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0.1 Introduction

Following a slow (and forced) evolution in the history of mathematics, the modern notion of func-
tion (due to Dirichlet, 1837) has been made independent of any actual description format. A similar
process has led André Joyal [158] to introduce in combinatorics the notion of “Species” to make the
description of structures independent of any specific format. The theory serves as an elegant “ex-
planation” for the surprising power of generating function uses for the solution of structure enumer-
ation. During the last decades considerable progress has been made in clarifying and strengthening
the foundations of enumerative combinatorics. A number of useful theories, especially to explain al-
gebraic techniques, have emerged. We mention, among others, Mdbius Inversion (Rota [284], Rota—
Smith [289], Rota—Sagan [288]), Partitional Composition (Cartier—Foata [15], Foata [106, 112]),
Prefabs (Bender-Goldman [11]), Reduced Incidence Algebras (Mullin-Rota [253], Doubilet, Rota,
and Stanley [80], Dir [84]), Binomial Posets and exponential structures (Stanley [301, 300]), Mdbius
categories (Content—Lemay—Leroux [66], Leroux [212, 214]), Umbral Calculus and Hopf Algebras
(Rota [286], Joni-Rota [157]), Pélya Theory (Pdlya [263], Redfield [275], de Bruijn [68], Robin-
son [282]), and Species of Structures (Joyal [158]). Many authors have also underlined the impor-
tance of these methods to solve problems of enumeration, in particular, Bender—Williamson [12],
Berge [13], Comtet [58], Flajolet [91], Goulden—Jackson [133], Graham-Knuth—Patashnik [130],
Kerber [170], Harary—Palmer [144], Knuth [172], Liu [222], Riordan [281], Moon [251], Sagan [290],
Stanley [304, 302], Stanton—White [306], van Lint—Wilson [316], Wehrhahn [324], and Wilf [326].

In addition, during this same period, the subject has been greatly enriched by its interaction
with algebra and theoretical computer science as a source of application and motivation. The impor-
tance of combinatorics for the analysis of algorithms and the elaboration of efficient data structures,
is established in the fundamental book of Knuth [172]. A good knowledge of combinatorics is now
essential to the computer scientist. Of particular importance are the following areas: formal lan-
guages, grammars and automata theory (see for instance Berstel-Reutenauer [30], Eilenberg [88],
Greene [137], Lothaire [227], Reutenauer [276, 277], and the work of Schiitzenberger, Cori, Vien-
not and the Bordeaux School); asymptotic analysis and average case complexity (see Bender [9],
Bender—Canfield [10]), Flajolet—Odlyzko [97], Flajolet—Salvy—Zimmermann [99], and Knuth [172],
and Sedgewick-Flajolet [295]; and combinatorics of data structures (see Aho-Hopcroft—Ullman [1],
Baeza-Yates—Gonnet [5], Brassard—Bratley [38], Mehlhorn [244], and Williamson [329]).

The combinatorial theory of species, introduced by Joyal in 1980, is set in this general frame-
work. It provides a unified understanding of the use of generating series for both labeled and
unlabeled structures, as well as a tool for the specification and analysis of these structures. Of
particular importance is its capacity to transform recursive definitions of (tree-like) structures into
functional or differential equations, and conversely. Encompassing the description of structures
together with permutation group actions, the theory of species conciliates the calculus of gener-
ating series and functional equations with Polya theory, following previous efforts to establish an
algebra of cycle index series, particularly by de Bruijn [68] and Robinson [282]. This is achieved
by extending the concept of group actions to that of functors defined on groupoids, in this case
the category of finite sets and bijections. The functorial concept of species of structures goes back
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to Ehresmann [87]. The functorial property of combinatorial constructions on sets is also pointed
out in a paper of Mullin and Rota [253] in the case of reluctant functions, a crucial concept for
the combinatorial understanding of Lagrange inversion. There are also links between the algebra
of operations on species and category theory. For example, the partitional composition of species
can be described in the general settings of doctrines (see Kelly [166]), operads (see May [233] and
Loday [224]), and analytic functors (see Joyal [163]).

Informally, a species of structures is a rule, F', associating with each finite set U, a finite set
F[U] which is “independent of the nature” of the elements of U. The members of the set F[U],
called F'-structures, are interpreted as combinatorial structures on the set U given by the rule F.
The fact that the rule is independent of the nature of the elements of U is expressed by an invariance
under relabeling. More precisely, to any bijection ¢ : U — V, the rule F' associates a bijection
Flo] : F[U] — F[V] which transforms each F-structure on U into an (isomorphic) F-structure on
V. It is also required that the association o +— F[o]| be consistent with composition of bijections.
In this way the concept of species of structures puts as much emphasis on isomorphisms as on the
structures themselves. In categorical terms, a species of structures is simply a functor from the
category B of finite sets and bijections to itself.

As an example, the class G of simple (finite) graphs and their isomorphisms, in the usual sense,
gives rise to the species of graphs, also denoted G. For each set U, the elements of G[U] are just
the simple graphs with vertex set U. For each o : U — V, the bijection Glo] : G[U|] — G[V]
transforms each simple graph on U into a graph on V by relabeling via o. Similarly, any class of
discrete structures closed under isomorphisms gives rise to a species.

Furthermore, species of structures can be combined to form new species by using set theoretical
constructions. There results a variety of combinatorial operations on species, including addition,
multiplication, substitution, derivation, etc, which extend the familiar calculus of formal power
series. Indeed to each species of structures, we can associate various formal power series designed
to treat enumeration problems of a specific kind (labeled, unlabeled, asymmetric, weighted, etc.).
Of key importance is the fact that these associated series are “compatible” with operations on
species. Hence each (algebraic, functional or differential) identity between species implies identities
between their associated series. This is in the spirit of Euler’s method of generating series.

For example, let a denote the species of trees (acyclic connected simple graphs) and 4, that
of rooted trees (trees with a distinguished vertex). Then the functional equation

A=XE(A), (1)

expresses the basic fact that any rooted tree on a finite set U can be naturally described as a root
(a vertex x € U) to which is attached a set of disjoint rooted trees (on U \ {z}), see Figure 2.9.
Equation (1) yields immediately the following equalities between generating series

T (z")

A(z) = 2 e, T(z) = xexp(z

k>0

).

These formulas go back to Cayley [46] and Pélya [263]. The first refers to the exponential generating
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series A(x) = Y, 5o an " /n!, where a,, is the number of rooted trees on a set of n elements (labeled
rooted trees), and yields Cayley’s formula a,, = n"~! via the Lagrange inversion formula. The
second refers to the ordinary generating series T'(z) = Y -, Ty 2", where T}, is the number of
isomorphism types of rooted trees (unlabeled rooted trees) on n elements, and yields a recurrence

formula for these numbers.

Analogously, the identity

and Otter’s formula [259]

H) = T(x) + 5(T(a?) = T*(x)),
where t(z) = anl t, 2™ is the ordinary generating series of the number ¢,, of unlabeled trees on n
elements, both follow from the species isomorphism

A+ Fy(A) = a+ A%

allowing us to express the species a of trees as a function of the species of rooted trees. We
call this identity the dissymmetry theorem for trees (see Leroux [213], Leroux and Miloudi [215]).
It is inspired from the dissimilarity formula of Otter [259] and the work of Norman [257] and
Robinson [282] on the decomposition of graphs into 2-connected components.

Since its introduction, the theory of species of structures has been the focus of considerable
research by the Montréal school of combinatorics as well as numerous other researchers. The goal
of this text is to present the basic elements of the theory, and to give a unified account of some of
it’s developments and applications.

Chapter 1 contains the first key ideas of the theory. A general discussion on the notion of
discrete structures leads naturally to the formal definition of species of structures. Some of the
basic formal power series associated to a species I’ are introduced: the (exponential) generating
series F'(x) for labeled enumeration, the type generating series F'(z) for unlabeled enumeration, and
the cycle index series Zp(z1,22,x3,...) as a general enumeration tool. Finally, we introduce the
combinatorial operations of addition, multiplication, substitution (partitional composition) and
derivation of species of structures. These operations extend and interpret in the combinatorial
context of species the corresponding operations on formal power series.

Chapter 2 begins with an introduction to three other operations: pointing, cartesian product
and functorial composition. Pointing is a combinatorial analogue of the operator x(d/dx) on series.
The cartesian product, consisting of superposition of structures, corresponds to the Hadamard
product of series (coefficient-wise multiplication). Functorial composition, not to be confused with
substitution, is the natural composition of species considered as functors (see Décoste—Labelle—
Leroux [74]). Many species of graphs and multigraphs can be expressed easily by this operation.
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The theory is then extended in Chapter 3 to weighted species where structures are counted
according to certain parameters, and to multisort species in analogy with functions of several
variables. These generalizations broaden the range of applications to more refined enumeration
problems.

For example, the generating series for Laguerre polynomials,

n Oé+1
@)% _ (1 P
Zﬁ" (t)n! (1—1‘) exp( tl—m)'

n>0

suggests a combinatorial “model” for these polynomials, consisting of permutations (with cycle
counter av+ 1) and oriented chains (each with weight —¢). This model gives rise to a combinatorial
theory of Laguerre polynomials, where identities appear as consequences of elementary construc-
tions on discrete structures. The same approach can be applied to many other families of polyno-
mials. See, for example, Bergeron [20], Dumont [33], Foata [107, 109], Foata—Labelle [110], Foata—
Leroux [111], Foata—Schiitzenberger [112], Foata—Strehl [113, 114], Foata—Zeilberger [115], Labelle-
Yeh [202, 204, 208], Leroux—Strehl [216], Strehl [308, 309, 310], Viennot [319], and Zeng [340)].
Following those lines, the tex contains a combinatorial treatment of Eulerian, Hermite, Laguerre,
and Jacobi polynomials.



Chapter 1

Introduction to Species of Structures

This chapter contains the basic concepts of the combinatorial theory of species of structures. It is
an indispensable starting point for the developments and applications presented in the subsequent
chapters. We begin with some general considerations on the notion of structure, everywhere present
in mathematics and theoretical computer science. These preliminary considerations lead us in a
natural manner to the fundamental concept of species of structures. The definition of species puts
the emphasis on the transport of structures along bijections and is due to C. Ehresmann [87], but
it is A. Joyal [158] who showed its effectiveness in the combinatorial treatment of formal power
series and for the enumeration of labelled structures as well as unlabeled (isomorphism types of)
structures.

We introduce in Section 1.2 some of the first power series that can be associated to species: gen-
erating series, types generating series, cycle index series. They serve to encode all the information
concerning labelled and unlabeled enumeration.

1.1 Species of Structures

The concept of structure is fundamental, recurring in all branches of mathematics, as well as in
computer science. From an informal point of view, a structure s is a construction vy which one
performs on a set U (of data). It consists of a pair s = (,U). It is customary to say that U is the
underlying set of the structure s or even that s is a structure constructed from (or labelled by) the
set U. Figure 1.1 depicts two examples of structures: a rooted tree and an oriented cycle. In a set
theoretical fashion, the tree in question can be described as s = (,U), where

U = {a,b,c,d,e, f},
v = ({d}, {{d,a}, {d, c}, {c,b},{c, [}. {c,e}}).
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a b f 1

Figure 1.1: Two examples of combinatorial structures.

The singleton {d} which appears as the first component of - indicates the root of this rooted tree.
As for the oriented cycle, it can be put in the form s = (v, U), where

U = {z,4,9,a,7,8},
v = {(4y),(y,a),(a,2),(2,7),(7,8),(8,4)}.

The abuse of notation s = -, which consists of identifying a structure s = (v, U) with the construc-
tion v, will be used if it does not cause any ambiguity with regard to the nature of the underlying
set U. As an example which could give rise to such an ambiguity, consider the structure

5:(77U) With U:{C’x"g?h’m’p?q}’ and’y:{x’m7p}’

so that v is a subset of U. Clearly the knowledge of v by itself does not enable one to recover the
underlying overset U. A traditional approach to the concept of structure consists in generalizing
the preceding examples within axiomatic set theory. However, in the present work we adopt a
functorial approach which puts an emphasis on the transport of structures along bijections. Here
is an example which illustrates the concept of transport of structures.

Example 1.1. Consider the rooted tree s = (v,U) of Figure 1.1 whose underlying set is U =
{a,b,c,d,e, f}. Replace each element of U by those of V' = {z,3,u,v,5,4} via the bijection o :
U — V described by Figure 1.1. This figure clearly shows how the bijection o allows the transport
of the rooted tree s onto a corresponding rooted tree ¢t = (7, V') on the set V', simply by replacing
each vertex u € U by the corresponding vertex o(u) € V. We say that the rooted tree ¢ has been
obtained by transporting the rooted tree s along the bijection o, and we write ¢ = o-s. From a
purely set theoretical point of view, this amounts to replacing simultaneously each element u of U
appearing in v by the corresponding element o(u) of V' in the expression of v. The rooted trees s
and ¢ are said to be isomorphic, and o is said to be an isomorphism between s and t.

Intuitively two isomorphic structures can be considered as identical if the nature of the elements
of their underlying sets is ignored. This “general form” that isomorphic structures have in common
is their isomorphism type. It often can be represented by a diagram (see, for example, Figure 1.3))
in which the elements of the underlying set become “indistinguishable” points. The structure is
then said to be unlabeled. Figure 1.4 illustrates a rooted tree automorphism. In this case, the sets
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Figure 1.3: Labelled and unlabeled structures.

U and V coincide, the bijection ¢ : U — U is a permutation of U, and the transported rooted
tree o-s is identical to the tree s, that is to say, s = o-s. The preceding examples show that the
concept of transport of structures is of prime importance since it enables one to define the notions
of isomorphism, isomorphism type and automorphism. In fact, the transport of structures is at the
very base of the general concept of species of structures.

BN
I
—

A

Il
—~
fe--------8

Figure 1.4: A non trivial tree automorphism.

Example 1.2. As an introduction to the formal definition of species of structures, here is a detailed
description of the species G of all simple graphs (i.e., undirected graphs without loops or multiple
edges). For each finite set U, we denote by G[U] the set of all structures of simple graph on U.
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Thus
GlU ={g|g=(0), v C U]},

where p?I[U] stands for the collection of (unordered) pairs of elements of U. In the simple graph
g = (v,U), the elements of U are the vertices of the graph g, and ~ is the set of its edges. Clearly
G[U] is a finite set. The following three expressions are considered to be equivalent:

— g is a simple graph on U;
- g €g[U};

— g is a G-structure on U.

Moreover, each bijection o : U — V induces, by transport of structure (see Figure 1.5), a function
Glo]: U] — G[V], g~ oy,

describing the transport of graphs along o. Formally, if g = (v,U) € G[U], then G[o](g9) = 0-g =
(o+7y, V), where o7 is the set of pairs {o(z),o(y)} of elements of V obtained from pairs {z,y} € .
Thus each edge {x,y} of g finds itself relabeled {o(z),o(y)} in o-g. Since this transport of graphs
along o is only a relabeling of the vertices and edges by o, it is clear that for bijections ¢ : U — V
and 7: V — W, one has

Glroa] = G[r] o Gla], (1.1)
and that, for the identity map Idy : U — U, one has
Glldy] = Idg- (1.2)

These two equalities express the functoriality of the transports of structures G[o]. It is this property
which is abstracted in the definition of species of structures.

U={a,z,u,t, z}

. =

AR
V ={m,p,v,q,s}

Figure 1.5: Relabeling of vertices.



1.1. SPECIES OF STRUCTURES 9

1.1.1 General definition of species of structures
Definition 1.3. A species of structures is a rule ' which produces

i) for each finite set U, a finite set F[U],
ii) for each bijection o : U — V, a function F[o]: F[U] — F[V].

The functions F[o] should further satisfy the following functorial properties:

a) for all bijections 0 : U — V and 7: V — W,

F[roo| = F[r]o Flo], (1.3)

b) for the identity map Idy : U — U,

Flldy] = 1. (1.4)

An element s € F[U] is called an F-structure on U (or even a structure of species F' on U).
The function F[o] is called the transport of F-structures along 0. The advantage of this definition
of species is that the rule F'; which produces the structures F[U] and the transport functions F[o],
can be described in any fashion provided that the functoriality conditions (1.3) and (1.4) hold. For
example, one can either use axiomatic systems, explicit constructions, algorithms, combinatorial
operations, functional equations or even simple geometric figures to specify a species. We will
illustrate below each of these approaches with some examples. It immediately follows from its
functorial properties that each transport function F[o] is necessarily a bijection (See Exercise 1.2).
We use the notation o-s, or sometimes - s to avoid ambiguity, to designate F'[o](s). The following
statements are to be considered equivalent:

— s is a structure of species F' on U;
- se F[UJ;

— s is an F-structure on U.

In order to represent a generic F-structure, we often utilize drawings like those of Figures 1.6 The
black dots in these figures represent the (distinct) elements of the underlying set. The F-structure
itself is represented in Figure 1.6 a) by a circular arc labelled F', and in Figure 1.6 b) by the
superposition of the symbol F. Observe that the notions of isomorphism, isomorphism type and
automorphism of F-structures are implicitly contained in the definition of the species F'.

Definition 1.4. Consider two F-structures s; € F[U] and sy € F[V]. A bijection 0 : U — V is
called an isomorphism of s; to sg if s9 = 0-s1 = F[o](s1). One says that these structures have the
same isomorphism type. Moreover, an isomorphism from s to s is said to be an automorphism
of s.
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a) b)

Figure 1.6: Possible representations of typical F-structures.

1.1.2 Species described through set theoretic axioms

A species F' can be defined by means of a system 2 of well-chosen axioms by requiring
s=(v,U) € F[U] ifandonlyif s=(y,U) isa modelof .

The transport F'[o] is carried out in the natural fashion illustrated earlier. Clearly one can introduce
in this manner a multitude of species, including the following (see Exercise 1.4):

— the species A, of rooted trees;

— the species G, of simple graphs;

— the species G¢, of connected simple graphs;

— the species a, of trees (connected simple graphs without cycles);

— the species D, of directed graphs;

— the species Par, of set partitions;

— the species p, of subsets, i.e., p[U] ={S | SCU};

— the species End, of endofunctions, i.e., End[U] ={¢ | ¢ : U — U},
— the species Inv, of involutions, i.e., those endofunctions 1) such that ¢ oy = Id;
— the species S, of permutations (i.e., bijective endofunctions);

— the species C, of cyclic permutations (or oriented cycles);

— the species L, of linear (or total orders).

For example, we can describe the set of endofunctions on U by the set theoretic characterization:
(¢,U) € End[U] if and only if

Y CUxU and (Vo)[(xelU) = (Ay)[(yeU) and ((z,y) € )] (1.5)

Directed graphs v satisfying (1.5) are called functional digraphs. We also say that v is thesagittal
graph of the endofunction. Note that the transport End[o] : End[U] — End[V] along the bijection
o : U — V is given by the formula End[o](v)) = 0 0 ¢ o 0™, for each ¥ € End[U]. Indeed, upon
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setting = End[o](¢)) € End[V], the pairs (u,%(u)) run over the functional digraphs determined
by v if and only if the pairs (o(u), o(¢)(u)) run over the sagittal graphs determined by 6. Moreover,
the relation v = o(u) is equivalent to the relation v = o~!(v). We then deduce that the functional
digraph of 6 is given by pairs of the form (v,0 01 oo~ (v)) with v € V.

1.1.3 Explicit constructions of species

When the structures of a species F' are particularly simple or not numerous, it can be advantageous
to define the species by an explicit description of the sets F[U] and transport functions F[o]. The
following species fall under this category. In each case the transport of structures F[o] is obvious.

— The species F, of sets, is simply defined as E[U] := {U}. Thus, for each finite set U, there
is a unique E-structure, namely the set U itself.

— The species ¢, of elements, is defined as ¢[U] := U. Hence the associated structures on U
are simply the elements of U.

— The species X, characteristic of singletons, is defined by setting

X[ {{U}, if #U =1,

0, otherwise.

In other words there are no X-structure on sets having cardinality other then 1.

— The species 1, characteristic of the empty set, defined by

U] {{U}, it U =9,

0, otherwise.

— The emptyspecieslempty species, denoted by 0, simply defined as 0[U] := ) for all U.
— The species Es, characteristic of sets of cardinality 2, defined by

0, otherwise.

B = {{U}, if $U = 2,

1.1.4 Algorithmic descriptions

One can specify structures in an algorithmic fashion. For instance, an algorithm can be given which
generates all the binary rooted trees on a given set of vertices. If we designate this algorithm by
B, then for an input set U, the output B[U] is the set of B-structures, namely all possible binary
graphs on U. For each bijection ¢ : U — V, algorithm B should also produce an explicit and
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effective translation of each element of B[U] into an element of B[V]. For example, one of the
structures produced by algorithm B on the set U = {a, b, c,d, e, f} would be

((®7 b7 (®7 d7 Q))7 C7 (@7 a” ((®7 f7 ®)7 67 Q)))

(see Figure 1.7 for a representation of this binary rooted tree). The transport of this structure
along the bijection o : {a,b,c,d,e, f} — {A,B,C,D,E,F}, simply replaces each letter by its
corresponding capital letter:

Blo]((0,0,(0,d,0)),c, (@,a,((D, f,0),e,0))) = (0, B,(0,D,0)),C, (0, A, (0, F, 0), E,0))).

In general, species of structures satisfying a “functional equation” can readily be defined in an

4 K N

"\f/;b

4 Y
\_ Y,

/

Figure 1.7: A binary rooted tree.

algorithmic or recursive manner.

1.1.5 Using combinatorial operations on species

Another way of producing species of structures is by applying operations to known species. These
operations (addition, multiplication, substitution, differentiation, etc.) will be described in detail
in Sections 2.1, 2.2, 2.3, and 2.4. Here are some examples:

— the species E2, of tricolorations, E? = F - E - E,

— the species E., of non-empty sets, 1 + £, = F,

— the species H, of hedges (or lists of rooted trees), H = L(A),
— the species Der, of derangements, F - Der = S,

— the species Bal, of ballots (or ordered partitions).

1.1.6 Functional equation solutions

It also frequently happens that species of structures are described or characterized recursively by
functional equations. Here are some examples:
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— the species A, of rooted trees, A = X - E(A),

— the species L, oflinear orders, L =1+ X - L,

— the species Az, of ordered rooted trees, A;, = X - L(AL),
— the species B, of binary rooted trees, B=1+ X - B2,

— the species P, of commutative parenthesizations, P = X + Ey(P).

The description of species of structures with the help of functional equations plays a central role in
the theory of species.

1.1.7 Geometric descriptions

One can sometimes gain in simplicity or clarity by describing a species F' with the help of one
(or several) figure(s) which schematically represents a typical F-structure. Figure 1.8 represents
a typical structure belonging to the species P of polygons (i.e., non-oriented cycles) on a set of
cardinality 5. By definition, P[U] is the set of polygons on U.

Figure 1.8: A polygon.

Remark 1.5. The reader who is familiar with category theory will have observed that a species is
simply a functor F': B — E from the category B of finite sets and bijections to the category E of
finite sets and functions. Although the knowledge of category theory is not necessary in order to
read this book, the interested reader is encouraged to consult a basic text on category theory, such
as Maclane [229].

1.2 Associated Series

We will now associate to each species of structures F' three important formal power series related
to the enumeration of F-structures. An F-structure s € F[U] on a set U is often referred to as a
labelled structure, whereas an unlabeled structure is an isomorphism class of F-structures. The
three series are

— the (exponential) generating series of F', denoted F'(z), for labelled enumeration,
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— the type generating series of F', denoted ﬁ(m), for unlabeled enumeration,

— the cycle index series of F', denoted Zp(x1,x2,x3,...), as a general enumeration tool.

These series serve to “encode” all the information concerning the enumeration of labelled or un-
labeled F-structures (i.e., up to isomorphism). Note that for all finite sets U, the number of
F-structures on U only depends upon the number of elements of U (and not on the elements of
U). In other words,

the cardinality of F[U] only depends upon that of U.

This property immediately follows from the earlier observation (See Exercise 1.12) that transport
functions F'[o] are always bijections. Hence, the cardinalities |F'[U]| are completely characterized
by the sequence of values f,, = |F[{1,2,...,n}]|, n > 0. For ease in notation, let us write [n] to
designate the set {1,2,3,...,n}, and F[n] to designate the set F'[{1,2,...,n}|, rather than F[[n]].

