT (X), (2.3)

where F'<7!>(X) denotes the substitutional inverse of F'(X) in C||X||. This inverse exists
and is unique by the “implicit species theorem” (see [Joy86]).

We will often use the notation

Q(X) =Lg(1+ X), (2.4)
for the combinatorial logarithm. Then the following combinatorial equations hold:

Furthermore, by analogy with the fact that the species X of singletons can be thought
of as the combinatorial logarithm of the species E of sets (since E = E(X)), the species

X of pseudo-singletons is defined as its analytic logarithm in the following way.

Definition 2.2 ([Lab90]). Consider the classical power series expansion of the analytic
logarithm log(1+X) = > ., (=1)"'X"/n € Q[[X]]. The species X of pseudo-singletons
is defined by the summable series

X = log(E) =log(l+ Ey) = Z

n>1

<_172n1E1 € QIX] . (2.6)

Hence, the species of sets is the analytic exponential of that of pseudo-singletons,

E(X) = exp(X), (2.7)
while E(X) # exp(X), see (1.32)). The connection between the combinatorial logarithm
Lg(1 + X) and the analytic logarithm log(1 4+ X) = 3> -, (—=1)""'X"/n is easily made
using the species X of pseudo-singletons. In fact, if we define F by XoF , the following
basic combinatorial equation holds:

—_—

Lg(1+ X) = log(1 + X), (2.8)
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as a consequence of the equalities

Le(l+ X)=XoQ=log(1+E,)oQ= Z ) Ek Q= Z
k>1 k>1

= log(1 + X), (2.9)
since E¥ 0 Q = (B0 Q)" = X* by (2.5).

For purposes of comparison, the underlying series of X, log(1 + X)), and of their com-

binatorial counterparts X, Lg(1 + X), are given in Table , in which p(k) denotes the
Mobius function of k.

F(X) Zp(x1, 29,23, .. .) F(x) F(x)
X Ty T T
log(1+ X) log(1 + 1) log(1+ z) | log(1 + x)

X Zizl 5 z 10%(&)
Lg(1+X) | X it # log(1 +xy) | log(l + )| z—2?

TABLE 2. Underlying series of X, log(1 + X), X, Lg(1+ X).

In Table , the fact that Zx = x; is immediate, and the expression for Zj,g(14x) follows
from Zxn = Z% = a7 by linearity. The expression for Z; follows from the computation

Zs = Z1g(ZE) = log(ZE) = log(exp ZiZI i /i) = 22‘21 /1. (2.10)

Moreover, the expression for Zy 414 x) is a consequence of (2.8) and Mobius inversion. To
see this, define w = Ziza1x) and £ = Ziog14x) = log(1 + 2;1). Then, taking the cycle
index of both sides of (2.8), we obtain

E i = /(¢ =1/{;, and hence oL —. (2.11)
—i 4, k n
i>1 nlk
Thus,
w Wi ,u
W:M:E fE N(”):§ pu(n § ?: E 10g1+xn)
k>1 nlk n>1 nlk n>1 n>1

(2.12)

Finally, the last entry in Table [2] I x — 22, can be established as follows:

l—l—m M log (1+ %) ZZ n/d) —x—:pQ, (2.13)

k>1 n>1 dln

since the Dirichlet convolution ¢(n) = (—1)""! % u(n) of the two arithmetic multiplicative
functions (—1)""! and pu(n) satisfies ¢(1) = 1, 0(2) = —2, and ¢(n) = 0 for n > 2.
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Note. One can avoid the above Dirichlet convolution in establishing (2.13)) by making use
of the following lemma which involves Lambert series.

Lemma 2.1. The Mdbius functz’on p(n) satisfies the identities

Z,u — =1, Z,u ~ =z — 22°% (2.14)
1—2 1—|—:E

n>1 n>1

Proof. Identity (2.14p) is an immediate consequence of the fact that >_,, u(d) = 1 if
k=1and 0 if k£ > 1. Identity (2.14b) follows from identity (2.14h) via the computation

r—21° = Zu(n)

n>1 n>1

xn
= 1— U
S (17 1) = S
n>1
Corollary 2.2. The Mdébius function p(n) satisfies the identities
pln logl—:t) x, pin 10g1—|—:c)—;1:—a:2. (2.15)
n>1 n>1

Proof These identities follow by mtegratlon since application of the operator x to
) and (E15b) ives (E19) and ( 0

The behaviour of the combinatorial species E and Lg relative to sum, product and
derivation is similar to that of the analytic exp and log.

Lemma 2.3. Let X and Y be two sorts of singletons. Then we have

E(X+Y)=EX)E(Y), exp(X +Y) = exp(X) exp(Y), (2.16)
diXE(X) = FE(X), diX exp(X) = exp(X), (2.17)
diXLgu FX) =, dixlogu FX) =< jX, (2.18)
Le(1+X)1+Y))=Lg(l+ X)+Lg(1+Y), (2.19)
log((1+ X)(1+Y)) =log(l + X) +log(1+Y), (2.20)

where Lg((1 + X)(1 +Y)) is interpreted as
Le(l+ (X +Y + XY)) =Lg(1+ X) o (X +Y + XY). (2.21)

Proof. We prove only the formulas relative to E and Lg. Formula left) was discussed
in the introduction. Formula left) is classical and is a consequence of the fact
that, for any finite set U, the set U LI {e} with an extra outside unlabelled element
e can be canonically identified with the set U itself. Formula (2.18] left) follows from
the combinatorial chain-rule: application of -% to both sides of E (Lg(l + X )) = X gives
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F'(Lg(1+X))-Lg'(1+X) = 1. Hence, E(Lg(1+X))-Lg'(1+X) = (1+X)-Lg'(1+ X) = 1.
The proof of Equation (2.19) runs as follows: let

A=Lg(1+X)1+Y)), B=Lg(l+X)+Lg(l+Y).

Then by ([2.5), (2.16), and (2.21),
EA)=Eolgl+X)o(X+Y +XY)=(1+X)o(X+Y+XY)=(1+X)(1+Y),
EB)=E(Lg(1+X)+Lg(1+Y))=FE(Lg(l1+X))E(Lg(1+Y)) =(1+X)(1+Y).

Hence, F(A) = E(B), and A = B by the uniqueness of inverse species. O

Note. By (2.18)), Lg(1+ X)) and log(1+ X) have the same derivative but their difference is
far from being a constant. Such a phenomenon is quite frequent in the theory of species.

2.2. Molecular expansions and identities involving Lg(1+X) and X. Joyal [Joy36]
obtained an expansion of Lg(1 + X)) involving (positive and negative) species of strictly
increasing sequences in the lattices of equivalence relations on finite sets. Ira M. Gessel and
Ji Li |[GL11), Lil12] obtained expressions for Lg(1+ X) in terms of special classes of graphs
and cographs. The explicit expansion of the combinatorial logarithm as a countable Z-
linear combination of irreducible species (molecular expansion) has been obtained recently
by the author in [Labl3|. Its first terms, up to degree 6, are given by

Lg(14+X)=Lg(1+X); —Lg(1+ X)_, (2.22)
where
Le(l+ X))y =X+ XE + XE3s+ Eyo By + X°Ey + XE, + EyEs + X°Ey
+2X°ES + XEs + EyEy+ Eso By + Eyo Ey+ -+ -, (2.23)
Leg(14+X)_ =Ey+ B3+ X?Ey + B, + X*Ey + XE3 + Es + X*Ey + X°E,
+2XEyE3+ Ey- (Byo Ey) + Eg+ Eyo (XEy) +--- (2.24)

in which, for example, F3 o0 Fy = X°®/(S31.5,), where o denotes substitution of species
and { denotes the wreath product of groups.

