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ABSTRACT. We develop a new setting for the exponential principle in the context
of multisort species, where indecomposable objects are generated intrinsically instead
of being given in advance. Our approach uses the language of functors and natural
transformations (composition operators), and we show that, somewhat surprisingly,
a single axiom for the composition already suffices to guarantee validity of the ex-
ponential formula. We provide various illustrations of our theory, among which are
applications to the enumeration of (semi-)magic squares.

1. INTRODUCTION

One of the corner stones of combinatorial enumeration is a theory which runs under
several different names, for instance theory of species [7], theory of exponential structures
127, Ch. 5], theory of exponential families 28], symbolic method [12, Part A|, théorie du
composé partitionnel [13], theory of prefabs [5], all of which are more or less equivalent.
It is probably fair to say that the most elaborate of these theories is the theory of species,
as formulated by Joyal [16] (with the functorial concept of species of structures going
back to Ehresmann [11]) and further developed by many other authors. It provides
the most general framework for such a theory, at the expense of employing a rather
abstract language, namely the language of category theory.

A fundamental theorem in each of these theories is the so-called exponential formula.
Roughly speaking, given a family G of labelled combinatorial objects (“components”),
one produces a larger family F (“composite objects”) whose objects are obtained by
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putting together various elements of G. The theorem then states that the (exponen-
tial) generating function for F equals the exponential of the (exponential) generating
function for G.

The aim of the present article is to develop a setting, where one starts with a family
F of labelled combinatorial objects (“composite objects”) and a composition of such
objects, and then identifies, in an intrinsic way, a subfamily G of indecomposable ob-
jects (“components”), such that each element of F can be decomposed into objects
from G, and such that the exponential formula holds for F and ¢. The main point
here is that, in contrast to the usual set-up for the exponential formula, indecompos-
able objects are not given in advance, but are defined inherently via the composition
operation. In particular, our theory leads to a uniform definition of the property to be
indecomposable for arbitrary labelled combinatorial objects equipped with a composi-
tion operator. Interestingly, we show that a single axiom for the composition operator
suffices to guarantee validity of the exponential formula. The natural language for
formulating a corresponding theory is that of functors and natural transformations.
Consequently, our presentation will be in the context of species theory.

For “ordinary” species (1-sort species), such a theory has been presented in [10] on
the basis of two axioms for the composition operator. In the present article, we extend
this approach to weighted multisort species. Moreover, we show that, actually, one of the
axioms in [10] can be derived from the other, and that also in our multivariate setting
a single axiom suffices. Strictly speaking, our presentation does not cover weighted
species (in the sense of [16, Sec. 6], [7, p. 104]) in full generality; rather, we restrict
ourselves to the case where the defining functor maps to a category of finite sets, thus
avoiding unnecessary technicalities. However, extension to the general case of weighted
multisort species is completely straightforward, and is left to the interested reader (see
also Footnote 3).

In the next section, we develop the general set-up for our theory. It is formulated
within the theory of multisort species, for which we define certain composition opera-
tors m that are subject to a single axiom, which, in order to be consistent with [10],
we call (D1). Furthermore, in the same section, we present our main results. These
are two exponential formulae, see Theorems 1 and 4. Theorem 4 refines Theorem 1 by
introducing another variable whose powers keep track of the number of “components.”
The proof of Theorem 4 requires two general facts about our composition operators 7,
which are presented in Propositions 2 and 3. (It is the latter, which, in the less general
context of [10], had been assumed as a separate axiom, (D2). As our proof of Proposi-
tion 3 shows, this was actually not necessary since, within the general framework, (D2)
follows from (D1).) The proofs of Theorems 1 and 4, and of Propositions 2 and 3, are
given in Sections 4 and 6, respectively. They require a number of auxiliary results,
which are established in Sections 3 and 5, respectively.

Sections 7 and 8 offer illustrations for the theory developed in Sections 2—6. Section 7
presents three simple examples highlighting different aspects of combinatorial situations
covered by Theorems 1 and 4. In Section 8, we show how to apply our results to obtain
generating function identities for (semi-)magic squares, thereby generalising previous
results in the literature.

The final section, Section 9, aims to throw light on the question how far a family F of
labelled combinatorial objects, equipped with a composition operator in the sense indi-
cated above, can be from the species E(G) of sets of indecomposable objects in F. We
find that, roughly speaking, whenever the composition operator is pointwise associative
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and commutative, it can be re-constructed, in a sense made precise in Theorem 22,
from the standard operation of forming the disjoint union in F(G).

After the present paper was completed, Menni kindly made us aware of his paper [19]
(see [20] for further work in this direction), which develops a framework for the exponen-
tial principle in the context of symmetric monoidal categories. Menni’s results overlap
with those of our paper. More precisely, according to [19, Ex. 3.5], a weight-free version
of our Theorem 1 can be obtained by applying [19, Prop.1.10] to the discrete groupoid
with 7 elements. It is conceivable that [19, Prop.1.10] also implies a weight-free version
of Theorem 4, since the case of r = 1 is indeed derived in [19, Ex. 3.5]. For this case,
Menni also observes that Axiom (D2) is implied by the set-up. Notwithstanding, we
believe our approach to have its own merits. While Menni’s arguments make heavy use
of categorical notions and constructions (symmetric monoidal categories, Day convolu-
tion, Kleisli categories, etc.), our exposition is merely based on the concepts of category,
(covariant) functor, and natural transformation. Moreover, our approach readily lends
itself to a more general weighted version, an idea not pursued in [19].

2. SET-UP AND MAIN RESULTS

Denote by Set the category of finite sets and injective mappings, and by Set the
subcategory consisting of finite sets and bijective maps. Moreover, for a positive integer
r, let ®, be the full subcategory of Set” x Set” whose objects are given by

Ob(®,) = {(Ql, ;) € Ob(Set” x Set’) : 2,1y = q)},

where @ = (0,...,0) is the element of Ob(Set”) all of whose components are empty,
and intersection is componentwise.

The ingredients needed for our theory are r-sort species and certain composition
operators defined on them. Recall from [16] (or see [7, Def. 4 on p. 102] for a definition
avoiding the language of category theory) that, for a positive integer r, an r-sort species
is a covariant functor F' : Set” — Set. Given r and an r-sort species F', the composition
operators we have in mind are certain natural transformations 1 from the functor!

F'x I DT(HSethetLSet%ge\t
to the functor -
Foll: D, 5 Set” - Set — Set:
that is, families 7 = (1(q,.,0,)) @.,02)cob®,) of injective maps,
77(91792) : F[Ql] X F[QQ] — F[Ql 11 92],

such that, for every morphism f : (4, Q) — (ﬁl, ﬁg) of ©,., the diagram

FI] x F[Q,] —2192, piy, 11 Q]
(FXF)[f}l l(FoH)[f] (2.1)
FIQ4] x F[0)] F[Q; 11 Q)

($31,92)

commutes. Here, X is the natural product (Cartesian product) in the category of sets, 11
is the natural coproduct (componentwise disjoint union) in the category Set” and in the

category Set (relying on the context to clarify the intended meaning), and ¢ : Set — Set
is the inclusion functor. In what follows, the set-theoretic operations N, U, — as well as

'The introduction of the category D, corrects a slight imprecision in the set-up of [10].



4

the inclusion relation C and | (restriction of morphisms) in Set” are all understood to
be componentwise.? We shall most of the time drop the indices of p-maps when they are
clear from the context, thus writing n(F[Q;] x F[€2,]) instead of 1, q,)(F[Q1] x F[$2]),
for example. We shall think of the elements of a set n(F[€2;] x F[Q%s]) as composite
objects within F[€2; IT ).

Given an r-sort species I’ and a composition operator 1 as above, the next step is
to identify the subset Fy,[€2] of “indecomposable” elements of a set F[€]. It is most
natural to define F,, : Ob(Set") — Ob(Set) via

FIo)~ U n(FIx FLT)., Q#0
(I,J)€0b(D,)
Fo[Q] = 5%;32 ) Q € Ob(Set").
0, Q=0

At this point, F}, is just defined as a map from Ob(Set") to Ob(Set). In Lemma 14 in
Section 3 we shall show that F}, is in fact a functor, that is, an r-sort species.

Not every natural transformation 7 is suited for giving rise to an exponential prin-
ciple. We present the single axiom which is needed for this purpose next. Given F,

we call a natural transformation  : F' x ' — F oIl a composition operator of F, if
Axiom (D1) below holds.

(D1) For each © € Ob(Set”) and any two partitions (1, Qs), (Q1,) € Ob(D,) of
Q into disjoint parts,
Qlﬂggzﬂzﬁlﬂﬁg,
we have that

U(F[Ql] X F[Qz]) ﬂU(F[ﬁl] X F[ﬁz]) = U(U(F[Qn] X F[Qm]) X TI(F[Q21] X F[Qm])g

where ;== ;N Q; fori,j e {1,2}.

An r-sort species F' will be called decomposable, if F # () (that is, F[Q] # () for some
Q € Ob(Set"), and if ' admits some composition operator 7.

Next, we define weights on (F,n). Fix a commutative ring A which contains the
rational numbers. A family w = (wq)acob(set) of maps wg : F[Q] — A is termed a
A-weight on (F,m), if the following three conditions hold:

(WO0) For all x € F[D], we have wg(x) = 1.
(W1) For each morphism f : Q1 — Qo of Set”, the diagram

wa

Fl] 225 A

F[f]l lidA

w92

commautes.