1.2.1 Generating series of a species of structures

Definition 1.6. The generating series of a species of structures F' is the formal power series

(e 9] xn
n=0
where f, = |F[n]| = the number of F-structures on a set of n elements (labelled structures). Note

that this series is of exponential type in the indeterminate z in the sense that n! appears in the
denominator of the term of degree n. The series F'(x) is also called the exponential generating
series of the species F. The following notation is used to designate the coefficients of formal power
series. For an ordinary formal power series

G(x) = Zgn ",

n>0

we set

[xn] G(x) = 9n- (17)
For a formal power series of exponential type, of the form (1.6), we then have
n! [2"] F(z) = fn. (1.8)
Taking the Taylor expansion (at the origin) of F'(x) shows that

 d"F(x)
- dx™ :1:=O.

n! [x"] F(z)
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More generally, for a formal power series in any number of variables expressed in the form

ni..n2, ns3

H(xy,29,23,...) = E by na s, —————,

C
T1,12,M3,;.- L2, e

where ¢p, nyns,.. i a given family of non-zero scalars, we have

[nl na _ns3

Cnyna,ns,... [T To"T3™ - ] H($17$2ax37 . ) = hnl:n27n37--~' (1'9)

Example 1.7. Referring to species described earlier, it is easy to verify by direct enumeration the
following identities:

) L) = : i S WS@=11, o) C)=—log(l—2)
d) E(z) = e) e(x) = ze”, f) p(x) = e**,
g) X(z) = h) 1(z) = 1, i) 0(z) =0, (1.10)
) Gz 22 ) D(x 22” 1) End(z) = Zn"%
n>0 n>0 n>0 )

The computation of the generating series for other species G¢, Par, Inv, A, etc. which have been
mentioned earlier is less direct. It will be done after the introduction of combinatorial operations
on species of structures.

1.2.2 Type generating series

Let us now consider the enumeration of isomorphism types of F-structures. We may restrict
ourselves to structures on sets of the form U = {1,2,...,n} = [n]. One defines an equivalence
relation ~ on the set F'[n] by setting, for s,t € F[n],

s ~ t if and only if s and ¢ have the same isomorphism type.

In other words (see Definition 1.4), s ~ ¢ if and only if there exists a permutation 7 : [n] — [n]
such that F[rn](s) = t. By definition, an isomorphism type of F-structures of order n is an
equivalence class (modulo the relation ~) of F-structures on [n]. Such an equivalence class is also
called an unlabeled F-structure of order n. Denote by T(F,,) the quotient set F'[n]/ ~, of types of
F-structures of order n and let

=> T(F,

n>0

Definition 1.8. The (isomorphism) type generating series of a species of structures F' is the
formal power series
= Z Jnz",

n>0
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where f, = |T(F,)| is the number unlabeled F-structures of order n. The notation F(x) will
sometimes be used for typographical reasons. Note that this is an ordinary formal power series
(i.e., without factorials in the denominators) in one indeterminate x, which acts as a point counter.

Example 1.9. Direct calculations yield the following type generating series (see Exercise 1.13):

W) L) =1, D) 8@) =] o Ca) ="

k=1
) B@) =2 OE@ =T, 08 = oo -
g) X(z) =, h) 1(z) =1, i) 0(z) = 0.

Despite the fact that the generating series of the species L and S coincide, L(z) = S(z) = 1/(1—=z),
equality does not hold for the type generating series:

L(z) # 8(z).

This provides evidence that the species L and S are not the same. Indeed, total orders and
permutations are not transported in the same manner along bijections. In particular, a total order
only admits a single automorphism, whereas in general a permutation admits many automorphisms.
Thus there is an essential difference between permutations 7 of a set U of cardinality n and lists
without repetition mims ... 7w, of the elements of U. Of course, if the set U happens to be given a
fixed order, one can establish a bijection (depending on this order) between permutations and lists
(see Example 1.18).

1.2.3 Cycle index series

In general, explicit or recursive calculation of type generating series is difficult. It requires the use
of combinatorial operations on species of structures and of a third kind of series associated with
each species F, the cycle index series of F, denoted by Zp. This is a formal power series in an
infinite number of variables x1, 9, z3,... . It contains more information than both series F'(x) and
F (z). We first define the cycle type of a permutation.

Definition 1.10. Let U be a finite set and o, a permutation of U. The cycle type of the
permutation o is the sequence (01,09,03,...), where for k > 1, o = is the number of cycles of
length k in the decomposition of ¢ into disjoint cycles. Observe that o; is the number of fixed
points of o. Moreover, if |U| = n then o, = 0 if £ > n. The cycle type of o can then be written in
the form of a vector with n components, (01,09, ...,0,). We use the following notation:

Fixo = {ueU]|o(u)=u},

fix o = |Fix o|.

Fix o denotes the set of fixed points of o, whereas fix ¢ = o1 denotes the number of fixed points
of o. Figure 1.9 shows a permutation of type (3,4,0, 3,2).
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<~ .o
/./ ‘\‘ [ A > s
Y y) ¢ A
o & o A
e o & » e
o o ¢ o0
() ( ® 9" °
¢ r Py )t
b\ . /./ \ 7
—>— b\:}//'

Figure 1.9: A permutation of cycle type (3,4,0,3,2).

Now let F' be any species. Each permutation o of U induces, by transport of structures, a
permutation F[o] of the set F[U] of F-structures on U. Consider, for illustrative purposes, the
species Inv of involutions (i.e., the endofunctions ¢ such that ¢ o ¢ = Id) and the permutation o
of the set U = {a, b, ¢, d, e} given by Figure 1.10. This permutation ¢ induces a permutation Inv|o]

Figure 1.10: A permutation of the set {a,b,c,d,e}.

on Inv[U] given by Figure 1.11 in which involutions are represented by simple graphs with each
vertex having degree < 1. The permutation o is of type (0,1,1) and permutes 5 points, while the
permutation Inv[o] is of type (2,0,2,0,0,3) permuting the 26 involutions of U. In particular, we
have fix Inv[o] = 2.

Definition 1.11. The cycle index series of a species of structures F' is the formal power series
(in an infinite number of variables x1, x2, x3, . . .)

1
Zp(x1, 9, 23,...) = Z 1 (Z fix Flo]a{'z3?25® .. ) , (1.12)

n>0 gESy

where S,, denotes the group of permutations of [n] (i.e., S, = S[n]) and fix Fo| = (F[o]); = is the
number of F-structures on [n] fixed by Fo], i.e., the number of F-structures on [n] for which o is
an automorphism.

Example 1.12. Without the help of various techniques developed in the following sections, direct
calculation of cycle index series can only be carried out in very simple cases. For instance, for the
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Figure 1.11: Action of Inv[o] on Inv[U].

species 0, 1, X, L, S, E, €, we have

a) Zo(xl,xg,xg, . ) = 0,

b) Zl(l‘l,l‘Q,IL‘g, .. ) = 1,
c) Zx(x1,22,3,...) = @1,
1
d) ZL(w1,$2,1'3, o ) = 1_ o
1 1.13
e) ZS(IIIl,.’L'Q,-T?,,...): ) ( )
(I —21)(1 —x9)(1 —23)...
x z
f) Zp(x1,x9,23,...) = exp(z + ?2 + ?3 +...),
g) Zo(x1,x2,3,...) = x1exp(z1 + % + % +...).

The notion of cycle index series Zf gives a simultaneous generalization of both the series F'(x)
and F(x). In fact, we have the following fundamental theorem.

Theorem 1.13. For any species of structures F', we have

a) F(z) = Zp(2,0,0,...),  b) F(z)= Zp(z,22,2°,...).

Proof. To establish a), proceed as follows. Substituting 1 = = and z; = 0, for all ¢ > 2, in equation
(1.12) gives

Zp(x,0,0,...) = Z% (Z fix Fo]z?1072073 .. ) .

n>0 oeSy
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Now for each fixed value of n > 0, 71072073 ... = 0, except if 01 = n and o; = 0 for ¢ > 2. In other
words, only the identity permutations ¢ = Id,, contribute to the sum. Thus

1
Zp(2,0,0,...) = Y —fix F[d,)z"
nzon'
1
= 2 it
n.
n>0
= F(x),

since all F-structures are fixed by transport along the identity. Equality b) is based upon a lemma
of Cauchy-Frobenius (alias Burnside). Indeed, we have

1
Zp(x,x27x3’.,,) = Zi' Z fix F[U] .%'011'2021'303
n>0 n oceSy,

= Z% ZﬁxF[a]x”

n>0 " oE€S,

= Y |F[n]/~|a"
n>0

= F(x).
O

Example 1.14. As an illustration of Theorem 1.13, consider the case of the species S of permu-
tations. It immediately follows from (1.13), e) that

Zg(x,0,0,...) = 1_$=S<l’),
1
Zste e’ ) = A=)
= S(),

in agreement with the formulas given earlier for S(z) and S(z).

Remark 1.15. In examining Figures 1.10 and 1.11, one is easily convinced that the cycle type of
Inv[o] is independent of the nature of the points of U and only depends on the type of o. This
is a general phenomenon. Indeed, for all species F' and all permutations o of U, the cycle type
((Flo))1, (Flo])2,...) of F[o] only depends on the cycle type (o1, 09,...) of o (see Exercise 1.15).
In particular, the number of fixed points of the permutation F[o], given by transport

fix Flo] = |Fix Flo]| = (F[o])1,

only depends on the numbers o1, 09,... . Hence, in the definition of cycle index series (1.12), all
permutations o having the same cycle type (o1, 09,03, ...) contribute to the same monomial in the
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variables x1,x2,xs,... . In order to eliminate this redundancy, we regroup the monomials of the
index series which correspond to each of these types. Since the number of permutations o of n
elements, of type (n1,n2,ns,...), is given by

n!
1Mnq12"2n513"3ng! . ..

I

we obtain, after simplification of the n!, the following variant for the definition of the index series
of any species F":

ni _ns N3
:Ul :L‘2 $3 e
1”1n1!2”2n2!3”3n3! o

Zp(r1,22,23,...) = E fix F[ny,ng,ng,.. .|
ni1+2n2+3nz+...<oo

Here fix F'[ni,ng,ns,...] denotes the number of F-structures on a set of n = ) .., in; elements
which are fixed under the action of any (given) permutation of type (ni,ne,ns,...). In other words,
introducing the compact notations n = (nj,ng,ns,...), and aut(n) = 1"n;12"2ny!3"ngl. .., we
have

fix Fn] = coeff, Zp := aut(n) [x]* 252 3% .. .| Zp(z1, z2,23,. . .).

1.2.4 Combinatorial equality

To conclude the present section, we discuss various concepts of equality which one encounters in
the theory of species of structures. Strictly speaking, two species F' and G are equal or identical
if they have the same structures and the same transports: for all finite sets U, F[U] = G[U], and
for all bijections o : U — V', F[o] = G|o]. However, this concept of identity is very restrictive. A
much weaker version of equality between species is that of equipotence. It is obtained by replacing
the set equalities F[U] = G[U] by bijections F[U] — G|U].

Definition 1.16. Let F and G be two species of structures. An equipotence o of F to GG is a
family of bijections a7, where for each finite set U,

ay : FIU-=GU].

The two species F' and G are then called equipotent, and one writes F' = G. In other words, F = G
if and only if there is the same number of F-structures as G-structures on all finite sets U.

For example, the species S of permutations is equipotent to the species L of linear orders since
one has |[S[U]| = |U|! = |L[U]| for all finite sets U. Clearly,
F=G & F(x)=G(x).

The concept of equipotence is useful when one is only interested in the enumeration of labelled
structures. However, it turns out to be inadequate when one wants to enumerate the isomorphism
types of structures. Indeed,

F=G # F@)=G),

F=G 7é> Z F = Zg,
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as has been already observed for the species S and L. The “good” notion of equality between species
of structures lies half-way between identity and equipotence. It is the concept of isomorphism of
species. It requires that the family of bijections ay : F[U] — G[U] satisfy an additional condition
relative to the transport of structures, called the naturality condition.

Definition 1.17. Let F' and G be two species of structures. An isomorphism of F' to G is a
family of bijections oy : F[U] — G[U] which satisfies the following naturality condition: for any
bijection ¢ : U — V between two finite sets, the following diagram commutes:

FlU—2YG[U]

F[U]l lG[U]

]
FIV]—2Y GV

In other words, for any F-structure s € F[U], one must have o-ay(s) = ay(o-s). The two species
F and G are then said to be isomorphic, and one writes F' ~ G.

Informally, the naturality condition means that, for any F-structure s on U, the corresponding
G-structure ay(s) on U can be described without appealing to the nature of the elements of U.
Although much weaker than the concept of identity, the concept of isomorphism is nevertheless
compatible with the transition to series (see Exercise 1.19) in the sense that

Fla) = G(a),
F~G = F(z) = G(x),

ZF(xl,.%'Q, 3, .. ) = Zg<1'1,$2,$3, .. )

We will have many occasions to verify that two isomorphic species essentially possess the “same”
combinatorial properties. Henceforth they will be considered as equal in the combinatorial algebra
developed in the next sections. Thus we write F' = (G in place of F' ~ (, and say that there is a
combinatorial equality between the species F' and G.

Example 1.18. There exist many classic bijections showing that the species L and S are equipo-
tent. These bijections ¢y : L[U|] — S[U] are all based on a linear order <y given a priori
on the underlying set U. The most common, when U = [n], consists of identifying the list
(o(1),0(2),...,0(n)) with the bijection i — o (7).

Example 1.19. Another classical bijection, called the fundamental transformation (see Foata
[45] or Knuth [172]), is particularly elegant. Here is the description. Given a list

)\:(ul,uQ,...,ui,...,un),

in L[U], let i1,1i2,...,i; be the increasing sequence of indices for which the w; , are the minimum
from left to right (records) according to the order <yy. That is to say u;, = min{w;[i <i;}, with j
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running from 1 to k. In particular, iy = 1. One then defines 7 = ¢y (\) € S[U] as being the per-
mutation whose disjoint cycle decomposition is 7 = (u1, ..., Uiy—1) Wiy, - - - s Uig—1) - - (Wip, - -, Up).
For example, for A = (5,9,7,3,8,1,4,6,2) € L[9], the minima from left to right are 5,3,1 and
i1 = 1,i3 = 4,43 = 6, so that 7 = (A) = (5,9,7)(3,8)(1,4,6,2). Rewriting the cycles according
to increasing order of their minimum elements, we get 7 = (1,4,6,2) (3,8) (5,9,7). This is the so-
called standard form for 7. Conversely, to recover A from 7 written in standard form, it suffices to
write the cycles of 7 in decreasing order of their minimum elements, then removing the parentheses.
The fundamental transformation A — 7 = () has the advantage of preserving a large part of
the functional digraph of these structures. It is compatible with the transport of structures along
increasing bijections o : (U, <y) — (V, <y), in the sense that o-py(A) = ¢y (o-A). However, this
is not the case for an arbitrary bijection ¢ : U — V since the species L and S are not isomorphic
(see Exercise 1.19, d)).

1.2.5 Contact of order n

Here is a last notion of equality, more topological but extremely useful when constructing species of
structures by successive approximations. It is the concept of contact of order n between species
of structures, for an integer n > 0. Recall that given two formal power series a(z) = >, <y anz"™
and b(z) = >, 5, bna™, one says that a(x) and b(x) have contact of order n, and one writes
a(z) =y b(z), if for all k < n, [z¥] a(z) = [2*] b(z). In other words, letting a<y (z) = Y ¢<p<, arz",
one has a(x) =, b(x) if and only if a<,(z) = b<,(x). Contact of order n for index series is defined
in a similar fashion by setting

} : ny_noa_n
h§n<l‘1,$2,$3,...) = hn1n2n3.,.x11x22x33 R (1.14)
ni1+2ng9+3n3z+...<n

By analogy, one has the following definition for species of structures.

Definition 1.20. Let F' and G be two species of structures and n, an integer > 0. One says that F'
and G have contact of order n, and one writes F' =, G, if the combinatorial equality F<,, = G<,
is valid, where F<,, denotes the species obtained by restriction of F' to sets of cardinality < n. More
precisely, for finite sets U and V, and a bijection o : U — V| set

FlU|, if, [U] <n,

0, otherwise.

Fﬁn[U] = {

Transport of structures for F<,, being defined in a straightforward manner. It is clear that when
species F' and G have contact of order n, their associated series also have contact of order n:

F(z)=n G(z),
F=,G = { F(z)=,G(x),

Zp(x1, 22,73, . ..) = ZG (21,22, 73, . . .).
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Definition 1.21. LIMIT OF A SEQUENCE OF SPECIES OF STRUCTURES. A sequence (F},), s of
species of structures is said to converge to a species F', written as lim,_,o, F,, = F, if for any
integer N > 0, there exists K > 0 such that for all n > K, F,, =5 F. For any species F, it is clear
that

lim F<, = F.

n—,oo T

This concept of limit is compatible with passage to the associated series (see Exercise 1.22).

1.3 Exercises

Exercises for Section 1.1
Exercise 1.1. Verify the functoriality of the transport of graphs along bijections, i.e., show that
the transport functions G[o] satisfy Equations (1.1) and (1.2).

Exercise 1.2. Let F be a species of structures and let o : U — V be any bijection between finite
sets. Use functoriality to show that the transport function F[o] : F[U] — F[V] is necessarily a
bijection.

Hint: Show that Flo]~! = Flo~1].
Exercise 1.3. Describe the transport functions for the following species: E, ¢, X, 1, and 0.

Exercise 1.4. Show how to define, with the help of axioms, the following species: G¢, D, a, g,
Par, Inv, S, C, L. In each case describe the transport of structures.

Exercise 1.5. Figure 1.12 describes a structure belonging to the species Cha of chains (non-
oriented). Describe rigorously this species.

o0 o o °

Figure 1.12: A chain.

Exercise 1.6. For all integers n > 0, designate by S, the symmetric group formed of permutations
(bijections) of [n] = {1,2,...,n}, under the operation of composition.

a) Show that every species of structures F' induces, for each n > 0, an action S,, x F[n] — F[n],
of the group S,, on the set F[n] of F-structures on [n], by setting o-s = Fo]|(s) for o € S,
and s € Fn].

b) Conversely, show that any family of set actions (S, X F;, — F},)n>0, allows the definition
of a species of structures F' for which the families of actions above are isomorphic.
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Exercise 1.7. The geometric figure 1.13 describes a structure belonging to the species Oct of
octopuses (see [20]). Describe rigorously this species.

Figure 1.13: An octopus.

Exercise 1.8. Let I’ be a species of structures. Prove that the relation “is isomorphic to” is an
equivalence relation on the totality of F-structures. More precisely, prove that for all F-structures
s,t, and r, one has

a) s~ s
b) s~t = t~s

c) s ~tand t ~ r implies that s ~ r, where s ~ ¢ signifies that there exists an isomorphism
from s to t.

Exercise 1.9. a) List all trees on each of the sets: 0, {1}, {1,2}, {1,2,3}, and {1,2,3,4}.

b) List all isomorphism types of trees (i.e.: unlabeled trees) having at most 7 vertices.
Exercise 1.10. Let L be the species of linear orders and S be that of permutations.

a) Show that for all n > 0 the number of L-structures on a set of cardinality n and the number
of S-structures on a set of cardinality n are both equal to n!.

a) Show that for all n > 2 the number of isomorphism types of L-structures on a set of cardinality
n is strictly less than the number of types of S-structures on a set of cardinality n.

Exercises for Section 1.2

Exercise 1.11. Verify, by direct enumeration, formulas (1.10) for the generating series of the
species L, S, C, E, €, p, X, 1,0, G, D, and End.

Exercise 1.12. Verify that the type generating series of the species Par and S coincide.

Exercise 1.13. Verify, by direct enumeration, formulas (1.11) for the type generating series for
the species L, S, C, E, €, p, X, 1, and 0.
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Exercise 1.14. Consider two finite sets U and V such that |U| = |V].

a) Show that for all linear orders s € L[U] and t € L[V] there exists a unique bijection o : U —
V such that L[o](s) = t.

b) Show that two permutations a € S[U] and 8 € S[V] are isomorphic if and only if they have
the same cycle type.

Exercise 1.15. Prove that for any species F' and any permutation o of U, the cycle type

((Flo))1, (Flo])2, (Flol)s, - )

of Fo] only depends on the type (01,02,03,...) of 0 (and does not depend on the nature of the
elements of U).

Hint: Use the functoriality of F'.

Exercise 1.16. Let (n1,n2,n3,...) be a sequence of integers satisfying the condition ), in; = n.
Prove that the number of permutations o of type (n1,n2,ns,...) of a set with n elements is given
by the expression
n!
1M 12n2ny13m3ng! .. .

1

Hint: Show that the number of automorphisms (i.e., permutations 7 such that o0 = 77 o7) of

a permutation o of cycle type n = (ny, ne, ng,...) is aut(n).

Exercise 1.17. Starting from the definition of cycle index series of a species, verify the formulas
(1.13) for the index series of the species 0, 1, X, L, S, F, and €.

Exercise 1.18. Verify the formulas F(z) = Zp(z,0,0,...) and F(z) = Zp(z, 2%, 23,...) for the
case of the following species: 0, 1, X, L, S, E, and €.
Exercise 1.19. a) Verify that F' = G if and only if F(x) = G(z).
b) Describe two distinct but isomorphic species.
¢) Show that F ~ G implies F(z) = G(z), F(z) = G(z), and Zr = Zg.
d) Conclude from this that the species L and S are not isomorphic.
Exercise 1.20. a) Show that the extraction of the coefficients in equations (1.7), (1.8), and
(1.9) define linear transformations.
b) Express the linear transformation defined by equation (1.9) in terms of products of differential

operators.

Exercise 1.21. a) Let n > 0 and u(t) € K[¢t], the ring of formal power series in ¢ with coeffi-
cients in K. Show that [t"]u(t) = 0 if and only if there exists w(t) € K[t] such that

u(t) =tw'(t) — nw(t).
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b) Let n >k > 0. Also, let u(t) and v(¢) be in K[¢]. Show that n! [t"]u(t) = k! [t*] v(t) if and
only if there exists a w(t) € K[¢] such that

N<n—k> u(t) - tn_k U(t) = tw,(t) - nw(t)v

where Acpps == A(A—=1) -+ (A=m+1),if m >0, and Ao~ = 1.

c) Let ni,ng, ... ,ny be integers > 0, and h(x1,z2 ... ,x) € K[z1,22 ... ,2x]. Show that
[ 22 ap®] h(zr, @2, ... 2) =0
if and only if there exists w(xy, ... ,zx) € K[z, ... ,zx] such that

9 ? 9 2
h(ml, ,l'k) = {(.%'18“—n1> + ...+ (kaaxk—nk) }w(a:l, ,.%'k).

d) State and prove a necessary and sufficient condition analogous to b) for the equality
n m
Cni,cng [x?l ‘T7212 T xkk] u($1a £, ... ,l‘k) = Cmy,....,my [55?11 J:gnz T Ty k] U(SEl, o, ... ,l‘k).

Exercise 1.22. We say that a sequence of formal power series a,(x) converges to a power series
a(x), and we write lim,_,o0 an(x) = a(x) if for any integer N > 0, there exists K > 0 such that
n > K implies a,(z) =y a(x).

a) Using the concept of contact of order n for the index series established in (1.14, define the
notion of limit of a sequence of index series.

b) Show that for two species of structures (F},),q and F,

lim F,(z) = F(z),
nHOON .
lim F,=F — lim F,(z) = F(x),
n— o0 n—oo
lim Zp, (z1,22,23,...) = Zp(x1, 22,23, ...).
n—oo



Chapter 2

Operations on Species

In this chapter we describe the basic operations on species of structures. Various combinatorial
operations on species of structures are used to produce new ones, in general more complex. The
operations introduced here are addition, multiplication, substitution and differentiation of species of
structures. They constitute a combinatorial lifting of the corresponding operations on formal power
series. The problems of specification, classification and enumeration of structures are then greatly
simplified, using this algebra of species. Also, this approach reveals a remarkable link between the
composition of functions and the plethystic substitution of symmetric functions, in the context of
Pélya theory.