One of the main classical applications of the combinatorial logarithm is to see that any
expansion of it provides a kind of intricate “inclusion-exclusion” principle by which one
can express the species F°™ of connected F-structures in terms of the species F' itself.
More precisely, if F' = 1+ F. is a species satisfying F'(0) = 1 and made of “connected
structures”, then

Jreonn Lg(F) — Lg(l + F+) = Lg(l + X) ofF,, (225)

and ([2.23)—(2.25)) can be used to express F°™ in terms of F. One of the most interesting
facts about (2.25)) is that it can be used to define a (in general, virtual) species F"

under the sole condition F'(0) = 1 even in the case when F' is not of the form F' = E(G).
That is, even when F-structures are not sets of “connected” structures. In particular,

Lg(1+ X) = (1 + X))@, (2.26)
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By (2.25) and Table , the corresponding underlying series for the species F'°°™ of con-
nected F-structures are given by the formulas

k
Feori(z) =log(F(z)), Zpeon(x1,x2,23,...) = Z # log Zp(xk, Tok, Tak, - - - )-
k>1

(2.27)

Ezample 2.1. The virtual species, — Lg(1 — X)), turns out to be closely related to Lyndon
words and free Lie algebras and has been called Lie(X) by Joyal [Joy86]. Recall that
a Lyndon word [Lyn54] is an aperiodic word on a totally ordered alphabet which is
lexicographically minimal among all its circular shifts. Lyndon words can be used to
build a basis for free Lie algebras. The following combinatorial equations hold:

1
Lie(X) = —Lg(l1 — X) =Lg (ﬁ) = Lg(L(X)), (2.28)
where L(X) =1+ X + X2 + - is the species of linear orders. Hence, we can write
Lie = L™, (2.29)

so that Lie can be thought of as the virtual species of “connected” linear orders and

. Lie(z) ==, (2.30)

k 1 .
Zie(T1, 20, 23,...) = Z Ms{; ) log 1— 2, Lie(z) = log 1o

by Corollary , since Lie(z) = — Y k1 @ log —+. Equations (2.28)—(2.30) are of fun-

1—zk -
damental importance. They will be used later in our treatment of the classical cyclotomic

identity and a symmetric extension of it, due to Volker Strehl (see Example below).

On the other hand, the molecular expansion of the species X of pseudo-singletons is
much simpler than that of the combinatorial logarithm. It can be obtained by simply
expanding as a sum of monomials in £} = X, Fs, Ej3,.... Its first few terms, up to
degree 6, are given by

X=X,-X_, (2.31)
where
-~ 1 1
X, :X+E2+§X3+E3+X2E2+E4+5X5+X2E3+XE§+E5
1
+ X*Ey + X?Ey + 2X E,E5 + §E§ + B+, (2.32)
% Lo Loy Lo 3
X_ = §X +XE2+4_1X +XE3+§E2 + X°FEy+ XE, + EyEs
1 3 1
+6X6+X3E3+§X2E§+XE5+E2E4+§E§+---. (2.33)
In order to collect the homogeneous components of degree m = 1,2,... in the expansion

1} for X we proceed as follows. Consider the species F,,(tX) of finite m-sets of single-
tons in which each singleton has weight ¢. Since the weights behave multiplicatively, the
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weight of each m-set is ™. This means that the following expansion holds in N||.X||:
EtX)=1+E,(tX)=1+tE(X) + *E(X) + - + t"Epn(X) + - - - . (2.34)

Now, denote by P,,(X)/m € Q|| X|| the coefficient of t™ in the expansion of the analytic

logarithm of in ascending powers of t,

t" P, (X)

log(E(tX)) =log(1+ EL(tX)) = ) -

m>1

(2.35)

Equivalently, we can write

E(tX) = exp <Z M) | (2.36)

m
m>1

Application of the differential operator t% to both sides of 1) taking 1) into

account, produces the combinatorial equality

> mt"E,(X) = (Z tiB(X)> : (thEj(X)> . (2.37)

m>1 i>1 >0
Comparing the coefficient of ¢ on both sides, we deduce the following recursive scheme
for the computation of P,,(X):

P1:X, mEm:Pm+E1Pm_1+E2Pm_2+~~~+Em_1P1, m > 1, (238)

which exhibits a similarity with the Newton-type relations between homogeneous and
power sum symmetric functions h,,, and p,, H Note that this implies that P, = P,,,(X) €
Z|| X || are wvirtual species of degree m, and that P,(1) = E,,(1) = 1. Also, letting t = 1
in and , we get the two fundamental equations

X=> %Pm(X), (2.39)
E(X) = exp (Z %Pm(X)> . (2.40)

An important and very useful property of the virtual species P,, is that they are plethys-
tic linear of order m in the following sense.

Proposition 2.4 ([Lab08]). For every power series a, 3, -+ € C,, . and sorts of single-
tons X,Y, ..., we have

PmO(OéX—{—ﬁY—i—):Oszm(X)—{—ﬁum(Y)—i—, (241)
where the notational convention (1.47)—(1.48)) for cu,, Bm, - .. is used. In particular:

21The Newton relation reads My = Pm + P1Dm—1 + -+ + hy—1p1. In fact, the species F,,(X) and
P,,(X) can be seen as “combinatorial liftings” to Z|| X|| of the series h,, and p,, (see (2.42))). Note that
Zp, = T, but Pp(Pr(X)) # Pnn(X) in general, while (pm)n = Pmn-
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(a) Takinga=u+v+...,0=0=~v=---, X :=1, we have
Polu+v+--)=u"+0" 4+ =py(u,v,...), (2.42)
which 1s the usual m-th power sum symmetric function in the variables u,v, . . ..
(b) Taking o« =a, B =0, ..., where a,b,... are complex numbers, we have
Pho(aX +bY +--+)=aP,(X)+bP(Y)+ -, (2.43)

which means that P, is C-linear in the usual sense.
(c) Moreover, X is also C-linear:

(aX +bY 4+ ) =aX +bY +---. (2.44)
Proof. By (1.14)) we have E(kX) = E(X)* for any k € N. Hence, replacing t in (2.36)) by
any power product u in the variables u, v, ..., we obtain
1" P (X) kp™ P (X)
E - b o omi2 ) R Imi 2
(kpX) = E(uX)" = exp (k‘ Z - exp Z -
m>1 m>1

More generally, using again (1.14), it follows that, for « = ku+ v +--- € N, , we have
EaX)=E(kp+lv+--)X)=EkuX)E(vX)--- (2.45)

ku™ + ™+ - )P (X P (X
:exp<z( "t 4Ly ;‘ )P )>:exp<Zame()>. (2.46)

m>1 m>1

Since the coefficient ¢; ;. = ¢;; (k,¢,...) of each individual term

¥R

goee

appearing in the full molecular expansions of ([2.45)—(2.46) is a polynomialﬁ in k(...
with coefficients in Q, we can replace k, £, . .. by any complex numbers a, b, . .. and (2.45])—

(2.46) hold for every a € C,,,.... Finally, (2.41) follows from the fact that
E(aX + Y +--+) = E(aX)EQBY) - - . 0

Note. Using notational convention (|1.47)—(1.48)), we can define P,, o (aX + Y +---) by
(2.41)) for any o, 5,--- € Cyy. uw,.., Where z,y, ... are auxiliary variables.

The following computational scheme for the expansion of the combinatorial logarithm,
Lg(1 + X), will be used in the following sections of this paper. It is a consequence of the
plethystic linearity of the virtual species P,,(X).

22This is essentially due to the fact
k(k—1)---(k—i+1)

E(kpX) = B(uX)" = (1+ E (X)) =Y
>0
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Proposition 2.5 ([Lab08|). Let
Lg(1+X)=QX) =0(X)+ QX))+ -+ QX))+ -+, (2.47)
where ,(X) is of degree n in X. Then Q0 = X, and, for n > 1, we have

Qn(X) = (_172"1)(” = Cllpd 0 Quja(X). (2.48)

1<d|n

Proof. We give a more direct proof than that given in [Lab08]. By (2.8} ., , and
(2.47)), we can write

Le(l + X) = (Z épd> (Z Qk> log(1 + X). (2.49)

d>1 k>1

Now, since P, o () is of degree kd in X, collecting terms of degree n in X on both sides

of (2.49), we get

_1)n—1

1
ZEPdOQn/d(X) = X",
dln
from which ([2.48)) immediately follows since P;(X) = X. O

The reader is referred to [Lab08] and [Labl3] for more information about pseudo-
singletons and the combinatorial logarithm together with applications to the computa-
tion of the molecular expansion of certain classes of species (including rooted trees, for
example).

