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1. COMBINATORIAL SPECIES

Combinatorial species is a category-theoretic approach to generating functions. It was developed by Andre
Joyal in 1981; his original paper on the subject gave a new, interesting proof of Cayley’s theorem, a novel
species proof of the Lagrange inversion formula, and redeveloped Polya’s enumeration theory through a
species lens. This paper will give the motivation for studying combinatorial species through illustrative
examples, introduce the category theory background necessary to study species, and culminate in Joyal’s
proof of the Lagrange inversion formula. This paper uses a combination of results from the following works:
0e 6.

Definition 1.1 (Combinatorial species). Intuitively, a combinatorial species is a labelled structure con-
structed from a set A that does not depend on the elements of A. The species S is a function that sends the
elements of A to the set of all structure of S built from A.

Ezample. For instance, we might have A = {1,2,3,4}, and a species on A might be the trees built from A.
Or, we might have A = {a,b, ¢, d, e}, and a species on A might be linear orders on A, or partitions of A.

The essence of combinatorial species really comes from the, as Joyal puts it, transfer of species: that
is, “swapping” out the labels of a structure for another set of labels. Using category theory as a backbone
for the concept of species makes this much easier to achieve than say, using only formal set theory, which
also results in a cleaner definition of species than past ones.

We'll get to the category theory in a bit, but here’s the formal definition:

Definition 1.2 (Combinatorial species, formally). A combinatorial species is a functor from B — B, where B
is the category whose objects are finite sets and morphisms are bijections.

Notation. For a finite set E, M[E] is the set of structures of the species M on E, and we can say that F
underlies M[E]. An element S € M[E] is said to be an M-structure.

This all might be made more clear by an example:

L
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Figure 1

In Figure(l] L is the species of linear orders, L[E] is the set of L-structures supported by E, and an element
of s € L[E] is an L-structure, with E = {0, 1,2} as its underlying set. Note that the species of linear orders
is equipotent to the species of permutations but not isomorphic.
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2. CATEGORY THEORY BACKGROUND

Category theory is the study of structures, in terms of labeled directed graphs called categories, which
consist of objects and morphisms, or mappings, between the objects. Species, as given before, are functors,
or mappings between categories.

Definition 2.1 (Category). Categories are the building blocks of category theory; they consist of objects, and
mappings between these objects, such that each object has an identity mapping and mappings are associative
(we can compose them).

The definition seems a little wishy-washy, but it can be understood better through some examples: A
typical category is the category whose objects are finite sets and mappings are total functions (functions
f A — B where all f is defined for all a € A); this category is denoted as E.

Definition 2.2 (Functor). Since categories are mathematical objects, we can define mappings between them;
these are called functors, and are denoted as arrows between categories (B — E, for instance). Functors map
objects from one category to objects of the other, and morphisms from one category to morphisms of the
other.

Interestingly, this means that categories themselves form a category — the objects are categories, and the
morphisms are functors. So do species — they are functors, and their morphisms are natural transformations.

Definition 2.3 (Natural Transformation). A natural transformation is a mapping between two functors F
and G on the same categories (say, C and D), such that the internal structure of the categories is preserved.
A morphism 7 has the following properties, the second of which are illustrated by the following diagram:

e Each object X € C is equipped with a morphism nx that maps F(X) — G(X).

e For every morphism f: X — Y in C, ny o F(f) = G(f) onx.

X F(X) —— G(X)

f £(f) G(f)

Figure 2

Figure [2| shows nicely that each of the paths taken from F(X) to G(Y) are equivalent. So, a functor is a
morphism of categories, and a natural transformation is a morphism of functors.

Definition 2.4 (Groupoids). A groupoid is a category equipped with invertible morphisms: each map
m: A — B also comes with a map m™! : B — A such that m~! o mandm o m~aretheidentitymappings.