2Throughout this paper, we use the symbol — to denote the difference of sets.
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(W2) For each pair (Q1,Q) € Ob(D,.), the diagram

n(nl,QQ)\F,,[nl]xF[ng]

Fn[ﬂl] X F[Qz] F[Ql II QQ]
w91|Fn[91]Xw92l lwﬂlﬂfb
AXxA A

multiplication in A

commutes.

Here, (W0) and (W1) make F' a weighted r-sort species (cf. [7, p. 104]), whereas
(W2) demands (in a weak form) the A-weight w to be compatible with the composition
operator 1.3 In Section 9, we shall also need the concept of a weak A-weight, by which
we mean a collection w = (wa)ncobset) of mappings as above satisfying (W0) and
(W1), but not necessarily (W2).

Given a A-weight w = (wa)acob(set) on (F,n), we define the corresponding expo-
nential generating functions for F and F,,, respectively, by*

an e Z?'f
GFF(Zl, C ,Zr) = Z Z w([nl],m,[nr])(:p)l—

n1! tee nT! ’
n1,..,nr >0 z€F[([n1],-..,[nr])]
n1

Z DY r
GFFW (Zl, . 727’) = Z Z w([m]’__.7[nr})(x)1—

ni!-oml’
ni,...,nr>0 zeFy|([n1],...,[nr])]

where we suppress the dependence on w in the notation for better readability.
We are now ready to state our first main result, an exponential principle, which
generalises Part (a) of the main result in [10].

Theorem 1. Let r be a positive integer, F' : Set” — Set an r-sort species, and let
n:FxF — Foll be a natural transformation. If F is decomposable and n is a
composition operator for I, then the generating functions GFr and GF, are connected
via the relation

GFp(z1,...,2) =exp (GFp, (21,. .., 2,)). (2.3)

The proof of Theorem 1 is given in Section 4. It requires several preparatory results,
which are established in the next section.

In analogy to [10], there is a refinement of Theorem 1 in the spirit of [17, 21}, which
we explain next. Making use of the map F}, defined above, we define a sequence of
mappings

F#® : Ob(Set”) — Ob(Set), k>0,

with the property that F,Sk) Q2] C F[Q2] by induction on k via

G

3As already remarked in the introduction, it would be easy to generalise our set-up to cover weighted
multisort species in full generality, by relaxing the condition that F[Q2] needs to be finite, and requiring
instead that each preimage wal()\) is finite and that the ring A is multiplicatively finite, in the sense
that the number of different product representations of A € A is always finite.

4For a non-negative integer n, we write [n] for the standard set {1,2,...,n} of cardinality n.



and

FRQ = ) (B xFFQ-), k>1 (2.4)

©,€0b(Set™)
,C0

As the definition suggests, one should think of F,(,k) (2] as the subset of objects in F'[€2]
consisting of exactly k “indecomposable” elements (components).
An immediate induction on

2] = [|(QM, 0, M) => |0 (2.5)
j=1
shows that
FRQI =0, k> (2.6)

Again, by definition, F,gk) is just a map from Ob(Set") to Ob(Set). In Lemma 16 in
Section 5 we shall show that F,sk) is in fact a functor, that is, an r-sort species.

It is not difficult to see that, for any © € Ob(Set"), the sets F7(7k) Q] with k£ =
0,1,2,... cover all of F[Q].

Proposition 2. For every 2 € Ob(Set"), we have

FlQ) = FPQl. (2.7)

k>0

The proof of Proposition 2 can be found in Section 6.

In [10], a second axiom, (D2), was imposed on the composition operators n for
obtaining a refined exponential principle that takes into account the filtration given by
the sets F}{”[Q] appearing on the right-hand side of (2.7) (for the case of 1-sort species):
it required pairwise disjointness of the sets F,Sk) Q] for k =0,1,2,.... The proposition
below says that, actually, this assertion is a consequence of Axiom (D1) (within the
general set-up), and this is even true for multisort species.

Proposition 3. If F' : Set” — Set is an r-sort species and ) is a composition operator
for F, then we have, for" k,¢ € Ny and k # ¢,

FPIQINFYQ] =0, Qe Ob(Set”). (2.8)

Proposition 3 is also proved in Section 6. Its proof depends crucially on the fact
that “n-bracketings” of F-sets and Fj-sets do not depend on the order of the terms
F[Q)] respectively F,[€?] involved, nor on the type of bracketing used; see Lemmas 11
and 15 in Sections 3 and 5, respectively. From a technical point of view, this is the
decisive improvement over the results in [10], and it is the reason that the dependence
of Axiom (D2) from Axiom (D1) was not observed there.

Given a A-weight w on (F, n), the above propositions allow us to refine the weighting
to

W (z) = y*wa(r), x € Ff]k) [Q].

SWe denote by Ny the set of non-negative integers.
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We then can define the refined generating function

o~ — Z P Z/r
GFF('Zla ceey Zpy y) = Z Z w([nﬂ ..... [Tw])(x) 1—
1130 20 2EF[([n1],00s[0r])] 1

Ny

= > > > dwg.. [nm(fﬂ)H'

ni,...,nr>0 k>0 $€F7(,k)[([n1] 7777 [nr])]
With the above notation, we have the following refinement of Theorem 1, which is our
second main result.

Theorem 4. Under the hypotheses of Theorem 1, we have

@FF(Zl, oy zn,y) =exp (yGFp, (21,. .., 7)), (2.9)
as well as

GFr(21,. 2 y) = (GFp(21,. ., 2))" (2.10)

The proof of Theorem 4 is given in Section 6, as a simple consequence of (the proof
of) Proposition 3.

3. AUXILIARY RESULTS, I

The purpose of this section is to establish several lemmas, which will be needed in the
next section in the proof of Theorem 1. At the same time, they also form the basis for
the proofs of the auxiliary results in Section 5, which eventually will lead to proofs of
Propositions 2 and 3, and of Theorem 4, in Section 6. In all of this section, we assume
that F'is a decomposable r-sort species with composition operator n.

Lemma 5. We have |F[0]| = 1.

Proof. By the injectivity of ng g : F[0]x F[@] — F[@], the set F[@] is either empty or a 1-
set. Suppose that F[@] = 0. Choose €2, = (2", ..., Q") € Ob(Set”) with F[§2,] # 0,
and Q, = (O, ..., Q) € Ob(Set”) such that €, N Q2 = B and || = |QF] for
1 <i < r. Now consider (D1) for the partition € := € 1T Q,, ﬁl =Q; fori =1,2.
By the functoriality of F', we also have F[€Qs] # () and, consequently, the left-hand

side of (2.2) is non-empty, whereas the right-hand side of (2.2) would be empty in case
F[@] = 0, a contradiction. O

Lemma 6 (COMMUTATIVITY FOR (F,n)). For every pair (§21,€2s) € Ob(D,), we have
n(F[] x F[Q]) = n(F[Q] x F[]). (3.1)
Proof. Applying Axiom (D1) to the partitions
Q=110 =0 1O,
we find that
3= n(Fu] x F[Q]) N n(F[Q] x F[4])
=n(n(F[Q N Q] x F[Q]) x n(F[Q] x F; NQ])).
By Lemma 5 and injectivity of the n-maps, the map
N F0] x Fl$s] — F[€]

is surjective; that is,
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Similarly, we have
Thus,
By an analogous application of (D1) and Lemma 5 to the partitions
Q:QQI_Igl 291]—[927
we find that
J= T](F[QQ] X F[Ql]),
and the proof is complete. [

Lemma 7 (3-ASSOCIATIVITY FOR (F,m)). For pairwise disjoint y, s, Q3 €
Ob(Set"), we have

D(n(FIR)] x FI)) x FIR) = n(FIR:] < n(FIs] x FID).  (32)
Proof. We shall show that both sides of (3.2) equal the intersection
J:=n(F[Q 1L Q] x F[Q]) Nn(F[Q] x F[Q I Q]).
Applying (D1) to the partitions
Q= (0 11Q) 11 Qy = Q) 11(Q 110),

we find that
J= U(U(F[Ql] X F[QQ]) X U(F[Ql N €3] x F[Qs])),
and, arguing as in the proof of Lemma 6, this equation simplifies to
3 =n(n(Fl] x F[Q]) x F[Q]).
The same argument, when applied to the partitions
Q=011 (2 1103) = (2 ITQ) 1193,
yields
J= U(F[Ql] X n(F[QQ] X F[Qg])),
whence (3.2). O
For the sake of convenience, for pairwise disjoint elements €4,...,Q,, € Ob(Set"),
let us call expressions formed by applying n-maps to F[€2], ..., F[Q,,] (in any order),
with each set F/[Q2;] occurring exactly once, an n-bracketing of F[§2], ..., F[,]. More
formally, for any € € Ob(Set"), we call the set F[Q2] an m-bracketing of F[€]; and,
given an m-bracketing By of F[€2; ], ..., F[Q;] and an n-bracketing B, of F[€2;, ],
oy FI ], with 1T < B <n—1and {iy,is,...,0n} = {1,2,...,m}, the expression
n(B1 X Bs) is, by definition, an n-bracketing of F[€], ..., F[,,]. For example, the
left-hand side and the right-hand side of (3.2) are two possible n-bracketings of F/[(24],
F[y], F[Qs)], as are

n(n(FI9s) x FIRu) x FIRu]) and n(F[Qs] x n(FIR] x FI])).
A simple consequence of Lemma 6 and (the proof of) Lemma 7 is the following fact.
Corollary 8. All n-bracketings of F[Q2], F[S2], F[Qs] are equal to
n(F[ I Q] x F[85]) Nn(F[Q 1L Q3] x F[Q]) Nnp(F[Q I Q] x F4]).  (3.3)
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Proof. From the proof of Lemma 7, we know that

If, in this equation, we interchange €; and €25 and use Lemma 6 (commutativity), then
we obtain

Both equations together, plus another application of Lemma 6, imply our claim. [

Lemma 9 (4-PERMUTABILITY FOR (F,n)). If Q1,Q, Q3,8 are pairwise disjoint
elements of Ob(Set"), then all m-bracketings of F[Q], F[Qa], F[Q3], F[4] are equal
to each other.