3. THE BINOMIAL SPECIES, BASIC PROPERTIES, AND ASSOCIATED EXPANSIONS

3.1. Definition of the binomial species and generalized binomial coefficients.
The classical Newton binomial expansion of the 2-variable series

(1+X)Y = (1 +X)" = exp(Ylog(1 + X)) (3.1)

can be stated as

(1+X)Y=nz>%<};>xn, where <Y):Y(Y_l)(y_2>”'(y_”+1). (3.2)

n n!

Hence, (1 + X)¥ € Q[[X,Y]]. By analogy, we define the 2-sort binomial species B(X,Y)
and associate to it “generalized binomial coefficients” as follows.

Definition 3.1. Let X and Y be two sorts of singletons. The binomial species, B(X,Y) =
(1+ X)'Y, is a (virtual) species defined by the combinatorial equation@

1+ X)Y = B(Y Lg(1 + X)), (3.3)

Z3Recall that the notation (1 + X)TY is used instead of (1 4+ X)"Y = exp(Y log(1 + X)) € Q[[X, Y]]
to put the emphasis on the fact that B(X,Y) is a species, not a power series in the variables X and Y.



24 GILBERT LABELLE

where F' = E(X) is the species of finite sets and Lg(1+ X)) is the combinatorial logarithm.

The generalized binomial coefficients, (X;IY), n=0,1,2,..., are the species defined by
XY
1 Ty = ’ .
(1+X)Y Z(n) (3.4)
n>0
where (X’Y) is the sum of the terms of degree n in the variable X in the molecular

expansior? of B(X,Y).

Making use of first terms of the expansion of the combinatorial logarithm in ([2.23)—
(2.24]) and the basic properties of the species E of finite sets, the first few generalized
binomial coefficients are

(XEJY) =1 (Xiy) = XY, <X§Y> = —Y Ey(X) + Ep(XY), (3.5)

(Xéy) — Y E(X) + XYEy(X) — XY2Ey(X) + E5(XY), (3.6)

(X ;ly) — _YE(X) 4 YEs 0 Ea(X) + XY Ey(X) — X2V Ey(X) — XY2E(X)
+ X2Y2Ey(X) + Y2(Ey(X))? — Ey(YEy(X)) — YEy(X)Ey(XY) + Ef(XY).

(3.7)

Note. For each n, (X’Y) is a finite sum, and, since the basic combinatorial operations on

species are compatible with the corresponding analytic operations on formal power series,
we see, by Tables 1 and 2, that the underlying exponential generating series B(z,y) of
B(X,Y) and (“Y) of (}") satisfy

Blz,y) = (1 + ), (xy) - (y)m” (3.8)

n n

In fact, B(X,Y) and Xq’ly) are (much) more refined mathematical objects than their
analytic counterparts (3.8)). For example, by regrouping similar terms in the computation
of the underlying exponential power series of (3.6, we get

()= (%)
3 3 X=z,Y=y

= (—yEBs(x) + ayEy(x)) — xy* By (x) + E3(zy)

D2 e ()
= g tayg) —ayor
3 3 3
T 2 3T 1 3 Y\ 3
= = P = gy -y —2)a® = .
vy vty 3!y(y )y —2)x (3)96

Such nice factorizations do not occur in general for (X;LY). For example, X or Y cannot
be factored out in (X;ly) for each value of n > 2.
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3.2. Basic properties of B(X,Y) and (X;IY). Although structurally more complicated
than their analytic counterparts, the binomial species and generalized binomial coefficients
share with them some basic identities.

Proposition 3.1. The binomial species B(X,Y) = (1 + X)Y satisfies the equations

1+X)Y+2)=1+X)Y - (1+X)'Z, (3.9)
((1+X)(1+Y))TZ 1+X)"Z-(1+Y)'Z, (3.10)
1+X)NY-2)=(1+X)Y)'Z, (3.11)

0 Y
6X<1 + XY =1+X)Y . =X (3.12)
85;(1 + XY =1+ X)TY - Lg(1 + X), (3.13)

where X, Y, Z denote three sorts of singletons.

Proof. Formulas (3.9)-(3.10) follow from (L.14)). Indeed, let Q = Q(X) = Lg(1 + X).
Then

1+X)NY +2)=E(Y + 2)QX)) = BE(YQX) + ZQ(X))
=EBEYQX)EYQX)=01+X)Y -1+ X)'Z,
(I+X)A4+Y)Z =0+ (X +Y+ XY Z=E(ZLg(1+ X +Y +XY))
= E(ZQUX) + 2Q(Y)) = E(ZQUX))E(ZQ(Y))
=1+X)'Z-(1+Y)'Z
The proof of is more involved:
(1+X)Y)'Z = (14 X) Z|xi—p,vaco) = B(ZUAX))|x—p,vac)
= E(Z - QoE (YQX))=EZ -YQX))=01+X)'(Y-2),
since Q o E,(X) = X. The differential formulas (3.12)-(3.13)) are consequences of the

combinatorial chain-rule and (2.17)—(2.18)):

0 —(1+X)Y = iE(Y Lg(1+ X)) = E(Y Lg(1 + X))iy Lg(1 + X)

0X 0X 0X
Y
T
= (XY
21+ x)Y = LB Le(1 + X)) = B Le(1 + X)-2y Lg(1 + X)
oy % oy
=(1+X)Y - Lg(1+ X). O

Corollary 3.2. The binomial coefficients ( ) satisfy the “Vandermonde-like” identities

<X7 if Z) =2 (X;Y) (X]Z) n=012.... (3.14)

1+j=n
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In particular, substitution of Z := 1 gives

X, Y +1 XY X, Y
( Y ):( ’ )+< ’ )x, n=19. (3.15)
n n n—1

Proof. For (3.14)), simply collect terms of degree n in X on both sides of (3.9)), for each
n > 0. Formula (3.15) follows from (3.14]) using the fact that

1+X)!'=E(1-Lgl+X)=1+X= (Xél) + (X1’1> + 0,

so that (Xdl) =1, ()(11) = X, and (le) =0 for j > 2. O

Note. Taking underlying exponential power series of identities (3.14) and (3.15)), we are
led to the classical identities

(-2 G0 (-0 () e

i+j=n

since (xr’Ly) = (z)x” by .
0

Corollary 3.3. The combinatorial partial derivative a—X(XT’LY) 15 given by

n A n—1-—1
=0

Proof. Since the operator aix decreases the degree in X of its operand by 1, the partial
8 (XY

derivative a_x( > ) is the sum of terms of X-degree n — 1 in aiX(l + X)TY. Explicitly, by

(13.12]) we have

0 (XY _ XY
() = £ X- —1in Y S (=i (7).
8X( n) sum of terms of X-degree n 11nYi>0( 1)'X j>0( j > O

Corollary 3.4. The binomial species B(X,Y) satisfies

B(—-X,-Y)=B(X/(1-X),Y) (3.18)
= B(X,Y)B(X%Y)B(X*Y)B(X®Y)---. (3.19)
Proof. First, by ([1.12)), we have
1 X
— =14+ X+ X+ X4 =14+ X I X+ X ) =1+ ——.
% + X+ X+ X7+ + X - 14+X+X"+--4) +

Hence, by (1.13)) and (3.9) we get
B(-X,-Y)=E(-YLg(1-X))=1/E(YLg(1-X))=1/(1-X)'Y

_ (ﬁ)% _ (1 i %)TY = B(X/(1 - X),Y),
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which establishes (3.18]). On the other hand, (3.19)) follows by a passage to the limit,
)
(ﬁ) Y = (1+ X)(1+ X3)(1+ X (1 + X))y
=1+X)Y - 0+X)Y -+ XHY -1+ XY -
= B(X> Y)B(X2aY)B<X47Y)B(X87Y) Ty
making use of (3.10]). O

Corollary 3.5. The cycle index series Zp = Zg(x1, %9, T3,...;Y1,Y2,Ys, ... ) of the bino-
mial species B(X,Y) is given by

Zp = Zasxpry = | J(1+ap) s Zawsdna, (3.20)

k>1

Proof. By Tables [I] and [2 and plethystic substitution, we have
Zp = ZpyLg(14+x)) = ZE © (Zy - Zrg(14+x)) = €XP Z (Zy - Zrgex))i

i>1
: 1 '
= exp Z Ty, - Z @ log(1 + ;) = exp Z z (Z ,u(j)yi) log(1 + x)
i>1 j>1 k>1 " \ij=k
— H(]_ + m)%zijzk M(j)yi. 0

k>1

3.3. Formulas obtained by specializing variables in B(X,Y). A variety of more
or less “exotic” formulas, identities and g¢-identities will now be obtained by substitut-
ing power series for X and Y in the binomial species B(X,Y) and by making use of
Proposition 3.1} Corollaries together with Tables [1] and [2|

Making use of the notational convention —@j, we state and prove first the
following general proposition in which

. (3.21)

XY
(1+a)™8 means (1 + X)'"Y|x—ay—s, and (a,ﬁ) means ( ’ )
n X=a,Y=4

n

while (1 4+ «)? means the usual “analytic/algebraic exponentiation” of power series:

3 A6 =1 - 273 Gl PR S LIS (3.22)

! n!
n>0 n,k>0

in which the s(n, k)’s are the (signed) Stirling numbers of the first kind.

