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ABSTRACT

We introduce a generalized notion of combinatorial species called A-species, where A is a
Hopf algebra. The role played by the symmetric group, .S, in the classical theory of species
is now replaced with the wreath product A1.S,. We show that category of A-species admits
a monoidal structure under the Cauchy and Hadamard product. Under certain choices of
A, we recover the notion of Joyal’s species, H-species defined by Choquette and Bergeron,
and B,-species defined by Henderson. We define many bilax monoidal functors involving the
category of A-species. The first functor we construct, S4, goes from the category of species
to A-species. This functor sends the regular representation of the symmetric group S, to
the regular representation of A S, and we use this functor to construct the appropriate
definitions of A-Hopf monoids built from common Hopf monoids. When A = KC,., we recover
the functor defined by Choquette and Bergeron. We then define A-Fock functors, which
are bilax functors between the category of A-species and the category of vector spaces.
We analyze the images of certain A-Hopf monoids under them and show that they are
all isomorphic as Hopf algebras to the Hopf algebra of polynomials invariant under the
hyperoctrahedral group, C{(z))? . We end by showing a sub Hopf algebra of a quotient of
the ring of C,-colored set partitions functions surjects onto C(({x))?" and has a one-sided
inverse.
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CHAPTER 0

Introduction

Hopf Algebras were first encountered in the work of Heinz Hopf in 1941, where he intro-
duced the notion of Hopf algebras in connection with the homology of Lie groups; however,
a formal definition wasn’t coined until 1956 by Pierre Cartier. For a complete history, see
[5] and [14]. Hopf Algebras are a particularly interesting object to study as they turn up
in many areas—algebraic topology, representation theory, combinatorics, and applications in
physics. Informally, Hopf algebras are vector spaces over a field K, with an algebra and
coalgebra structure that is compatible along with a unique antihomomorphism, called the
antipode (see Subsection 3.1.1).

The idea of using Hopf algebras to study combinatorial structures goes back to the
work of Joni and Rota in 1979 in [24]. These Hopf algebras tend to have bases that are
naturally labeled by combinatorial structures (set partitions, linear orders, trees, etc.), and
their algebraic structures encode basic operations of these combinatorial objects. Often, in
these combinatorial Hopf algebras !, the product and coproduct encode how to combine and
split combinatorial objects.

A motivating example is the ring of symmetric functions ([20], [29], [13]), as these are
well-studied and have many applications. There have been many generalizations of the ring
of symmetric functions, many of which are combinatorial Hopf algebras: the quasisymmetric
functions, QSym ([36], [19], [28]), the noncommutative symmetric functions, NSym ([18]),
the ring of symmetric functions in noncommuting variables, NC'Sym or II ([35], [11]), and
the ring of odd symmetric functions, OA ([26], [17]).

One place to find combinatorial Hopf algebras is within the theory of combinatorial
species. The theory of combinatorial species originated in the work of Joyal ([25]) in 1981
as a way to understand generating functions. Since then, species have been used in different
areas of mathematics. They have striking similarities to the theory of algebraic data types in
functional programming languages such as Haskel ([38]), they are used in Euler integration
as a new way to interpret the Euler integral which also extends to magnitude homology and
configuration spaces ([30]), and even have applications in physics ([33]).

Loosely speaking, a species is a way to take a set (labels) and convert it to a family of
structures labelled by said set; for example, if we take the set S = {1, 2,3}, we can consider
all the graphs whose vertices are labelled by S. More formally, a species, p, is a functor
between the category of finite sets and set bijections and the category of vector spaces. That
is, for each finite set I, we get a vector space p[I], along with linear maps, p[I] — pl|J],
induced from the underlying set bijections I — J, see Chapter 4. An alternative way to view

IThere doesn’t seem to be a universal definition of a combinatorial Hopf algebra, but what seems to be
agreed upon by authors is that there should be a basis labelled by combinatorial objects, the grading should
come from the ”size” of the objects, and the structure constants from the product and coproduct should
count the number of ways one could combine or split elements.



a species is as thinking of each of the components, p[/], as a module for the symmetric group
S, where || = n.