Proof. The possible n-bracketings of F[Q2], F[€2s], F[Q3], F[Q4] are

n(n(n(F[Q] x F[Q]) x F[Q]) x FQ4]), (3.4)
n(n(F[Ql] X n(F Q] x F[Q3] )) 94]), (3.5)
U(U(F[Ql] X F[Qz]) X ( Q3] x F[§24 )); (3.6)
n(F[Q] x n(n(F[Q] x FQs]) x F§2])), (3.7)
0 (F[] x n(F] x n(F[0] x F[ml))), (3.8)

together with all expressions arising from the above by permuting F[Q4], F[Q], F[€23],
F[€2,]. By Lemma 7 (3-associativity), the bracketing (3.4) equals the bracketing (3.5),
and the bracketing (3.7) equals the bracketing (3.8). It suffices therefore to prove the
equality of (3.4), (3.6), (3.8), and all expressions arising from these three by permuting
F[Ql]a F[QQL F[Q3]a F[Q4]

Applying (D1) to the partitions

Q= (Q I1Q,) T (Q3 ITy) = (9 1T Q) 1T (2, 11 Qy),
we find that
n(F[Q T Q] x F[Q3 Q) N n(F[Q TTQs] x F[Q, 1TQ))
=n(n(F[Q] x F[Q)]) x n(F[Qs] x F[Q4])).

Using this equation, as well as the one which arises by interchanging €2; and €2, and
applying Lemma 6 (commutativity) on the resulting right-hand side, we obtain

U(U(F[Ql] x F[Q2D X 77(Fm3] X F[Q4]))
= n(F[ L Q] x F[Q T Q4)) Nn(F[Q 1L Q3] x F[Q 11 Qy))
Nn(F[Q 11 Q3] x F[Q 11 Q). (3.9)
On the other hand, by Corollary 8, the expression
n(n(F[] x FQ]) x F[Q])
equals the expression (3.3). Therefore, “bracketing” these two expressions by n(. X
F[Qy]), using the injectivity of n, and applying Lemma 7 (3-associativity) to the ex-
pression resulting from (3.3), we arrive at
n(n(n(F] x F[§]) x F[§]) x F[§))
= n(F[Q 0 Q] x n(F[Qs] x F[Q])) N(F[Q T Q] x n(F[2] x FU]))
Nn(F[Q 1L Q3] x n(F[] x F[§4])). (3.10)
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Since n(F[$2s3]x F[Q4]) C F[311€2,], and similar inclusions hold for other combinations
of the €2,’s, we have
(F[Ql II QQ] X n(F[Qg] X F[Q4])) - n(F[Ql II QQ] X F[Qg II 94]),
77(F Ql 11 Qg X ﬁ(F[QQ] X F[Q4])) - U(F[Ql 11 Q3] X F[QQ 11 94]),

Altogether, these inclusions imply that the right-hand side of (3.10) is contained in the
right-hand side of (3.9). We infer that

U(U(U(F[Ql] X F[Q2D X F[Q:&D X F[Q4]) C U(U(F[Qﬂ X F[Qﬂ) (F Q3] x F ))
3.11)
However, by injectivity of the n-maps, both sides of (3.11) have cardinality
[F[]| - |F[Q]] - [FS2s]] - [F[€24]].

Hence, they must be equal, which proves the equality of (3.4) and (3.6).

An analogous argument proves equality of (3.6) and (3.8).

Since, by Lemma 6 (commutativity), the right-hand side of (3.9) is invariant under
permutation of €21, 2y, 23, {2y, the proof is complete. O

The (proof of the) above lemma, combined with Lemma 6 and Corollary 8, leads to
the following observation.

Corollary 10. All n-bracketings of F[Q], F[S2], F[Qs], F[Q4] are equal to

n(F[Q 11 Q] x F[Q5 11 Q4]) Np(F[Q 11 Q3] x F[Q 11 Q)
Nn(F[Q 1L Q3] x F[Q4 11 Q4))
Nn(F[Q] x F[Q 11 Q5 T Q4]) Ny (F[8) x F[ 11 Q3 1182))
Nn(F[Qs] x F[Q 11y 1T Q]) Nn(F[Q] x FQ TQ I1Q3]). (3.12)

Proof. By Corollary 8, we have

n(F[ L ] x n(F[Q3] x F[Q4]))
=n(F[Q I Q I Q5] x F[Q]) Nn(F[Q 1O 1 82y] x F[Q3))
Nn(F[Q; 1L Q4] x F[Q4 11 Q)).

Analogous identities hold for the other two terms on the right-hand side of (3.10). If
we combine this with Lemma 6 (commutativity) and Lemma 9 (4-permutability), then
the claim follows immediately. O

Before we state the general permutability result, let us introduce the following short-
hand notation, which will be used in its proof. Given a subset I of [m], where I =
{i17i2, e ,Zk} with i1 <ig < -+ < 1k, We let 2; stand for Qil Im--- Hsz

Lemma 11 (m-PERMUTABILITY FOR (F,n)). If Qi,...,Q,, are pairwise disjoint
elements of Ob(Set"), then all n-bracketings of F[4], ..., F[Q,] are equal to each
other.
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Proof. We shall prove by induction on m that, for each m > 2, all n-bracketings of
Fly], ..., F[,,] equal

(N #(FI] x FlQ,). (3.13)
1,J<[m)]
IuJ=[m], INJ=0
[#0#]

For m = 2, the assertion follows from Lemma 6 (commutativity). For m = 3, the
assertion is equivalent to Corollary 8 (again, modulo Lemma 6), and for m = 4, the
assertion is equivalent to Corollary 10.

Now let m > 5, and let us suppose that the assertion is true up to m — 1. Consider
an m-bracketing of €2, ..., €2,,. There are three possibilities. Either this bracketing has
the form

n(n(Er) x n(Es)), (3.14)

where F; and Fy are expressions involving n-maps and distinct €2;’s, each of them
involving at least two €2;’s, or the form

n(F[Q] x n(Es)), (3.15)
where Fj5 involves np-maps and €24, ..., 1, Q;41,...,Q,,, for some ¢, or the form

n(n(Es) x FI]), (3.16)
where F, involves n-maps and €24,...,$;_1,Q;41,...,8Q,,, for some 7.

We start by considering (3.14). Let us assume that E; involves all €,’s for r € R,
and FE, involves all Qs for s € S, with RUS =[m], RNS =0, R# 0 # S. By the

inductive hypothesis, we know that

n(Er) = (N n(Flw) x Fl2,]) (3.17)

I,J1CR
LUuJi=R, I1NJ1=0
I #0#J1

and

n(Ez) = N n(FQp] x F[Q]). (3.18)
I2,J2CS
IQUJQZS, IQQJQZQ)
L#b#J>
If we substitute (3.17) and (3.18) in (3.14) and use injectivity of the n-maps, then we
obtain

ﬂ m ﬁ(n(F[Qh] X F[QJI]) X U(F[ng] X F[Qh]))
I1,J1CR I3,J2CS
LUJ1=R, ILNJ1=0 I2UJ2=S, IoNJo=0
L#A0#T L#A0#J2

We may now apply Corollary 10 to each of the terms on the right-hand side of this
equation. It is not difficult to see that, together with Lemma 6 (commutativity), we
obtain (3.13).

Next we consider (3.15). By the inductive hypothesis, we know that

n(ks) = ﬂ n(F[Q] x F[Q,]).
1,JC[m]—{i}
IuJ=[m]—{i}, INnJ=0
T#0#J



12

If we substitute this in (3.15) and use injectivity of the m-maps, then we obtain
N (P[] x n(Fl€u] x Fl])).

1,JC[m]—{d}
TuJ=[m]—{i}, INnJ=0
I#£0#T

We may now apply Corollary 8 to each of the terms on the right-hand side of this
equation. It is not difficult to see that, together with Lemma 6 (commutativity), we
obtain (3.13).

The argument for (3.16) is analogous. This completes the proof of the lemma. O]

For © = (QW ... Q) € Ob(Set”) and an integer p € [r], we write (w,p) € £ to
mean w € Q). This is the concept of base point needed in the present context.