Three other combinatorial operations are introduced in Sections 2.3 and 2.4, namely point-
ing (*), cartesian product (x) and functorial composition (0). The pointing operation interprets
combinatorially the operator x%. The cartesian product, F' x G, which consists of superimposing
structures of species F' and G, corresponds to coefficient-wise product of exponential generating
series, known as “Hadamard product”. The functorial composition, not to be confused with sub-
stitution, is a very natural operation if one recalls that a species of structures can be considered as
a functor. Many varieties of graphs and multigraphs can be simply expressed with the help of this
operation.

2.1 Addition and multiplication

We now introduce several operations on species of structures. There results a combinatorial al-
gebra, allowing the construction and analysis of a multitude of species, as well as the calculation
of associated series (generating series and cycle index series). These operations between species
often constitute combinatorial analogs of the usual operations, addition (+), multiplication (-),
substitution (o) and differentiation (") on their exponential generating functions.

In the algebraic context of formal power series in one variable z, given two series of exponential

27
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Operation Coefficient h,
h=f+g hyn = fn + gn
n!
h=fg hy, = Z Tj'fzg]
i+j=n
n!
h=fog by = Z mfkgmgnk
0<k<n
ni+...+np=n
(9(0)=0)
h= f/ hyp = fn—i—l
Table 2.1: Coeflicients for some operation on series.
type

f:f(x):an% and g:g(x)ZZgn%,
n=0 ' n=0 ’

Table 2.1 recalls the general coefficient h,, of the series
o xn
h=h(z)=>_ I
n=0

constructed from f and ¢ in the following cases: h = f+ g, h = f-g, h = fog = f(g), and

= % f = f'. By analogy, let us now consider two species of structures F' and G and consider
the problem of constructing some other species, denoted by F'+ G, F-G, FoG, and F’, in order to
have, for the corresponding generating series, (F' + G)(z) = F(z) + G(z), (F-G)(z) = F(z) G(x),
(FoG)(z) = F(G(z)), and F'(z) = %F(x). These equalities between generating series signify
that the new species F' + G, F-G, FoG and F’ should be defined so that the enumeration of
their structures depends “solely” on the enumeration of the F' and G-structures, via the following
formulas:

1. the number of (F' + G)-structures on n elements is |(F + G)[n]| = |F[n]| + |Gn]|;

2. the number of (F-G)-structures on n elements is

nl o ,
(F-G)[nll = ap FENGL;
i+j=n
3. the number of (FoG)-structures on n elements is

(FoG)mll =>_ > 1'(”1 -

j:() n1+n2+...+nj:n ‘]
n; >0

TGl
J i=1
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4. the number of F’'-structures on n elements is |F'[n]| = |F[n + 1]|.

There could exist, a priori, many candidates for these definitions. However, there are very natural
solutions which are, moreover, compatible with transport of structures. As we will see, this proves
to be fundamental, in particular for the calculation of index series. We only consider, in the present
section, the operations of addition and multiplication. Substitution and derivation will be treated
in Section 2.2.

2.1.1 Sum of species of structures

As a motivating example, let us consider the species G¢ of connected simple graphs and the species
G? of disconnected (i.e., empty or having at least two connected components) simple graphs. The
evident fact that every graph is either connected or disconnected gives rise to the equality G[U] =
G°[U] + G?[U], with “+” standing for set theoretical disjoint union. We then say that the species G
is the sum of the species G¢ and gd, and we write G = G¢ + G<. This example serves as prototype
for the general definition of addition of species:

Definition 2.1. Let F' and G be two species of structures. The species F' + G, called the sum of
F and G, is defined as follows: an (F + G)-structure on U is an F-structure on U or (exclusive) a
G-structure on U. In other words, for any finite set U, one has

(F+ G)[U] = F[U] + G[U] (“4” standing for disjoint union).

The transport along a bijection o : U — V is carried out by setting, for any (F + G)-structure s
on U,
Flo](s), ifse F|U],

(F+ G)[o](s) = {G[a](S), if s € GU].

In a pictorial fashion, any (F' + G)-structure can be represented by Figure 2.1.

Figure 2.1: A typical structure of species F' + G.

Remark 2.2. In the case where certain F-structures are also G-structures (i.e., F[U]NG[U] # 0),
one must at first form distinct copies of the sets F[U] and G[U]. A standard way of distinguishing
the F-structures from the G-structures is to replace the set F'[U] by the isomorphic set F[U] x {1}
and G[U] by G[U] x {2}, and to set (F' + G)[U] := (F[U] x {1}) U (G[U] x {2}).
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The operation of addition is associative and commutative, up to isomorphism. Moreover,
the empty species 0 (not having any structure: 0[U] = ) is a neutral element for addition, i.e.:
F+0=0+4+F = F, for all species F'. We leave it to the reader to verify these properties as well
as the following proposition.

Proposition 2.3. Given two species of structures F and G, the associated series of the species
F + G satisfy the equalities
a) (F 4+ G)(z) = F(z) + G(z),
b) (F + G)(z) = F(x) + Gla), (2.1)
C) ZF+G’ = ZF =+ Zg.
Example 2.4. Let Feyen (respectively Eoqq), be the species of sets containing an even number

(respectively odd number) of elements. Then F = Feyen + Foqq and Proposition 2.3 takes the form
of the equalities (see Exercise 2.3)

a) e” = cosh(x) + sinh(z),
b 1 _ 1 x 99
(s Rl e R e (22

c) exp(e1+ B+ % +...)= e(F+3+-) (cosh(zy + % +...) +sinh(z1 + 2 +...)) .

The operation of addition can be extended to summable families of species in the following
sense.

Definition 2.5. A family (F;);ecs of species of structures is said to be summable if for any finite
set U, F;[U] = 0, except for a finite number of indices ¢ € I. The sum of a summable family (F});cs
is the species > ., F; defined by the equalities

a) (Z F) U] =>_FUl=JEU] x {i}, (2.3)

el el iel

i€l

b) (Z E) [0](s, 1) = (Filo](s), 1), (2.4)

el

where 0 : U — V is a bijection and (s,i) € (3 ;c; Fi)[U]. We leave to the reader the task of
verifying that ), ; F;, defined in this way, is indeed a species of structures, that the families of
associated series are summable (see Exercise 2), and that one has

a) <Z F) (z) =) Fi(x),

el el
b) (i?) (z) =) _ Fi(x), (2.5)
i€l el

C) Z(zieIFi) = ZZFz"

el
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Definition 2.6. CANONICAL DECOMPOSITION. FEach species F' gives rise canonically to an enu-
merable family (F,),>0 of species defined by setting, for each n € N

e 0, otherwise.

with the obvious induced transports. We say that F}, is the species F' restricted to cardinality n.
The family (F,)n>0 is clearly summable and we obtain the following canonical decomposition:

F=F+FkhK+FKE+...+F,+....

In the case where F' = Fj (i.e., F, = 0 for n # k), we say that F' is concentrated on the
cardinality k.

Example 2.7. Taking, for example, the species P of polygons (introduced in Section 1.1), we
obtain P = Ph+ P+ P>+ ...+ P, + ..., where P, designates the species of all n-gons. In an
analogous fashion, F,, is the species of sets of cardinality n (in particular Ey = 1 and F; = X).
One has the combinatorial equality

E:Eo—l-El—l—Eg—l—...—l-En—l—...,

which is reflected, in terms of the associated series, by the identities

v _q r oz ™
a) e + = —i-g—i- +H+”"
1 2 n
b) =l+z+a*+...+2"+..,
(1—-=)
k1 ko k3
Z2 x3 1131 xg .’L‘3
Q) explan + 5 2 tg) =2 > 19 kg 1202 eyl 3Fs gl

n>0 k1+2ko+3ks+...=n
Example 2.8. Other examples of infinite sums of species are given by the formulas

S = Z Skl and Par = Z Parl¥!

k>0 k>0

where SI¥I denotes the species of permutations having exactly k cycles and Par[k], the species of
partitions having exactly k& blocks (or classes).

The finite sum F' + F + ...+ F of n copies of the same F' is often denoted by nF'. Clearly one
has (nF)(z) = nF(x), (n/\F/’)(:L") = nF(z), and Z,p = n Zp. The particular case where F = 1 (the
empty set species) gives rise to the species

n=1+14+...+41=n-1
n
which possesses exactly n structures on the empty set and no structure on any set U # (). Conse-

quently the natural numbers themselves are embedded in the combinatorial algebra of species of
structures.
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2.1.2 Product of species of structures

Let us examine the permutation described by Figure 2.2. We can divide this structure in two
disjoint structures:

i) a set of fixed points (those having a loop);

ii) a derangement of the remaining elements (i.e., the permutation without fixed points formed
by the non-trivial cycles).

} L 2 < L 3 <2
® e._ o ° e._ o
L] .. ~e _ L] .. ®
® } ®
® L L J ° L ®
® ®

Figure 2.2: A permutation as a set of fixed points together with a derangement.

Figure 2.2 illustrates this dichotomy. An analogous decomposition clearly exists for any permuta-
tion. We say that the species S of permutations is the product of the species E of sets with the
species Der of derangements and we write

S = E-Der. (2.6)
This is a typical example of the product of species of structures defined as follows.

Definition 2.9. Let F' and G be two species of structures. The species F-G (also denoted F'G),
called the product of F' and G, is defined as follows: an (F-G)-structure on U is an ordered pair
s = (f,g) where

a) f is an F-structure on a subset Uy C U;
b) g is a G-structure on a subset Uy C U;
c¢) (Uy,Us) is a decomposition of U, i.e., Uy UUy = U and Uy N Uy = 0.

In other words, for any finite set U, we have

(F-G)[U] == ) FlUh]x Gl
(U1,Uz)

with the disjoint sum being taken over all pairs (Uj,Us) forming a decomposition of U. The
transport along a bijection o : U — V is carried out by setting, for each (F-G)-structure s = (f, g)
on U,

(F-G)lo](s) = (Floa](f), Glo2](9)) ,

where o; = o|,, is the restriction of 0 0 U;, 1 =1, 2.

U;
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More informally, an (F-G)-structure is an ordered pair formed by an F-structure and a G-
structure over complementary disjoint subsets. A typical (F-G)-structure can be represented by
Figure 2.3 or by Figure 2.4.

™
Q
°
1]
~
o®

Figure 2.3: A typical product structure.

( N

F.-G F G
\ J

Figure 2.4: Alternate representation of a typical product structure.

The product of species is associative and commutative up to isomorphism, but in general F-G
and G-F are not identical. These properties are easily established by constructing appropriate
(coherent, see [230]) isomorphisms. The multiplication admits the species 1 as neutral element,
and the species 0 as absorbing element, i.e.: 1-F = F.1 = F and F-0 = 0-F = 0. Moreover,
multiplication distributes over addition. We leave to the reader to prove these properties as well
as the following proposition (see Exercise 2.4).

Proposition 2.10. Let F' and G be two species of structures. Then the series associated with the
species F-G satisfy the equalities

2) (F-G)(z) = F(x)G(x),

b) (F-G)(z) = F(2)G(x), (2.7)
C) ZF.G(l'l,xQ, s, .. ) = ZF(:Ul,xQ, T3, .. ) Zg(l‘l,l‘Q,I‘g, .. )

Example 2.11. The preceding proposition, when applied to combinatorial Equation (2.6), yields
the equalities

1
1—2x

a)

= e” Der(z),
1 1 —
b) H Tk 1_33Der($)’

k>1
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1 i) T3

c) H T = exp(:vl + 5 + 3 + ) ZDer(x1, 2,23, .. .).
k>1

One deduces (by simple division) the following expressions for the series associated to the species

Der of derangements:

—x

e
D =
a) Der(x) T
— 1
b) Der(z) = kl:[z 1= F (2.8)
- _ 23 | 23 1
C) ZDer(xl,x27x3’ .. ) =€ (-’El“l‘ 22“1‘ 33—‘1-) kgl 1 — xk

Note that the classical formula

giving the number of derangements of a set of n elements, is directly obtained from (2.8), a) by
explicitly carrying out the product

Zdn%’f: Z<_1>i§f S

n>0 ’ i>0 ’ j§>0

The reader can calculate explicitly, starting from (2.8), ¢), the numbers fix Der[ni, ng,...], coef-
ficients of the index series Zpe, (see Exercise 2.6). As we see, the simple combinatorial equality
S = E-Der contains structural information which goes well beyond the simple enumeration of the
labelled structures.

It is interesting to observe that the species F' + F 4 ...+ F (n terms), which is denoted n F,
is also the product of the species n with the species F'. This is to say n F' = n-F. Once more,
this justifies identifying the integer n with the species n. For the species p of subsets of a set,
introduced in Section 1.1.2, we have the combinatorial equality o = E-FE. Translating this equality
into series, we recover the equalities

T T 2x ~ 1

p(z) =e"e” =e™, @(x):m’

mentioned in Section 1.2. For the index series Z,, we also immediately obtain

T T 2
Zo(x1,22,23,...) = (exp(ml + ?2 + gg +. )) ,

and deduce the expression fix p[ny, ng,...] = 2172+ which can also be obtained by a direct
combinatorial argument. Similarly, the species pl*!, of subsets of cardinality k, satisfies the com-
binatorial equality p[k] = Ej-F, where Ej denotes the species of sets of cardinality k. A simple
passage to the associated series yields the equalities
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k

(k] a

a‘) £ (x>_€ k"
ol (k) = -~

b) o) =

ni,_n2, n3

c) Zp[k1($1,902,9?37-~-):exp($1+£+j+...) Z L 72 ©3

| |3n: | )
2 3 2t —k 1nin 127205138 ng! . ..
The equality p!*! (x) = I%I,C gives the well-known combinatorial interpretation of binomial coeffi-
cients, |pl¥![n]| = (1), as the number of k-element subsets of a n-element set. Moreover, the explicit

formula for the numbers fix pl¥! [n1,m2,n3...] given in Exercise 2.7 constitutes a generalization of
the notion of binomial coefficients. Of course, we also have the combinatorial equality

oM =p=E?

k>0

which, by passing to generating series, gives the identity Zkzo (Z) = 2", In virtue of associativity,
the operation of multiplication can be extended to finite families F; of species, i = 1,...,k, by
defining the product Fj-F5 - ... -F} by

(F1-Fy- ... -Fy)[U] = > F[Uh] x Fy[Us] % ... x FR[Uyl.
U14+Uz+...4+U=U

Here the (disjoint) sum is taken over all families (U;)1<i<j, of pairwise disjoint subsets of U whose
union is U. The transport along a bijection ¢ : U — V is defined in the following component-
wise manner: for s; € F;[U;], i=1,...,k, set

(F1-Fo . Fy)lo] ((si)i<i<k) = (Filoa] (i) )1<i<k,

where 0; = oy, denotes the restriction of o to U;. The product Hie ; F; of an infinite family of
species (F;);er can also be defined provided that this family is multiplicable (see Exercise 2.9).
An example of a multiplicable infinite family is given in Example 2.11. In the case of a finite family
(Fi)1<i<k where all of its members are equal to the same species F', the product F-F -...-F (k
factors) is denoted F*. An F¥-structure on a set U is therefore a k-tuple (s1, so, ..., s;) of disjoint
F-structures whose union of underlying sets is U.

Example 2.12. Taking F' = E_, the species of non-empty sets, we obtain the species Ball = (E,)F
of all ballots having k levels (i.e., ordered partitions having k blocks; see Figure 2.5). We therefore

have
a) BallFl(z) = (e — 1),

b) Baﬂk](x)=< ’ >k (2.9)

1—=x

T T k
c) Zgm(T1, 22, 03,...) = (exp(xl + ?2 + 33 +) — 1) i
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Since the family (E,)*, & = 0,1,2,..., is summable, one obtains by summation (see also Sec-
tion 1.1.5) the species Bal of all ballots (independent of the number of levels):

Bal = Y Ballfl = "(E,)".
k>0 k>0

A simple summation of the associated series gives

1
a) Bal(x) = m,
— 1—2z
b) Bal(z) = T on (2.10)

1
_2—exp(m’1+%+%+...)'

c) Zpal(z1, 2,3, ..)

Lev. 1 Lev.2 Lev.3 Lev.4 Lev.5

Figure 2.5: A Balll-structure.

Example 2.13. Consider the species L of linear orderings and its restriction L to sets of length
k. One has the combinatorial equalities

a) L, = X", k=0,1,2,...;
b L=1+x1=3 x*=T](1+x*).

k>0 i>0

where X denotes the species of singletons. For a definition of infinite product of species, see
Exercise 2.9.

2.2 Substitution and differentiation

2.2.1 Substitution of species of structures

As a motivating example, let us consider an endofunction ¢ € End[U] of a set U, determined by
its functional digraph, such as that of Figure 2.6 a). Two kinds of points (elements of U) can be
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distinguished

i) the recurrent points, i.e., those x € U for which there exists a k > 0 such that ©*(z) = x;
these are the elements located on cycles;

ii) the non-recurrent points, i.e., those x for which ©*(x) # « for all k& > 0.

N,

a) b)
Figure 2.6: An endofunction as a permutation of trees.

Figure 2.6 b) shows how the endofunction ¢ can naturally be identified with a permutation of
disjoint rooted trees. The naturality originates from the fact that we need not use the specific
nature of the underlying points in order to pass from Figure 2.6 a) to Figure 2.6 b). Clearly, such
an analysis can be carried out no matter which endofunction is given. Thus, every End-structure
can naturally be identified with an S-structure placed on a set of disjoint A-structures, where, as
previously, End denotes the species of endofunctions, S, the species of permutations and A, the
species of rooted trees. In a more concise manner, we say that every End-structure is an S-assembly
of A-structures. This situation is summarized by the combinatorial equation

End = SoA, or End=S(A).

This simple equality expresses the fact that every endofunction is essentially a permutation of
(disjoint) rooted trees. It is a typical example of substitution of species, also called the (partitional)
composition of species, which can be defined in general as follows.

Definition 2.14. Let F' and G be two species of structures such that G[)] = @ (i.e., there is no
G-structure on the empty set). The species F' o GG, also denoted F(G), called the (partitional)
composite of G in F, is defined as follows: an (F o G)-structure on U is a triplet s = (7, ¢, %),
where

i) 7 is a partition of U,
ii) ¢ is an F-structure on the set of classes of 7,

iii) v = (vp)per, where for each class p of 7, ~, is a G-structure on p.
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In other words, for any finite set U, one has

(FoG)[U] = > Flx] x T[] Glp, (2.11)

7 partition of U pem

the (disjoint) sum being taken over the set of partitions 7 of U (i.e., m € Par[U]). The transport
along a bijection o : U — V is carried out by setting, for any (F o G)-structure s = (7, ¢, (Vp)per)
on U,

(Fo@G)o](s) = (7,9, (Fp)per) » (2.12)

where

i) 7 is the partition of V' obtained by transport of 7 along o,

ii) for each p = o(p) € 7 , the structure 7; is obtained from the structure -y, by G-transport
along o |p,

iii) the structure @ is obtained from the structure ¢ by F-transport along the bijection & induced
on m by o.

In a more visual fashion, we say that an (F o G)-structure is an F-assembly of (disjoint)
G-structures. Figures 2.7 and 2.8 give alternate graphical illustrations of this concept. The proof
that F o G as defined is a species of structures (i.e., that the transports satisfy the functoriality
properties) is left to the reader. When F' is the species of sets, an (E o G)-structure is more simply

'FOG._

Figure 2.7: An F-assembly of G-structures.

Figure 2.8: An F of G structure.

called an assembly of G-structures. The passage from FoG to its generating and cycle index
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series is more delicate to analyze than in the case of sum and product of species. In fact, although
the formula (FoG)(z) = F(G(x)) is valid, the corresponding identity does not hold in general for

unlabeled enumeration (F oG)(z) # F(G(z)), as shown in Exercise 2.16. This is one of the reasons
for which the introduction of cycle index series is necessary, as shown by the following result. A
complete proof is given in Chapter 4 of [22].

Theorem 2.15. Let F' and G be two species of structures and suppose that G[0] = (). Then the
series associated to the species F o G satisfy the equalities

a) (FoG)(x) = F(G(x)),

b) (FoG)(z) = Zr (é(x), G(z2), G(2?), .. ) , (2.13)

C) Zpog(xl,xg,l’g, .. ) = ZF (Zg(xl,l’g, .. .), Zg($2,$4, .. .), .. ) .

The index series given in the last formula is called the plethystic substitution of Zg in Zp,
and is denoted by ZpoZg (or Zp(Zg)).

Definition 2.16. Let f = f(x1,x2,23,...) and g = g(z1,22,23,...) be two formal power series.
Then the plethystic substitution fog is defined by (fog)(z1, z2,x3,...) = f(91, 92,93, -.), where
the following notational convention is used:

9k = 9(Tp, Tog, Tag,-..), k=1,2,3,..., (2.14)

i.e., the power series g is obtained by multiplying by &k the index of each variable appearing in g.
Observe that g, = x09 = goxy.

Example 2.17. From the combinatorial equation End = S o A, one immediately deduces the
formulas

_
1—A(z)’ .

b) End(z) = (SoA)(x) = Zs (,Z((a:),ﬂ(ﬁ),j(x?’), . ) RS T T

¢) Zgnd = (ZsoZa)(x1,72,23,...) = (1 —210Z4) (1 —290Z4) (1 —x30Z4) -+,

a) End(z) = (SoA)(z) = S(A(x)) =

which relate the series End(x), ﬂi(m) and Zgnq to the series A(z), A(x) and Z4. These series
are studied more deeply in Chapter 3 of [22]. Figure 2.9 shows that the species A of rooted trees
satisfies the combinatorial equation A = X - E(A), where E designates the species of sets. Passing
to series gives the formulas

a) A(z) = ze®),

B B 22 3
b) A(z) = zexp(A(z) + A(2 ) + A(3 ) + ..., (2.15)
¢) Za(x1,®2,...) = z1exp(Za(z1, x2,...) + %ZA($2,$4, L)+

It is shown in Chapter 3 of [22] how these formulas allow recursive, and even explicit, calculation
of the series A(x), A(z) and Z(x1,z2,23,...).
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- /

Figure 2.9: A rooted tree is a set of rooted trees attached to a root.

Example 2.18. Figure 2.10 shows that the species Bal of ballots satisfies the combinatorial equa-
tion

Bal = LoE,, (2.16)

where L is the species of linear orderings and F, that of non-empty sets. The identities (2.10) for
the series associated to the species Bal can be deduced directly from this observation. Consider

Figure 2.10: A ballot is a list of parts.

Par, the species of partitions. Since every partition is naturally identified to a set of non-empty
disjoint sets (see Figure 2.11), we obtain the combinatorial equation

Par = E(E,). (2.17)
The following formulas are then immediately deduced.
a) Par(z) = e 71,

— 1
b) Par(z) = || ——,
k[[l 1— ok (2.18)
1 T T
¢) Zpar(x1, T2, 23,...) = expz % (exp(xk + %k + %k +. ) — 1).
k>1

Example 2.19. In a similar fashion, since every permutation is a set of disjoint cycles (see Fig-
ure 2.12), we have the combinatorial equation S = EoC, where C is the species of cycles (cyclic
permutations). It follows that S(z) = {1 = e€(®) and we recover C(z) = log L. Moreover, we
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Figure 2.11: A partition is a set of parts.

/ /Q —
SFalh Q@@

Figure 2.12: A permutation is a set of cycles.

have the remarkable identities

~ » ~ Lk
a) Hl_lmk:S(l'):ZE<C(:E), (xQ)’,..>:exp Z%m ’

k>1 n>1

1 1 1

1
b =z )= iy
) l—211—291— T3 S(xl,l'Q,.’IJg, ) exXp ; L C(xkakaax?)k, )

(2.19)

This last identity permits the explicit calculation of the index series Z¢ of the species of cycles (see
Exercise 2.21):
[e.e]
(k) 1
Z )= 1
c(z1, 22,23, ...) 2{; K08 T

(2.20)

where ¢ denotes the arithmetic Euler ¢-function.

Example 2.20. The species G of graphs is related to the species G¢ of connected graphs by the
combinatorial equation G = E(G¢), since every graph is an assembly of connected graphs.

More generally, if two species F' and F° are related by a combinatorial equation of the form
F = E(F¢), we say that F° is the species of connected F-structures. We then have

a) F(z) =@,
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1
c) Zp(xy,x9,23,...) = expz EZFC(JJk,$2k7$3k7 cl).
k>1

It is interesting to note that we can also express the series F'(z), F¢(z) and Zpe as functions of
the series F(z), F(x) and Zp (see Exercise 2.22).