We can consider the category of species. It turns out this category admits various op-
erations; in particular, the category of species admits a monoidal structure. With respect
to these operations, there are analogous structures akin to algebras (monoids), coalgebras
(comonoids), bialgebras (bimonoids), and Hopf algebras (Hopf monoids). In recent years,
Aguair and Mahajan, in [3], did extensive work involving the category of species as a
monoidal category. We also encourage the reader to see [4] and [6]. They introduced the
notion of a bilax monoidal functor, which is a functor between two monoidal categories that
preserves bimonoids. Within this, they determined what conditions were necessary for when
a bilax monoidal functor preserves Hopf monoids and call this a bistrong monoidal functor.
They primarily focus on the category of species. They defined four important Fock func-
tors, K, K, KV, and Fv, which correspond to the S,-coinvariants and the S,-invariants. All
of which are bilax monoidal functors, with both K and K’ having the additional bistrong
property; hence, they preserve Hopf monoids. They used these functors as a way to construct
Hopf algebras from Hopf monoids. Many well-studied Hopf algebras can be recovered in this
fashion. This gives an indication that this is a natural combinatorial setting to work in. We
also see that a single Hopf monoid can have many different associated Hopf algebras; for
example, consider the Hopf monoid of set partitions, I, as defined in Section 3.5. Applying
the functors yields

K(II) 211 = NCSym = KY(IT) and K(II) 2 A = Sym = K ' (II).

Many generalizations of species have been studied, see [10], [21], and [3]. In Chapter 19
of [3], Aguiar and Mahajan define the notions of decorated species and colored species. In
[10], Choquette and Bergeron defined the notion of H-species, which give modules for the
hyperoctrahedral group, C5?.S,,. They construct a functor, S, that constructs an H-species
from any species. One thing to note, is that under this functor the regular representation of
S, is sent to the regular representation of Cs 1.5, allowing them to define the notion of H
linear orders appropriately. In [21] and [22], Henderson defined a generalization of Joyal’s
species which he called B,-modules. Here, rather than the components being modules for
the symmetric group, one has modules for C, (S, i.e., the wreath product of the cyclic
group of order with the symmetric group. In fact, he remarks that this holds for any group
G instead of restricting to only C,.. Henderson’s definition encompasses both Joyal’s species
and H-species.

The goal of this thesis is to generalize the category of species even further. Let K be a
field and A be a Hopf algebra over a field K. We define a notion of A-species. We define our
underlying category Set” to consist of all finite sets decorated with A and all morphisms
between them. Informally, an A-species is a functor, p, between Set? and Veck, which
consists of a family of vector spaces p[/4], one for each object 4 € Set”. In particular, each
p[l4] can be viewed as a module for A S,,. In other words, the role of the symmetric group
in classical species is now replaced with A S,,. We can consider the category formed by all
such A-species and morphisms between them, call this Sp“. Our category encompasses some
of the generalizations above. When A = K, we recover the classical notion of species ([25]).
When A = KCy, we recover H-species, and when A = KG ([10]), we recover Henderson’s
notion of species corresponding to G ! S,-modules ([21], [22]).



As done by Aguiar and Mahajan ([3]), we explore analogous properties of this category
Sp? to that of Sp. Under two operations similar to ones used in classical species, this
category becomes a monoidal category. Hence, we can apply ideas/tools used within monoidal
categories to our category. We define what it means to be a monoid, comonoid, bimonoid,
and Hopf monoid in Sp# and construct natural analogues of bilax monoidal functors which
preserve the notion of (Hopf/bi/co)monoids. One such functor, S4 : Sp — Sp#, gives a
way to define an A-species from any species. For any A, this functor sends the regular
representation of .S, to the regular representation of A5, for every n > 0. When A = KCj,
we recover the functor defined by Choquette and Bergeron. From this functor, we can define
the correct version of what the A-species of linear orders, set partitions, etc. should be. Other
functors that we define are similar to the Fock functors defined by Aguiar and Mahajan,
which we call A-Fock functors, and give a way of constructing graded Hopf algebras from
Hopf monoids in §PA. Following notation of Aguiar and Mahjan, these are denoted by
Ku, K, K, and K. We end by showing a string of relationships by applying various A-
Fock functors to Hopf monoids formed by operations on the A-Hopf monoid of linear orders
(L), set partitions (IT4), and superclass functions on unitriangular groups (scfa(U)). The
relationships are as follows:

Ka(scfa(U) 2 KA(Lx ) 4) & KA(T14) &2 Ka(Lg x Iy 2 TP,

where II®) is a colored version of the ring of symmetric functions in noncommutative vari-
ables (see [1] and [2]).