Lemma 12. For non-empty Q@ € Ob(Set”) and every choice of base point (w,p) € €2,
we have
FlQl = |J n(F] x FlQ- ). (3.19)
Q1€0b(Set™)
(w7p)691gﬂ

Proof. Let x € F[Q] be an arbitrary element, and consider the totality of all ; €
Ob(Set”) such that (w,p) € € C Q and z € n(F[%] x F[Q — €4]). Such ;s do
exist; for instance €27 = €2 has these properties, since the map

is surjective. Among these €;’s we choose one of minimal norm |[[£2;] (recall the
definition in (2.5)), say €;(z). Now suppose that @ & n(Fy,[Q:(z)] x F[Q — Q4(z)]).
Then, by the definition of F},, the injectivity of 7, and the choice of £2;(x), we must
have

v € n((FI@)] — Fyl@u(@)]) x FIR - ()

— U n(n(F[I] x F[J]) XF[Q_Ql(x)])'
(I,J)eOb(Dr)
ITTJ=8 ()
I#£0#J

Consequently, there exists (I, J;) € Ob(®D,) such that I, I1J, = Q(x), I, #0 # J4,
and

v € n<n(F[11] x FIJ4]) x FQ — Ql(x)]>.

Using Corollary 8 (3-permutability), we see that the latter set is contained in both
n(F[I] x F|Q —I4]) and n(F[J;] x F[§ — J4]). The base point (w, p) is contained in
I, or Jy; to fix ideas, say (w, p) € I. Hence, we arrive at the assertion that

v €n(FIL] x FQ - 1)), (w,p) € I CQ, | L] < [Qu(2)]]
contradicting the choice of €;(z). We conclude that x is indeed contained in
n(Fplfu(2)] x FIQ = Qu(2)]),
and (3.19) is proven. O
Lemma 13. The right-hand side of (3.19) is a disjoint union.
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Proof. In the context of Lemma 12, let €, Q5 € Ob(Set") be such that (w, p) € 2; C Q
and Qp # s, say Q) € Q. It is enough to show that

has an empty intersection with n(F,[Q:] x F[Q — €,]). But, by (D1), we have
3 Cn(n(FIf 0 Q] x FIR - a)) x FIQ - 1)),
and, by definition of F;, and the fact that (w, p) € Q3 N Qs # 0 # Q; — Qy, we have

F,,?[Ql] N ﬁ(F[Ql N QQ] X F[Ql — QQ]) = @

Consequently, by the injectivity of 7, we must indeed have
n(EqfS0] x FIQ — Q) 3
C (Fyl] x FIQ — Q4]) N n(n(F[ﬂl N x FIQ — Qy)) x FIQ - Ql]> — 9,
as required. O

Lemma 14 (FUNCTORIALITY OF Fy). Let Q,ﬁ € Ob(Set"), and let f : Q2 — Q be a
morphism. Then

FIF)(F[Q) = Fy[€2);
that is, setting Fy[f] := F[f]|r,1q), we get a functor Fy, : Set” — Set.

Proof. The assertion is obvious if £ = @, so we may suppose that € # (). Then, using
the naturality of n (that is, the diagram (2.1)), we have

FIfI(F[Q]) = FIf] (F[ﬂ] - U aFmlx F[L]))
(I1,J1)€0b(D,)

I A0#J1

=FIQ -~ U (FoI)[(fln. flo)] (n(FIL] x F[J4))
(I1,J1)€0b(D,)
o

“F - U a(FIFRIEL) x FIfIELD)
(I1 ,Jl)GOb(QT)
e,

=F[Q - |J  n(FlI x FIJ,))
(I2,J2)€e0b(D;)

I>11J2=2
IoA0+£J o
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4. PROOF OF THEOREM 1

For convenience, let us “extend” the A-weight w to subsets of F[€2], for all Q €
Ob(Set”). To be precise, for A C F[€2], we define

wa(A) = Z wa(z).

T€EA

Given disjoint €4,y € Ob(Set”) and subsets A; C F,[€4] and Ay C F[Qy], Ax-
iom (W2) says that

wo,na, (N(A1 X Az)) = wa, (A1) - wa,(As2). (4.1)

In the sequel, we shall suppress the indices of weights w for better readability, the
indices always being clear from the context.

As a direct consequence of Lemmas 12 and 13, of the injectivity of the n-maps, and
of (4.1), we have that, for ny,ns,...,n, € Ny and n, > 0,

w(F(([n],.... [n])])
= > w@EQ, 0] w(Fl(n] -2, ] - 7). (42)

ol Clny] (1<i<r)
1e0(”

Using the functoriality of F' and F;,, together with Axiom (W1), each €y with
Q= ("0 (i), ..., ),
(1,p) € Q4, and cardinalities |Q(f)| = u; (1 <i<r),is seen to contribute

w(Fyl((mal, - [)]) - w(F([na = gl I = u])]) (4.3)

to the right-hand side of (4.2). We observe that (4.3) does not depend upon €2, itself,
but only on the cardinalities pq, . .., 4, of the components le), e ,Qﬁ’"). Therefore, the

21

P 1<icr \Hi

elements €2; € Ob(Set") with @y C ([n4],...,[n]), (1,p) € €4, and such that 0] =
w; for 1 <7 < r, contribute

np i

by (H (7)ol D) (Pl = gl e = )

to the right-hand side of (4.2), and we obtain

ol o) = S (T () el )

n .
0<pi<n; (1<i<r) P Hi

w(Fl(fny — ), - [ne — ),
n, >0,
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or, equivalently,

mp w(Flnal, ) = Y up(lgm(”i))wwn[(w,...,w)

0<pi<n; (1<i<r) <i< Hi
cw(Fl([n — ), e — w])]), (44)

as long as n, > 0. However, Equation (4.4) holds as well for n, = 0, with both sides
vanishing, so that we are allowed to drop the restriction n, > 0.
Fix p € [r], multiply both sides of (4.4) by

ni Np—1 _ny,—1_MNp+1 n
2tz e T ) 2 (oY),
and sum over all tuples (nq,...,n,) € Ny, to get
ni Np—1 Np—1 _npi1 n
21 Zpm1 Fp Fprl A

Z w<F[([n1]77[nT])])

! n, gl (n, — Dlngq!--on,l

. w(Fyl([pu]. - - [ur])])

pal e gt (pp — 1) fora! e !

n1,..,nr >0 0<p;<n; (1<

<r)
[

ol Sl g e, 4
where 1/(—1)! has to be interpreted as 0. The left-hand side equals
0GFp
Dz,
while the right-hand side is identified as
0GF
8,2;" GF
whence the equations
agiF = agiF" GFp, 1<p<r (4.6)
Set
Q(z1,...,2) == GFp(z1,...,2)exp (= GFp, (21,...,2)).
Then, in view of Equations (4.6), the series () satisfies
22 0, 1<p<r.
These last equations force ) to be independent of zi,z2.,...,2.. However, since

GFp,(0,...,0) = 0 by definition of F,,, and since GFg(0,...,0) = 1 by Axiom (WO0)
and Lemma 5, direct inspection shows that

Q0,0,...,0) =1,
and (2.3) follows. O
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5. AUXILIARY RESULTS, II

In this section, we complement the results of Section 3 by establishing several further
results which will be needed in the proofs of Proposition 3 and Theorem 4, to be
given in the next section. The first lemma provides the analogue of Lemma 11 for F,),
namely that arbitrary permutability holds also for n-bracketings of Fj-images (see the
subsequent paragraph for the precise definition). All the remaining lemmas concern the

maps F,(,k). In all of this section, we assume that F' is a decomposable r-sort species
with composition operator 7.

In complete analogy with the corresponding definition in Section 3, we define the
concept of an m-bracketing of Fp[Qu],..., F,[,] for pairwise disjoint elements
Q,...,Q,, € Ob(Set"): simply replace F' by F,, everywhere in the definition just
after the proof of Lemma 7.

Lemma 15 (m-PERMUTABILITY FOR (F,,n)). If €4,...,Q,, are pairwise disjoint
elements of Ob(Set"), then all n-bracketings of Fy[Q1], ..., Fy[Qy,] are equal to each
other.

Proof. Since F,)[0] = 0 by definition of F;,, our claim holds if at least one of Qy,...,Q,,
equals @. Hence, we may assume that all of Q4,...,€,, are non-empty.
Next we note that, for sets My, ..., M,,, Ay,..., A,,, we have

(M; — Ay) x (Mg — Ag) X -+ x (M, — Ap)

=M; x My x -+ x M, — (UMlx---ka_lxAkkaHx---me). (5.1)
k=1

Now assume that we are given two n-bracketings of F,)[€24], ..., F;,[Q,,], say
Bn(Fn[Qﬂ, e Fn[ﬂm]) and Bn(Fn[Ql], e ,F,,[Qm]).

Substituting the definition of F}, into Bn(Fn[Ql], - ,Fn[ﬂm]), and applying Ident—
ity (5.1) plus injectivity of m-maps, we find that

By (Fpl], ..., Fy[]) = By (F[SU], ..., F[Q))

—UBn<F[m,...,F[m_11, U n(FmxF[J]),me],...,ﬂﬂm])

(I,J)EOD(D,)
I1J=Q,
T+

-U U Bo(FIU...., FIQ ], n(FI] x F[J]), F[Q%l, ..., F[Q)]).
k=1 (I,J)eOb(D)
I1J=Q,
T40#J

The same argument shows that By (F,[Q4],.. Y Fp[Q,]) equals the last expression
where every occurrence of B, is replaced by B,. By Lemma 11 (m-permutability
for (F,m)), we have

By (FI],..., FQ,]) = By(FI],. .., FI2,])
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hence

which establishes our claim. O

Lemma 16 (FUNCTORIALITY OF Ff,k)) For each morphism f : € — Q in Set” and
every integer k > 0, we have

FIFI(FP[Q]) = FP[Q.