The species X of singletons is the neutral element for the substitution of species: F =
F(X)=FoX = XoF = X(F). Substitution is associative (up to isomorphism of species). For
any species of structures G, the condition G[}] = 0 is equivalent to G(0) = 0. If G(0) = 0, one
recursively defines the successive iterates G{") of G by the recursive scheme

GO =x  and GV =GoG™ (=GMoG).

Example 2.21. Consider the species Preo of all the preorders (i.e., reflexive and transitive rela-
tions) and the species Ord of all order relations (i.e., antisymmetric preorders). Since every preorder
“<” induces, in a natural manner, an order on an appropriate quotient set (see Figure 2.13), we
obtain the combinatorial equation Preo = Ord(E, ). The computation of the power series Preo(z),
Ord(z), 1/3_1"\(_3(/)(56), 6\1"?1(;10), Zpreo and Zopq is an open problem. Nevertheless, Theorem 2 implies the
following relations:

a) Preo(xz) = Ord(e” — 1),

2 3
b) Preo(z) = Zowq ( ’ z z ..),

1l—2’1—221—23"

z2 rq
©) Zpreolw1, 22,3, ) = Zowa (€™ F T — LemtHre — 1)

O
© o @
= |[@e0 Ge0® ®
® ®
O

Figure 2.13:
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2.2.2 The derivative of a species of structures

Given an arbitrary species of structures F, we propose to construct another species G so that

their respective generating series satisfy G(z) = %F (z). This is equivalent to requiring that
|G[n]| = |F[n+1]|,n=0,1,2,.... Hence the number of G-structures on an arbitrary finite set U

should be equal to the number of F-structures on the set U to which a “new” element has been
added. This suggests the following definition:

Definition 2.22. Let F be a species of structures. The species F’ (also denoted by %F (X)), called
the derivative of F', is defined as follows: an F'-structure on U is an F-structure on UT = UU{x},
where x = %y is a element chosen outside of U. In other words, for any finite set U , one sets
F'|U] = F[U™"], where UT = U +{x}. The transport along a bijection o : U — V is simply carried
out by setting, for any F’-structure s on U, F'[c](s) = F[ot](s), where 6T : U + {x} — V + {x}
is the canonical extension of o obtained by setting ot (u) = o(u), if u € U, and o7 (x) = *.
Figures 2.14 and 2.15 illustrate graphically the concept of F’-structure.

Figure 2.15: Alternate representation of a typical structure of species F’

Remark 2.23. Observe that the supplementary element * is not a member of the underlying set
of the F’'-structure on U. Also note that the element * has been placed in an arbitrary position
in Figure 2.15 to emphasize that the set U + {*} on which the F-structure is constructed is
not otherwise structured. The careful reader may ask himself how does one systematically (and
canonically) choose a element % = *;; outside each given set U. Exercise 2.29 describes a classic
solution to this problem.

Example 2.24. As a standard illustration, we analyze the derivative C’ of the species C of cyclic
permutations. By definition, a C’-structure on the set U = {a, b, ¢, d, e} is a C-structure on U + {x*}.
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It is identified in a natural manner (forgetting *) with a linear ordering placed on U (see Figure 2.16).
In other words, we have shown the combinatorial equation C’ = L. Passing to generating series

yields C'(z) = L(z) = 1=, and, by integration,

T dx 1
C = =1
@ = [ {25 =toe

Figure 2.16: Breaking off a cycle at the special point gives a list.

The relation between the derivative of species and the corresponding series is summarized in
the following proposition.

Proposition 2.25. Let F' be a species of structures. One has the equalities

d

o) F'(z) = - F(x),
b) ﬁ/’(x) = ((9(3:1ZF> (z,22, 23,...),
C) ZF/(:rl,xQ,:cg,. . ) = <88MZF) (ml,xg,xg, .. )

Example 2.26. Consider the species Par’, derivative of the species Par of partitions. Figure 2.17
shows that a Par’-structure on a set U can be identified in a natural way to a partial partition
on U, that is to say, a partition on a part V of U: simply take V' = U \ W, where W is the
class containing *. Let Parp be the species of partial partitions. We then have the combinatorial
equation Parp = Par’. Applying the preceding proposition to the known series for the species Par
yields
a) Parp(z) = et~ 1
b) Zparp(T1,72,...) = exp 15, F(z +explap + 2 +..) — 1).

In particular, letting ; := 2*, we obtain

Farr = (1) T

(2.21)
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Figure 2.17: Partition with a privileged part.

Note that Parp also satisfies the combinatorial equation Parp = E - Par, as is shown in the same
Figure 2.17. This allows for a calculation of the series associated to Parp in a different fashion.
For example,

Parp(z) = (E - Par)(z) = E(z)Par(z) = e*Par(z),
agreeing with (2.21) a) obtained earlier.

Example 2.27. The derivative E’ of the species E of sets satisfies the combinatorial equation
E’ = E. This constitutes a combinatorial version of the classic equality %ex = e”. For the species
L of linear orderings, Figure 2.18 shows that L' = L? (= L - L), reflecting combinatorially the

series identity
d( 1\ (1Y)
de \1—z) \l1—z) °

SR

Figure 2.18: Cutting up a list at the special point.

The operation of differentiation can be iterated. For F” = (F')’, we simply add successively
two distinct elements, *; and 9, to the underlying set. For example, we have the combinatorial
equation C” = L?. More generally, we set F(O) = F and F®*) = (F:-D)" when k > 1. An F®*)-
structure on U is then equivalent to an F-structure on U U {1, %9, ..., %}, where %;, 1 <i <k, is
an ordered sequence of k additional distinct elements (see Figure 2.19, where k = 5).

Example 2.28. Consider the species a of trees. Figure 2.20 immediately shows that we have the
species identity ' = F = E(A), where F is the species of forests of rooted trees (i.e., disjoint

sets of rooted trees). One can then assert, a priori, that the series for a and F are related by the
following equalities.
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Figure 2.19: Higher order derivatives of a species.

() = (),

K,.]

a)
b) F(z) = (aif“) (z,2%,25,...),

C) Z]:(.’L‘l,aZQ,ﬂjg,...) = ($Za> (561,.172,:63,...).

SRR

Figure 2.20: A tree with a special point decomposes as a forest.

Remark 2.29. To underline how the combinatorial differential calculus of species agrees with the
classical differential calculus of formal power series, we mention that the chain rule admits the
combinatorial equivalent (FoG) = (F'oG) - G, where G is a species such that G(0) = 0 (i.e.,
G[0] = 0). Consideration of Figure 2.21 suffices to show the validity of this formula. It is easily
verified that the other usual rules (F+G) = F'+ G, and (F-G) = F'-G+ F -G’ are also satisfied
in the context of species.

Nevertheless, one must be prudent when establishing analogies with classical differential cal-
culus. For instance, although the differential equation 3’ = f(z) with initial condition y(0) = 0,
always has a unique solution in the setting of formal power series, one can show that the analogous
equation Y/ = F(X), with Y (0) = 0, can have many non-isomorphic solutions in the algebra of
species of structures (see Exercise 2.37). On the other hand, the equation Y’ = X F3(X), with
Y (0) = 0, has no species of structures solution.
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(FoG)'

Figure 2.21: Combinatorial chain rule.

Remark 2.30. For other variants of the theory of the species of structures (for example that of
L-species introduced in Chapter 5 of [22]) the existence and uniqueness of solutions of combinatorial
differential equations coincides with the formal power series setting.

2.3 Pointing and Cartesian product

2.3.1 Pointing in a species of structures

Pointing corresponds at the combinatorial level to the differential operator x%, whose effect on

d n n

n>0 ’ n>0

formal power series is:

Definition 2.31. Let F' be a species of structures. The species F°, called F dot, is defined as
follows: an F*-structure on U is a pair s = (f,u), where

i) f is an F-structure on U,

ii) uw € U (a distinguished element).

The pair (f,u) is called a pointed F-structure (pointed at the distinguished element u). In other
words, for any finite set U, F*[U] = F[U] x U ( set-theoretic Cartesian product). The transport
along a bijection o : U — V is carried out by setting F°[o](s) = (F[o](f),o(u)), for any F"°-
structure s = (f,u) on U. A typical F*-structure can be represented graphically by circling the
pointed element (see Figure 2.22). The enumeration of the F"*-structures satisfies |F"[n]| = n|F[n]|,
for all n > 0.

Example 2.32. As a first illustration, let us point the species a of trees. We then obtain the species
A of rooted trees: a® = A. Indeed, a rooted tree is nothing more than a tree with a distinguished
element, its root (see Figure 2.23).

It is important to note that the distinguished element u of an F*-structure belongs to the
underlying set U, whereas the element * of an F’-structure is always outside of the underlying set
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®

Figure 2.22: Pointing an F-structure.

Figure 2.23: A rooted tree.

U. The operations of pointing and derivation are related by the combinatorial equation F* = X -F’,
where X denotes the species of singletons. To see this, examine Figure 2.24. The distinguished
element (the circled singleton) in the F*-structure on the left is taken aside and is replaced by a *.
This gives , in a natural fashion an X - F'-structure. From the combinatorial equation F° = X - F’,

.

Figure 2.24: Pointing in term of derivation.

we can deduce the main properties of the operation of pointing (see Exercise 2.40), as well as the
following proposition concerning the passage to the generating and index series.

Proposition 2.33. Let F' be a species of structures. One has the equalities

o) F*(z) = ;U%F(m),
b) F*(z) =z (a‘leF> (z,2%,2%,...),

0
C) ZF-(J,’l,JJQ,:L’?,,.. ) =T (EkchF> (3:1,332,1'3,. . )
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Example 2.34. In [158], Joyal uses the operation of pointing to determine, in a simple and elegant
fashion, the number «,, of trees on a set of n elements (see also [133], 3.3.19). To this end, point
twice the species a of trees. This gives, by definition, the species V of vertebrates: V = a°°.
Equivalently, we have V = A°. Hence, a vertebrate is a bipointed tree (or a pointed rooted
tree). It possesses in a natural fashion a vertebral column (see Figure 2.25), that is, the unique
elementary path (refer to the thick lines) from the first distinguished vertex (called the tail vertex,
labelled by 1) to the second distinguished vertex (called the head vertex, labelled by 2). Note that

e

Figure 2.25: A vertebrate.

the tail vertex can coincide with the head vertex. In this case, the vertebrate is called degenerate.
Denote by v,, the number of vertebrates on a set of n elements. We then have v, = n?a,, since
there are n possible choices for the tail vertex and n other (independent) choices for the head vertex.
We next calculate v, in another fashion. The vertebral column determines in a natural manner a
non-empty sequence of disjoint rooted trees (see Figure 2.26). Thus the species V of vertebrates

M M

Figure 2.26: A vertebrate as a list of rooted trees.

satisfies the combinatorial equation V = L, (A). Replacing in this equality the species L, by the
equipotent species S, of non-empty permutations yields the equipotence V = S, (A). It follows
that, on a given set, there are as many vertebrates as (non-empty) permutations of rooted trees
and then, as many as (non-empty) endofunctions, since S(A) = End. Thus, we have established
the equipotence V = End,, from which we deduce v, = n™, n > 1, since |End[n]| = n™. From

na, = v, =n", n > 1, we conclude that a,, = n" 2, when n > 1. This is the classic formula of

Cayley for the number of labelled trees. Incidentally, we have also shown the equality a, = n""!,

where a,, denotes the number of rooted trees on n elements, since a,, = na, (n choices for the
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root). For the cycle index series, the combinatorial equation V = L, (A) immediately gives

ZA(xl,xg,arg, - )
Zy(x1,x9,23,...) =
V( 1,425,443, ) 1—ZA(x1,x2,fE3,...)7

since Zr, = x1/(1 —x1). It is interesting to note that the equipotence V = End, is not an
isomorphism. In fact,

ZEnd, = 48,074

1
— 1,
(1 = Zg(x1, 0, 23,...)) (1 — Zg(x2, 24, T6,...)) ..

so that Zy # Zguq, , which implies V # End,.

Consider now a species F' possessing a notion of connected components, that is to say (as
we have seen in Section 2.2) of the form F = E(F°), where F€ is the species of connected F-
structures. The operation of pointing permits a straightforward calculation of the average number,
kn(F), of connected components of a random F-structure on n elements, by the formula

(£ - F)[n]]

o) =Rl

n>0, (2.22)

if |F[n]| # 0. Indeed, as an E°(F°)-structure can be identified with an F-structure in which a
connected component has been distinguished, it suffices to substitute the species F'¢ in the species
E® = X - F to obtain (2.22). Applying formula (2.22) to the species Par, S and G, gives:

— The average number of classes of a random partition on n elements is, in virtue of equations
in Example 2.26,
Bn+1
By,

kn(Par) = -1, (2.23)
where B,, denotes the number of partitions of a set having n elements (Bell number).

— The average number of cycles of a random permutation on n elements is

1 1 1
kn(S) = 1+§+§+...+E~10g(n). (2.24)

— The average number of connected components of a random simple graph on n vertices is
n n .
k(@) =27 ()3 (.>2< 2 [getil, (2.25)
im1 \!

where |G°[i]| is the number of connected graphs on i elements.
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2.3.2 Cartesian product of species of structures

The Cartesian product corresponds at a combinatorial level to the coefficient-wise product of ex-
ponential generating series, called Hadamard product and denoted by x:

" x" z"
§ :fn P x E gn— | = E fn gn — vingtun
n>0 n>0 n>0

Definition 2.35. Let F' and G be two species of structures. The species F'x G, called the cartesian
product of F' and G, is defined as follows: an (F' x G)-structure on a finite set U is a pair s = (f, g),
where

i) fis an F-structure on U,

ii) g is a G-structure on U.

In other words, for all finite sets U, one has (F' x G)[U] = F[U] x G[U] (Cartesian product). The
transport along a bijection o : U — V is carried out by setting (F' x G)[o](s) = (F[o](f), G[o](9)),
for any (F' x G)-structure s = (f,g) on U. An arbitrary (F x G)-structure can be represented by
a diagram of the type of Figure 2.27. The labelled enumeration of F' x G-structures satisfies

((F' < G)[n]| = |Fln][-|Gln]], n=0.

Figure 2.27: A typical structure of species F' x G.

Remark 2.36. We underline that F' x G is different from F - G: each of the structures f and g
appearing in the formation of an (F x G)-structure on U, has underlying set U (in its entirety).
However, for (F' - G)-structures (f,g) on U, the underlying sets U; and U, of f and g are disjoint
(and U; UUy = U). The product F' x G is sometimes called the superposition of F' and G since
an (F x G)-structure on U is obtained by superposing an F-structure on U and a G-structure on

U.

Example 2.37. Consider the species C of oriented cycles and the species a of trees. Figure 2.28
illustrates the difference between an (a x C)-structure and an (a - C)-structure on a set of seven
elements.
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4 N e 7

- / o J

Figure 2.28: An (a x C)-structure versus an (a - C)-structure.

In order to describe the compatibility of the Cartesian product with passage to series, it is
necessary to first define the Hadamard product f x g of two index series

x" x"
f(X)_anm7 g(x)_ZQHM’
where x = (z1,x9,23,...), and n = (n1,ng,ns,...). These series are multiplied coefficient-wise:
xn
(f xg9)(x) = an In aut(n)’

We then have the following result, whose proof is left as an exercise.

Proposition 2.38. Let F' and G be two species of structures. Then the series associated to the
species F' x G satisfy the equalities

a) (FxG)(x) = F(x) x G(z),

b) (FxG)(z)=(Zp x Zg)(z,2%,2°,...),

C) ZFxg(l’l,:L’Q,:Eg, .. ) = ZF(l’l,a?Q,:L’g, .. ) X Zg(x1,.r2,$3,. . )

Example 2.39. Consider the Cartesian product C x g of the species C of oriented cycles by the
species p of subsets (of sets). A (C X g)-structure on a set U is then an oriented cycle on U on which
one has superimposed a subset V' of U (see Figure 2.29). In other words, a (C X p)-structure is an
oriented cycle in which certain elements have been distinguished (the circled points in Figure 2.29).

We now compute explicitly the series associated to this species. Since |C[n]| = (n—1)!'if n > 1 and
lp[n]| = 2™, we obtain
(n—1)12" ifn>1,
C xp)n|| =
I( o)lnll {O, otherwise.
We conclude that
(22)"

(Cxp)(z) = Y (n—1)
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OmOmnO

®—@®

Figure 2.29: Oriented cycle with distinguished points.

A similar calculation, using the fact that fix o [n1, ng,...] = 2™ 2% and formula (2.20) for Zc,
yields
Zeoxp(x1, 29,2 Z Pk log !
CX@ 1,42, 37"' = 1_2xk

It follows that the type generating series of (C' X p)-structures is of the form

1
(C x p)(z Z¢ log( 2$k>.

k>1

We finally deduce that the number of unlabeled (C x p)-structures on a set having n elements is:

[2"] (€ x p) (= qu )24.

d|n

The species E of sets is the neutral element for the Cartesian product, i.e., for any species F,
one has
ExF=FxFE=F.

Indeed, superimposing an F-structure on a set structure reduces to simply considering the F-
structure. By restricting to the cardinality n, it is easy to verify that

E,xF=FxEFE,=F,.

As the Cartesian product distributes over addition (see Exercise 2.44), we recover the canonical
decomposition of a species

F = FxFE
= Fx(Egy+F1+E+...+E,+...)
= Fy+Fi+FK+...+F,+....

For the Cartesian product, the operation of pointing can be distributed on one or the other factor:

(FxG)'=F" xG=FxG",
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Figure 2.30: Pointing a F' x G-structure.

as can be seen from Figure 2.30. In particular, by taking G = E (the species of sets), we obtain
the equalities

F*=(FxE)=FxE =Fx (X-E).

Hence, the operation of pointing can be expressed in terms of the Cartesian product and ordinary
product.

It is interesting to note that the law of simplification (by a non-zero factor) is not valid for the
Cartesian product of species. For example, L x L =8 x L, but L # S.

To end this section, let us now consider the series associated with the species a x C mentioned
in Example 6. As |a[n]| =n""2 and |C[n]| = (n — 1)! if n > 1, we obtain the generating series

(axC)(z) = Z n" 3",

n>1

For the index series Z,«¢, the situation is more delicate since we do not yet know an expression for
Z,. Nevertheless, we can already affirm that many coefficients of Z,x¢ are zero. Indeed, we have
seen the series Z¢ in the form

(k) 1 ¢ (k)
Ze = —1 — ) = RAAnd Sy
¢ Z k o8 1—x Z km
k>1
Hence, only monomials of the form z}* enter into play in the expression of Z¢. It then follows that
fixC[ny,ng,...] =0, except if (n1,n2,...) = (0,0,...,4,0,...), ¢ = ng, k € N. We can thus assert
(without knowing Z,) that Zyx¢ is of the form

Zaxc = wi(z1) +wa(za) + ... +wi(zp) + ...,

for certain formal power series wy(x) € Q[x]. In fact, these series are identically zero, except wi (z)
and wy(z). Thus, Z,«c only depends upon x; and zs:

axC = wl(:cl) + 'wg(.%'g).

The series Z,, wi(z1) and wa(x2) are explicitly calculated in Chapter 4 of [22].
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2.4 Functorial composition

Definition 2.40. Let F' and G be two species of structures. The species F'OG (also denoted by
F[G]), called the functorial composite of F' and G, is defined as follows: an (F 0G)-structure on
U is an F-structure placed on the set G[U] of all the G-structures on U. In other words, for any
finite set U, (FFOG)[U] = F|G[U]]. The transport along a bijection o : U — V is carried out by
setting

(FoG)[o] = F|G]o]] (2.26)

(i.e., F-transport along the bijection G[o]). As a functor, the species F'OG is the composite of the
functors F' and G, hence its name. The notation O is used in this text to avoid ambiguity with
the substitution (partitional composition) of species of structures. A generic (F'OG)-structure on
U can be represented by a diagram of the type in Figure 2.31, where, on the right hand side, it is
understood that the totality of G-structures on U appear. The labelled enumeration of the F' OG-
structures satisfies |(F'OG)[n|| = |F|gn]|, with g, = |G[n]|, which corresponds to an operation on
the exponential formal power series, also denoted by O:

x" x" x"
Db o e =D S

n>0 n>0 ’ n>0

under the hypothesis that g, € N, for any n € N.

Figure 2.31: A typical F 0G-structure.

Example 2.41. Using functorial composition of species, we can express a variety of graphs classes
(simple, directed, with or without loops, etc.) in terms of simple species of structures. For example,
the species G of all simple graphs (without loops) can be expressed as G = pO pm, where p denotes
the species of subsets and 2!, that of subsets with two elements. Indeed a p-structure on a set
amounts to considering a pair of elements, joined by a segment in Figure 2.32 a). Such a pair of
elements is called an edge. Moreover, a graph on a set U is nothing else but a selection among all
possible edges. There is then a p-structure on the set of all p[?-structures on U. The reader can
verify without difficulty that the transport of structures is as described in (2.26). Observe that,
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since p = F - E and pp] = Fy-F, the species of graphs can also be expressed in the form
G = (E-E)o(E;-B), (2.27)

which only uses the species of sets, the product, the functorial composition, and the restriction to
the cardinality 2.

Figure 2.32: a) A typical plZ-structure. b) A typical o0 pl@-structure.

The operation O is clearly associative but is not commutative (not even up to isomorphism).
For example, the species pm DO is identified with the species of pairs of subsets. It is not
isomorphic to the species G = pOpl? of graphs. The species E° of pointed sets is the neutral
element for the operation 0O (see Exercise 2.53), i.e., for any species F, FOE" = E°0OF = F.
In order to describe the behavior of the composition of species with respect to power series, it is
convenient to first define a corresponding operation Zr 0O Zg in the context of cycle index series. It
clearly follows from the definition of the transport of (F'O0G)-structures that

fix (FoG)[o] = fixF[G[o]]
= fix F[(Glo])1, (Glo])2, - - ],

for any permutation ¢ where [(G[o])1, (G[o])2, . ..] denotes the cycle type of the permutation G[o],
as defined in Section 1.2. The following proposition shows that the index series Zg completely
determines this cycle type.

Proposition 2.42. Let G be a species of structures, o € S,, and k > 1. Then the number of cycles
of length k in G|o] is given by

(Clol =+ 3 %) fxGlo) (2.28)
d|k

where u denotes the Mobius function for positive integers.

Proof. For any permutation 3, and any k > 1,

fix ¥ = " dBa. (2.29)

d|k
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Indeed, an element is left fixed by the permutation 8* if and only if it is found in a cycle of 8 of
length d, where d divides k. By applying Mébius inversion to (2.29), we deduce

1
b= > ulk/d) fix 7. (2.30)
d|k
If 8 = G[o], then by functoriality 8¢ = G[0?], giving the result. O

In other words, the knowledge of the coefficients of the cycle index series Z make possible the
calculation of all the (G[o]),. The following definition is thus legitimate.

Definition 2.43. The composite Zr 0Z¢ is defined by the formula
1
Zp0Za = ~ Y fix F[(Glo), (Glo])a, .. ] 2232 ...,
n>0  oE€Sp

where (01,09, ...) denotes the cycle type of a permutation o € S;,, n =0,1,2,....

Immediately implied is the following result.

Proposition 2.44. Let F and G be two species of structures. Then the series associated to the
species F'OG satisfy the equalities

a) (FoG)(z) = F(r)0G(z),

b) (FOG)(@) = (Zr02Z6) (@, a5, ..,

C) Zpgg(ivl,l‘g,ilf:;, .. ) = ZF(.rl,ZL’Q,ZC;;, .. ) DZG(:Ul,ZL‘Q,af;;, .. )
Example 2.45. A particularly interesting case is F' = p, the species of subsets. Many varieties of
graphs and relations can be described as the composite p OG of p and of a given species G. Here
are some examples:

— Simple graphs: G = popl?;

— Directed graphs: D = p0(E*x E*);

— me-ary relations: Rel™ = oo (E*)*™, where (E*)*™ = E*x --- x E".