There are many other well-studied species which should have interesting generalizations
to A-species. In [34], Proudfoot constructed a category F'Sp whose objects are finite sets
along with an involution with exactly one fixed point and bijections that respect this invo-
lution; one natural question would be to see if there exists a bilax monoidal functor from
Sp? — FSp. It also remains an open question to compute the Hopf algebras associated
to these A-species. Conversely, there are interesting combinatorial Hopf algebras that have
not yet had a description in terms of species. For example, it would be interesting to deter-
mine what suitable choice of A and A-species would be needed to recover the ring of odd
symmetric functions of Ellis and Khovanov, [17].

The content of this thesis is organized as follows: Chapters 1 through 6 discuss the
necessary background information. Chapter 7 and its sections introduces our notion of A-
species, where A is a Hopf algebra. Here, we start by describing the building blocks of
A-species, i.e., the category of A-sets, and define A-species— a functor p : Set” — Veck. We
consider the category of A-species, and show this is monoidal with respect to two different
products. We end by showing how A-species generalizes classical species, H-species, and B,-
species. In Chapter 8, we construct A-species by decorating with A-modules in various ways.
In Chapter 9 and its sections, we construct a bilax monoidal functor, S, from the category
of species to the category of A-species. This functor sends the regular representation of the
symmetric group, S,, to the regular representation of A S, and generalizes the notion of
the functor defined by Choquette and Bergeron. In Chapter 10 and its sections, we define
A-versions of the Fock functors defined by Aguiar and Mahajn ([3]). Within, we describe
morphisms between these functors and end by making explicit the structure of the Hopf
algebra obtained by applying one of these functors to a A-Hopf monoid. In Chapter 11,
we look at three examples of A-Hopf monoids. Chapter 12 and its sections explores the
relationships between A-Hopf monoids constructed via examples from Chapter 11 and their



images under certain A-Fock functors described in Chapter 10. In Chapter 13, we end by
defining a projection map from quotient of the Hopf algebra of C).-colored set partitions to
the Hopf algebra of B,-invariant functions.



CHAPTER 1

Combinatorial Preliminaries

In this first chapter, we will discuss the basics of the necessary combinatorial background
that will be used throughout later sections. In this section, we primarily follow the notation
used by Rosas, see [11] and [35].

1.1. Combinatorics of Set Partitions

Let I be a finite set. When I is of the form {1,...,n} for some positive integer n, we
simply write [n]. For positive integer m, let m + [n] = {m +1,...,m + n}.

DEFINITION 1.1.1. A (set) partition, X, of I, denoted X F I, is a family of disjoint
nonempty sets, called blocks, X, ..., X; whose union is I. We write

X = XI‘XQ‘ e |Xt

When an order on [ is given, we usually order the blocks in increasing order of their minimal
elements. The length of X is the number of blocks of X, denoted ¢(X).

We say a decomposition of I, is an ordered sequence of disjoint subsets of I, say S =
k

(S1, 52, ..., Sg) such that I = IUISZ-. Note, that these subsets, unlike set partitions, can be
1=

empty, because we want to be able to consider the following decompositions I = () LI I and
I=T1U0.

REMARK 1.1.2. If following Aguiar and Mahajan, our definition of set partition corre-
sponds their notion of a linear set composition, please reference [3].

1.1.1. Partial Order on Set Partitions

The partial ordering on the set of partitions of I is given by refinement: Let m and o be
partitions of I. We write m < ¢ if each block of 7 is a subset of a block of . For example

1|25|346|7 < 1346|257 but 1257|346 £ 1346/257.