Proposition 3.6 (SUBSTITUTION OF SERIES IN B). Let B(X,Y) = (1 + X)'Y =
ano (X;ly) be the binomial species, u,v,q,t,... be weight variables, and x,y, ... be auz-

iliary variables. Then, for power series o, B € Cyy  uvqt..., We have, assuming summa-
bility,

B(Oz, /3) = (1 + a)T@ - H(l 4 ak)%Zdlk w(d)Bra Z (Oz, 6) (3‘23)

n
k>1 n>0
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The binomial coefficients (aﬁﬁ),n > 0, are series satisfying the recursive scheme

(V)=1 () =2 ()« rno () e onmo w2

in which the 0({)’s are explicitly given by
0(1) = 04161, 0(2) = 04252 — O{%ﬂl — CYQ/Bl, 9(3) = 0[353 + O[zl))ﬂl — 04361, (325)
0(0) = > (=1 u(i)alpr, =1 (3.26)
ijk=¢

Proof. Formula is a direct consequence of formula for the cycle index series of
B(X,Y) together with the substitution formula , taking into account the notational
convention —. The recursive scheme described by (3.24)(3.26)) is more delicate
and can be established by introducing first an extra weight variable, s, in (3.23)) as follows:

B(sar, ) = (1 +s0)'8 = [J(1 + skap)s ZawrtDiira = 3 (0"5) s", (3.27)

n
k>1 n>0

where the last equality is due to the fact that (X;IY) is of degree n in X. Then application
of the differential operator s - to gives

Zn(a;f)s :S%H(1+S ag) 'Y(k mey 1+an;m H + sFay) )

n>1 k>1 m>1 k>1
_ AW
= S (" (32)
m>1 v>0

where y(m) = = 3 djm (@) Brnya. Expanding 1) according to powers of s, we obtain

Z”(Of)'sn— Y (U ()b (a’yﬁ )s"j‘““. (3.29)

n>1 W4,k >1

We conclude by equating the coefficient of s™ in both sides of (3.29)) using the fact that
17k +v =nif and only if v =n — ¢ and ijk = /. 0J

Note. While summability is needed in the infinite product (3.23)), no summability con-

ditions are needed in 1) since each (XT’LY) is of finite degree in X and Y. Hence the

binomial coefficients ( n) are always well-defined series. For example, let v be a weight
variable, then taking o = 1 and 5 = v in (3.23]), we have

B(l,v)=(1+1)lv= H 9k T AT _ 9351 (Tizy w@/i0" /. (3.30)

k>1
and the coefficient of v™ on the right-hand side of (3.30) is not a finite sum but a (condi-
tionally convergent) infinite series %sz (1) /. Hence B(1,v) is not well-defined. How-
ever, the corresponding binomial coefficients (1n”) are well-defined and can be computed
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recursively via

(160) 1 (17,11)) -1 [9(1><n1,_vl> 00 (nl’_vg) +} >0, (33D)

in which the 6(¢)’s are given by

Ug’ ¢ odd > 1,
o) = { ! — 2%, (even > 2. (3.32)

Example 3.1. The cyclotomic identity reads

1 1 M(a,n)
1_au:1:[1(1_un) , (3.33)

nz

where

n) %Zu(n/d)ad, n=12.. (3.34)
din

are the (aperiodic) necklace polynomials. These polynomials are also called the Lyndon
polynomials since M (a,n) is the number of Lyndon words of length n over an a-letter
ordered alphabet, for a € N (see Example above).

Now let a be a complex variable and u be a weight variable. The cyclotomic identity is
a special case of of Proposition , which is seen by taking @« = —au and g = —1.
Indeed, we have

1

T = B(—au,—1) —expwz>1 log pz;l kuijk
)
= ex —_— — l)a = .

" 1 \js1 nik:nM n>1 1—wr

Stated differently, this is a consequence of the combinatorial identities (see ([2.28)]))

1
1—aX

= L(aX)=B(—aX,—-1)=FEolLg (1 ) = E(Lie(aX)). (3.35)

—aX

To see this, take a totally ordered alphabet A of a letters (for a € N). Then upon
evaluation of (3.35) at X = u = u - 1, each singleton becomes unlabelled and assigned a

weight u, and 1/(1 — au) = E(Lie(au)). Since Lie = L™ (see (2.29))), this means that

words over A are multisets of “connected” words over A. (3.36)

This fact was first stated by de Bruijn and Klarner [deBK82]. In their paper, connected
words over A are called aperiodic cycles (see also [FS91]). Since Lyndon words over A
are totally ordered by the induced lexicographic order, multisets of Lyndon words can be
canonically written as weakly decreasing sequences of Lyndon words. This corresponds
to the classical Lyndon theorem.
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Theorem 3.7 (LyNDON [Lyn54)). Every word w over a totally ordered alphabet A has a
unique factorization

u7=:A1A2"'Ak, C}37)

where \; is a Lyndon word over A, 1 <i <k, and the sequence (\;)i=1,..x is lexicograph-

wcally weakly decreasing

7777

AL N> > (3.38)

The number & of Lyndon words in factorization (3.37)) is called the Lyndon index of the
word w and is denoted ind(w).
Since B(—au, —1) = (1 — au)™! is a geometric series, it immediately follows that

—au, -1 —a,—1
( a ) =a"u" and ( @ ) =a". (3.39)
n n

FExample 3.2. Using combinatorial arguments, independent from Poélya theory, Strehl
[Str92] proved an unexpected duality between the alphabet size, a, and a Lyndon in-
dex counter, t, about words on a totally ordered alphabet. As a by-product of this fact,
he obtained a more general “symmetric version” of the cyclotomic identity:

1 M(t,n) 1 M(a;n)
= . 4
H(l_aun> H(l_tun> (3.40)

n>1 n>1

Algebraically speaking, (3.40|) can independently be checked by noting that its left-hand
side can be expanded in the form

uuk

1 M(t,n) o
_ iy
H <1 — au”) exp Z a't! u(k) Tk (3.41)

n>1 i,5,k>1

which is obviously symmetric in a,t. Identity (3.33)) corresponds to the case where t = 1.
From the point of view of species and Pélya theory, the left-hand side of (3.40) follows
from the combinatorial equation

1—aX

1 T
(1 X) tY = L(aX)'tY = B(—aX,—tY) = EotY Lg (
—a

) = E(tY Lie(aX)),

(3.42)
where a is a complex variable and ¢ is a weight variable. Then upon evaluation of ((3.42)
at X =u=wu-1and Y =1, this means (see (2.29)) that

words over A with index k are k-multisets of Lyndon words over A. (3.43)

Equivalently, this corresponds to the following “enrichment” of the cyclotomic identity:

(1 —lau)Tt =11 (1 _ltun>M(a7n) = sula, t)u”, (3.44)

n>1 n>0
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where the s,(a,t) are the symmetric polynomials in a and ¢ defined by Strehl in [Str92] E
In fact, we have

n

<—au, —t) — sn(ast), n>0. (3.45)

We now illustrate Proposition in very specific simple cases. Let x,y be auxiliary
variables and u, v be weight variables, and consider the four possibilities
L+a)ly, A+w)ly, Q+2)v, (1+u0), (3.46)
according to the values assigned to o and f.