[ —

(m factors)

These species have the respective generating series

=320 n,, D(x)zZW%T, Rell™ (2 ZQ”xn

n>0 n>0 ’ n>0
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We are now going to calculate the cycle index series of such species using the fact that for any

permutation g3,
fix p[B] = 2%k21 Pk,

to obtain the following proposition.
Proposition 2.46. For any species of structures G and any permutation o,
fix (pO@G)[o] = 22r21(CloDx,

Example 2.47. Thus, the cycle index series of a species of the form pOG simply depends on
the numbers (G[o])i. For the three preceding examples, these numbers are given by the following
expressions:

1 . 1
a) (o)) = 5 > (i, §)oioj + oo — o + 5 (ks mod 2)or, (2.31)
[i,5]=k
b)) (E"xEo)k= ) (i,j)oioy, (2.32)
li.g]=k
“\xm Ji-Jm
O ((EYTe= Y T, (2:33)
[j17"'7j77L]:k
where o is of cycle type (01,09,03,...), and [j1,...,jm| denotes the least common multiple of
Jis---ygmand (ji,...,Jm), the greatest common divisor. These formulas can be established directly

by simple counting arguments. For example, for (2.32), recall that (E* x E*)[U] = U x U. Then a
pair of elements (a,b) € U x U, where a belongs to a cycle of length i of o and b to a cycle of length
j, generates a cycle (a,b) — (c(a), (b)) — (0%(a),0?(b)) — ... of length [i,j]. Each of the o;0;
cycles induces (i,7) = ij/[i, j] such cycles, whence (2.32). Formula (2.33) is proven in the same
manner, by induction on m. A direct combinatorial proof of (2.31) is proposed in Exercise 2.48.
We present in what follows a more algebraic proof, based on relation (2.28). Observe at first that
for any permutation o,

fix p?[o] = <"21> + 0 (2.34)

since a pair of elements left fixed by ¢ either consists of a pair of fixed points of ¢ or of a cycle of
length 2 of 0. We obtain, in virtue of (2.28), (2.30), and (2.34) and the following lemma,

@l = 3 3 nlk/dyfix oo
d|k

= LS uk (o ~ (0% + 2%
dlk

1 . )
= 5( Z (i,J)oi0j — o) + 209, — opx(k is even)),

[ivj]:k

whence formula (2.31).



2.4. FUNCTORIAL COMPOSITION 99

Lemma 2.48. For any permutation o and any k > 1,

1 k o
a‘) % ZM(&)(Ud)% = Z (2,.])O'l‘aj7 (235)
dlk [i’j]:k
1 k 02k if k is odd,
b) 2 mp)e" :{ . . (2.36)
d|k ook — 50k, otherwise.

Proof. To prove (2.35), it suffices to apply Proposition 3 with G = E° x E°, i.e., to join the identities
(2.28) and (2.32), observing also that for any permutation 7, fix (E* x E*)[r] = 7. For (2.36), we
have, by (2.30), (%) = %((O'Qd)l — (0%)1) and

(0_2d)1 = Ziai

i|2d
= ) 2oy + Y ioix(iis odd).
jld ild

Using the fact that for any function f,

S ) S 1) = 1),
d|k ild
we obtain

1 k 1 :
k Zﬂ(g)(ad)z = ﬂ@k o9 + k oy, x(k is odd) — koy,),
d|k

whence (2.36). O

Combining Propositions 2.47 with the formulas of example 2.47, we find for the species G of
simple graphs, D of directed graphs, and Rell™ of m-ary relations, that for any permutation o,

fixGlo] = 2% 351 (6)0i05—5 g5y (k mod 2)a'k7
ﬁX'D[o’] = 2Zi,j21(i7j)ai0'j,
fix Rell™ o] = 92 oy >1 i Ty O [0 im]

These expressions permit the calculation of the cycle index series and the type generating series of
these species. For example,

G(z) =1+ 2z + 222 + 42° + 112" 4 342 + 1562° + 104427 + 123462 + 2746682° + . ..
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2.5 Exercises

Exercises for Section 2.1
Exercise 2.1. Let F', G and H be species of structures.

a) Show, by explicitly describing the isomorphisms, that addition has the following properties:
i) (F+G)+ H =F + (G+ H), (associativity)
ii) F4+ G =G+ F, (commutativity)
iii) F+0=0+ F = F'. (neutral element)

b) Show that the passage to generating and cycle index series preserves the operation of addition
(see the identities in (2.1)).

Exercise 2.2. a) Let (F});cr be a summable family of species of structures. Show that the sum
> icr Fi of this family, defined by (2.3) and (2.4), is indeed a species of structures.

b) Let (hi(x1,x2,...))icsr be a family of formal series in the variables x1, x2, . .., expressed in the
form -
} : L B B
hi(xlal‘%--- hzn1,n2, c , 1€l
ni,na,.. ni,nz,..

where ¢y, n,,.. is a given family of non-zero scalars. By definition, the family

(hi(z1,m2,...))ier

is said to be summable if, for each multi-index ni,ns,..., one has
ni,.n2 —_ —
Cni,na,... [xl Lo~ - ] hi(JUlvx?v . ) - hi§n17n27--~ =0,

except for a finite number of i € I. The sum of the family is the formal series h(x1,x2,...)
whose coefficients are given by the (finite) sums

Cryna,... (X1 2% h(z, 20,...) = Z Ry o, -
el

Show that, if (F});er is a summable family of species of structures, then the families of formal
series

)ier - (FZ ) and (Zp,(z1,22,...));er
are summable and that equalities (2.5) hold.

Exercise 2.3. Let F' be a species of structures. The even part and odd part of F' are the species
defined by the decompositions Feyen = Fo+ Fo + Fy + ... and Foqq = F1 + F5 + F5 +.... Show
that the following equalities are satisfied:
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a) ZFeven = (ZF(:U17$2)1'37:B47 .. ) + ZF(_:L‘l,:L‘2, _$3, :E4, .. )),

b) Zr,, = = (Zr(z1, 22,23, 24, ...) — Zp(—21, 22, —23,24,...)).

N o) —

In the case where F' = E, the species of sets, deduce formulas (2.2).

Exercise 2.4. a) Let F', G and H be species of structures. Describe the isomorphisms estab-
lishing the following properties of multiplication:

i) (F-G)-H = F-(G-H), (associativity)
ii) F-G = G-F, (commutativity)
iii) F-1=1-F = F, (neutral element)
iv) F-0 =0-F = 0, (absorbing element)
) F-(G+ H) = F-G+ F-H. (distributivity)

v

b) Prove identities (2.7) concerning the series associated with the product F-G of two species of
structures.

c¢) Using the definitions of sum and product of species, prove that, for all integers n > 0, one
has the combinatorial equality

F+F+..+F=nF,

n times

where, by convention, the n on the right-hand side denotes the species having exactly n
structures on the empty set and no structure on other sets.

d) Let n > 0 be an integer and set F' = n!-E;,, and G = X". For which values of n are the species
F and G isomorphic?

Exercise 2.5. a) Show that the species p, where p[U] = {B | B C U}, is isomorphic to the
species F - F.
b) Show directly that the number of structures of the species p on a set U that are fixed by a
permutation of U of cycle type (ni,n2,ns,...) is

1"Mng12"no13"ngl L. (27t @52 2k .. ] Zo(w1, 32, 13, .. .) = 22 At
by partitioning the cycles of the permutation according to whether or not they are contained
in the considered subset.

Exercise 2.6. Show that, for the species Der of derangements, one has

(_1)i1+i2+.,. 1n1—7j12n2—i2 o

fix Der [n1,na,...] =nilnal ... Z

0<ip<ng
k>1

i1l ..
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Exercise 2.7. Show that the species pl¥, where pl¥/[U] = {B | B C U and |B| = k}, is isomorphic
to the species Ey, - E. Also show that

ﬁxp[k][nhnz,ns,---] = Z H (;h)

k1+2ko+3ks+..=k i>1

Exercise 2.8. Let I' and G be two species of structures. Show that the family (Fy - Gn)(mn),
with (m,n) € N x N, is summable and that

F.G= Z F,-G,.

(m;n)

Deduce the canonical decomposition of F-G. (In this problem, F),, denotes the restriction of the
species F' to the cardinality m.)

Exercise 2.9. Let (F;);cr be a family of species of structures. By convention, a Hie 1 Fi-structure
on a finite set U is a family (s;);e; where for each i € I one has s; € F;[U;] for a subset U; C U, and
the subsets U; are required to be pairwise disjoint and to satisfy Uie ;Ui =U. The family (F})icr
is said to be multiplicable if for any finite set U, the set of [[,.; Fi-structures on U is finite.

a) For a multiplicable family (F;);cs of species, define the species product [[;.; F; (do not forget
the transports of structures).

b) Show that a non-empty family of species (F;);er is multiplicable if and only if there exists a
J C I such that

i) I\J is finite,
ii) i € J = (Fy), =1,
iii) the family of ((F;),)ics is summable.

c) Show that if (F})ies is multiplicable and if J = {i € I | (F;), = 1}, then (Fj)ecs is
multiplicable and one has the combinatorial equalities

DIIE=(11 &) (II& |

icl iel\J jed
i) [[E=1+> F), + >,  (F), (F), + ...
jeJ jed {J1.42}€pl1(J)

Exercise 2.10. Denote by S<F> the species of permutations having all cycles of length k. Show
that the infinite family (S<F>) k>1 is multiplicable and that the species S of permutations satisfies

S = H8<k>'

k>1
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Exercise 2.11. Determine whether the species Bal of ballots is isomorphic to the species

[[O+E.+E2+ES+..).
n>1

Exercise 2.12. Prove formulas (2.10) for the series Bal(z), /E—B\a/l(x) and Zpa(z1,x2,...).

Hint: First establish formulas (2.9).

Exercise 2.13. For the species L of linear orderings, prove the combinatorial equalities

L:1+XL:ZX’€:H(1+X2").

k>0 i>0

Exercises of Section 2.2

Exercise 2.14. Let F', G, H and K be species of structures, with G[0] = 0 = H[(].

a) Verify that the partitional composition F oG, defined by formulas (2.11) and (2.12), is a
species of structures.

b) Show, by an explicit description of the isomorphisms, that the partitional composition has
the following properties

i) (FoG)oH = Fo(GoH), (associativity)

ii) FoX = XoF = F, (neutral element)

ili) (F+ K)oG = FoG + KoG, (distributivity)
iv) (F-K)oG = (FoG)-(KoG), (distributivity)

v) Fy = Fo0 and F[0] = 0 if and only if F(0) = 0.

¢) Show, by enumerating the F'oG-structures, that one indeed has (FoG)(z) = F(G(x)).

Exercise 2.15. a) Let k be a fixed integer. Verify that the species S*! of permutations having k
cycles and the species Parl*l of partitions having k blocks satisfy the combinatorial equations

S = FyoC, Parl®l = EyoFE,,

where Ej, is the species of sets of cardinality k£ and C is that of oriented cycles (cyclic permu-
tations).

b) Let ¢(n,k) be the number of permutations of a set of cardinality n having k cycles and
S(n, k) be the number of partitions of a set of cardinality n having k blocks. The numbers
s(n, k) := (=1)""%¢(n, k) and S(n, k) are called, respectively, Stirling numbers of the first
and second kind. Deduce from a) the following identities:
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) S ety = (a1 0= )

k!
n>k

n et — k
ii) ZS(n,k)% = (kll)

n>k

c¢) Show that forn >0, k > 1,

i) S(n+1,k)=S(n,k—1)+kS(n,k),
i) e(n+1,k)=c(n,k—1)+nc(n,k).

d) Show that for n > 0,

n

i) Zs(n,k‘)xk:x<n> =z(x—1)---(x —n+1),),

k=0
) ZS(n, k) x> ="
k=0

Exercise 2.16. Show that the generating series of unlabeled permutations is not the composite of
the type generating series of the species of sets with that of cycles (i.e., S(z) # E(C(z)).

Exercise 2.17. Show that formula (2.13) b), namely

(FoG)(z) = Zp(G(z),G(z?), G(z%),. . .),
is a consequence of formula (2.13) c).

Exercise 2.18.  a) Verify the formulas in example 2.17 relating the series End(z), ﬂi(m), Z¥nd
to the series A(z), A(x) and Z 4.

b) Show that the formulas (2.15) implicitly determine the series A(z), A(z) and Z4.

Exercise 2.19. a) Starting from combinatorial equation (2.16), reprove the explicit formulas
(2.10) for the series Bal(z), Bal(xz) and Zg,).

b) Starting from combinatorial equation (2.17), establish formulas (2.18).

c) Establish identity (2.19) a), namely

Hl—m’“— pzn>1n1

starting from the combinatorial equation S = E(C).
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Exercise 2.20. For two formal power series a = a(z1,z2,23,...) and b = b(z1,x2,x3,...) show
that with notational convention (2.14),

b:Z%ak = azzligf;)bk.

k>1 k>1

Hint: Use the following classic property of the Mobius function u:

S {L T

dn otherwise.
Exercise 2.21. a) Taking the logarithm of the equality (2.19), b) and using Exercise 2.20, prove
the explicit formula (2.20), namely

1
1—xp

Zc(xl,l‘g, 3, .. ) = Z qb(kk) log

k>1
Hint: Use the following formula for the Euler ¢-function: ¢(n) =3>_;,, du(n/d).

b) Deduce from a) the remarkable relation
x o(k) 1
= 1 .
1—x Z k0BT gk
k>1

Exercise 2.22. Show that if two species of structures F' and F¢ are related by the combinatorial
equation F' = E(F°), i.e., F¢ is the species of connected F-structures, then

a) Fe(x) = log F(x),
b) Fe(z) = Yoy A log F(ab),

C) ch(azl,xg, .. ) = Zkzl %k) log ZF(JJk,ka, .. )

Exercise 2.23. Consider the species Oct of octopuses, introduced in Exercise 1.7.

a) Show that Oct = C(L,).
b) Show, by calculus, that Oct(z) = C(2z) — C(x).

c¢) This formula suggests the combinatorial equation Oct(X)+C(X) = C(2X). Prove the validity
of this equation.

d) Deduce the formulas

i) Oct(x) = ZnZl (2" —1) ",
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i) Zoct(x1,22,23,...) = Zn21 @ log (%)
Exercise 2.24. a) Show that the number of octopuses on n vertices (n > 1), where each tentacle

is of odd length, is given by (n — 1)! (£, + (—=1)"*! — 1), where

145\ [(1-v5)"
)

designates the nth Lucas number. Note: the Lucas numbers satisfy the recurrence

Lo=2, Li1=1, L,=Ln 1+ L, o, forn>2.

b) Compute the cycle index series of the species of octopuses with odd tentacles.

Exercise 2.25. a) Let F' and G be two species of structures, with G(0) = 0. Show that the
family (F(Gy))n>1 is summable, where G,, is the species G restricted to the cardinality n.
Also give a description of the >, -, F'(Gy,)-structures.

b) The combinatorial equation Octyeg(X) = ", ~; C(X™) defines the species Octyeg of regular
octopuses. Justify this terminology by giving a graphical example of a Oct,eg-structure and
establish the following formulas for the series associated to the species Octyeg:

i) Octreg(w) = 3,51 (Edm d) %>
ii) (%Tc;e/g(x) =D n>1 7(n) 2", where 7(n) = number of divisors of n,
) Z0ctueg (T1,%2,--) = = Y pnn1 2 log (1 — ).

c¢) Show that the species Cha of chains, introduced in Exercise 1.15, can be written in the form

Cha=(1+X) [ 1+ BEy(x") |,

n>1

where FEs designates the species of sets of cardinality two. Deduce the expressions for the
various series associated to the species Cha.

Exercise 2.26. Let F' and G be two species of structures, with F'(0) = 1. Show that the family
(F(Gn))n>1 is multiplicable. Also give a description of the [],~; F(Gp)-structures.

Exercise 2.27. Let G = L, be the species of non-empty linear orderings. Show that the iterations
G™ of G are given by the combinatorial equations G = X L(n X), n=0,1,2,....

Exercise 2.28. A partially ordered set is called reduced if it satisfies the following condition: for
all z and y,
{zlz <z} U{y} ={z|z <y} _
{dz>a}={zle2ppofay f 7 7Y

Denote by Red the species of reduced partial orderings.
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a) Establish the combinatorial equation Ord = Red(L,).

b) Deduce the following relations:

i) Red(x) = Ord (123 ),

ii) Red(z) = Zow (1% . )

111) ZRed(xb L2, T3y .. ) = ZOrd (71i;1, 1}2:2 o ) .

Exercise 2.29. It is always possible to choose canonically a supplementary element iy outside of
each finite set U by taking xy = U (i.e., the supplementary “element” is the set U itself!). In this
case, we say that U™ is the set successor of U and write UT = UU{U}. We have as well xy ¢ U,
since according to classical set theory, one always has U ¢ U (Foundation Axiom). Show that with
this choice for ¢, the operation of differentiation is well-defined and that indeed F'(z) = 4 F(x).

Exercise 2.30. a) Verify the equalities of Proposition 2.25 in the cases: F'=C, F and L.
b) Prove formula c) of Proposition 2.25.

Exercise 2.31. Recall that the species Bal of ballots and the species Oct of octopuses are char-
acterized by the combinatorial equations Bal = L(E,) and Oct = C(L,). Show, by graphical
arguments, that the derivatives of these species satisfy

a) Bal' = Bal®. E,
b) Oct’ = L(X) - L(2X).

Exercise 2.32. Establish rigorously, by giving the explicit isomorphisms, the following rules of
combinatorial differential calculus.

a) (F+ Q) =F 4+ G', (additivity)
b) (F-G)Y =F -G+ F -G, (product rule)
¢) (FoG) = (F'oQ) - G'. (chain rule)

Exercise 2.33. In a purely formal fashion (i.e., by using rules of combinatorial differential calculus,
associativity, etc.), establish formulas a) and b) of problem 18 starting from the combinatorial
equations Bal = L(F, ) and Oct = C(L,).

Exercise 2.34. Let A = X E(A), be the species of rooted trees, F = E(.A), that of rooted forests
and a, that of trees. Establish, by combinatorial calculus as well as by a graphical argument, the
following combinatorial equations:

a) A =F-L(A),
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b) o =F- A,
c) A" = (A)? + (A)?L(A).

Exercise 2.35. Calculate the successive derivatives of

a) the species p = E? of subsets of a set,
b) the species L of linear orderings.

Exercise 2.36. Let D = % be the differentiation operator with respect to the variable z. In the
classic theory of ordinary differential equations, the following identity is very useful: (D —c)f(z) =
e“*De ¢* f(x), where ¢ is any constant and f(x) any differentiable function or a formal power
series. One also has the more general identity

(D + 1 (x))f(x) = e "D f (),
which can be rewritten in the form
PO (f(x) + W (@) f(2)) = (" f(2)) .

Establish, by a geometric argument, the following corresponding combinatorial identity, namely
EH)-(F'+H'-F)=(E(H)-F), where F and H are species of structures.

Exercise 2.37. (see [183]) Verify that for any m > 1, the combinatorial differential equation
Y'=3(m—1)X2 Y[ =0,
possesses the m non-isomorphic solutions
Y =3kC3+(m—-1—k) X3, k=0,1,...,m—1,

where C3 denotes the species of oriented cycles on 3 elements sets.

Exercises for Section 2.3

Exercise 2.38. Show that the pointing operation satisfies the following rules:

a) (F+G)" =F* +G" (additivity),
b) F-G)'=F"-G+ F-G" (product rule),
c) (FoG)* = (F'o@)-G" (chain rule for pointing).

Exercise 2.39. a) Show, by cutting off the head of non-degenerate vertebrates (see Example 3),
that V = A+ V-A.
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b) Deduce, for n > 1, the identity

n—1
n" = kzo (Z) kk (TL — k)n_k_l.

Exercise 2.40. For the species Bal, of ballots (see Example 2.12), and Oct, of octopuses (see
Exercises 1.7 and 2.23), establish the isomorphisms

a) Bal® = Bal®. E°,
b) Oct® + L(2X) = L(X) - L(2X).
Exercise 2.41. The pointing operation of order n is defined by

F*" = (XD)"F, where D =d/dX.

a) Show that F*" = Y7, S(n,k)X*F*) where the S(n,k) are the Stirling numbers of the
second kind (see Exercise 2.15).

Hint: Use mathematical induction to show that

(XD)" = zn: S(n,k)X*Dk.
k=0

b) Express X" D" with the help of the (XD)* 0 < k < n and the Stirling numbers of the first
kind s(n, k).

Exercise 2.42. Establish formulas (2.23), (2.24), and (2.25) giving the expected number of con-
nected components of a random F-structure on n vertices in the cases F' = Par, S and G.

Exercise 2.43. a) Let ' = G(H) and let n be an integer > 0. Consider the random variable
6, = the number of members of a G-assembly of random H-structures (i.e., of an F-structure)
on [n]. Show that the expectation and the variance of 6,, are respectively given by

: _ Gt H) )l
T ST
) Var(a ) — (G EM] (16T EH) )]
) Var(tn) |F[n]] ( |F[n]] )

b) What happens to the preceding formulas in the case of cyclic assemblies (i.e., G = C, the
species of oriented cycles)?

Exercise 2.44. a) Show that the Cartesian product of species of structures possesses the fol-
lowing properties: for all species F,G and H,

i) (FxG)x H=F x (G x H), (associativity)
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ii) F'x G =G x F, (commutativity)

iii) Ex F=F x E=F, (neutral element)

iv) Fx (G+ H)=F x G+ F x H, (distributivity)
)

V) (FxG)'=F"xG=FxG",
b) Compare the following species
i) (FxG), F'' xG,and F x G,
ii) Fx(G-H)and (F xG)-(F x H),
iii) (FxG)-Hand (F-H)x (G-H),
iv) (F x G)oH and (FoH) x (GoH).

c) Show that the passage to the generating series and the cycle index series is compatible with
the Cartesian product (see Proposition 2.38).

Exercise 2.45. Describe an isomorphism between the species L x L and S x L. Deduce that the
law of simplification is not valid for the Cartesian product.

Exercise 2.46. Show the combinatorial equalities

a) C3 x C3 = 2Cs,
b) X3 xC3=2X3,
¢) (X-Eo)x (X -Ey)=X-FEy+ X3,
)

d) Cxp=0ct+C.

Exercise 2.47. a) For each k > 0, consider the species p[k] of subsets of cardinality k:
PP = {VIV C U V| =k}

Establish the combinatorial equality

min(m,n

)
plm x il = Z Em—t-Ex-Eni- E
k=0

min(m,n)

= Z Epmp - En_p, - o,
k=0

b) A lottery proceeds in the following manner: the “player” (resp., the “house”) chooses a set V'
(resp., W) of k integers among the integers 1 to N. The player gains the pot i if |V NW| = .
In the case where N = 49, k = 6, calculate the probability that the player wins the pot ¢, for
i=2,3,4,5,6.
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Exercises for Section 2.4

Exercise 2.48. Establish directly formula (2.31) giving the number (p?[0]); for a given permu-
tation o of cycle type (01,02,03,...), by considering separately the cycles of length k of p[?[o]
originating from either two different cycles of o, or from the same cycle of o.

Exercise 2.49. (See [74].) Show that for any permutation o of cycle type (o1,09,...) and for all
k>1and m > 1,

a) Y ulk/d) @D = D Gieedm T O

D) ()= D dogm
dlk,(m.k/d)=1
1 d
) - nk/d)e = 3 P
d|k d|(m,k)

Exercise 2.50. Show that

a) for any permutation § and any w > 1, with ¥ = Id,

S B = - 3 lw/d)fix 5

k>1 d|w
b) for any species of structures G and any permutation o of order w,
fix (p0G)[o] = o(1/w) Xog), ¢(w/d) ﬁxG[U‘ﬂj

where ¢ denotes Euler’s ¢-function.

Exercise 2.51. Denote by G, the species of (undirected) graphs with at most one loop at each
vertex and by Dy, the species of directed graphs without loops.

a) Verify the following relations:
i) G = p x G, ii) D = p X Dy,.

b) Determine fix G;[o] and fix Dy[o].

Exercise 2.52. Write a program permitting the calculation of the first terms of the cycle index
series and the type generating series of the following species:

a)g, b)G, ¢ D, d)Dy.
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Exercise 2.53. Starting from the definitions, show that

a) the operation O is associative,
b) the species E° of pointed sets is the neutral element for the operation 0,

c) the operation O is distributive on the right by the operation of Cartesian product x: (F X
G)oH = (FoH) x (GoH),

d) the operation O is not distributive on the left by x (give an example illustrating this fact),

e) the Cartesian product squared F' x F' can be expressed with the help of the ordinary product
and functorial composition: F x F = ((X + X?)-E)0OF.