1.2. Constructing New Set Partitions

Given set partitions, 7 F [n| and o F [m] such that {(7) = s and ¢(o) = r, we are
interested in constructing new set partitions in the following ways:

(1) We let A denote the greatest lower bound with respect to the partial order < given
above. For example,

1237123 =1[23 , 12311213 =1]2]3 , 1|23 A 12]3 = 1]2/3.
(2) Let 7 Uo F [n+ m] denote the following set partition:

TUo =m|- - |ms|st(or)] - |st(o,),



where st denotes the standardization map, the unique order preserving map from
[m] — n + [m]. This is also sometimes denoted 7|o.

(3) For any set partition, X, of a set I with |I| = n, we can consider the opera-
tor (—)*. This maps the set partition X to the appropriate set partition of [n]
along the pullback of the unique order preserving bijection [n] — I. For example
(18]2|37) = 15]2|34.

(4) Given S C I, the restriction of X|g is the partition of S whose blocks are the
nonempty intersections of the blocks of X with S. For example, if X = 1|25|346]|7
and § = {1,3,4}7 then X‘{173’4} = 1|34

1.3. Integer Partitions

t
Let n > 0. We say A = (A1, ..., \¢) is an integer partition of n if > A\; =n and A\ > Ay >
i=1
-++ > ). There is a natural mapping from set partitions to integer partitions given by

A(m) = AXa[Xo| -+ [ X0) = (IXa s [XG, ), (1)

where (| Xy, |, |X4), -, | Xi,|) is the partition obtained by listing |Xi|, ..., |X;| in weakly de-
creasing order. We say that A(m) is the integer partition type of m. We will also need the
notation Al = A\;!--- \! and can extend to set partitions via 7! = A(m)!.



CHAPTER 2

Category Theory

In this chapter, we will discuss the required background information regarding category
theory; we are interested in looking at monoidal categories. For a more extensive treatment,
please refer to [3] and [27]. Throughout this chapter, we follow the exposition of Aguiar and
Mahajan, see [3]. The reader may wish to skip to later chapters and refer back to this section
as needed.

2.1. Basics of Category Theory

We begin with some basic definitions.

DEFINITION 2.1.1. A category, C, consists of the following data:
e A class of objects denoted Ob(C).

e For each pair of objects X,Y € Ob(C), a set Hom¢(X,Y) = Hom(X,Y) of mor-
phisms between X and Y,

such that the morphisms satisfy the following conditions:

e Forall X,Y,Z € Ob(C), and f € Hom(X,Y),g € Hom(Y, Z) there is a composition
operation
o: Hom(Y,Z) x Hom(X,Y) — Hom(X, Z)

(g, f)=gof

such that g o f is a morphism and o is associative.

e For all X € Ob(C), there is an identity morphism 1x € Hom(X, X). For all X,Y €
Ob(C) and f € Hom(X,Y'), we have folx = fand 1y o f = f.

DEFINITION 2.1.2. A subcategory of C, is a category S whose objects are a subcollection
of objects of C and morphisms are a subcollection of the collection of morphisms of C such
that:

o If f: X —» Y is amorphism in §, then X,Y € S.
e lf f: X ->Y and ¢g:Y — Z are morphisms in §, then g o f is a morphism in S.

o If X € S, then so is 1.

We further say that S is a full subcategory if for any X,Y € S, every morphism f : X — Y
in C is also a morphism in &, in other words the inclusion functor ¢ : § < C is full.

The following are the some of the underlying categories we will be interested in:



EXAMPLE 2.1.3.

e The category of sets, Set, consists of sets for objects and the morphisms are all set
maps between them.

e The category, Set™, consists of finite sets for objects and the morphisms are bijec-
tions between them.

e The category of vector spaces over a field, K, Vecg, consists of vector spaces for
objects and the morphisms are linear maps between them.

DEFINITION 2.1.4. Let C and D be categories. A functor, F' : C — D is a mapping that:
e assigns an object F'(X) € D for each object X € C,

e associates each morphism f : X — Y € C to a morphism F(f) : F(X) — F(Y) €D
such that the following conditions hold:

o F(idx) = idp(x) for every object X € C,

o F(go f)= F(g)o F(f) for all morphisms f: X — Y andg:Y — Z in C.