Proof. We use induction on k, our claim being obvious for £ = 0. Suppose that the
assertion holds for 0 < k < K with some K > 1. Then, using the definition of F,(,k),
the functoriality of F;, already demonstrated in Lemma 14, the inductive hypothesis,
as well as the naturality of 1, we find that

Ff)(F[9)) = FIf] ( U (B2 < FFEV8 - Q’]))

/€0b(Set")
o

= U (Fom[(fla fla-a)] (n(Fl€] x FFI[0 - 27)

Q/€O0b(Set™)
CcQ

= U EFle)(FQ) x Fifla el (FE V9 - Q)
/€Ob(Set")
QCO

U n(E,[Q] x FFEV[Q - Q)
Q/cOb(Set")
QCO

K
= F\[Q).

Lemma 17. The functors F,gl) and Iy, coincide.

Proof. Tt suffices to show that F,(,l)[ﬂ] = F,[Q] for every © € Ob(Set"). By (2.6), this
holds if Q = @, so assume that £ # . Then, using the definition of F,sk), the injectivity
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of m-maps, Lemma 7 (3-associativity), and Lemma 5, we have

FO = ) n(Fl] x FP9 - )
Q,€0b(Set")
= 1(F,[Q] x F[0))
= ((F[ﬂ] - Y aFmx F[J])) X F[ﬂ])
(I,J)eOb(D,)
s
—n(FIIx FO) = |J  n(n(FlI] x F1]) x F10))
(I,J)eO0b(Dy)
s

=FlQ - |J n(F x FLI))

TAD+£T
= FTI[Q]>

proving our claim. O

In the next lemma, we require again the concept of a base point, which was introduced
just before Lemma 12.

Lemma 18. For every non-empty Q2 € Ob(Set"), each choice of base point (w, p) € €2,
and every integer k > 1, we have

FRQ = [ »Fu] x FfV Q- ). (5.2)
Q1€0b(Set")
(w,p)eﬂlgﬂ
Proof. The fact that the terms on the right-hand side of (5.2) are pairwise disjoint
follows from Lemma 13, since a term n(Fy[€4] x F,Skil)[ﬂ — §]) is contained in the
larger set n(Fy,[Qu] x F[ — Q4]).

An immediate induction using the definition of F1(,m
have

Fim[Q) = U 0 (Fol€0] % 0(Fyl€] % -+ % n(Fy[Qn_1] x Fy[Q]) ).
Q1,.... 02, 0b(Set")
Q111182 =

) shows that, for all m > 2, we

(5.3)

We first consider the case where & = 1. Here, by definition of F,so) @], the only

contribution to the union on the right-hand side of (5.2) arises for £2; = Q. In that
situation, we have

0 (Fa[€] x P 10]) = n(F4[Q] x F[0)).
However, this is also the only contribution on the right-hand side of the definition of
F,sl) given in (2.4), thus proving (5.2) for k = 1.
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Now we consider the case where k > 2. If k& > 3, then, given Q € Ob(Set"), we
substitute the right-hand side of (5.3) with m =k — 1 in (5.2). As a result, we obtain

U U(Fn[Ql] X 77(Fn[92] XX U(Fn[ﬂk‘fl] X Fn[ﬂk]) i ) (5.4)

©1,Q9,..., Q,€0b(Set™)
Q1T 112, =0
(va)eﬂl

for the right-hand side of (5.2). We note that Expression (5.4) also agrees with the
right-hand side of (5.2) for k£ = 2 (taking into account the fact that we already know
that the union on the right-hand side of (5.2) is a disjoint union).

Expression (5.4) is almost (5.3) with m = k, except that €2, is distinguished by having
to contain the given base point (w,p). However, by Lemma 15 (m-permutability for
(Fy,m)), the ordering of 4,2, ..., in the n-bracketing in the union on the right-
hand side of (5.4) is of no relevance. Thus, the restriction that (w,p) € €; can be

dropped. This shows that the right-hand side of (5.2) equals F{”[€], as claimed. O

6. PROOFS OF PROPOSITIONS 2 AND 3, AND OF THEOREM 4

We begin this section with the proof of Proposition 2. With Lemma 18 in hand, we
are finally in the position to also establish Proposition 3. Theorem 4 is then a simple
consequence of an identity on which the proof of Proposition 3 rests (see (6.1) below).
Although the property expressed in this proposition is of a structural nature, our proof
relies in fact on a counting argument. It would be desirable to find an alternative
approach more in keeping with the actual nature of Proposition 3.

Proof of Proposition 2. We use induction on [|£2||, where || . || has been defined in (2.5).

By (2.6) and the definition of F,(,O), the statement holds if ||| = 0, that is, if Q = 0.
Let €2 be such that ||Q|| = N for some integer N > 0, and suppose that (2.7) holds for
all ' € Ob(Set”) of norm strictly less than N. Then we have Q # @, and therefore

U= Fe

k>0 k>1

=J U  nFE0]x FFVR - )
k>1 ©1€0b(Set")

Q,C0
= U n(Fn[Ql] X (U Fék—l)[ﬂ _ Q1]>)
Q1 €0b(Set") k>1
Q,C0
= U n(Fn[Ql] x ( U FEPe- Ql}))
2, €0b(Set") k>0
@#fhgﬂ
= U (B x FI2 - Q)
Q1 €0b(Set")
Q,C0

— F[Q.
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Here, we have used Lemma 12 for the last equality, and the inductive hypothesis in
the second but last step (here it is important that £; # @ in order to guarantee that
12 — Q4| < [|€2f]). O

Proof of Proposition 3 and of Theorem 4. For k > 0, let us define the generating func-
tion for F,sk) by

GFFTSk)(Zl, cee ,Zr) = Z Z W([n4l,..., [m])<:€> m

M 20 pe B9 [([na], .o [ )]

Again, in the sequel, we shall suppress the indices to weights w for better readability,
the indices always being clear from the context.
The first step consists in showing that

k

1
GFF"(,IC) (215 0y2r) = H(GFFn(zlﬂ cz) (6.1)

By definition of F,(,O)7 the left-hand side of (6.1) equals 1, so that (6.1) holds for k& = 0.
Therefore, we may in the sequel assume that k£ > 1.

We now proceed in a manner similar to the proof of Theorem 1 given in Section 4.
Here, however, we use Lemma 18 instead of Lemmas 12 and 13, and we also need the

functoriality of F,gm) form =10,1,2,... established in Lemma 16. In this way, we obtain
from (5.2) the identity

- w(EP((d,- ) = > up<]I <m>)wU%Km¢.~JmDD

O<pism (<icr)  M<i<r M
cw(FF ([ =l e — w])]). (6.2)

Fixing p € [r], multiplying both sides of (6.2) by

27111 e zgi_llzgpflzgjjl'l . Z?T/(nl! ce nr!),
and summing over all tuples (ny,...,n,) € Nj, gives
PO an—lznp—lzan RN s
F(k) o 1 p—1 ~p p+1 (
Z w( n [([n1]7 ) [nr])]) 711! . 'np_ﬂ (np _ 1)! np+1! ... nr[

_ w(Fn[([IMl]""v[ﬂr])])
= 2 2 pal e gt (o — Dol !

n1eme 20 0<p;<ng (1<i<r)

F(k_l) — g e ey r T n n
' w( n [(_[nl ‘M1] _[n ' K ])]) 2?1 . Zpi11znp—1zpi+11 . Z;%, (6.3)
(s — )~ (ny — )

P

where, again, 1/(—1)! has to be interpreted as 0. The left-hand side equals
OGF )

while the right-hand side is identified as

OGFp,
ﬁzp GFF"(,I@—I),
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whence the equations
0GF (k) O0GF
= 1 GF
0z, 0z,

Assuming inductively that

FD I1<p<r (6.4)

1

GFF,(,kfl) = —(k — 1)!

( GFFn )kil’

we infer from (6.4) that
1
k!
where C'is independent of z1, 2, . . ., 2. Making use of the facts that GF ) 0,...,0) =
n
0 (since k£ > 1) and that GFf, (0,...,0) = 0, we see that C' = 0, which proves (6.1).
On the other hand, by Theorem 1, we know that

GF 0 = 5(GFp, )" +C,

GFp(z1,22,...,2,) = exp (GFFn(zl, 29y, zr)),
or, equivalently,
1 k
GFrp(z1,22,. ., 2) = Y H(GFFU(,ZI,ZQ, e z) (6.5)

k>0

If there were a non-empty intersection between F,gkl)[ﬂ] and FT(,]”)[Q], for some ki, ko
with k; < ko and some © € Ob(Set"), then Proposition 2 would contradict (6.5) and
(6.1). This proves the assertion of Proposition 3.