Exercise 2.54. Calculate the following series (C0OCp)(z), (COCp)(7) and Zcoe,, where Cp, denotes
the species of oriented cycles restricted to the cardinality p, a prime number.

Exercise 2.55. Let F' and G be any species of structures.

a) Compare the species (F' - E)0G and FO(E - G).
b) If G(0) # 0, show that FoG is a subspecies of (F'- E)o(G - E).
c¢) What happens in b) in the case of the species of graphs (see formula (2.27))7

Exercise 2.56. Let U be a finite set. A covering of U is a set of non-empty subsets of U whose
union is U. Consider the species Cov (resp., Cov[m]) of coverings of sets (resp., coverings of sets by
exactly m non-empty subsets).

a) Show that F - Cov = pOpt, and that E - Covl™ = g™ opt where pt is the species of
non-empty subsets.

b) If | U |=n, show that

) 1 costol = 3oy ()2,

1=0

i) | Covml (U] |= zn:(_w' (Z‘) <2n:n_ 1).

1=0

Exercise 2.57. By definition, a simplicial complex on a finite set U is a collection C of subsets
of U, called simplices, such that u € U implies that {u} € C, and ) # T C S € C implies T € C.
The dimension of a complex C is the maximum dimension of its simplices, the dimension of a
simplex S € C being |S| — 1. Let m > 0; a complex C' is called a pure m-complex if all of its
maximal simplices are of dimension m. Show that the species CI"l of pure m-complexes satisfies
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a) C[m] — pmp[m+1]’

b) fix C™M[g] = 2Pm(91.:02:) where P, € Z[oy,09,...] is a polynomial of total degree m + 1 in
the variables o1,09,... .

Exercise 2.58. (see [74]) Let F' be any species and m, an integer > 0. Define the species F<"~
of F-structured words of length m by setting, for any finite set V,

F<"2 V] = (F[m] x ®[m,V])/Spm,

where ®[m, V] ={¢ | ¢ : [m] = V},S,, denotes the symmetric group of order m and the quotient
set above is interpreted as the set of orbits of the action

Sm X (FIm] x ®[m,V]) — (F[m] x ®[m,V]),

defined by 3 - (s,¢) = (F[B](s), o0~ !). The elements of F<™>[V] are called the F-structured
words of length m on the alphabet V' or also the types of V-colored F-structures of order m. In
particular, taking F' = L, E,C, L<™ is the species of words of length m, E<™> is the species of
abelian words of length m, and C<"~ is the species of circular words of length m.

a) Prove that for any permutation o : V — V,

fix F<™> 0] = Zp,, (fix o, fix o2, fix o3 .. .).

b) Deduce expressions for the series F<"~(z) and F<™>(z).

Exercise 2.59. Every m-ary relation on U can be considered as a set of words of length m
on the alphabet U, whence the combinatorial equation Rell™ = oo L<™> where L<™> is the

[m]
F

species of words of length m. More generally, given a species F', define the species Rely, " of m-ary

F-structured relations by Rel%n] = O F<"™>  where F<™~ is defined in the preceding exercise.
Prove that for any permutation o : U — U:

a) ﬁX Rel[m] [O'] — 2Zz1 AAAAA im>1 ’il...imo'il ...O'im/[il,...,im]

)

b) fix Rel%n} [o] = 2% Ll O/ D)2 (fafoar) here f, = fix o* = >_djk dod, w is the order of o,
and ¢ denotes Euler’s ¢-function.
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Chapter 3

Variations on the theme of Species

3.1 Weighted species

In enumerative combinatorics, it is often required to consider some parameters related to the
characteristics of the structures. For instance, in computer science, the complexity analysis of
algorithms often involves the enumeration of structures according to certain descriptive parameters
such as the number of leaves or the depth of binary rooted trees. It is this kind of enumeration
problem that we are now going to address through the introduction of a variant of the concept of
species of structures: weighted species. All constructions introduced in the preceding chapters
and sections will be extended by taking into account this addition of weighting.

Example 3.1. Assign to each rooted tree a € A[U] a weight w(«) by setting
w(a) = @), (3.1)

where ¢ is a formal variable and f(a) denotes the number of leaves of a (see Figure 3.1). This
permits the regrouping of rooted trees according to the descriptive parameter “number of leaves”.
We say that the set A[U] of all rooted trees on U is “weighted” by (3.1) and also that the variable ¢
acts as a leaf “counter”. The “inventory” of rooted trees on U according to this weight w, denoted
by |A[U]|w, is defined as the sum of the weights w(a), a € A[U]:

AU = Y wla)= Y /.

acAlU] acAlU]

Regrouping terms according to the powers of ¢ gives a polynomial in ¢. If |U| = n, we have

|A[U]|w = an(t) = Zan’ktk.
k=0

The coefficient a,, ; gives the number of rooted trees on n elements of which k are leaves. This
inventory is more refined than the simple enumeration of rooted trees; the substitution ¢ := 1 has
the effect of giving weight 1 to each rooted tree and we obtain a, (1) = |A[U]| = n"~ !, for n > 1.

75
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4 I
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Figure 3.1: A rooted tree a with w(a) = 12,

One can equally be interested in the enumeration of unlabeled rooted trees, and also of rooted
trees left fixed by a given permutation, according to the same parameter “number of leaves”. It is
for this purpose that the concept of species of weighted structures is introduced.

Note that the weight (3.1) is a function w : A[U] — R, where R is a polynomial ring in the
variable t. The pair (A[U],w) is said to be a weighted set in the ring R (R-weighted, for short).
Let us first study the general concept of R-weighted sets as well as related constructions.

Let K C C be an integral domain (for example Z, R or C) and R, a ring of formal power series
in an arbitrary number of variables, with coefficients in K.

Definition 3.2. An R-weighted set is a pair (A, w), where A is a (finite or infinite) set and
w: A — R is a function which associates a weight w(a) € R to each element o« € A. If the
following sum, denoted by |A|,, exists, the weighted set (A, w) is said to be summable (for a precise
definition, see Exercise 3.1) and |A|,, is called the inventory (or total weight or cardinality) of
the weighted set (A, w): [Alw = > cqw(a).

Many set-theoretic constructions can be extended to R-weighted sets.

Definition 3.3. Let (A, w) and (B,v) be R-weighted sets. A morphism of R-weighted sets
f:(Aw) — (B,v), is a function f: A — B compatible with the weighting (one also says that
the function f is weight preserving), that is to say, such that w = v o f. Moreover, if f is a
bijection, f is called an isomorphism of weighted sets and we write (A, w) ~ (B,v). Observe
that

(A,w) ~ (B,v) = |Alw=|Blv.

Definition 3.4. Let (A,w) and (B,v) be R-weighted sets. Define

i) The sum (A, w)+ (B, v) as the R-weighted set (A + B, 1), where A + B denotes the disjoint
union of the sets A and B and p is the weight function defined by

_Jw(z), ifzeA,
) = {U(:L’), itz e B.
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ii) The product (A,w) x (B,v) as the R-weighted set (A x B, p), where A x B denotes the
cartesian product of sets A and B and p is the weight function defined by p(z,y) = w(x)v(y).

The proof of the following proposition is left as an exercise.

Proposition 3.5. Let (A,w) and (B,v) be R-weighted sets. With the preceding notation and
conventions, we have
a) |A+ B|, = |Alw + |Blv,

3.2
b) [A x Bl, = |Aly|Bl.. (3:2)

To every finite set A, one can associate an R-weighted set (A, w) by giving each element o € A
the weight w(a) = 1 € R. This weighting is called trivial. Then |A|,, = |A|. With this notion at
hand, we can now introduce the notion of weighted species. It constitutes an important variant of
the concept of species of structures, which allows a more refined enumeration of structures and their
classification according to various descriptive parameters, by the addition of well-chosen weights.

Definition 3.6. Let R be a ring of formal power series or of polynomials over a ring K C C. An
R-weighted species is a rule F' which produces

i) for each finite set U, a finite or summable R-weighted set (F[U], wy),

ii) for each bijection o : U — V, a function F[o] : (F[U],wy) — (F[V],wy) preserving the
weights (i.e., a weighted set morphism).

Moreover, the functions F'[o] must satisfy the following functoriality properties:

a) ifc: U — V and 7: V — W are bijections, then F[r o o] = F[r] o F[o],

b) for each set U, if Idy denotes the identity bijection of U to U, then F[ldy] = Id .-

As before, an element s € F[U] is called an F-structure on U, and the function F'[o], the transport
of F-structures along o.

It follows from the definition that the transport of structures F'[o] along a bijection o : U — V'
is a weight preserving bijection and that |F[U]|y, = |F[V]|w,. Two F-structures s; and sg are
called isomorphic (i.e., have same type) if they are transportable one on the other along a bijection
0. As F[o] preserves weights, s; and sy are then forced to have the same weight. This permits the
weighting of the set F[U]/~, of isomorphism types of F-structures (i.e., unlabeled F-structures),
by defining the weight of a type as the weight of an arbitrary structure representing this type. To
be more precise, it is useful to write F' = F,, to denote the weighted species F' together with the
family of all the weight functions wy : F[U] — R associated to F'.
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Example 3.7. ) Consider the species S,, of permutations with cycle counter «, i.e., the weight
w(o) of a permutation ¢ is w(c) = a®°(?) where « is a formal variable and cyc(c) is the number
of cycles of 0. This weighting has values in the ring of polynomials Z[a], so Sy, is a Z[a]-weighted
species.

Observe that every species of structures F' can be identified with an R-weighted species by con-
sidering that the sets F'[U] are all provided with the trivial weighting. Moreover, this identification
is compatible with all the operations and the passage to the diverse generating series introduced
below.

Definition 3.8. Let F' = F}, be an R-weighted species of structures. The generating series of F’
is the exponential formal power series Fy,(z) with coefficients in R defined by

:L.TL
Fula) = Y 1F Dol
n>0
where |F[n]|,, is the inventory of the set of F-structures on [n]. Its cycle index series is defined by
1 : ag g (o}
Zp, (x1, 22,23, ...) = Z ] (Z |Fix Flo]|y ]! x5?x5® . . ) ,
n>0 oceSy

where as before, o; is the number of cycles of length 7 in 0. Note that the set Fix F[o] inherits
the weighting on F'[U] of which it is a subset, whence |Fix F'[o],, is the inventory of all the F-
structures on [n] left fixed under the transport F'[o]. Since the weighting is preserved by transport
of structures, we can define the type generating series of F),:

Fulw) =Y |Flnl | a",

n>0

where ~ is the isomorphism relation. Hence, |F'[n]/~ |, is the inventory of unlabeled F-structures
on n points.

As in the non-weighted case, by suitably regrouping terms, the cycle index series can be written

* xtag? .
Zp, (1,29, ...) = Z ’FlXF[nl’nQ""lenln1!2”2n2!...’
ni1+2ng+...<co
where |Fix F[ny,na, .. .]|w denotes the inventory of the set F-structures left fixed under the action

of a permutation o of type (n1,n2,ns,...). Moreover, the formulas
a) Fy(z) = Zp, (£,0,0,...) and b) Fy(z) = Zp, (z,2%,2°%,...)

remain valid.
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Species Structure Weight

F,+ G, s w(s) if s € F[U]
v(s) if s € G[U]

Fw'Gv s = (fvg) U)(f)?)(g)

Fwon s = (TF, f7 (PVP)PGW) w(f) Hpeﬂ' v(fyp)

Fr ; w(s)

Fw. S:(fvu) UJ(f)

Fw X Gv s = (fvg) w(f)v(g)

F,0G s w(s)

(G non-weighted)

Table 3.1: Weights for usual operations

The operations +, -, 0, ', *, x and O are defined in the same fashion on weighted species as in

the non-weighted case, but the weights of the structures have to be carefully defined. See Table 3.1
for the precise definitions. Observe that for the product, the substitution, and the Cartesian
product, a principle of multiplicativity, induced from (3.2), is used to define the weights. The goal,
of course, is to reflect correctly the corresponding operations on the generating series. However,
the plethystic substitution of the cycle index series must undergo an important modification in the
weighted case.

Definition 3.9. Let F}, and G, be two weighted species of structures, such that G(0) = 0 (i.e.,
there is no G-structure on the empty set). The plethystic substitution of Zg, in Zp,, denoted
by Zp,oZ¢q, (or Zp,(Zg,)) is defined by

Zr,0Za, = Zr,(Zc,)1,(Z6,)9 (Za, )35+ -) s (3.3)

where, for k =1,2,3,..., (Za,); (1,22, 23,...) = Zq. (T, Toky T3k - - -)-

The reader should take note that in the series ZGvk (Tk, Tok, T3k, - - .), the weighting v is raised
to the power & (in the ring R) and the indices of the variables x; are multiplied by k.

Remark 3.10. It often happens that the weights of the structures of a species G, are monomials
in the variables a, 3, 7, ... . In this case, setting g(«, 8,7, ...;21,22,23,...) = Zg, (1, x2,T3,...),

gk = (ZGU)k = g(aka 6k77k7 v s Ty T2y L3y - - )
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Proposition 3.11. Let F, and G, be two R-weighted species of structures. Then

8) (Fy + Go)(@) = Fu(z) + Golz), &) Zipyic) = Zry + Zoy;
b) (FuGo)(x) = Fu()Gy(z), Y) Zp,.c.) = Zr, 26,

) Fiyle) = S Fulw) ¢) Zry, = 5 r -
D) (Fo x G)(@) = Fol@)x Gula), &) Zipuxcny = 2 % 2o

e) (FpoGy) (z) = Fuy(Gy(z)), &) Zp,oc, = Zr,02G,;

£) (Fo0G)(x) = Fu(z)0G(2), ') Zp,06) = Zr 0%,

It is necessary to assume, for e) and €’), that G,(0) = 0; and, for f), that G is an ordinary
(non-weighted) species.

These equalities constitute powerful tools for calculation. Their proof is left as an exercise to
the reader, except for formula (3.4), €’) which is proved in Chapter 4 of [22].

Let « be a fixed element of the ring R. To each species F', we can associate the R-weighted
species Fy, by giving each structure of F[U] the same weight . Clearly then F,(x) = o F(x), and
ZF(X =« ZF

Example 3.12. In this manner, starting from C, the species of oriented cycles, we can construct
the species C, with weight « for each cycle. The species S, of Example 3.7, is then isomorphic to
the species E(Cy), by the principle of multiplicativity. We deduce then that

) Su(e) = expl-atogl1 —a)) = ()

11—z
. 1 1 vp(a)
b) SW(x)_Hl—axk_H<l—xk> ! (3.5)
E>1 k>1
1 vi (o)
c) st(m,xz,ms,--.):H(l_ ) ;
E>1 Tk

where v, (a) = %Zd‘n ¢(d)a’/? and ¢ denotes Euler’s ¢-function.

Example 3.13. In a similar fashion, considering the species E,, of non-empty sets of weight ¢, we
can form the species Par,, = E(E,,) of partitions weighted by number of parts: w(r) = ¢/, where
|| is the number of blocks of a partition m. The following series are then obtained

a) Par,(z) = expt(e® — 1),

o 1 1 vi(t)
b) Paru(o) =[] = = 11 (1_xk> ’ (36)

k>1

1 1 1
C) Zparw (xl, T2,T3, . . ) = expz %tk (exp(aﬁk + §x2k + gxgk + .. ) — 1).
k>1
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Example 3.14. Consider now the species A of rooted trees each having weight s. By substitution
in S, we obtain the species End, = S,,0.A45 of endofunctions v, weighted by v(¢)) = srec(¥) geye(¥)
where rec(¢)) denotes the number of recurrent elements of 1, and cyc(¢)) denotes the number of
connected components of 1. Since As(z) = sA(x), ;(s(x) = sA(z), and Z4, = sZ4, we obtain,
after some calculation, the following series

1 «
) Bndy(o) = <1 - 8«4(56)> 7 ()
__ 1 me

k>1

1 vi(a)
¢) Zend, (21, 22,23, ...) = H <1 — sk Z4( )> |

E>1 Ly L2ky L3ky - - -

Expanding the series End, (x) according to powers of x, the following expression is obtained for the
total weight of all endofunctions on a set of n > 1 elements (see Exercise 3.5):

[End [n]], = Z S <Z> n"FsFa(a+1).. . (a+k—1). (3.8)
k=1

In particular, setting s = a = 1, we deduce the identity
n
n"=> kn" Fn-1)(n-2)...(n—k+1).
k=1

Example 3.15. SYMMETRIC FUNCTIONS. Substituting the species X; of singletons of weight ¢ into
an ordinary species F', we obtain the weighted species F'(X;). Here, the weight of a structure of
species F(X;) on a set U is given by tIUl. Since an F(X;)-structure is simply an F-structure on a set
U together with a weight ¢ on each of its elements, we have the identity F'(X;) = F x E(X;). More
generally, let 7 be a finite sequence of distinct variables t1, ts, ..., %, and define the weighted species
X; =Xy, + X, +...+ Xy, . Thus an X -structure is a singleton of weight ¢;, for some 7 between 1
and k. Now consider the composite species FI(X;) = F(Xy, + X, +...+ X3, ); an F(X,)-structure
corresponds to placing an F-structure on a set of singletons of weights ¢;, 1 < i < k. Figure 3.2
shows that
F(Xy, + X, +...+Xy,) = F x (B(Xy,)E(Xy,) ... E(Xy,)) .

Another way of visualizing F(X;)-structures consists of assigning a “color” i, 1 < i < k, to
each element of the underlying set of an F-structure and to give to this F-structure the weight
ty1ty? ... tp*, where n; is the number of elements of color ¢ in the underlying set. The general
formula of weighted plethysm (3.4), €’), then gives

ZF(Xt1+Xt2+...+th) = ZF($1(t1 + tQ 4 .. .),xg(t% + t% .. .), .. )

since | |

%
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Figure 3.2: Decomposition respective to type of weight.

This cycle index series allows, in particular, the enumeration of unlabeled F'(X;)-structures. By
restriction to m-element sets (i.e., by considering the species F),), the enumeration of unlabeled
F-structures on n points, colored with k colors, is given by the following polynomial in k£ variables
tlat27"'7tk’

—_—~—

2" F(X:)(x) = Zr, (b1 + oo+ b)), (B4 ), (4 1), (3.9)

of total degree n. As is studied in Chapter 4 of [22], this is essentially the classic enumeration
theorem of Pélya. Moreover, the functions p, = t + t5 + t§ + ..., are the traditional power
sum symmetric functions, so that for each n and each species F', we obtain a symmetric function
Zr, (p1,p2,p3, - . .) by enumeration of unlabeled F(X,)-structures on a set of cardinality n. In par-
ticular, for the species F,, of sets of cardinality n, we obtain the complete homogeneous symmetric
functions

P

hn(ti,to,ts,...) = [2"] E(X;)(x)

- Z (A
ni+ngs+..np=n
and the following well known expression for complete homogeneous symmetric functions in terms
of power sums
di ,do ds
R Sl
hp,=2 ,P3...) = —=—s 3
n=2g,(p1.p2,p3...) = > ant(d)
dkn
the sum being taken over all the sequences d = (d1,da, . ..) of integers > 0 such that n = d; +2ds +
3ds + . ... Equivalently

> hn=E(X.)(2)|,_, = Ze(p1,p2,...) =exp | Y =l
n>0 k>1
Note that it is possible to take an infinite number of variables t1,to, ... in these formulas. In this

case, the species F'(X;) is no longer finite, but it is summable, that is to say, for any finite set
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U, F(X;)[U] is a summable weighted set in R = C[t1,t2, ...]. Since the power sum functions
(in infinitely many variables) are algebraically independent in the ring of symmetric functions,
the identities in (3.9) characterize the index series Zp. We point out that according to Frobenius
correspondence, Zg, (p1,p2,P3,--.) is the symmetric function corresponding to the representation
of the symmetric group obtained by linearizing the group action S,, X F[n] — F'[n]. In fact, for
any permutation o € S, fix F|o| is equal to the trace of the permutation matrix of Fo], that
is, the character of the representation (see [297] for instance for more details). With this point
of view, we can easily deduce certain symmetric function formulas from previous results on cycle
index series, for example (see Exercise 3.7) we get that

1
ZS(p17p27 . ) = H

i1 1—px

corresponds to the action of the symmetric group on itself by conjugation.

To conclude the present section, we show how weighted species can lead to combinatorial models
for certain classical families of orthogonal polynomials, such as, for example, Hermite polynomials.
See also Exercise 3.8 as well as Exercise 3.9 where Laguerre polynomials are treated.

Example 3.16. HERMITE POLYNOMIALS. Consider the weighted species Inv,, of all involutions
(i.e., permutations ¢ such that g o = Id), weighted by w(y) = t¥1(—1)¥2, where ¢, is the number
of fixed points of ¢ and ¢ is the number of cycles of length 2 (the edges in Figure 3.3) in ¢. We
obtain the combinatorial equation Inv,, = E(X; + (C2)—1), where (C2)_; denotes the species of
cycles of length 2 and weight —1, and it immediately follows that

Inv,(z) = exp(tz — 717 Z Hy( (3.10)

n>0

where the coefficient H,(t) denotes, by definition, the (unitary) Hermite polynomial of degree n in
t. Thus this classical polynomial appears as the inventory of all involutions on a set of n elements:

Hu(t)= Y 71 (=1, (3.11)

peInv(n]

The other series associated with Inv,, are given by

_ 1 (—1)k
Inv,(z) = d Zin, Ej t* 2 . 3.12
el = ey M A =g G ) e

since Zx = x1 and Zg, = Zg, = (22 + x2)/2. Most classical properties of Hermite polynomials
(recurrences, differential equations, Mehler’s formula, coefficients of linearization) can be deduced
from this combinatorial model (see Exercise 3.8).
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4 I
-1 .—._1
o O
o
.-1 o
o/
@ .t
\_ J

Figure 3.3: An involution of weight —#*.
3.2 Extension to the multisort context

3.2.1 Multisort species

The theory of species can naturally be extended in yet another direction by considering structures
constructed on sets containing several sorts of elements. It is an undertaking analogous to the
introduction of functions in many variables.

Example 3.17. Consider tri-chromatic simple graphs, that is to say, simple graphs constructed on
triplets of sets (Uy, Us, Us), corresponding to three distinct colors, in such a manner that adjacent
vertices have different colors. Figure 3.4 represents one such graph, where U; = {a,b,c,d, e},
Us ={1,2,3,4,5,6,7} and Us = {m,n,p,q} correspond respectively to the colors yellow, red and
blue. Another example is given by rooted trees constructed on a set having two sorts of elements:

'd 1\

Figure 3.4: Sorts as colors.

(green) leaves and (blue) internal vertices. See Figure 3.5. In this example, the elements of leaf
sort are not placed in an arbitrary manner; by convention, they are located at the end of the paths
starting from the root. In other words, these are the vertices with empty “fibers”.

For transport of structures, multisort species are distinguished by the fact that “transport is
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Figure 3.5: Internal nodes and leaves as sorts.

carried out along bijections preserving the sort of the elements”. We illustrate this with rooted
trees. Figure 3.6 represents the transport of a rooted tree on two sorts (internal vertices and leaves).
The bijection o : Uy + Uy — V1 + V5 along which the transport is carried “must necessarily” send
each internal vertex (€ U;) to an internal vertex (€ V) and each leaf (€ Uz) to a leaf (€V3).

' N

G = a,b,c,d,e,fiq,r,s,t,x,y,z
a’ B’Xa 67 85 q) 67 p’ 07T7 En w:C

Figure 3.6: Multisort transport preserves colors/sort.

These preliminary considerations justify the definitions which follow.

Definition 3.18. Let £ > 1 be an integer. A multiset (with & sorts of elements) is a k-tuple of
sets U = (Uy, ..., Ug). For brevity we say that U is a k-set. An element u € U, is called an element
of U of sort 3. The multicardinality of U is the k-tuple of cardinalities |U| = (|Ui],...,|Uk|). The
total cardinality of U is the sum

WUl = U]+ ...+ |Ugkl
Definition 3.19. A multifunction f from (Uy,...,Ug) to (Vi,..., V%), denoted by

f:(Ul,...,Uk)—)(%,...,Vk),
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is a k-tuple of functions f = (f1,..., fi) such that f; : U; — V;, for i = 1,..., k. The composition
of two multifunctions is made componentwise. The multifunction f is said to bebijective if each
function f; is bijective.