We say a functor is said to be full if F'is surjective on morphisms, i.e., for every pair of
objects X and Y in C and every morphism g : F(X) — F(Y) in D, there is a morphism
f:X — Y in C such that F(f) =g.

DEFINITION 2.1.5. Given two functors F' and G between categories C and D, a natural
transformation o : F' — G assigns a morphism (section maps) ax : FI(X) — G(X) for each
object X in C and these section maps such that for each morphism f : X — Y in C, the
following diagram commutes:

F(X) =5 G(X)

lF(f) lcm

F(Y) 25 G(Y)

We say that ax is natural in X. We denote a natural transformation by a : F© — G or
a @ F = G. When all section maps are invertible, we say that « is a natural isomorphism,
and write F' = G.

DEFINITION 2.1.6. We say that two categories C and D are equivalent if there exists
functors F': C — D and G : D — C such that FG = 1 and GF = 1p.

2.2. Monoidal Categories

Now we focus on a specific type of category and properties involving it. Throughout this
thesis, we will be working with monoidal categories. We start by giving the definition of a
monodial category.



DEFINITION 2.2.1. A monoidal category (C,-) is a a category C with a functor
:CxC—=C

together with

1. a natural isomorphism
OéAB,C:(A'B)'Ci)A'(B'O)

such that the following diagram commutes

(A-B)-(C-D)
(A-B)-C)-D A-(B-(C-D)) (2)

CVA,B,C"ile TidA ‘aB,c,D

(A-(B-C))-D » A-((B-C)- D).

QA B-C,D
2. C has a distinguished object e with natural isomorphisms
A:A—e- and pp:A— A-e

such that the following diagram commutes

A-(e-B) Al » (A-¢e)-B
(3)
idAiAk AdB
A-B.

This object is called the unit object.
We say a monoidal category is strict if the above natural isomorphisms are identities.

DEFINITION 2.2.2. A braided monoidal category is a monoidal category (C,-) together
with a natural isomorphism

Bap:A-B—B-A

such that the following diagrams commute

B-A-C A-C-B
5«473'1(?1/ \idBmﬁA,C id 4 V widg
A-B.C v B-C-A A-B-C , C-A-B.
Ba,B.c Ba-B,C

(4)

We further say that the category C is symmetric if 82 = id.



ExAMPLE 2.2.3. The category Veck is an example of a symmetric monoidal category,
with - being the usual tensor product of vector spaces and the unit of Vec being K. The
symmetric braiding is given by

BA731A®B—>B®A
a®b—b®a.

2.3. Hopf Monoids

DEFINITION 2.3.1. A monoid in a monoidal category (C,-,e) is a triple (A, u,t) where
AecC,
p:A-A—Aand 1:e— A

satisfy the associativity and unit axioms, i.e., the following diagrams must commute:

(5)

AA A2 A0 e AUy A4 dd 4,
I SN S
AA——— A A .

A morphism of monoids f : (A, u,t) — (A, 1/,/) in a monoidal category C, is a map
A — A’ such that the following diagrams commute:

A-A L5 wn e — 3 A

ul lu’ ) X‘ lf : (6)
A

AﬁA

We say that a monoid (A, i, ) in a braided monoidal category is commutative if po = p;
in terms of diagrams, we need the following to commute:

A-A g s AL A
N .

DEFINITION 2.3.2. A comonoid in a monoidal category (C, -, €) is a triple (C, A, €) where
Cec,

A:C—-C-C and e:C —e

satisfy the coassociativity and counital properties. In terms of diagrams commuting, reverse
the arrows in the monoid diagrams and replace p with A and ¢ with e.

A morphism of comonoids (C,A,e) — (C',A’,¢’') is a map C' — C’ such that the diagrams
in (?7?7) commute when arrows are reversed and p, p’ are replaced with A, A’) and ¢, / are
replaced with & and &’. We say that a comonoid (C, A, ¢) in a braided monoidal category is
cocommutative if 5o A = A. The diagram that corresponds to this is the same as Diagram
(5) above, with arrows reversed and A replacing p.