The proof of Theorem 4 is now easily completed. By definition of GF (21,00 2mY),
we have

C?I:“F(zl, e 2 Y) = Zyk GFFn(k) (2155 2p)-

k>0

If we now substitute (6.1), then we immediately obtain (2.9). Identity (2.10) results
from using Theorem 1 to express GFFn(zl, ..., %) in terms of GFp(z,...,2.) and
substituting the result in (2.9). O

7. ILLUSTRATIONS, I: THREE EXAMPLES

We give here three illustrations for the application of our theory. In the first and
second example below, bipartite graphs are considered. Example 1 is, in some sense,
“standard,” since it addresses the case where the composition operator 1) consists in
“putting objects together,” so that the combinatorial objects in our (in this case, 2-sort)
species are sets of indecomposable objects, a situation which is well covered by classical
species theory. In Example 2, however, the composition operator 7 is different, “non-
standard,” so that classical species theory does not apply, but our (extension of species)
theory does. On the other hand, we shall see in Section 9 that this composition operator
is pointwise associative and commutative (for the precise definition see Section 9), and
that this family of composition operators is closely related to the classical operation
of “putting objects together.” (See Theorem 22 for the precise statement.) Our last
example in this section, Example 3, presents an example of a composition operator
that is neither pointwise associative nor pointwise commutative. A particular aspect
demonstrated by Examples 1 and 2 that we want to highlight is that composition
operators need not be unique.
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Ezample 1 (BIPARTITE GRAPHS I). Let the 2-sort species F' : Set® — Set be defined
by

FIQ) = F[(QW, Q@] .= 22722 = g — (01 Q@) € Ob(Set?).
Thus, F[(QW, Q)] can be considered as set of all bipartite graphs, where the set of

“white” vertices is Q) and the set of “black” vertices is Q). For (21, Q,) € Ob(D,),
by € F[Q4] and by € F[Qs], put

N(,00) ((b1,02)) = by 1L by,

This means that 7q, n,) merely forms the disjoint union of the bipartite graphs b,
and by. Then it is not difficult to see that n is a natural transformation satisfying
(D1). Moreover, F,[€2] consists of the connected bipartite graphs with bipartition
Q = (AW, Q)
For a weight, we choose A = Z[t] and
wa(b) =t be F[Q.

Again, it is not difficult to see that w satisfies Axioms (W0)-(W2); that is, w is a
A-weight on (F,n).
Theorem 1 then says that

GFp(z1,22) = exp (GFFn(zl, zg)), (7.1)

niy _no

21 2
GFp(z1, 22) E E oz =2

n1!n2!

n1,n2>0 bEF[([n1],[na])]

ny . no

bRl *2
GFE7 21, 22) E E t! |ﬁ.
ni-No!

ni,n2>0 bGFn[([nl} [n2])]

where
and

However, by straightforward counting, one sees that

ni  n2

VAR
GF = 14 ¢)mne S
r(21,22) n1n22>0( + ) il gl

From (7.1), it then follows that the generating function for connected bipartite graphs
is given by

21 252
GF =1 > ([ pymme )
(21, 22) = log <n1n2>0( +1) m'ngl)

while (2.10) implies that

n1,m2>0 beF[([n1],[n2])]

niy _no y

- < Yo @y ) . (7.2)

Tll' TLQ'
ni,n2>0

This example can be considered as a 2-dimensional analogue of the example in [10,

Sec. 3] (with the first of the two composition operators considered there). The knowl-

edgeable reader will recognise (7.2) as the exponential generating function for the Tutte

polynomials of complete bipartite graphs (cf. e.g. [21, Eq. (3.10)]).
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Ezample 2 (BIPARTITE GRAPHS II). Let F : Set® — Set be as in Example 1. Here,
for (€21, €2) € Ob(D,), where Q; = (Y, Q) i = 1,2, for by € F[] and by € F[),
we put

M (b1, 82)) := b e T (217 x 0 ) 11 (0 x V).

The graph 7]291792) ((bl, 62)) can be considered as a kind of bipartite completion of the
disjoint union of b; and by. Again, it is not difficult to see that n’ is a natural trans-
formation satisfying (D1). Moreover, Fyy(€2) consists of the complements of connected
bipartite graphs with bipartition Q = (QM), Q®)), where the complement b° of a bipar-
tite graph b € F[€2] is defined as b¢ := (QW) x Q@) —b.

If we now were to choose the weight of Example 1, then Axiom (W2) would be
violated. Instead, with A = Z[t], we set

we(b) := tlQ(l)\.|Q<2>\—|b\’ be FIQ) = F[(Q(1)7Q(2))}_

Then it is not difficult to see that w’ does satisfy Axioms (WO0)—(W2); that is, w’ is a
A-weight on (F, 7).
Theorem 1 then says that

GFp(z1, 22) = exp (GFFn,(zl, 22)), (7.3)

27 202

— 1 ~2
GFp(z1, 22) g E grane—lblZL 22
TLI!TLQ!

n1,m2>0 beF[([n1],[n2])]

where

and ni ,n2
GFF zl 22 Z Z tmm*”ﬂﬁ
/ ) .

ny! no!

n1,m2>0 bEF ([nl} [nZD ! 2

Again, by straightforward counting, one sees that

ny  n2

Z1Z
GF = 14 ¢)mne 222
F(Z1,Z2) n1n22>0( + ) il gl

and we obtain the formulae

ni n2
GFFW’(ZlaZQ) =1Og< Z (1_|_t)n1n2zl o2 )

I ms!
11,120 e
and
ni  n2
GFF Zl 22 . E : E tn1n2—|b|y#(connected components of b¢) )
’ nl!ngl

n1,n2>0 bEF[([n1],[n2])]

7’L1 ZTLQ Y
= > (apmmt= 2% ) (7.4)
TZ1' TLQ'
n1,n2>0

This example can be viewed as a 2-dimensional analogue of the example in [10, Sec. 3]
(with the second of the two composition operators considered there).

The alert reader will have noticed that the n’-maps could have been alternatively
defined by

77291,92) (<bla bQ)) = (bi nl b;)ca (7.5)
where the complements have to be taken in the appropriate complete bipartite graphs.
This construction will be generalised in Section 9.
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Ezample 3 (BINARY FUNCTIONS). Let the (1-sort) species F': Set — Set be defined
by

F[Q] :={0,1}", Q€ Ob(Set).
For (Ql, Qg) S Ob(@l), fie F[Ql], and fy € F[QQ], put

fi(w), if w e Qy,

(n@.00) ((fr, 12))) () = {1 — folw), ifwe Q.

Then it is easy to see that n is a natural transformation satisfying (D1). Moreover,

P — {0q, 1o}, if |92 =1,
K RS otherwise,

where Og and 1g are the constant functions on €2 taking the value 0 and 1, respectively.
We note that, in contrast to Examples 1 and 2, the n-maps of the present example are
pointwise non-associative and non-commutative (cf. Section 9); to be precise, in general
we have

77(91]192,93)(( 1(£21,92) ((f17f2))7f3)> 7é 77(91,921193)<(f1777(ﬂ2,93)((f27f3)))>

and

1(21,92) ((fh f2)) 7& 1(Q2,921) ((f27 fl)) .

For the sake of completeness, we remark that, choosing the trivial weighting

wﬂ(f) = ]-7 fGF[Q]u
Theorem 1 yields the trivial identity

GFp(z 22” = exp (GFp, (2)) = exp(22).

n>0

The construction of this example can also be generalised to produce many more (mul-
tisort) species with pointwise non-associative and non-commutative composition oper-
ator, see Theorem 23 in Section 9.

8. ILLUSTRATIONS, II: MAGIC SQUARES

The purpose of this section is to illustrate the increased flexibility of our present mul-
tivariate setting. We show that a number of generating function identities for combina-
torial matrices found scattered throughout the literature can be uniformly explained,
and generalised, in the context of our theory.

By a combinatorial matriz on = (QW) Q) € Ob(Set?) we shall mean any map

m: QW x Q® - N,.

The pair of sets € is called the support of m. Let mq, mo be two combinatorial matrices
with supports ; = (le),ﬂf)) and Qy = (le),Qg)), respectively, and suppose that
Q; NNy =0. Then we define their direct sum m = my & ms to be the combinatorial
matrix with support €2 := € II 25 given by

ml(wl,wg), (wl,WQ) & le) X 952),

m(wy,ws) = ma(wr,wa), (wi,ws) € Qél) X ng)’

0, otherwise.
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A combinatorial matrix m on € is termed s-magic,® s a positive integer, if

Z m(wy,wy) =, w; € QW

w2€0Q(2)
and
Z m(wy,we) =8, wo € 0,
w1€0®)
Computing the sum of entries, we find that an s-magic matrix is necessarily square,
QW] = |QP)|. The enumeration of s-magic squares has a long history, going back to

MacMahon [18, §404-419]. A good account of the enumerative theory of magic squares
can be found in [26, Sec. 4.6], with many pointers to further literature. For more recent
work, see for instance [4, 9].

For s € N and Q € Ob(Set?), denote by F,(£2) the set of all s-magic matrices on
Q, and by F,(€) the set of those s-magic matrices on £ which do not contain s as an
entry. We thus have mappings

F, : Ob(Set?) — Ob(Set),
which we turn into functors Fj, F, : Set? — Set by assigning to a morphism

f=hf): Q-0

in Set? the map (denoted Fi[f] respectively F, [f]) sending a combinatorial matrix m
in the respective domain to m o (f| s fy 1). Moreover, given s and a finite set €2, let
F*(Q2) be the set of symmetric s-magic matrices on 2 = (€, Q); that is, combinatorial
matrices satisfying
m(wi,ws) = m(wa,wi), (wi,ws) € Q7
and denote by F*(Q) the subset of F¥({) consisting of those matrices with no entry
equal to s. Just as above, the maps
F* F*: Ob(Set) — Ob(Set)

become functors F, F¥ : Set — Set by assigning to a morphism f : Q — Q in Set the
map sending a combinatorial matrix m in the respective domain to m o (f~! x f1).
Next, given s € N, a pair (£2;,Qs) € Ob(D,), and a pair (21,Q2) € Ob(D,), the

direct sum construction provides us with injective maps
(Us)(nl,ng) D Fo(Qq) x Fy(§22) — Fo(Q T Qy),
(7ls) (91.92) © Fs(1) X Fi(Qa) — Fi(Q1 L1 D),
(5)@u.02) + 5 (1) X F7(Q2) — FJ (0 (),
(7)) (,00) 1 F () X F () — FJ (@1 L1 Q).