Definition 3.20. Let k£ > 1 be an integer. A species of k sorts (or k-sort species) is a rule F
which produces

i) for each finite multiset U = (U, ..., Uy), a finite set F[Uy,..., U],
ii) for each bijective multifunction
g = (0'1,...,0'k) : (Ul,...,Uk) — (Vl,...,Vk),

a function

F[O’]:F[Ul,...,ak}:F[Ul,...,Uk]—>F[V1,...,Vk].

Moreover, the functions F[o] must satisfy the functoriality properties, that is to say, for bijective
multifunctions 0 = U — V and 7 : V — W, and for the multifunction identity Idy : U — U,
it is required that

a) Froo| = F[r]oF]o],
b) Flldy] = Tdp.

As before, an element s € F[Uy,...,U] is called an F-structure on (Uy,...,Uy) (or a structure
of species F' on (Uy,...,Ug)). The function F[oy,..., 0] is thetransport of F-structures along
(01y...,0). If t = Flo1,...,0%](s), then s and ¢ are said to be isomorphic F-structures. Again,
this is an equivalence relation for which the classes are still unlabelled F-structures.

The usual graphical conventions for the representation of F-structures extend to the multisort
context (see Figure 3.7, for k = 3) by associating to each element of the underlying set a number
(or a shape, or a color, ... ) identifying its sort. Of course, it is not necessary that there be at least
one element of each sort in an F-structure. Thus, every multisort species can also be viewed as a
multisort species on a larger set of sorts.

Remark 3.21. It is often useful, in practice, to represent the multiset U = (Uq, ..., Ug) underlying
a structure as being the set Uy 4 ...+ Uy, ( disjoint union Ule Ui x {i}), also denoted by U. There
follows a function X = Xy : U — [k], associating to each element its sort, that is to say, the fibers
Xal({z}) being the U;, i = 1,...,k. In this case, the multifunctions are identified with ordinary
functions f: U — V preserving sorts, that is to say, such that Xy of = Xy.

We leave to the reader the task of formulating in functorial terms the definition of multisort
species and of showing the equivalence of the different points of view presented in the preceding
remark (see Exercise 3.19). To each sort, one can associate a species of singletons.
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4 N

. /

Figure 3.7: Typical multisorted F-structure.

Definition 3.22. For each i, 1 <i < k, the (k-sort) species X; of singletons of sort i is defined

by
x,v] = 4 Uh =1, and U; =0, forall j 74,
0, otherwise.
In other words, there is an X;-structure on (U, ..., U) only if

U=0+0+...+ {u} +0+...+0={u}
~~

ith position
is a singleton of sort ¢. In this case, {u} is the unique X;-structure.

Remark 3.23. Other variables can be used to designate the species of singletons. The variables
currently utilized are the letters of the alphabet X, Y, Z, T, with or without indices. Note the
abuse of language which consists in saying, for example, that a Y-structure is a singleton ofsort
Y. One often writes F' = F(Xy,..., X)) to indicate that F is a k-sort species. This notation is
moreover compatible with the substitution of species defined later in this section.

3.2.2 Weighted multisort species

By combining the notions of multisort species and weighted species, the more general concept of
weighted multisort species is obtained.

Definition 3.24. A weighted multisort species F' = F, (of k sorts) is a rule which associates

i) to each multiset U = (Uy,Us, ..., Uy), a weighted set (F[U],wy),

ii) to each bijective multifunction o = (o1, 09,...,0k) a function Flo1,09,...,0k|, which pre-
serves the weights, in such a way that the functoriality conditions of Definition 3.20 are
satisfied.



88 CHAPTER 3. VARIATIONS ON THE THEME SPECIES

The reader will easily define for himself, following analogous previous contexts, the correspond-
ing notions of isomorphic structures, isomorphism types, equipotent species, and isomorphic species
(combinatorial equality). The operations of addition, multiplication, substitution, differentiation,
cartesian product, pointing and functorial composition are also defined essentially in the same
manner as in the weighted unisort case, in analogy with functions in many variables. This is made
easier by the introduction of some terminology for a k-set U = (Uy, ..., Ug).

— A k-set dissection of U is a pair k-sets (V, W) such that for i =1,...,k, U; = V; UW; and
Vi N W; = 0. We denote by A[U], the set of dissections of U.

— A k-set partition 7 of U is a partition of the total set U; + ...+ U,. Each class C € =«
can be viewed as a multiset of k sorts, where C; = C' N U;. We denote by Par[U], the set of
partitions of U.

Definition 3.25. For two weighted k-sort species F' and G and a k-set U = (U1, Us,...,Uy), we
naturally set (F'+ G)[U] = F[U| + G[U], and

(F-G)Ul= >  FIV]xGW],
(V,W)eA|U]

The sums and products in the statements above being taken in the sense of weighted sets. Keeping
going with our extension of operations to the weighted multisort context, let F' = F'(Y1,...,Y,,) be
a weighted m-sort species, and (G;);=1,...m be a family of weighted k-sort species. Thepartitional
composition F(G1,...,Gy) (substitution of the G, j = 1..m in F') is a k-sort species defined by
setting, for U = (Uy,...,Uy),

F(Gy,....Gn)lUI= Y Fx'x [ &ilc],

wEPar|U] JE€|m]

X:m—[m) CEX_I(j)
where, for each function X : 1 — [m], X~! denotes the m-set (X~1(),...,X"!(m)) associated to
X. In descriptive terms, an F(Gq,..., Gy, )-structure is an F-structure in which each element of

sort Y; has been inflated into a cell which is a structure of species Gj. By definition, the weight
of such a structure s is the product of the weights of the F-structure and the Gj-structures which
form s.

Example 3.26. Let F, (X,Y) = Cat(Aw(X),Gu(X +7Y)), where Cyt(X,Y) = C(X-Y) is the
species of alternating oriented cycles of two sorts of elements, weighted by ¢t (n being the length
of the cycle), G, is the species of simple graphs weighted by r¢ (where e is the number of edges of
the graph), and A,, is the species of rooted trees weighted by s/ (where f is the number of leaves
of the rooted tree). Figure 3.8 represents an F s ;-structure as well as its weight.

For F = F,,(Y1,...,Yy), the functorial composition FO(Gy,...,Gn) = F[G1,...,Gy] is only
defined if each G; is not weighted. One then sets

FD(Gl,...,Gm)[Ul,...,Uk] :F[Gl[Ul,...,Uk],...,Gm[Ul,...,UkH.
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e N
t
t
\_ /
Figure 3.8: An F, ;;-structure of weight rilg9¢d,

The weight of an F,[Gq,...,Gpyl-structure s on (Uy,...,Uy) is, by definition, its weight as an
Fy-structure on (G1[Uq,...,Ugl,...,Gn[U1,...,Ux]). There are as many notions of partial differ-

entiations 8%(1' as sorts. For a k-sort species F' = F,,(X1,..., Xk), one sets
0

( F)[Ul,...,Uk]:F[Ul,...,Ui—l—{*i},...,Uk],
0X;

the weight of a (0F/0X;)-structure s on (Uy,...,Uy) being equal to the weight of s as an F-
structure of (Uy,...,U; + {*;},...,Ux). The usual rules of differential calculus remain valid for
multisort species. For example, the following partial differentiation chain rule holds: if F', G and
H are two-sort species (X and Y'), then

0 0G OH

—FG H)=Fx(G,H)—=+ Fy(G,H)—
where F'x = OF /0X. There are also k operations of pointing which are carried out by setting, for
i=1,...,k,

0
F* =X,—F.
‘90X,

We leave to the reader the task of formulating the precise definitions of the diverse combinatorial
operations introduced, with regard to the transport of structures.

The generating series of weighted multisort species are defined by introducing one formal
variable x,y, z,t,... for each sort X,Y,Z T,... . For the case of index series, it is necessary to
introduce an infinite number of formal variables

L1y L2y e e 3 YLy YDy e -3 21522531, 02,05 ee
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for each sort X,Y,Z,T,... . Here is the definition of these series in the case of two sorts. It is
straightforward to state the corresponding definitions in the general case.

Definition 3.27. Let F' = F,(X,Y) be a weighted two-sort species. The generating series F,(z,y),
the type generating series F,(x,y) and thecycle index series Zp, are defined by

Pl yk
F’w(q’.vy) = Z ’F[?’L,k‘”w mﬁ7
n,k>0 T

where |F'[n, k||, is the total weight of F-structures on ([n], [k]),

Fy(z,y) = Y |Fln K/~ w2y,
n,k>0

where |F[n, k]/~ |, is the total weight of unlabelled F-structures on ([n], [k]),

1 . o T1, T
ZFw(331;$273737--~§3/173/2>y37~--> = Z W Z ‘FIXF[U,T”w[EllZUgQ "'y11y22 )

nk>0 " oE€Sn
- TESE

where |Fix F[o, 7]|. is the total weight of F-structures on ([n], [k]) that are left fixed under transport
along (o, 7).

One has the formulas

Fy(z,y) = Zp,(x,0,0,...59,0,0,...), (3.13)
F\'I/U(x7y) = ZFw($7x27$3?'";y?y27y3"")7 (3'14)
and the passage to series is compatible with the combinatorial operations +, -, o, ’ , x , *, and
0. Let us describe explicitly the case of substitution. If F' = F,(X,Y), G = G,(X,Y) and
H = H,(X,Y) are three weighted two-sort species X and Y such that G(0,0) =0 = H(0,0), then

a) Fu(Gu, Hy)(z,y) = Fu(Gu(z,y), Hy(,y)),

_ —~ — — —

b) Fu(Gu, Hy)(z,y) = ZF, (Gu(x,y),Guz(xz,yz), oo Hy(z,y), Hy2 (xQ,yQ), o),

b) ZFw(Gu;Hv) = ZFw (ZGu’ ZH’U) = ZFw((ZGu)17 (ZGu)2’ s 7 (ZH'U)]-7 (ZHU)27 . ‘)7

where, for k > 1, (Zg,)k(z1, 22, 23,...) = Za (xk, Tok, T3k, ...). This last substitution is the
plethystic composition of weighted index series, in the variables z; and y;, ¢ = 1,2, 3, ..., defined
in an fashion analogous to plethystic substitution for weighted unisort species (see Definition 3.9).
These properties constitute, once more, powerful computational tools in concrete applications.
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Example 3.28. Consider three sorts of elements X, Y and Z. Their sum forms the species
X+Y+Z An (X +Y + Z)-structure is then a singleton of one of the three sorts X, Y or Z.
Substitution into a unisort species F'(X) gives the species F(X+Y +7). An F(X+Y +Z)-structure
is an F-structure placed on a finite (multi-) set formed from three sorts of elements (possessing
an arbitrary number, possibly zero, of elements of each sort). Thus, the species S™¢ of tri-colored
permutations can be written in the form S™i¢(X,Y, Z) = S(X +Y + Z), S = S(X) being the usual
species of permutations on a single sort X. More generally, one can substitute any sum of sorts
(weighted or not, with or without repetitions) for each variable in a weighted multisort species. For
example, beginning with a weighted multisort species Fi,(X,Y, Z,T,...), one can form the species
Fy,(3X + T, X, Xs,5X + 4Y;,...), where X, (respectively, Y;) denotes the species of singletons
of sort X and of weight s (respectively, of sort Y and of weight ¢). It is interesting to note the
following combinatorial equations:

Fy(mXs,nYy,...) = Fu,(X)Y,..)x E(mXs+nY;i+...)
= F,(X,Y,...) x (E™(Xs)-E™"(Yy)-...).

The example of tri-colored permutations S™¢(X,Y, Z) = S(X +Y + Z) could lead one to ask
if for any multisort species F' = F(X,Y, Z,...) there exists a species with one sort H = H(X) such
that F(X,Y, Z,...) is of the form H(X +Y + Z +...). This is false (just as for functions in many
variables).

Example 3.29. For a combinatorial verification, it suffices, for example, to examine the species
Cait(X,Y) of alternating oriented cycles on two sorts. To obtain a C,y-structure, one must alter-
nately place elements of sort X and of sort Y to form an oriented cycle (see Figure 3.9 a)). We

4 N 4 N
f F.
° :
v
Y: O . \\J
o / o /
Figure 3.9: a) Alternating color cycle. b) Cycle of colored pairs.

are going to show that for any unisort species H = H(X), we have Cq(X,Y) # H(X +Y). In-
deed, making the substitution Y := 0 in the equation gives C,(X,0) = H(X). An H-structure
must then be an alternating cycle not having any element of sort Y. But an alternating cycle
must have as many elements of each sort, so we deduce that such a structure cannot exist (since a
cycle must always contain at least one element). Thus H = 0 (the empty species) and we deduce
Cait(X,Y) = 0, which is false. Figure 3.9 b) shows, however, that one has the combinatorial equa-
tion Cai(X,Y) = C(X'Y), where C = C(X) is the species of oriented cycles (on the sort X). The
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following series are immediately deduced:

1 — Ty p(k) 1
Core (2, 7) = 1 . Con(z,y) = Cand Ze, = 1 .
1t(z,y) = In <1 — xy) (2, y) 1— zy an Cait Z A TrYk

k>1

Another interesting example of a combinatorial equation comes from the following decompo-
sition of the species C(X + Y) of oriented cycles on two sorts X, Y of elements:

C(X +Y) =C(X) +C(YL(X)).

This formula expresses the fact that if a C(X + Y)-structure has at least one element of sort Y,
then it can be identified, in a natural manner, to an oriented cycle formed from disjoint chains
of the form yxix2...xk, where y is an element of sort Y and the z; are distinct elements of sort
X (see Figure 3.10). The reader is invited to analyze the precise form which this equation takes
when passing to generating and index series (see Exercise 3.24). Every weighted multisort species

~

ﬁ ?
NP

Figure 3.10: Cycle of disjoint chains.

/

F, = F,(X,Y,Z,...) has a canonical decomposition of the form

Fw:ZFw;n7

n>0

where Fy., denotes the multisort species F,, restricted to the multicardinality n = (m,n,p,...),
defined by

Fo vy - { Bl VW ULV =
o U 0, otherwise.

To end the present section, we examine an important operation that can be performed on multisort
species: the passage to isomorphism types according to one of the sorts, illustrated here in the case
of two-sort species.

Definition 3.30. Let F' = F,,(X,Y’) be an R-weighted two-sort species. Consider two F-structures
s€ F|U,V]and t € F[U’,V']. One says that s and ¢ have the same isomorphism type according
to the sort Y (and one writes s ~y t) if U = U’, and t is obtained from s by transport of structures
along a bijection of the form o =Id+60 : U +V — U + V', where 6 : V. — V' is a bijection.
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The class of s according to the equivalence relation ~y is called the type of s according to Y
and is denoted by Ty s. One says that U is the underlying set of Ty s. In more visual terms, one has
s ~y t if and only if s and ¢ become equal when the elements of sort Y are made indistinguishable
in their underlying sets. The structure thus obtained represents the type Tys. For each finite set
U, we can consider the set of types according to Y Ty F[U| = {Tys | IV,s € F[U,V]}, of which
U is the underlying set. This set is infinite in general, but summable in R[y] if we introduce a
variable y as a counter for the points of sort Y, by analogy with the isomorphism types series of
unisort species. In other words, we define the weight of a type Tys, for s € F,[U, V], by setting
w(Tys) = v(s)y!Vl. We then have

—_—~—

Ty FlU]lw = F[U, Y)(y),

where F,[U,Y’) denotes the species of one sort Y derived from F,(X,Y’) by keeping the first com-
ponent fixed (= U). This gives a species of R[y]-weighted structures, denoted 1y, F,, called the
species of types of F'(X,Y)-structures according to the sort Y. The definition of transport
functions is left to the reader. It is sometimes possible to set y = 1 in this process. A sufficient
condition is that the sets Ty F[U] be finite, or that the species F(X,Y") be polynomial in Y, in the
following sense.

Definition 3.31. Let F' = F(X,Y") be a species on two sorts X, Y, whose canonical decomposition

1S
F= Z Fpp.

n,k>0

We say that F' is polynomial in Y if for any n > 0, there exists NV > 0 such that kK > N implies
For=0.

When the species F' = F,,(X,Y) is polynomial in Y, then for each finite set U the set Ty F[U]
of types according to Y is a finite union of sets, that are finite or summable in R, of the form
FlU,V]/~y. It is then itself finite or summable in R and thus determines a species of struc-
tures, denoted by Ty F, for which Ty F = Ty;yF‘yzl, and which could also be denoted by F(X,1)
(see [163], Section 2.1). More generally, one can define (see Exercise 3.28) the types of a species
Fy (X1, Xa,..., X}) according to the sort X; as well as the (k — 1)-sort species

TXi;xiFw = TXi;ziFw(Xla s 7Xi—17 Xi+17 s )Xk)
Here is an example of a species of the form Ty F.

Example 3.32. Consider the species I' = I'(X, Y") of graphs constructed on vertices (of sort X)
and edges (of sort V). A T'-structure on a pair (U, V) is then a graph in which the set of vertices
is U and the edges (all distinguishable from one another) form the set V. We see also in this case
that I' is polynomial in Y, for we can select N = (3) + 1 in the preceding definition. Figure 3.11 a)
illustrates a I'-structure on the set U = {a, b, ¢, d, e, f} of vertices and the set V = {m,n,p, q,r, s}
of edges, whereas Figure 3.11 b) shows the Ty T'-structure to which it corresponds, of weight 3°.
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This Ty '-structure is quite simply a graph in the usual sense since the edges (represented by line
segments) have become indistinguishable. We have the equation G, = Ty, I', where G, = G,(X)
denotes the species of simple graphs, with an edge counter y, that is with weight v(g) = y°9) where
e(g) is the number of edges of the graph g. Moreover, by considering multigraphs, where multiple
edges are allowed, we obtain a weighted species admitting a (summable) infinite set of structures
(see Exercise 3.17).

Figure 3.11: a) b).

Note the following formulas for the series associated to species of the form Ty, F:

a) Zry, (1, ®2,3,...) = Zp(21, 22,23, .. 55,4, 9%, .. ),
b) (Ty ., F)(x) = Zp(z, 2%, 23, ..y, 92, 9°, ), (3.15)
c) Ty F(x) = Zp(x,0,0,... ;y,yQ,yg, ce)s

where Zp (1,2, 3,...;Y1,Y2,Y3, - . .) denotes the cycle index series of the weighted two-sort species

F =F,(X,Y). (See Exercise 3.20 d)).

3.3 Exercises

Exercises for Section 3.1

Exercise 3.1. Let K C C be an integral domain and R = K[t1, to, .. .], a ring of formal power series
in the variables ¢1,ta,... . We say that the weighted set (A, w), where w : A — R, is summable if,
for any monomial p = ¢]*¢5? ... in the variables t1,ts, ..., the following set

W, = {a € A [uw(a) # 0}

is finite (recall that [pjw(a) = [t]'t5?...]w(a) denotes the coefficient of the monomial y in the
formal series w(a)). We define the inventory (or total weight or cardinal) of a summable weighted
set (A, w), as being the unique element of R (i.e., the formal series), denoted by |A|, = Y ,c 4 w(a),
satisfying

(1] [Alw = ) [1]w(a)

aeW,,
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for any monomial p = t7*t5% ... . Let (A, w) be a weighted summable set.
a) Show that if S C A and wg : S — R denotes the restriction of w to S, then the weighted set

(S, wg) is summable.

b) Show that if (B,v) is a weighted set such that (A, w) ~ (B, v) (see Definition 3), then (B, v)
is summable and |Al,, = |Bs.

c) Show that if (B,v) is a summable weighted set then the weighted sets sum, (A, w) + (B,v),
and product, (A, w) x (B, v) (see Definition 4), are summable and the formulas (3.2) are valid.

Exercise 3.2. a) Let A=N, ={1,2,3,...} and set w(a) = t1t3...t2 for all a € A. Show that
A is summable and calculate the inventory |A|,.

b) Denote by 7(n), the number of divisors of an integer n > 1. Is the weighted set (N4, v), where
v(n) = "™, summable?

c) Let A be the (infinite) set of all the trees on the set of vertices {1,2,...,n}, where n runs
over N. Define the weight w(a) of a tree a by w(a) = t{*t5* ..., where n; is the number of
vertices of degree i in a,i = 1,2,3,.... Show that A is summable and interpret the inventory
| Al combinatorially.

Exercise 3.3. Let A, B and C be disjoint sets, with |A| = a, |B| = b, and |C| = ¢. Denote by
Inj(A, AU B) the set of injective functions f : A — AU B weighted by w(f) = A%¥°/),

a) Show that

nj(A, AUB)|y = A+~ =A+b) A+b+1)...(A\+b+a—1)

b) Establish an isomorphism of weighted sets
Inj(AUB,AUBUC) - Inj(4,AUC) x Inj(B,AUBUC)
and write the identity which corresponds to it.

Exercise 3.4. a) Establish Proposition 11, excluding (3.4), €’).

b) Show that Definition 9 makes sense and verify the summability conditions which are implicit
in formula (3.3).

Exercise 3.5. a) Verify formulas (3.5) giving the generating and index series of the species S,
of permutations with cycle counter a.

b) Show moreover that

i) |Sn)|lw=a"" =ala+1)...(a+n—-1),
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ii) for a permutation o of type (o1,02,...)

FixSfo]lw = [ wi(@) (@j(@) + ) - (wj(e) +j (05 = 1)).

j=1

where wy (o) =34, o(d)a™

c¢) Verify formulas (3.6) giving the generating and index series of the species Par,, of weighted
partitions by block count.

d) Show that

> S(n, k)tk%? = exp(t(e” — 1)).

n>0 k=0

Exercise 3.6. a) Prove formulas (3.7) giving the generating and index series of the weighted
species End, of endofunctions, described in Example 3.14.

b) Establish formula (3.8) for |[End[n]|,. Hint: Take as known that the number of forests made
up of k rooted trees on n vertices is given by * ( )n” kon>0.

Exercise 3.7. LYNDON WORDS AND TYPES OF COLORED PERMUTATIONS. Consider the alphabet
A=N;p ={1,2,3,...},

weighted by the function w(i) = t;. Then |A], = pi1, and more generally, for k& > 1, |A| + =
th + & + ... = pr. Denote by A" the set of all words of length n (n > 0) and by A* the set
of all the words in the alphabet A. One extends the weighting w to A* by associating to the
word ij...k € A*, the commutative word (or monomial) ¢;t;...t;. A* forms a monoid under
concatenation. Two words m and m’ are said to be conjugates if there exists a factorization
m = uv so that m’ = vu. This constitutes an equivalence relation for which the classes are called
the circular words. A Lyndon word is a primitive (i.e., not a positive power of another word)
word which is smaller than all its conjugates with respect to the lexicographic order. Denote by
C(n) the set of circular words of length n and by L(n), the set of Lyndon words of length n.

a) Show that for n > 1,

C)lw = X g [ L0/ )],
Ay =i = Y g 5 L0/ )]y,
L) = £ 3 () 9,

(C ()l = L Y 6(d) 1,

Hint: Here p denotes the Mobius function and ¢ Euler’s ¢-function. Use the fact that

(n) = n Yy, M.