Forexample, thecategoryB, of finitesetsandbijections, whichwehavealreadyseen, isagroupoid, sincebijectionsareobviously

Returningtothede finitionof species, wecanunpackitslightly.InFigurdl] thespeciesLisa functorB — B, map-
ping finite sets of labels to finite sets of linear orderings on the labels. Therefore the species is not exactly
a combinatorial class or similar structure, but a mapping from the “pieces” of a structure to the assembled
structure itself. A species is like a cookie cutter for creating structures of a certain kind for different under-
lying sets.
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Definition 2.5. S[n] is the set of S-structures built from [n]. A species S has the exponential generating
function

S(@) =315 %T

n>0

3. OPERATIONS ON SPECIES AND OTHER COOL STUFF
The sum and product operations are defined nicely for species:

Definition 3.1 (Sum). The sum of two species M and N is defined as (M + N)[E] = M(E) + N(E), a
coproduct in category theory. A family of species (M;);ecs is summable if I, the set of indices where M; is
nonempty, is finite.

Products are a bit trickier to define.

Definition 3.2 (Product). The product of two species S and T is obtained by partitioning the underlying
set E into two disjoint components E; and Es, then putting an S-structure on E; and a T-structure on FEj.
More formally,

(S-T)(E) =|_|S(B1) x T(Ey).
E

Mercifully, these operations carry over nicely to generating functions: (S + T)(z) = S(z) + T(x) and
(§-T)(x) = S(x) - T(x). Other definitions from generating functions also carry over nicely to the world of
species:

Definition 3.3. The species X is the singleton species, consisting of just one object; it can be considered
analogous to Z in our study of generating functions.
One interesting thing we can do is ”lift” identities to the world of species. One silly example is
1 l—-z+2 14
= = €T -
11—z 1—=x 1—=x

Because L(z) = 12—, we can write that

L~1+X-L,

or combinatorially, “a linear order is either empty, or has a first element followed by a linear order.” Lastly,
we have assemblies and substitutions.

Definition 3.4 (Assembly). An N-assembly on a species E is a partition of E, with each component being
equipped with an N-structure. The divided power v, (NN) is the species of N-assemblies with n parts, and
the exponential exp(V) is the species of all N-assemblies.

Assemblies are basically sets — forests are assemblies of trees, permutations are assemblies of cycles, partitions
are assemblies of integers, etc.

Definition 3.5 (Substitution). For species R and N, we can form the species R(N), or an R-assembly. We
do so by partitioning the underlying set F into k parts, placing N-structures on each of the k parts, and
placing an R structure on the set of N-structures. Equivalently,

R(N(A) = || REKx]]NE).

E=U;<yB; i<k

Once again, composition carries over to generating functions of species.

Definition 3.6 (Derivatives). The derivative species S’ of a species S is:
S'[E] = S[E"]

where ET is the set F plus an additional item: E + {*}.

An S’-structure is just an S-structure with a distinguished element: the species of linear orders is the
derivative of the species of cycles.
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Definition 3.7 (r-Enrichment). For a combinatorial species R, we say that an endofunction ¢ : E — E is
R-enriched if each of its fibers ¢~ {z}, € E, or the set of vertices of ¢ connected to x, is equipped with an
r-structure.

Ezample. The notion of r-enriched trees comes about when we think of each of the fibers (or nodes) of
graphical representations of endofunctions as having an r-structure corresponding to it.

Example. With our definitions of products, enrichment, and assemblies, we can see that A, the species of
rooted trees, is equal to X - exp(A). More generally, the Ar, the species of R-enriched rooted trees, is equal
to X - R(AR)

Proposition 3.8. We have D = S(A), where D, S, and A are the species of endofunctions, permutations, and
rooted trees respectively.

Proof. Consider an endofunction ¢ € D[E]. A point z € E is periodic if ¢"(x) = = for some n. For z € E,
let v(z) be the first periodic point in the sequence x, (), ¢*(z),.... v(x), of course, is idempotent — the
values of v(x) do not change when it is repeatedly composed with itself after the first time. For each periodic
x € E, v={z}, the fibers of v~! at z, forms a rooted tree with root x. It is easy to go the opposite direction
as well, to form an endofunction from a permutation of rooted trees.

Proposition 3.9. Vertebrates, or doubly-rooted trees, are linear orders of rooted trees.

Proof. Call the first root of a vertebrate p; and the second root ps, and the path along them a spine,
consisting of vertebrae. Then each vertebrate has a rooted tree hanging off of it. Then, a vertebrate on F
comes with a partition £ = E; + E5 + ... where each partition has a rooted tree, so that

— 2 3 —
V=A+A"+A +"'71—A'

Theorem 3.10 (Cayley’s Theorem). The number of trees on [n], a,, is n" 2.