A certain amount of checking is required in order to convince oneself that these defi-
nitions fit into the framework of Theorems 1 and 4. The next lemma states the corre-
sponding result. We leave its proof, which essentially amounts to a routine verification,
to the reader.

Lemma 19. (i) For each s € N, the collection of maps

ns = ((%)(%ﬂz))(nl,nz)EOb(m)

6Strictly speaking, the correct term here would be “s-semi-magic,” since we do not require diagonals
to sum up to s as well, see e.g. [4]. However, we prefer the term “s-magic” for the sake of brevity.
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is a natural transformation from the functor Fy X Fy to the functor Fy o II.
Analogous statements hold for the functors Fs, FY, FY, and the families of maps

1, = ((1)@.22) (0, 0z conms)
1 = (D) @w20) (0, 00000,
7, = () @w00) 0, 0zyconon)

(ii) For each s, the pair (Fy,m,) satisfies Aziom (D1), an analogous statement hold-
ing for each of the other pairs (Fs,m,), (FX,n%), and (F,7%).

It follows from Lemma 19 and Theorem 4, that Equations (2.9) and (2.10) hold for
each of the pairs (Fy,n,), (Fs,n,), (F¥,n%), and (F*, 7n%); in particular, we find that

S

GFr, (21, 22,9) = (8.1)
(EFF (21, 22,y) = exp (y GF (g, (21, 22)), (8.2)
GFF*<Z y) = exp (y GF (F)ps z)), (8.3)
GFp:(2,y) = exp (y GF sy (2)). (8.4)

Note that in these identities the variable y keeps track of the number of indecompos-
able matrices into which the matrices which are counted by the respective generating
functions on the left-hand sides can be decomposed. Clearly, the generating functions
occurring in (8.1) and (8.2) can be viewed as formal power series in 2122 and y; that
is, z129 could be replaced by a single variable. However, we prefer to keep z; and 2z
separate, since this is more in line with our general theory

We note certain dependencies among the series GFF, GFF, GFF* GFF ; for in-
stance, we observe that an indecomposable s-magic matrix on ([n4], [n ]) cannot contain
an entry equal to s, unless n; = ny = 1. It follows that

L+ |(F)a, (0, [1D], m =mng =1,

’(Fs)ns([mL [”2])\ = { _

= exp (y GF (), (21, 2)),

(
0 (2

|(Fs),—,s([n1], [na])|, otherwise,
and hence, by Equations (8.1) and (8.2),
GFp, (21, 22,y) = € Y GFp, (21, 22,7). (8.5)
Similarly, we have
GFr: (2,9) = ¢ VH/DGF gy (2,). (8.6)

Indeed, for n = 1,2, there exist indecomposable symmetric s-magic matrices on ([n], [n])

containing an entry s:
0 s
(s) and (s O) :

Now let m be a symmetric s-magic matrix on ([n], [n]) with n > 3, and suppose that
m contains an entry equal to s in position (i, j). Then, if i = j, we have m = (s) & m/,
where m/ has support ([n] — {i}, [n] — {i}). If, on the other hand, i # j, then, by
symmetry, m also contains s in position (j,7), and we find that m splits as

(0 s ,
m—(s O)EBm’
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where m’ has support ([n] —{i, 5}, [n] — {4, 7}), and is non-empty since n > 3. Thus, in
both cases, m is in fact decomposable. Hence,

L+ [(F)az ()], n=1,2,
(F )z ([n]) :{ _ ‘
| ‘ |(F;)ﬁ§([n])’> otherwise,

and (8.6) follows from Equations (8.3) and (8.4).

The enumeration can be done exactly if s = 2. For, according to Birkhoft’s Theorem
(cf. [6] or [2, Corollary 8.40]), a 2-magic matrix m is the sum of two permutation
matrices, say p; and po. If m is indecomposable, then the pair {pi,po} is uniquely
determined. Premultiplying by p;’, we obtain a situation where p; is the identity;
indecomposability forces ps to be the permutation matrix corresponding to a cyclic
permutation. So there are n!(n — 1)! choices for (p;, p2), and half this many choices for
m (assuming, as we may, that n > 1). Note that this formula gives half the correct
number for n = 1. So we have

1, n=ny=n=1,
|(F2)my ([na], [na])| = ¢ 2 my=ny =n > 1,
0, ni # na,
that is,
1 1
GF (py),, (21, 22) = 347~ 5 log(1 — 21 22),
and therefore .
GFr, (21,20, 9) = (1 — 2129) 7 ¥/2 51720/ (8.7)
by Equation (8.1). Also,
é\E‘FQ (217 292, y) - (1 - 2122)_y/2 6_2122y/27 (88)

making use of Equation (8.5) and the last result. Special cases of Identities (8.7)
and (8.8) appear in [3, Sections 8.1 and 8.3] (see also [25, Egs. (23) and (24) in Ex-
ample 6.11]). For s > 2, enumeration is more difficult; see Stanley’s paper [24] and
Comtet [8, pp. 124-125] for comments in this direction; also Goulden and Jackson [14,
Sections 3.4 and 3.5] for some variations on this counting problem.”

For symmetric matrices, it is again possible to count the indecomposables with s =
2. For n > 2, such a matrix can be represented as a graph in which every vertex
has degree 2; loops are permitted, but contribute only one to the degree of a vertex.
Indecomposability of the matrix is reflected in connectedness of the graph. So the
graphs we must consider are paths (with a loop at each end) and cycles; and, for n > 2,
their number is 3(n! + (n — 1)!). Including the cases where n < 2, we obtain

22 z 1

GF * = — —— 1 —
and, hence
2
OF (1= o)Y/2 (% Yz ) _
GFr;(2,y) = (1 —2)7"" exp =+ 20— (8.9)
as well as )
eing (1 N\-y/2 oy Yz
GFp;(2,y) = (1 —2)7%* exp ( YR -2 z)) (8.10)

Identity (8.9) generalises [15, Eq. (6.3)], whereas (8.10) generalises [15, Eq. (6.4)].

"Note however, that the formula given in [8] for s = 3 is erroneous.



28

9. CHARACTERISATION OF POINTWISE ASSOCIATIVE AND COMMUTATIVE
COMPOSITION OPERATORS

In this final section, we address the question how far the composition operator n of
our theory can be from the standard operation for the species of sets of combinatorial
structures given by forming the disjoint union, of which Example 1 in Section 7 is
a prototypical example. While we do not have an answer in general, we are able to
completely resolve the case when 1 is pointwise associative and commutative. Here,
given an r-sort species F' : Set” — Set with composition operator 1, we say that
n is pointwise associative if, for all pairwise disjoint €21, Qy, 23 € Ob(Set”), and all
elements x; € F[$], x5 € F[Qy], x3 € F[€23], we have

N(Q,11922,93) ((77(91,92) ((96’1, 952)) ) $3)) = T(Q1,0:11Q3) ((351, N(Q2,93) ((9@2, 333)) )) )

and we say that n is pointwise commutative if, for all (£21,€s) € Ob(®D,), and all
elements z; € F[4], xo € F[Qy], we have

N0 (1, 22)) = nau.a0) ((22,21))-

The n-maps in Examples 1 and 2 are instances of pointwise associative and commutative
composition operators, while the composition operator in Example 3 is neither pointwise
associative nor pointwise commutative. The notion of pointwise commutativity and
associativity as defined above should not be confused with the commutativity and the
3-associativity proved in Lemmas 6 and 7, respectively, which are (in general) strictly
weaker assertions.

Before we are able to make the above statement precise, we need two preparatory
results. Recall that a species isomorphism between two r-sort species F; and Fj is a
collection of maps ¢ = (¢qa)acob(set), Where, for each €2 € Ob(Set"),

va : F1[Q] — F[Q]

is a bijection, with the property that, for every morphism f : € — Q in the category
Set”, the diagram

Al 2L R

wnl lwﬁ (9'1)
Fa[f]
commutes. If F} carries a weak Aj-weight w; and Fj carries a weak As-weight ws,
where, by “weak,” we mean that w; and w, satisfy Axioms (W0) and (W1), but not
necessarily (W2) (cf. Section 2), then an isomorphism ¢ : F} — Fj is called weight-
preserving, if there exists a ring homomorphism A : A; — A, such that the diagram

o) e g,

sa| |» (9.2)

F2 [Q] —_— A2
(w2)a
commutes.
The lemma below tells us that, if F} and F, are two isomorphic r-sort species, where
F7 is decomposable with composition operator n,, then 1, can be lifted to a composition
operator for Fy, demonstrating that I3 is decomposable as well.
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Lemma 20. Let Fy and Fy be two isomorphic r-sort species, where F is decomposable
with composition operator n,. Furthermore, let ¢ be an isomorphism between Fy and
F,. Then F, is decomposable, and the family of maps ny = ((12)(0.,02)) (@1,022)c0b(®,)
defined by
()20 (@1, 72) 1= pennas (1,00 (Pt (21), 90t (22)) )
xr1 € FQ[Ql], To € FQ[QQ],

18 a composition operator for F.