Ezxample 3.3. Let x and y be auxiliary variables. Then

(1+2)y=(1+z)= ; (‘Tny> (xny> = (i) 2", (xéy) =1, (3.47)

(xny) _ % {xy (nx,_yl) o4 (=) 2ty <nx,_y€> 1. ] n>0 (3.48)

Proof. Let a = x and f = y in (3.23)—(3.26)). Since ay =z, 1 =y, ap, = 0 and G =0
for k > 1, it follows that 8(¢) = (—1)*"'z*y. This corresponds to the classical version of
the formal binomial expansion in the variables x and y. 0

Ezxample 3.4. Let u be a weight variable and y be an auxiliary variable. Then,

(1+u)ty = [T (1 + uby®rs = u-ww = §° (u y), (3.49)

n
k>1 n>0

u7y u7y uuy 1 ’U,,y 2 ’U,,y
=1 = == -2 1. (3.50
() = () = (W) =2 ) 2() | oo o

Proof. Let o = w and B = y in (3.23)(3.26)). Since a; = u* for £ > 1 and B, = 0 for
k > 1, the first equality in (3.49) follows from the fact that %Zd‘k p(d)Brja = yu(k)/k.
Taking the analytic logarithm the second equality in is equivalent to

Zy log L+uf)y =y Y (=) lu = (u—u’)y,

k>1 k,m>1

which is equivalent to the last equality in (2.14b) of Corollary Recurrence (|3.50) can
be proved via (3.24)), or, more simply, by using the fact that

0
u(l-u)y _ 1—9 u(lfu)y. 0
ug-e y( u)e

Example 3.5. Let x be an auxiliary variable and v be a weight variable. Then,

(1+2)v=(1+2)"= ;} (5137;’0)7 (x;Lv) _ <Z)xn’ (a:(,)v) 1 (3.51)
(xnv> _ % [g;-v (nx,_vl) Fo o (D)t (nx,_%) L 1 n>0. (3.52)

241 his paper, Strehl used the variables ¢, A instead of a, t.
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Proof. Let a = x and B = v in (3.23)—(3.26)). Since o = 0 for & > 1 and 3, = v* for
k > 1, it follows that 6(¢) = (—1)*"'z‘v. This again corresponds to the classical version
of the formal binomial expansion in x and v. U

FExample 3.6. Let u and v be weight variables. Then,

2
(1+u)v = H(1 k) E S D - _ Z (u, v), (3.53)
n>0

1 —wuv
k>1

U, v u, v U, v
’ -1 ’ _ ) — (M n—1 1. 54
(0> ,(1) uv,(n) u"(v" =", > (3.54)

Proof. Let a = u and 3 = v in (3.23) — . Since oy, = u* and ﬂk = vk, it follows that

6(0) = Z (1) u(y u”kvk =t Z

ijk={ ijk={
B uf?, ¢ odd > 1, (3.55)
ul(vf — 20%%), { even > 2. '

This implies (3.54)), which, in turn, implies (3.53]). O

Ezample 3.7. Of course, (g,t)-analogues of the above four examples follow by suitable
substitutions. For example, the substitution v := v/(1 —¢) in (3.53) gives

Boy(u,v) = (1+u)T(v/(1 —t)) = H Lot Z <“ ”) . (3.56)

— uut?

11—t
(q,t)-analogue of the binomial species. Then maklng the substitutions o := a/(1 — q),
B:= /(1 —t) in Proposition [3.6] it immediately follows that

T Zd”cﬂ( _ tkd
Bq’t(a’m:(HliJ (1&):H<1+1ikq’“> o _Z<a 6)
E>1

Ezample 3.8. More generally, let By (X,Y) = B(= X +Y) = ano( i )qt be the

n>0
(3.57)
(aéﬂ)w =1, and, for n > 0,
- 6 - l “ & /6 N
( n >q,t a n [ (TL — 1) + g) <n — £>q,t - ) (358>
0 (0) = D (=1)""u5) { fj’;]k> 1?’“#, (>1. (3.59)

ijk=0

Example 3.9. The classical g-analogue (Z) appears in expressions of the form (1 + )3

q
in various “disguises”. For example, let u,v,q be weight variables. Then one can easily

check that
T n, .k
4 >) (1+v)=Y (Z) SR (3.60)
— 4 n,k>0 q

(¢ Dn

E,(u)T(1+40v) = (1 + E+<1
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Also, a variant of the ¢-binomial expansion can be written in the form
n k,n—k

u*v
(Bn)g(u+v) =)
k=0
Ezample 3.10. Since B(z,y) = (14 2)¥ = >_, 150 bk "y /n! k!, where b, ;. = k!c(n, k),
and c(n, k) are the unsigned Stirling numbers of the first kind. In view of (1.62), the
coefficients by, (g, t) in the expansion

(4 (¢ Qs (3.61)

n ’Uk

Butun) = (1+ 72 )T<1it): > e Gy (G0

1—¢ n,k>0

can be considered as (g, t)-analogues of the numbers k! ¢(n, k).

Remark 1. One must be careful when manipulating equalities involving substitutions of
series into species. Each resulting equality must follow from a corresponding combinatorial
equality about species. For example, given three weight variables, u, v, w,

1 — v’ : 1—u?*(v+w
(14 u)'v = e does not imply (1 +u)"(v +w) = w (3.63)
The correct equations are
1— 2 1— 2
Q+u)wtrw) =—"l."""C 11w 1+u)w, (3.64)

l—ww  1—uw
since B(X,Y 4+ Z) = B(X,Y) - B(X, Z). However, of course, if F(X,Y, Z) = LXA(Y+7)

—X(Y+2) ’
2
then F'(u,v,w) = %

3.4. The computation of B(X,Y) to arbitrary large degrees in X. We now de-
scribe an efficient method to compute the species B(X,Y') up to arbitrary large degrees
in X by “lifting” (3.24)) up to a combinatorial scheme which expresses

XY\ XY\ /XY
in terms of , ooy, n>0. (3.65)
n n—1 n—2

XY
0

(X;lY) _ % {@(1)(5’_1/1) +0(2) (5_);) 4o+ 0(k) (g_’;) 4. 1 (3.66)

where the coefficients O(k) = O(k, X,Y) are species independent of n that are given by

O(k) = dPrjgo (YQu(X)). (3.67)
dlk

Proposition 3.8. The following recursive scheme holds: ( ) =1, and, forn > 1,

Proof. We have (1 + sX)'Y = > om0 (X’Y) s", where s is an extra weight variable. Also,

(1+sX)'Y = E(Y Lg(1 +sX)) = exp Z %MPm o (YQu (X)), (3.68)

m>1,0>1
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by (2.40]) and plethystic linearity of P,,. Taking the analytic logarithm, we get the identity

) <Z %Pm o (YQg(X))) s =log ) (X;ly) s", (3.69)

k>1 \mé=k

and we conclude by applying the differential operator s% on both sides of 1. . 0

Ezample 3.11. Let v be a weight variable and consider the 1-sort species (1+ X)™. This
special weighted virtual species has been considered first by Pierre Leroux and the author
in 1996 and was denoted by A®(X) in their paper [LabLer96]. They used it to put a
weight v on each connected component of structures (see Example below). Making
the substitution Y := v in Proposition we obtain the new recursive scheme

AYX) =1+ X)v=>" (X’ ”), (X(’)“) =1, (3.70)

n

(X:}) _ % {V(l)(f;vl) +V(2) (nX_az) b V(R (n)(_,vk) .\ ] .
(3.71)

where the coefficients V' (k) = V(k, X, v) are species independent of n that are given by

V(k) =Y dv*"Py a0 Q4(X), (3.72)
dlk

since Py/q 0 (vQ24(X)) = v Py /4 0 Q4(X) due to plethystic linearity (2.41)).