Proof. With species, we can prove this in just a few sentences. The number of doubly-rooted trees on [n] is

n2a,. As we saw in the past two propositions, these vertebrates are linear assemblies of rooted trees, and

endofunctions (n™ of them on [n]) are permutations of rooted trees. Because the number of linear orders
coincides with the number of permutations, we have n2a,, = n™. Tadal

4. SPECIES PROOF OF LANGRANGE INVERSION THEOREM

With these foundations and examples, we come to the main result of the paper: a species proof of the
Lagrange Inversion Theorem, which was given in Joyal’s original paper on combinatorial species. The
Lagrange Inversion theorem arises from analysis, and has several applications in generating functions (say,
in extracting the coefficients of A in the species A = X - exp(A4)). The theorem is stated as

Theorem 4.1 (Lagrange Inversion Formula). For v(z) = zR(v(x)), we have [z"]g(v(x)) = L[t" g (t)R()™.

In this paper, we will use combinatorial species to prove a slightly differently stated version.

Theorem 4.2 (Lagrange Inversion Formula). Let R and F be species, and A be the species of r-enriched
rooted trees. For n > 1, we have:

F(Ag)[n] = F'R"[n —1]
where = denotes equipotence.
Proof. Firstly, note as covered earlier in Section 3, that
Ar =X - R(AR).
Taking the derivative, we have that
o = R(AR) + X R (Ag) A
= R(AR) + ORA/R
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where Cr = X - R'(AR), and by iteration,

Ay =R(AR) 1+ Cr+CH+Ch+...)

= Ridz) <1 _1CR> '

Here, we can replace ﬁ with Sg, the species of permutations of R. The next lemma provides a
combinatorial interpretation of this.

Lemma 4.3. The species Cr = R'(AR) is equivalent to the species of r-enriched contractions.

Proof. A contraction is essentially an endofunction that is eventually constant, i.e. a function ¢ : £ — E
such that there exists an zo € E where for large-enough n, ¢(™ (x) =z for z € E.

Say we have an r-enriched contraction ¢ : F — F, which eventually converges to some g € E. For
E\ {xo}, we have the structure of an R’-assembly of Ag-structures, or a partitioning of Ag structures where
each component is equipped with an R’-structure, which corresponds to Cgr = R'(Ag). O We also need the
following lemma.

Lemma 4.4. We have S(Cr) = Dg, where S is the species of permutations and Dp, is the species of r-enriched
permutations.

Proof. We can replace the rooted trees in Proposition which states that D = S(A), with contractions.
At each point, we can see that by comparing the fibers of an endofunction with the fibers of a contraction,
we realize that they are in bijection, and transfer the R-structures accordingly to form a bijection between
the species of R-enriched endofunctions and R-enriched contractions. [J

Next, we take the derivative of F/(AR):

by Lemma |4.4

Lemma 4.5 (Repartitioning lemma). The objects of the species G(Ag)Dg, where G is a species, are partitions,
E = Ey + E5, where E1 is equipped with a G-structure v and Fo is equipped with an R-enriched function
A EQ — F.

Proof. From our definitions of species multiplication, we already know that the elements of G(Ar)Dg[E] are
a partition £ = F} + F5 equipped with some structures. On F}, we have a forest of rooted trees equipped
with a G-structure, and on Fy, we have an endofunction. Take the set of the roots of the trees in Fj, and
call them Fy; denote its complement as Fy. The set E5 plus the endofunction on F5, defines an R-enriched
function \ : E5 — E, whereas F; is equipped with a G-structure. In the other direction, we recover Fj as
the preimage of E7 under A, and F; as its complement. The proof can be better understood with this helpful
figure from Joyal’s paper:
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e

1 Ey

Figure 3. Joyal’s paper says to “meditate” on this figure.

With this lemma, we can obtain the cardinality of (G(Agr)Dg)[n]. E = [n], so A : B2 — FE is exactly
A: Ey — [n]. Then, (G(Agr)Dg)[n] = (G- R™)[n].

Applying this to F(Ar), we have
F(Ag)[n] = F' (ARr) R(Ar) Dr[n — 1]
=(F'R)R" '[n—1]
= F'R"[n —1]
completing the proof. O
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