Proof. We have to show that m, is a natural transformation from Fy x F; to F; o I,
and that the pair (F,n,) satisfies Axiom (D1). The former follows immediately from
the corresponding property for (F;,n,) and the naturality condition (9.1). In order to
verify (D1), we start with the left-hand side of (2.2) for the pair (F3,n,), suppressing
the indices of 71,79, ¢ for better readability:

1o (Fa[ Q1] X Fo[S2]) N (F2[4] x F[€2))
= o (m (¢ (Blu]) x o7 (Bl2D) ) N (m (¢ (RlU)) x o7 (BlR))
= o (m (Rl x Al%])) N (m (Rl x F)

= 90<771(F1 (] x Fi[Q]) N (Fi[Q1] x F) [@])).

Here we have used the injectivity of ¢ to obtain the last line. Now we substitute the
right-hand side of (2.2) for the pair (F},n,), to obtain

N2 (Fa[ ] x Fo[Q]) N (Fo (] x Fo[Q])
= 90<771 (771 (Fl[ﬂll] X F1[912]> X 771(F1[Q21] X Fl[QZQ]))>a

where €;; :== ;N ﬁj for i,j € {1,2}. Using F1[Qy;] = ¢ ' (F2[$2;]) at each possible
place, and inserting id = ¢! o0 ¢ at two places, we arrive at

1o (Fa[ Q] % F5[Qa]) N o (B[] x F3[€)])
= ¢ (m (e (e (m (¢ (FB100]) x ¢ (B100)))

X o7 (@ (m (e (Ral2])) x 97 (R2[22)))))))
=12 (?72(F2[911] X F2[912]) X 772(F2[921] X F2[922])),
which is exactly (2.2) for the pair (Fy, n,). O

The second preparatory result, Proposition 21 below, states that, given a decompos-
able r-sort species F' with pointwise associative and commutative composition operator
n, F' is isomorphic to E(F}), where E(F,) denotes the species of sets of F,-structures
(cf. [7, p. 8] for the definition of the species of sets, F, and [7, p. 41] for the definition
of composition of species). In rigorous terms, for € Ob(Set”), the set E(F,)[Q?] can
be defined by

B(F,)[9)] == {{(xl,ﬂl),...,(xk,ﬂk)} L1 € FylQ], i=1,... k,

for some k£ € Ny and €, IT--- T 2, = €2, all €2;’s being non—empty},
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with the obvious notion of induced morphisms. If F carries a weak A-weight w, then
w can be lifted to a weak A-weight of E(F,)) by setting

w9<{(:v1,91),...,(xk,ﬂk)}> = wa, (21) - - way ().

Proposition 21. Let F' be a decomposable weighted r-sort species with composition
operator m, where 1 is pointwise associative and commutative. Then there exists a
weight-preserving isomorphism between F' and E(Fy).

Proof. The starting point is the combination of Lemmas 12 and 13. It says that, for
each non-empty €2 € Ob(Set”) and every choice of base point (w, p) € €2, we have

FIQl= J[ mn@ue-a) (] x FIQ - Q). (9.3)
Q1€0b(Set")
(w,p)EQ1CQ

We are now going to construct bijective maps g : F[Q] — E(F,)[£2] by induction on
|€2]], where || . || has been defined in (2.5). For @ = @, we have |F[Q]| = |E(F,)[Q]| =1
by Lemma 5 respectively the definition of E(F},), whence the construction of 1y is
trivial. Henceforth, we shall suppose that ||€2]] > 1, and we assume that we have
constructed maps g for all Q € Ob(Set") with || < .

Now let ||€2|| = N. Choose a base point (w, p) € Q, and let z € F[Q2]. By (9.3), there
is a unique €y such that z € o, a-a,) (F,[Q1] x F[Q — ]) and (w,p) € Q. Let
(y1, 1) be the uniquely determined pair with y; € F,[Q;] and z; € F[Q — £4], such
that

(y1, 1) = 77(}%1,9—91)(95)- (9.4)
By the inductive hypothesis, there exist uniquely determined elements s, ...y, for
some k € Nand y; € Fy[Q], i =2,..., k, with Qo IT--- 1 Q; = Q — Q, such that
Ya_q,(r1) = {(?/2,92)> oy (yk;Qk)}- (9.5)
Define
wn = { y1,91 (y2792),---,(yk,ﬂk)}-

We claim that this yields a well defined bijection ¢q : F[Q] — E(F,)[€?]. What needs
to be checked here first of all is that different choices of base points would always lead
to the same result. So, let us suppose, that, by choosing a different base point, we
would have obtained

Ya(z) = {@1, ), (2, Qa), ..., (Wi, Ql)},
for some [, instead. Since we must have
Q=Q I Q=TI --Q,

there is a j such that (w, p) € ;. By our inductive construction via (9.4) and (9.5),
we have

2 € Fal€1] X n(Fal@a] X -+ x (P[] x Fyl€]) ).
By Lemma 15 (m-permutability for (£, n)), this is equivalent to saying that
S ’f](F,-,[Qj] X n(Fn[QU(Q)] X X (Fn[Qa(l—l)] X Fn[Qo(Z)]) cee )), (96)

where o(2),...,0(l — 1),0(l) is some permutation of {1,...,7 — 1,7+ 1,...,0}. If
2; # Q, then (9.4) and (9.6) would contradict the disjointness in (9.3). Hence, we
must have €2; = €2, and, by our assumption that 1 be pointwise associative and
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commutative, we even must have y; = y;. The inductive hypothesis applied to £ — €2
then guarantees that, moreover,

{2, @)y ooy (Ur, Q) b = {01, @)ooy (G515 25-1), (Tjrs Lyga)s -5 (0, )
This proves that ¢gq is indeed well-defined.

The facts that each map 1q is a bijection, and that the family ¥ = (Ya)acob(set)
is an isomorphism between F and E(F}), are not hard to verify. The fact that 1 is
weight-preserving is obvious from the definition of 1 and Axiom (W2) for (F,n,w).
This completes the proof of the proposition. O

If we combine Lemma 20 and Proposition 21, then we can say exactly how a decom-
posable r-sort species F' with pointwise associative and commutative composition oper-
ator m arises from the composition of the species of sets with the species of F}-structures
(“components”). We should point out here that, clearly, a natural composition operator
for E(Fy,) is given by

(y1,92) =y Dya, € E(F)[S4], yo € E(Fy)[Q:], Q1 1102, = Q. (9.7)

Theorem 22. Let F' be a decomposable r-sort species with composition operator m,
where m is pointwise associative and commutative. Then, for all (Q1,Q3) € Ob(D,.),
the composition operator m can be expressed as follows:

(€ .00) (71, T2) = wﬁium <¢91(331) I g, (952)>7 r1 € F[Qy], xy € F[Qy], (9.8)

where ¥ is the isomorphism between F' and E(F}) constructed in the proof of Proposi-
tion 21.

Proof. One combines Lemma 20 with Proposition 21, where the role of the isomor-
phism ¢ in Lemma 20 is played by the family of maps 1" constructed in the proof of
Proposition 21. [

In summary, all decomposable r-sort species with pointwise associative and commuta-
tive composition operator can be constructed from F(G), for some species GG, equipped
with the natural composition operator as given in (9.7) (in the case where G = F,)),
by applying a lift in the sense of Lemma 20 via a species isomorphism. In order to
see how Example 2 in Section 7 fits into the setting of Theorem 22, recall that the
isomorphism between F' and E(F}) in that example can be defined by mapping the bi-
partite graph b € F[Q] to its complement b¢, identifying the connected components (in
the classical sense of graph theory) of b°, and forming the set of complements of these
connected components (restricted to the set of vertices which a component involves).
If this isomorphism is inserted in (9.8), the result is (7.5).

We conclude our paper by pointing out that the construction in Theorem 22 can
be “twisted” to produce pointwise non-associative and non-commutative composition
operators as well.

Theorem 23. Let G be a weighted r-sort species, and let g : G — G be a weight-
preserving isomorphism. We extend g to E(G) by setting

gQH"'HQk<{(ylﬂﬂl)’ o (yk,Qk)}> = {9, (1), Q1)+, (9o, (yr), ) }-

Then the family 1 = (110, 0@ ancono,) of maps defined by
N0 (21, 22) = 21 W ga,(22), 21 € E(G)[§h], 22 € E(G)[82],
where (21, Q5) € Ob(D,.), is a composition operator for the weighted species E(G).
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It is obvious from the definition that the composition operator 1 of Theorem 23 will,
in general, be neither pointwise associative nor pointwise commutative. Example 3 in
Section 7 provides a typical example of the above construction, with G given by

{0q, 1o}, if |2] =1,

G| =
) {}, otherwise,

where Og and 1g are the constant functions on €2 taking the value 0 and 1, respectively,
and where the isomorphism g is given by ga(0n) = 1g and gao(lq) = Ogq for |2| = 1.
However, we expect that there are many composition operators  not obtainable in this
way.
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