Ezxample 3.12. Completely different species arise from the substitutions Y :=yand Y := ¢
in the binomial species B(X,Y'), where y is an auxiliary variable and ¢ € C is a scalar
symbol. A careful analysis shows that

(1+ X)'y = exp(yQX)) = Y Ly"Q"(X) € Q,[|X]], (3.73)
n>0
(1+X)Te=)  deietiulentl) xn ¢ C[IX]). (3.74)
n>0

Example 3.13. Further examples of new species are worth mentioning. They arise from
the substitutions of special symbols for the sort X, instead of Y, in the binomial species
B(X,Y). For example, let u be a weight variable. Then the substitution X := wu in

25The author implemented the above computational scheme in Maple to expand (14+ X)TY up to
degree 20 in X. It took less than 5 seconds on a MacPro. The expansion contains 131834 terms. The
corresponding expansion for the classical (1 4+ 2)¥ contains only 211 terms.
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Proposition gives rise to the species (compare with Example above)

(1+uw)Y = B(Y Lg(14+u)) = BE((u —u?)Y) = E(uY)/Eu?Y) = Z (“ny> (3.75)

n>0

(unY> = % [U(1)<§’_Y1> +U(2) (5’_1/2) 4o U(R) (:"_Yk) + } n>1,

(3.76)
where the coefficients U (k) = U(k,u,Y’) are species independent of n that are given by

(Y, k odd,
Ulk) = { uF(P(Y) = 2Py 5(Y)), K even. (3.77)

Indeed, by (2.13), Q,(u) = Q,(X)|x.=« = [u"] Lg(1 + u) are polynomials in u satisfying

U, n=1,
Qn(u) =< —u?, n=2, (3.78)
0, n > 2,

and (3.77) follows from the fact that, by (3.67) and (2.41)), the coefficients U (k) = O(k) =
O(k,u,Y) are species in Y given by

Uk) = dQq(u"*)Pya(Y). (3.79)
dlk

Ezample 3.14. Note that since (1 + u)'Y = E(uY)/FE(u?Y’), Corollary |3.4] implies via
“telescopic multiplicative cancellations” the remarkable combinatorial equality

( ! )TY:E(UY). (3.80)

1—u

Stated otherwise, this means that the species E(uY) of finite sets in which each element
has weight © can be expressed via the binomial species in the somewhat unexpected form

E(uY) = B(~u, -Y). (3.81)

4. COMBINATORIAL EXPONENTIATION OF SPECIES

We now use the (virtual) binomial species B(X,Y) = (1 + X)'Y to define a new
combinatorial exponentiation operation, F' TG, between species F' and G. Recall that if F
is a species for which F'(0) = 1, the species F°™ of “connected” F-structures is defined
by F™ = Lg(F') = Lg(1 + F,), where F =1+ F,, F',(0) = 0.

Definition 4.1. Let F' be a species satisfying F'(0) = 1 and G be an arbitrary species.
The species F''G, called F raised to the combinatorial power G (or simply F uparrow G
is defined by

FTG d:ef B(Xv Y)|X::F+,Y::G’ = E(G . Lg(F)) = E(G . Fconn)' (41)
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%&f&” g

FIGURE 6. Illustration of an FTG-structure (that is, an assembly of
G - F"-structures) on a set of 24 elements, where F' and G are “ordi-
nary”’ species

Proposition 4.1. For species F, G, H, we have
FY G+ H)=(F'G)-(F'H), FG-H)=(F'G)'H, if F(0)=1,
(F-G)'H = (F'H)-(G'H), F'G®™=G'F~™  if F(0)=G(0)=1, (4.3)
0 oG 8F/8X>

R Ak T . conn ~
Sl 6= (F10) (F v T

Proof. Formulas (4.2)) and left) are easy consequences of Proposition [3.1] Formula
(4.3 right) follows from Definition since

FTGconn — E(Gconn . Fconn) — E(Fconn . Gconn) _ GTFconn.

if F(0)=1. (4.4)

Formula (4.4) is a consequence of the combinatorial chain rule and the fact that 0 Lg(1+
X)/0X =1/(1+ X):
0 0
— FTG = —
8XF G = aXE(G Lg(l+ F,))
= E'(G-Lg(1+ 1)) (G- Lg(1+ Fy) + G- Lg/(1+ Fy) - (F4))

:(FTG)-(G'-Lg( )G )’)

1+ F
oG OF/0X
— FT .| peonn
(F6) ( ox TOTF ) ’
where H' denotes 22 and (F,) = (F — 1) = F' = 2£. O
It is important to realize that
F'G # FY in general, (4.5)

where F'¢ denotes the “ordinary” or “analytic” exponentiation of species defined by the
summable series

n>0
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We now introduce a new “plethystic” exponential operation, fTg, between cycle in-
dex series that reflects the combinatorial exponentiation between species, extending list

(L21)-(L.22).

Definition 4.2. Let f = f(xy,22,...;y1,%2,...) and g = g(z1,x2,...;Y1,Y2,...) be two
(formal) cycle index series, with f = f(0,0,...;0,0,...) = 1. The series fTg, called f
raised to the plethystic power g (or simply f uparrow g) is defined by

1
n Ed‘n :u'(d)gn/d
=11+ (4.7)
n>1
_ fo. fQ%(nggl) _ fgé(.‘JS*gl) _ff(grgz) _ fg'é(grgl) _ fGé(96*93*92+91) o (4.8)
where 1* = exp(wlog(1)) denotes the ordinary analytic power, and where, as usual,
wn :¢($n7$2nax3n7-";ynvyZnaySna-")7 n = 1527"'7 (49)
for a cycle index series ¥ = (21, 22, 3, . .. ; Y1, Y2, Y3, - - - ).

Corollary 4.2. Let F = F(X,Y,...) be a species satisfying F(0) = 1 and G =
G(X,Y,...) be an arbitrary species. Then the cycle index series Zprq depends only on
the cycle index series Zr and Zg and s given by

Zprg =2 Zg. (4.10)
In particular, if o, B, ... are power series in the auxiliary variables x,y,... and weight
variables u,v, ..., then
(FTG)(a =] Flan, B, ...)n Zam G @nsabnsans) (4.11)
n>1
(FTG HF ' Zd|nu(d)G(u”/d on/d, ~~)7 (4.12)
n>1
(F'G)(x,y,...) = F(z,y,...)0@¥), (4.13)

Proof. 1t is sufficient to prove (4.10). To simplify the computations, let f = Zp and
g = Zg. Then, using Tables 1 and 2, we have

Zrig = ZeGirer) = 250 (Za - Zigwr)) = Zeo (g Ek>1 k og(fe))
B exp@m Pocty sl = XP(3 1 (Lo 1 )gn/d>1°g )
n>1

As in Section , special choices of species in Proposition and Corollary and /or
specializations of variables can be used to obtain a great variety of new formulas and
identities between species and/or power series.

Example 4.1. Let C = C(X), S = S(X) = E(C(X)), L = L(X), A = A(X), Inv =
Inv(X) be the 1-sort species of oriented cycles, permutations, linear orders, rooted trees,
involutions, respectively. Let ® = ®(X,Y) and Bij = Bij(X,Y’) be the 2-sort species of
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functions and bijections mapping sets of elements of sort X to sets of elements of sort Y.
The following small sample of equalities hold.

a) ETE = E(XE) = species of equivalence relations with a system of representatives.

Proof. Since connected sets are singletons, ETE = E(E - E®™) = E(E - X). Moreover,
X F is the species of pointed sets, and assemblies of pointed sets are equivalence relations
with a system of representatives (the pointed elements). 0

b) STX = ETC = E(XC) is the species of assemblies of oriented “wheels”.

Proof. Since oriented cycles are connected permutations and XC-structures can be
thought of as oriented wheels (the X-structure being the center of the wheel, and the
C-structure being the circumference of the wheel), STX = E(X - S©™) = E(XC) =
species of assemblies of oriented wheels. Moreover, B(XC) = E(C - E«™) = ETC. [

c) (A/X)N(X + E,) = InvTA.

Proof. Since involutions are assemblies of fixed points or unordered pairs of interchanged
points, Inv = E(X + E,). Moreover, rooted trees are characterized by the well-known
equation A = XF(A). Hence, (A/X)N(X + E;) = BE(X + Ey) - (A/ X)) = B((X +
Ey)-A) = E(A-Inv®™) = Inv' A. O

d) % (STE)=(STE)-(C+ L) E.