1

|
i) |
iii

i)
i)
i)
)

v
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b) Consider the weighted species X, = Xy, + Xy, +. .., the species C of cyclic permutations, and
the composite species C(X,), whose structures are called colored cycles. Show that there
exists an isomorphism of weighted sets between (C'(n),w) and unlabeled C,,(X;)—structures

and that o .
e ()= 3 25 ) g/ = 3 A 1og

n>1 dln m>1

1 —ppam’
Deduce formula (2.20) giving the index series Z¢.

c) A colored cycle is called asymmetric if its only automorphism is the identity. Denote by
C(X;), the species of colored asymmetric cycles. Show that there exists an isomorphism of
weighted sets between Lyndon words and unlabeled colored asymmetric cycles. Deduce that

CO0) (1) =3 25 ) = 3 P g
din

1—ppa™’
n>1 m>1 Pm

d) Show that every word p € A* can be written in a unique manner as a product p = ¢14s ... 0y,
where the ¢; are Lyndon words and ¢; > #o > --- > £, with respect to the lexicographic order
(see Chapter 5 of [227] or Chapter 8 of [280]). Deduce that the series |A*|, = 1/(1 —p;1) can
be viewed as the inventory of unlabeled assemblies of asymmetric colored cycles.

e) Show that |L(n)|,x is the inventory of words of length nk that are circular and k-symmetric,
that is to say, of the form u*, where u is primitive. Show that the series 1/(1 — p;) can be
considered as the inventory of unlabeled assemblies of k-symmetric colored cycles, that is to
say, whose automorphism group is the cyclic group of order k.

f) An S(X;)-structure is called a colored permutation. It is an assembly of colored cycles. By
regrouping these colored cycles according to the order of their automorphism group, deduce
from e) that

—_~— 1

SXo) (@) =[] —=
_ k

i1 1—przx
g) A colored permutation is called asymmetric if its only automorphism is the identity. It
consists of an injective assembly (i.e., whose members are pairwise non-isomorphic) of colored
asymmetric cycles. Denote by S(X;), the species of asymmetric colored permutations. Show
that the series pa/(1—p1) can be viewed as the inventory of unlabeled non-injective assemblies

of asymmetric colored cycles (see [266]). Deduce that

1 — poa?
S(X7) (z) = ﬁ

Exercise 3.8. HERMITE POLYNOMIALS. The (unitary) Hermite polynomials can be defined by
formulas (3.10) or (3.11), that is to say from the combinatorial model of involutions ¢ weighted by
w(p) = 191 (~1)%>



98

a)

b)
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L3]

|
Show that H,(t) = (—2)—kmt"—%.
2 . .

B

A variant H,(t) of the Hermite polynomials is defined by the renormalization H,(t) =
2"/2 H,(t+/2). Show that

_ p
Z Hp(t) — = exp(2tz — z?).
= n!

(Chapter 5 of [60]) Establish formulas (3.12) and show that for any permutation o of type
(01,09,...) _
[FixTnv[oll = [[(=1)719)F Ho, (€)),
i>1

where

9+ x(j is even)(—1)7/2
T ()

Show combinatorially that the polynomial y = H,(t) satisfies the differential equation y” —
ty +ny=0.

&

Hint: study the effect of the derivative on the weighted involutions.
Show combinatorially that Hy41(t) =t Hy(t) — n Hp—1(t).
MEHLER’S FORMULA (SEE [107]). Show that
n 1 titox — (13 +13) 222!

X
S Ho(t) Ha(t2) Ty = =g exp T ,
n>0

by considering an appropriate combinatorial model.

LINEARIZATION COEFFICIENTS Let v : R[t] — R be the linear functional defined by v(1) = 1,
v(t?) = (2n—1)(2n—3)...3-1, for n > 1, and v(t*"*1) = 0, if n > 0. One can show that

in fact
1 e n t2/2d
v(t") = / t"e” t.
(") = = .

Denote by I(n), the set of involutions without fixed points. Moreover, for a multicardinal
(n1,n2,...,n5), let Up,Us, ..., Uy be disjoint sets such that |U;| = nj, j = 1,2,...,k, and
denote by I(ny,ng,...,ng), the set of involutions without any fixed color on U = U; + U +
.-+ 4 Uy, that is to say, the involutions ¢ on U such that v € U; = ¢(u) ¢ U;. Show
combinatorially that

i) v(t") =|I(n)|, forn > 1,
ii) v(Hy(t)) =0, for n > 1,
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I ifn=
iii) v(Hy,(t)Hp(t)) {n, = (orthogonality)

0, otherwise.
iv) v(Hp, (t)Hpy(t) ... Hp, (1)) = |I(n1,n2,...,n4)|.

Exercise 3.9. LAGUERRE POLYNOMIALS (SEE FOATA AND STREHL [113]). The Laguerre poly-

nomials 57(10‘) () can be defined by the generating series

(@) u™ _ 1 —xU
Zﬁ” (x)n‘ <1—u> eXp(l—u>'

n>0

a) Deduce a combinatorial model with the help of the weighted species Lag(®) = E(Cay1) -

E(Ly (_y), for which we have £l (z) = |Lag{®[n]|,. The structures of this species are called
Laguerre configurations.

b) Show that Laguerre configurations can be considered as injective partial endofunctions and
that (see Exercise 3.3)

LO@) =Y (Z) (a+1+n—k)<F> (=) ",

k=0
¢) RECURRENCE FORMULA. Show, by a study of these configurations, that

LO(@) = (a+2n—2+1) L (2) — n(n + a) LY, (2).

d) Give a combinatorial interpretation of the derivative y' = dy/dz of the polynomial y = £l (x)
and prove the following formulas using this interpretation:

i) 2y’ +(a+1—-2z)y +ny=0,
i) x%c@ (2) = n L) =1 (n +a) £, (), (F.G. Tricomi)

n

i) %cw () = —n £ ().

e) Let ¥ be the linear functional defined on the polynomials by ¥(z") = (a+ 1)<"~, for n > 0.
It is classical that, for a real a > —1,

1 AR
U(z") = / "% dx.
For (n1,n2,...,nmy) a multicardinal, let Uy, Us, ..., Uy, be disjoint sets such that |U;| = n;,

j=12,....m,and let U = U;4+Us+- - -+U,,. Denote by L(ny,ns,...,nn,), the set of colored
derangements of U, that is to say, the permutations o of U such that u € U; = o(u) ¢ Uj,
weighted by w(o) = (=1)IVI(a 4 1)%¥(®), Show combinatorially that
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) UE) =) (at+ 1)),
oeS[n]
ii) \I/(L'ff‘)(x)) =0, for n > 0,

n!, (a+1)<"> if m=n,

0, otherwise.

iv) WL (2) L (x)... L) (2)) = [L(ni,na, ...y nm) -

, (orthogonality)

Exercise 3.10. WEIGHTED EXPONENTIAL FORMULAS. Consider a weighted species F' = F;, and
suppose that F,, = E(FY), where FY is the species of connected F,-structures.
a) Show that
1) Fu(x) = exp Fy(z),

N 1
i) Fu(z) =expy - Fo(a®),
E>1

1
i) Zp, (1,20, 23,...) = expz z Zpik (Tk, Tok, T3y - - -)-
k>1

b) Prove the inverse of the preceding formulas
i) Fy(x) = log Fu(x),
i) Fo(r) = S M8 1o (b,

k
k>1

iii) Zpe(21,72,23,...) = Z 'u(k ) log Zp (Tk, Tok, T3y - - -))-
E>1

where p denotes the usual Md&bius function.

c) Given a formal variable «, define the weighted species F), () by setting, for any Fy,-structure
s, W (s) = w(s) - ), where ¢(s) is the number of connected components of s. Show that

i) Fu (@) = (Fu())®,
ii) 15;(;(95) - H (F;;(xk)))\k(a)’
E>1

iii) ZFw(a) (.T1, 9, T3, .. ) = H Zka (ij, T2ks L3ky - - .))‘k(a),
k>1

where

(@) = % S u(n/d)a.

dln
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d) Given two formal variables a and 3, prove that F (a1s) (z) = F, ) ()F, s (x), but that in
general

—_~—

Fois () # Foo(@)Fym (),
ZFw<a+ﬂ) 7 ZFww) ZFU,(B) )
Foes # FyoFue,

Hint: Use the fact that for n > 2, A\, (o + ) # (@) + M (8).

e) Given two formal variables « and 3, prove the formulas

1) Fae(z) = (Fym (@)’
— — Ak (B)
8)

i) Fyen(@ =] <ka<ak)(x )

k>1

Y

i) Zp (.45 (T1,22,23,...) = 112 F ok (Ths T2k, T3, ),
k>1

Hint: Show at first that w(®?) = F_.ys). Deduce that for any n > 1,

=D M@ (B). (3.16)

dk=n

f) Let a = |AJ, where A is a finite alphabet.

i) Show that A, () is the number of Lyndon words of length n over A (see Exercise 3.7).
ii) Interpret combinatorially formula (3.16) for A, («f) in the context of Lyndon words.

Exercise 3.11. a) Let v,(a) = %de d(d)a™?. Show that v,(a) = > djn Ad(a) deduce from
Exercise 3.10 ¢) both formulas (3.5) and (3.6) giving the series associated with the species S,,
and Par,,.

b) Also deduce from Exercise 3.10 c¢) the cyclotomic identities (see [250], and [17],):

1 1 Ak (a)
)1—amk1_[<1—a:k> ’

. 1
i) exp(ax + 2a T +. H exp( Mg (o) (xg + Q?Qk +...).
k>1

i

Hint: Consider the species E(X,), where X, is the species of singletons of weight «.
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Exercise 3.12. a) Returning to the notation of Exercise 3.10, show that
1 -1, ifn=1
An(—1) = = n/d)(-1)%=¢ ’
n(=1) n ZM( [A)(=1) {O, otherwise.
din
Hint: Show first that —\,(—1) is a multiplicative function in n, using the fact that the
convolution
(f*9)(n) =) f(n/d)g(d)
din
of two multiplicative functions f and ¢ is a multiplicative function (see [3]).
b) Deduce the formulas

d)

) Fyo(@) = s
Lo Fp(e?)
ii) Fen(x) = AR

ZFw2(Z279647---)

iii) ZF 4 (x1,m2,...) = v
Fy

(z1,22,...)

In the case where F, = S, the species of permutations, let §_ 1) = F) 1), that is, the species
of permutations weighted by (—1)Cyc("). Show that

i) Splr)=1-u,
i) SCpy(x) = (1 —2)1 -2 (1 —a) -
iil) Zs_,,(z1,22,23,...) = (1 —21)(1 —a3)(1 —25) -
Interpret these formulas combinatorially.

Consider the case where F,, = E(X,).

Exercise 3.13. Let E,) be the species of sets, weighted by w(U) = ylUl, and let pw be the species

of subsets, weighted by w(A) = yl4l, for A € p[U]. In other words, the variable y acts as an element
counter. Show that

E(y) = E(Xy) and Ow = EE(y),
pul®) =D (L+y)"
n>0
N 1— yn—i-l "
Pule) = 3
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d) Z@w L1, T2y« Z Z +y l’l ((1—}—3/2);1;2)02 cee
n>0 n! oceSy,

e) |Fix pylo]| = (1 +9)° (14 43)%2--., for any permutation o.

Exercises for Section 3.2

Exercise 3.14. Let ® = ®(X,Y) be the two-sort species of functions f : U — V, where X is
the sort of elements of U and Y that of elements of V. We have

BUV]={f|f:U— V)

The transport of the corresponding structures is obtained by the usual composition of functions:
®[c,0](f) = Oofoo™!. Moreover, we introduce the three subspecies Inj (injections), Sur (surjec-
tions), and Bij (bijections) of ® by setting

Inj[U, V] = {f]| f:U<=V, ie., f injective},

Sur[U, V] = {f]| f:U—V, ie., f surjective},

Bij[U,V] = {f| f:U-"3V, ie., f bijective}.

a) Show that
i) (X,Y) = E(E(X)Y), i) Inj(X,Y) =FE(1+ X)Y),
iii) Sur(X,Y) = E(E,.(X)Y), iv)Bij(X,Y)=E(X'Y).

b) Prove by combinatorial computations, as well as by geometric arguments, the following equal-
ities (isomorphisms):

L 0 0
) ax?=Vor®
. o0 . . o .
i) (14 X)—aXInJ = Y—aylnj,
... 0 0
iii) 8—XSur Y(1+ a—y)Sur
iv) -LBij = VBij, -2Bij = X Bij

v) Bij(X,Y) = Bij(¥, X).
c) Show that the series = EIv>(:n,y) and Zgp = Zg(x1,x2,23,...;Y1,Y2,Y3,...) are given by the
formulas
~ 1
i) &= ,
(1 —y)(1 —azy)(1 —2%y) - (1 —aky)--
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.. Yn Tmn
il) Zgp = exp = exp E
n m
n>1 m>1

d) Compute explicitly the six other series: Zj, Zsur, ZBij, fITj, S—t;“, and ]i]

e) More generally, for a species R on one sort, define the two-sort species Pr(X,Y) = E(R(X)'Y),

of functions with R-enriched fibers. Compute the series Zg, and ®p.

Exercise 3.15. Denote by Octy = Octa(X,Y), the species of alternating octopuses on two
sorts of elements X, Y, i.e., the octopuses on X and Y in which the adjacent elements are of
different sort.

a) Verify that Octa(X,Y) = Cap(X-L(Y-X)-(14Y),Y-L(X-Y)- (1 + X)).

b) Deduce that

(1 —zy)?
1—zy(3+z+vy)’

L~ é(n) (1— x”y”)2
Oct = E 1
i) Octar(z,y) ~ BT vy (3 + a4 yn)’

P(n) (1- mnyn)Q
Z = 1 .
111) Octare T; n ©8 1-— xnyn(?’ + Tn + yn)

i) Octay(z,y) = log

Exercise 3.16. Consider the species S™*(X,Y) of permutations on two sorts X and Y, where
each cycle has at least one element of each sort.

a) Show that S(X)S(Y)S™X(X,Y) =S(X +7Y).
b) Deduce the formulas:

i) S™X(z,y) = W

l—xz—y
cN e (1 — ZCn)(l _ yn)
11) Smlx(x’ y) = H T —zn g :
n>1
1-— 1—
i) Zgmix = H( : n)(1 = yn)
n>1 ~Tn = Yn

Exercise 3.17. Consider the species I' = T'(X,Y) of graphs on vertices of sort X, and of edges
of sort Y, introduced in Example 3.32, as well as the species of multigraphs 'yt = D (X, Y),
where multiple edges are permitted.

a) Verify the following equalities
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) T(z,y) = Ty, L) = > (1 +1)6) %L
n>0 ’
i) T (,9) = Y ()& T

n>0

i) Ty Dmate () = Y <1>(2) %:L

n>0
b) Show that

) T(X,Y) =Injo(e(Y), 9 (X)),
ii) Dot (X,Y) = @0(e(Y), p(X)),

where € denotes the species of elements (see Section 1.1), and 2, that of subsets with two
elements (see Section 2.4).

c) More generally, for a unisort species R, define the two-sort species of multigraphs with an
R-enrichment on the edges having the same endpoints, by ['r(X,Y) = ®r0(e(Y), p?(X))
(see Exercise 3.14). Verify that

Tr(z,y) =Y R(y)%) %T

n>0

Exercise 3.18. Consider the two-sort species B = B(X,T), of rooted trees on internal vertices of
sort X and leaves of sort Y (see Figure 3.5). Let A, = A, (X) be the weighted species of rooted
trees on vertices of sort X, the weight of each rooted tree a being given by w(a) = ¢/, where f is
the number of leaves of «. Verify the combinatorial equality A, (X) = B(X, X;), where X; is the
species of singletons of weight ¢t. Do not forget transports of structures.

Exercise 3.19. FUNCTORIAL POINT OF VIEW. Let k be an integer > 1. Denote by B, the category
of finite sets and bijections, and by B¥ = B x --- x B, the category, product of k copies of B, of
finite multisets (of &k sorts) and of multibijections. Consider also the category, denoted by ®(B, [k]),
whose objects are the pairs (U, X), where U is a finite set and X : U — [k] is a function, and whose
morphisms o : (U, X) — (V, 1) are the bijections o : U — V such that oo = X. Let R be a ring
of formal power series on a ring K C C. Denote by Eg, the category of summable R-weighted sets
and R-weighted morphisms of sets (see Definitions 3.2 and 3.3).

a) Show that the categories B¥ and ®(B, [k]) are equivalent by explicitly describing functors R :
BF — ®(B, [k]) and S : ®(B, [k]) — B* as well as mutually inverse natural transformations
a:SoR — Idgr and B : RoS — Idg g, x))-

b) Show that a weighted k-sort species F' = F, can be considered as a functor F : B¥ — Ex or
equivalently, as a functor F' : ®(B, [k]) — Exg.
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Exercise 3.20. a) Complete the definitions of the combinatorial operations (+, -, o, X, O) on
species in the weighted multisort context, not forgetting transports of structures in each case.

b) State and prove the properties of these combinatorial operations, in analogy with formulas of
Esercises 2.1, 2.4, 2.14, 2.44, and 2.53.

c) Describe the behavior of generating and index series with respect to these operations. In
particular, prove formulas (3.13) and (3.14).

d) Prove formulas (3.15) for the series associated to the species of types according to sort.

e) Extend these results to multisort species.

Exercise 3.21. a) Let F'= F(X1,Xy,...,X;) and G = G(X1, Xo,..., X)), be species on many
sorts X1, Xo, ..., Xg. Prove for i = 1,..., k the equalities

G 0 0

.. 0 0 0

ii) aXi(F-G)—(aXiF>-G+F-(8XiG),
0? ok

r_ r
) 5xax,T = ax,0x,
b) Consider the species F' = F(Y1,Y2,...,Yy) and G; = G;(X1,Xo,...,Xy), j = 1,...,m.

Prove the chain rule

) " OF )
F(G1,Ga,...,Gm) =Y 7-(G1,Ga, ..., Grm) 557G

0X; st Y 0X;
Exercise 3.22. Consider a species on many sorts F' = F(X1, Xa,..., X}). Interpret combinatori-
ally the following species:
LA 0 )
a) ZZ;XZ T)QF, b) XQ 87)(1}77 and C) ;X’L T&F

Exercise 3.23. Show that the species Genro = Genro(X, Y, Z) of tri-chromatic graphs (see Exam-
ple 3.17) is not of the form F(X +Y + Z), where F' is a unisort species.

Exercise 3.24. Write explicitly the three identities between generating and cycle index series
which correspond to the combinatorial equality C(X +Y) =C(X) 4+ C(Y-L(X)).

Exercise 3.25. a) Show that by taking the types according to Y of the species Sur(X,Y’) of
surjections, one obtains the species Par,(X) of partitions weighted by v(m) = y*(™), where
b(m) is the number of blocks of 7, i.e., Par,(X) = Ty,,Sur(X,Y).
_ [Sur[n, k]|

b) Deduce that the Stirling numbers of the second kind S(n, k) are given by S(n, k) = -
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c) Establish the combinatorial identity ®(X,Y) = Sur(X,Y)-E(Y) and deduce Touchard’s for-

mula,
n , k n J
3 k”%%: 3 S(n,k)%yk- Yy L

n,k>0 n,k>0 720

d) Deduce Dobinski’s formula for Bell numbers,

Exercise 3.26. Consider the species S(X,Y) = S(X +Y) of permutations of elements of sort X
and elements of sort Y.

a) Describe, using a geometric figure, a typical Ty S-structure on a finite set U.

b) Compute the three series (Ty,,S)(z), (Ty;S)(z) and Zt,  s(z1,72,73,...).

Exercise 3.27. a) Show that the species B = B(X,T) of Exercise 5 is not polynomial in X nor
inT.

b) Let k be an integer > 1, and consider the subspecies F' of B formed of rooted trees in which
each internal vertex is of degree < k. Show that F' = F(X,T) is polynomial in 7" but not in
X.

c) Let k be an integer > 1, and consider the subspecies G of B formed of rooted trees in which
each internal vertex is of degree between 2 and k. Show that F' = F(X,T) is polynomial both
in T and in X.

Exercise 3.28. Let F, = F,(X1,...,X}) be an R-weighted multisort species. Let i be an integer
such that 1 <17 < k.

a) Define the type Tx,s of an F,-structure s according to the sort X;, as well as its weight
w(Tx,s) € Rlz].

b) Define the R[z;]-weighted species Tx, ., Fy, of types of F,-structures according to the sort Xj.

c) Give finiteness conditions ensuring existence of the species Tx,F;, =T Xi;wiFv‘x.ﬂ-
=

Exercise 3.29. GENERALIZED POINTING. Consider two species of structures F' = F(X) and
G = G(X). Define the F-pointing of G as being the species, denoted by F((X%}}G(X), given
by

F{X % )G(X) = (F(X)-E(X)) x G(X).

a) Give a combinatorial (geometrical) description of this definition.
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k

b) Given a polynomial p(u,v,w,...) = Zij k.. Dijk,.. uvIwk - .- let us agree to write

p<<u7 v, W, .. >> = Z Dijk,. U<i>V<j>W<k> """,
0,5,k

where zop> = z(x —1)(x — 2)---(z —n + 1). Suppose that F' is polynomial in X (see
Exercise 19) and set H(X) = F((X /% )G(X). Establish the equalities

i) H(z) = Fzf£)G(x),
i) H(z) = Zp{152-, 20252, 32352, .. ) Za

=z, 121’
111) ZH(.l‘l,l‘Q,xg,...) ZF<<.CE1621 2$28$2 31‘38$ ,...>>ZG({E1,£1?2,.CL‘3,...).

Exercise 3.30. a) Show that the speciesI' = I'(X,Y), lipuie = Dt (X, Y) and I'p = Tr(X,Y),
of Exercise 4, satisfy the combinatorial equations (see Knuth [155])

) (1Y) 20X, Y) = By (X 2 )T(X,Y),

oY
11) aiyrmult(X? Y) - E2<<Xa%>>qult (Xa Y)a
i) ROY) T a(X,Y) = RV E(X & )Tr(X, V).

b) Write the implied relations for the generating and index series.
Exercise 3.31. GENERALIZED TAYLOR FORMULA. Given two species of structures F' = F(X)
and G = G(X), we define the two-sort (X and T) species F(T%)G(X) by setting

F(T2)G(X) = (E(X)-F(T)) x G(X +T).

0X

a) Give a geometrical description of this combinatorially definition for structures of species
F(T0/0X)G(X) on a pair of finite sets (U, V).

b) Set H(X,T) = F(T%)G(X). Establish combinatorially the following relations:

i) H(z,t) = F(tg)G(x),
) (x,t) (ZF(tlazl 2t2ax ’3t38:p ,...)Zc;)

wp=ai, ty=ti, i=1,2,...
111) ZH($1,$2, ceey tl,tQ, .. ) = ZF(tle, 2t28i:)32’ .. .)ZG($1,$2, . )
The F-Taylor expansion of G(X) in T is defined by the formula
(B(X)-F(T)) x G(X +T) =Y Fi(T7%)G(X)
k>0

where F' = Fy+ Fy + F> + ... is the canonical decomposition of F'. By letting X := 0 above
we obtain, by definition, the F-Maclaurin expansion of G(X) in T"

F(T) x G(T) =Y Fi(T3%)G(X)| 5.y

k>0
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¢) Show that the Taylor expansion and Maclaurin expansion above are indeed summable and
prove the combinatorial identities. In particular, when F' = E, show that these series take
the form:

GX+T)=GX)+TG(X)+E(T7%)G(X) + ...+ By(T:%)G(X) +....

d) Verify that the following “classical” formulas are satisfied:

9 t2 tk
i) Gz +1t) =ed2G(z) = Glz) + t G'(z) + 5 @)+t G¥ () + ...,
.. t@ / t2 " tk k
i) G(t) = €' G(x)|  =G0)+1C(0)+ 5 G (0)+...+EG( JO) + ...,
t g+t g+
iii) ZG(X—i—T)(wtha sty .) = Za(zitt, xatta, .. ) = e 0v 0w T a1y, 2, . L),

0 ., 0
V) Za(ty, ta,...) = e 021 20 70 (2 3o, L) .
z;:=0, 1=1,2,...

Exercise 3.32. GENERALIZED DIFFERENTIATION. Let F' = F(X) be a polynomial species in X
(i.e., there exists N > 0 such that [U| > N = F[U] = 0). Given a species G = G(X), define the
species F(;%)G(X) by setting

F(3%)G(X) = 1y [(B(X)-F(Y)) x G(X +Y)],

where Y is an auxiliary sort different from X.

a) Show that the species (E(X)-F(Y)) x G(X +Y) is polynomial in Y and interpret combina-
torially the definition above by describing geometrically an F’ (%)G(X )-structure on a finite
set U.

b) Set H(X) = F(4%)G(X). Establish the relations

i) H(x) = F(%)G(m), if F=X", but H(z) # F(%)G(x) in the general case,
i) H(z) = {Zp(52%,2 52,3 52

dxg? 613"")ZG}‘xi::a:i, i>17
iii) ZH(ajl,xg,x3, .. ) = Zp(aixl, 2 %, 3 Bixg’ .. .)Zg(xl,l’g,l’g, .. )
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