Proof. This is an example of 1) with /' = S and G = E, since aiXE = FE and 6%5 =
S- L. O

e) ®(X,Y) = E(Y) E(X).

Proof. Since a function from a set of elements of sort X to a set of elements of sort Y can be
thought of as an assembly of F'(X)-Y-structures (each F(X)-structure being interpreted as
the possibly empty inverse image of a Y-singleton), we can write ®(X,Y) = E(E(X)-Y).
On the other hand, E(Y)'E(X) = E(E(X) - (B(Y))®™) = E(E(X) - Y). O

£) Bij(X,Y) = ®(X,Y)(X/E(X)).

Proof. Since a bijection from a set of elements of sort X to a set of elements of sort
Y can be thought of as an assembly of ordered pairs (z,y), where x is a singleton of
sort X and y is a singleton of sort Y, we can write Bij(X,Y) = E(XY'). On the other
hand, ®(X, V) (X/E(X)) = E((X/E(X)) - 0°™(X,Y)) = E((X/E(X)) - E(X)Y) —
E(XY)P O

Of course, the underlying series of a)-f) can also be analyzed as well as their various
weighted versions. The following example illustrates this by assigning weights to the
species (X, Y) of functions in case e) above.

ZNote that X/E(X) = A<~'>(X) = the inverse of the species of rooted trees under substitution.
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Ezxample 4.2. Consider the (g,t)-analogue ®,:(X,Y) = @(%}, =) of the species
P(X,Y) = E(Y)'E(X) of functions mapping sets of elements of sort X to sets of el-
ements of sort Y. Since ®(X,Y) = E(E(X)-Y) and Ey(u) = >_,qu'/(g; q)i, We have,

using Table

By(u,v) = E(lit)TE(lfq) - E(E(lfq) : 1:) (4.14)

1 uot
) e’q’(Z A e e = e qw’>) 1)

ij>1

= 3 ol (116)

n,k>0

where ¢, (g, t) is a polynomial in (g, t) which is a (g, t)-analogue of the number ¢,, ;, = k™
of functions from [n| to [k], i.e., ¢, x(1,1) = k™. On the other hand, ¢, x(0, 0) is the number

@ of “unlabelled” functions from n indistinguishable white dots to % indistinguishable
black dots given by
1 o on,k
1 = 3 dost (417)

Ezample 4.3. Let F = F(X,Y,...) be a species satisfying F'(0) = 1 and v be an extra
weight variable. Then we can consider the species F'Tv = FZ|_,, which can be inter-
preted (when F' possesses connected components) as the species of F-structures whose
connected components are each weighted by v (see Figure @ in which each G-structure
is replaced by a v = v - l-structure living on the empty set). This kind of species was
considered, using distinct notation, by Leroux and the author (see [LabLer96]). By (3.4),
we have

Flo=(1+F)v=3 (Z’”)Z::F : (4.18)

n
n>0

and the binomial coefficients (ZT’L”) can be recursively computed as in Example above.
This provides an alternate efficient way to compute F Tv.

Example 4.4. The 2-sort weighted species G(X,Y") of simple graphs on black and white
nodes of Example in the introduction can be written in the form

GX,Y)=G(X)"u—1t)-GY)(v—1t)-G(X +Y)Tt, (4.19)

where G denotes the species of simple graphs. This is a consequence of the more direct
combinatorial equation

G(X,Y) = E(ug™™ (X)) E(uG®™(Y)) E(#(G™ (X +Y) = G«"(X) = G="(Y))), (4.20)

where G™ is the species of connected simple graphs. All underlying counting series for
G(X,Y) can be computed from combinatorial equation (4.19)).
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Example 4.5. Let q be a weight variable. Making the substitution X := ¢ in the simple
combinatorial equation

S(X)'O(X) = B(C*X)), (4.21)
using (with F' = S,G = C,u = q) together with the fact that C'(q) = ¢/(1 —q) and
S(q) =11,51(¢";¢™)s}, we arrive at the identity

H (qn;qn)goM(qk,n) = exp (Z %ﬁ) 5 (422)

n k>1 i>1
where the M(q,n) = % de p(d)g™/?, n > 1, are the necklace polynomials evaluated at g.

Example 4.6. The operation T can be used to define an exponentiation operation be-
tween the very general combinatorial differential operators introduced recently by Cédric
Lamathe and the author [LabLam09]. In their simplest form, these differential operators
are of the form Q(X, D), where Q(X,T) is any two-sort species and D = d/dX P These
operators act on species F'(X) via

(X, D)F(X) = X, T) xr F(X + 1)l (4.23)

where X7 denotes the Cartesian product with respect to sort 7', and T := 1 means
unlabelling the elements of sort 7.

Figure [7] describes this action. The black dots and black squares in this figure are
elements of sorts X and T, respectively, while the white squares are unlabelled elements
of sort T. In [LabLam09], it is shown how to compose (i.e., apply successively) such

* . a 5
: )‘\V v ) l - : V" A \ p 'V j - - :'7
Q Q ——=
[ [ /
. . O F
n:7 ¢ o X [J: 7 unlabelled ¢ o X
Q(X,T) xp F(X +T) Q(X, D)F(X)

Ficure 7. Hlustration of an Q(X, D)F(X)-structure on a 9-element set.

operators, how to take their adjoint, and how they behave with respect to the classical

2"The classical linear analytic differential operators Ag(X) 4+ A;(X )% + Ay(X )aa—); + -+, where
Ao(X), A1(X), A2(X),- -+ € C[[X]] are power series in X in the usual sense, are special cases of these
combinatorial operators. The combinatorial differential operators Q(X, D) can take a great variety of
forms. For example, C(X + D + E(X D)) is such an operator, where C(X) and E(X) are the species of
oriented cycles and finite sets, respectively.
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combinatorial operations. The adjoint of Q(X, D) is the operator Q*(X, D) = Q(D, X),
which is associated to the species (7, X). In particular, the adjoint of the “pure” differ-
ential operator G(D) is the operator G(X) (= multiplication by G(X)). This generalizes
the well-known fact that the adjoint of the “annihilation operator”, D, is the “creation
operator”, X.

The cycle index series of the species Q(X, D)F(X) can be computed as follows.

Proposition 4.3 ([LabLam09]). Let G(X) = Q(X,D)F(X). Then
Za(x1, 20, T ) = Zo(x1, 22,2 o 2a 3a VZp (21, 9, @ ). (4.24)
G\ &1, L2, L3y ... ) — LQ\L1, L2, 37"'783317 8.1727 6.T37.” FA\LL, L2, L3y -0 ) .

The combinatorial exponentiation, QTA, of operators Q = Q(X, D) and A = A(X, D)
is defined in the obvious way.

Definition 4.3. Let Q = Q(X, D) and A = A(X, D) be combinatorial differential oper-
ators associated to species Q(X,T) and A(X,T), with ©(0,0) = 1. The combinatorial
differential operator (Q2TA)(X, D) is associated to the species

QO(X,T)TAX,T) = E(A(X, T) Lg(QUX, T))) = E(A(X,T) - Q©™(X,T)).  (4.25)

A general study of the combinatorial differential operators QA should be developed.

5. CONCLUSION

The main goal of combinatorics is to create, manipulate, combine, analyze, classify, and
enumerate finite discrete structures by making use of a variety of mathematical operations
and tools. The binomial species and combinatorial exponentiation are two such tools to
be exploited further.
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APPENDIX A. THE GENERAL SUBSTITUTION FORMULAS FOR C,, [|X,Y,.. .||

gees

We start by analyzing substitution of ordinary species in the 1-sort case. Let u,v,... be
a family of weight variables and F', G be ordinary 1-sort weighted species (i.e., elements

gooe

weakly increasing degrees in X,
MM M MW MO MO A (A1)

where M’ = X, M" = X2, M" = Ey(X), MW = X3 MO = XE,)(X), M©® = C5(X),
M) = E3(X), etc. We have two cases to consider: G/(0) =0 and G(0) # 0
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CASE 1: G(0) = 0. Assume first that G(0) = 0 (that is, there is no G-structure on the
empty set). In this context, an F' o G-structure is an F-assembly of G-structures. This
means that such a structure on a finite set U is a triple

5= (m,6,7), (A2
where

1) 7 is a partition of U,

2) ¢ is an F-structure on the set of classes of 7,

3) v = (Vp)per, where for each class p of m, 7, is a G-structure on p.

The weight of s is defined by the product of the weights of ¢ and of all v, p € m:

w(5) = w()Tyert(r). (4.3)
Now, write G and F' as combinatorial power series in N,,,, || X |[|:
G=GX)=ad'M +a"M"+---, o, - €Ny, , (A.4)
F=P(X)=B+@M +3' M+, BFF €Ny .  (AD)

By (A.4), each G-structure 7, in (A.2)) is an M'-structure or an M"-structure, etc., with
corresponding weight distribution described by o’ or o”, etc. In other words, the following
combinatorial equations (due to Yeh) hold:

FoG=F@M+ad"M"+--+)
=Fa'X14+a"Xo+ )| xy=m, xoi=Mim, .
= F(Xl + X2 + - ) X E(Olle + CVI/XQ + )’XI::MI,XQI:MII7... X (A6)
where X7, Xy, ... are extra sorts of singletons, (x) denotes the Cartesian “superposition”
product, and FE is the species of finite sets. This is essentially due to the fact that the
weight assigned to each structure «, can be canonically associated to its underlying set

p instead of being associated to 7, itself. In order to explicitly expand (A.6) in terms of
ay, oy, .o o ah, .. ete., and 5,5, 8", ..., we need an auxiliary result.

Lemma A.1 ([Lab08]). For every a € C,, . we have an expansion of the form

goae

E(aX) =) ex(ar,an,...)Ex(X), (A7)
A
where A runs through all partitions (A\y > Xy > -+ > X\,) of all integer n > 0,
ex(ar, ag,...) is a polynomial in (o, e, . .., o) with rational coefficients, and
E\(X) = Ex (X) - Ex(X) -+ By, (X). (A.8)
Proof. By (2.45) and ([2.46[), we have, in analogy with the theory of symmetric functions,
ki ko
. Qi _ Qy Qo - k k
E(aX) = eXPZ HPm(X) = Z 1"31k:1!2’f2k:2!---P1<X) PPy (X))
m>1 k1,k2,ks,...
a
=Y =R(X),
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where A\ = )\, Oy, """, P)\(X) = P)\l(X)P)\2(X)--', N = 1d1d1!2d2d2!"' if A consists

of d; parts i, i = 1,2,.... We conclude by expanding the P\(X)’s in terms of the
Er(X)’s. O
By Lemma [AT] we can write

E(O/Xl + O[”Xz +-- ) = E(Oéle)E(O//XQ) cee (A9)
= Z 6/\/7)\117“_E)\/(Xl)E)\//(XQ)"' 5 (A]_O)

NN

where each N, \”,... runs through all integer partitions, and

EXNNY... = e)\/(Ozll, 04/2, Ce )6)\//(0/1/, 06/2/, Ce ) s (All)
is a polynomial in a finite number of o), a5, ..., o, af, ... ... with rational coefficients.

By (A.6)), F' o G can be expanded in the form
Fo G = F(O/M/ + O[”M” “+ .- ) = Z EA’,X’/,...F)\’,)\”,...(M/a ]\4”7 e ), (A12)

NN,

F/\/y)\//7...(X1,X2, .. ) = F(X1 + X2 +-- ) X E)\/(Xl)E)\//<X2) e <A13)

Note that each term in the expansion of is of total degree n’ +n” + -+ < 0o in
X1, Xo, ..., where N Fn/,\" F=n" .... Hence each Fy,x (M',M",...)in involves
only a finite number of the unweighted species M', M", ..., and the weight distribution
arising from G in F' o G is included in the coefficients ey . Moreover, the lower degree
in X in Fy (M',M",...)is > n'+n" 4+ --- since degM’ > 0,degM" > 0,.... It

goae

follows that each coefficient v,~,~”,... in the full expansion of (A.12)),
FoG=(FoG)(X)=y++/M+~"M"+---, (A.14)

is a polynomial expression with rational coefficients involving a finite number of coefficients
B,0', 5", ... appearing in the expansion of F' and a finite number of o}, o4, ..., o, a5, . ..,
etc., appearing in G. This implies that (A.12]) is formally summable, and F' o G is a well-

gees

CASE 2: G(0) # 0. Assume now that G(0) = o # 0. In this context, we assume that F is
of finite degree in X for summability reasons. Writing G(X) = a+ G, (X), where G (X)
is of the form (A.4) with G4 (0) = 0, and introducing an extra sort 7" of singletons, we
have

FoG=F(a+G (X)) =FaT+ G (X))|r=1 (A.15)
=F(T+G (X)) x E(aT + X)|r.=1 (A.16)
= ex(on, 0, )F(T + G(X)) x Ex(T)E(X)|7:=1 (A.17)
A
=0+0M +§"M"+--- | (A.18)
where (since deg F' < o0) each coefficient 4,0’, ", ... in (A.18) is a polynomial expression
with rational coefficients involving a finite number of coefficients 3, 5, 8", ... appearing in

the expansion of F' and a finite number of ay, an, ..., o), a5, ..., a,df, ... etc., appearing
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in G. This implies that is formally summable, and F o GG is again a well-defined
species in N, || X||.

More generally, replacing N,,, by C,,..., we define F oG for F.G € C,, | X |,
with G(0) = 0 or deg F' < oo, by formula (A.14]) or (A.18) by making use of the same
expressions for v,7/,~",... or §,0’,0”,... as polynomials with rational coefficients involv-
ing a finite number of 3, 8’, 8", ... appearing in the expansion of F' and a finite number
of ag, g, ...,af,ad,....af,af, ... etc., appearing in G .

General substitutions in the case of species on sorts X,Y,... are treated in a similar
way.

APPENDIX B. FORMAL SUMMABILITY IN C,, 0 || X, Y, .. .|

In what follows, the groups H run through fized systems of representatives of conjugacy
classes of subgroups of Sy, ., where n,k,--- > 0. A species F' € Cyy uo.. || X,Y, ...
can be canonically fully expanded in the form

F=F(XY,..)=Y cuupX"Y* - /H, (B.1)
w,H
where p = 2Py?---u'v? - - runs through all power products in C,, .., .. By analogy

with the usual notation for classical power series, the coefficient ¢, ,, 5, m in (B.1)) is also
denoted by
(uX"Y*. . JH|F =c,p. (B.2)

Definition B.1. Let (F)),cr be a family of species indexed by a (finite or infinite) set I,
where

F,=> copnpX"Y* oo JHECyy un. IX,Y, .|, el (B.3)
w,H
For every u and H, denote by
Loy={tel:[uX"Y* .. /H]F, # 0} (B.4)

the subset of indices ¢ for which the coefficient ¢, , i of F, is not 0. The family (F,),c; is
formally summable if
1,1, is finite for every p and H. (B.5)

Note. This definition of summability for families of species includes the special case of fam-
ilies of formal power series (simply take ¢, , g = 0 whenever X"Y*... £ 1 = X0y0...),
Summability in the case of families of formal cycle index series is defined similarly by
adding the extra variables x1, 22, ...;y1,92,...;....

Example B.1. A special case of summability is implicit in : the family
(it p XY JH) i (B.6)
of its terms is summable with sum F'.
Ezrample B.2. Formula above, for the multiplicative inverse 1/F of a species F,
1/F=1—-Fy+F; —F} + -+ (=1)"F} 4 -+, (B.7)

is obviously summable since F', (0) = 0.
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Ezample B.3. The expansion of a species F' = F(X,Y,...) into its homogeneous compo-
nents provides another instance of summable series:

F= > Fu., (B.8)

k>0

where F), ;. . is the (finite) sum of the terms of degrees n in X, kin Y, ... in the full
expansion of F'. Other important cases are

F=Y Fun ., F=)F, ., .., (B.9)

n>0 k>0

where F,, _ _  is the sum of terms of degree n in X in the expansion of F, F_ _  is
the sum of terms of degree k in Y in the expansion of F', etc. The generalized binomial
coefficients ((3.4) are special instances of such a notation:

<X ’ Y) =B, (X,Y)=[1+X)Y],_. (B.10)

n
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