10



DEFINITION 2.3.3. A bimonoid in a braided monoidal category (C,-,e) is a quintuple
(H, p,t,A,e) where H € C such that (H, p,¢) is a monoid, (H, A, ¢) is a comonoid, and the
two structures are compatible in the sense that the following diagrams commute:

H-H-H-H dfid g H.-H-H
A-AT lu-u (8)
H -H m s H X s H-H

/ X (10)

A morphism of bimonoids is a morphism of the underlying monoid and comonoids.

An equivalent way to characterize a bimonoid H, is to say that H is both a monoid
and comonoid, such that A and e are morphisms of monoids (or equivalently, u and ¢ are
morphisms of comonoids).

DEFINITION 2.3.4. Given a monoid (A, y, ¢) and comonoid (C, A, ¢) in a braided monoidal
category (C,-,e), one can form the convolution monoid, M(C, A), which is the set of all
morphisms from C' to A. In other words, M(C,A) = Hom¢(C, A) with the convolution
product:

Let f,g € Home(C, A), the product f * g is formed from the following composite:

c-250.0-1% 442154 (11)
In M(C, A), the map ¢ o ¢ is the identity.

DEFINITION 2.3.5. A Hopf monoid in a braided monoidal category (C,-, e, ) is a bi-
monoid H for which the identity map id : H — H is invertible in the convolution monoid
End(H). In other words, there exists a map s : H — H, called the antipode, such that the
following two diagrams commute:

H-H—Y yg.H HH—% H.H
AT lu AT y (12)
H———e — H H——e—— H.

REMARK 2.3.6. If the antipode exists, then it must be unique since it is the inverse to
the id : H — H € End(H) with respect to the convolution product.

11



2.4. Monoidal Functors

Again, we follow the notation of Aguair and Mahajan [3]. We let (C, -, e) and (D, x,¢’) be
two monoidal categories and F' be a functor from C to D. We write M to denote the tensor
product functors!, i.e., M :DxD — DviaDx D+ DxD forall D € D,or M :CxC —C
via X x X +— X - X for all X € C. We write [ := Mo (F x F) and Fy := F o M. These
are both functors from C x C to D. Let Z denote the category with a single object and the
only morphism being the identity, and let F° : Z — D and F, : Z — D be the functors that
send the unique object of Z to ¢’ and F'(e) respectively.

DEFINITION 2.4.1. We say that a functor F': C — D is lax monoidal if there is a natural
transformation ¢ : F? = F,, where for every pair of A, B € C we have

F(A)x F(B) 2% F(A- B),
and a morphism ¢ : ¢ — F'(e) such that the following conditions are satisfied:

(1) Associativity: ¢ is associative, i.e., for all A, B,C € C, the following diagram
commutes:

F(A) % F(B) F(C) 2225 p(A)x F(B - )
pa,B*id l‘PA,B-C (13)
F(A-B) % F(C) —7 F(A-B-0O).

(2) Unitality: ¢ is left and right unital, i.e., for all A € C, the following diagrams
commute:

AF(A) PF(A)

¢  F(A) F(A) F(A) % ¢/ F(A)
“’O*idl lF(AA) id *sool lF(;aA) (14)
F(e)x F(A) — F(e- A) F(A)x F(e) - F(A-e).

REMARK 2.4.2. We can view ¢q as a natural transformation between F° and F.

DEFINITION 2.4.3. We say that a functor F' : C — D is colax monoidal if there is a
natural transformation v : [, == F?, where for every pair of A, B € C we have

F(A-B) 225 F(A) = F(B),
and a morphism vy : F'(e) — ¢’ such that the following conditions are satisfied:

(1) Coassociativity: v is coassociative, i.e., we need the diagrams formed by reversing
the arrows in Diagram (13) and replacing ¢ with ¢ to commute.

(2) Conitality: © is left and right counital, i.e., we need the diagrams formed by re-
versing the arrows in Diagram (14) and replacing ¢ with ¢ to commute.

DEFINITION 2.4.4. We say that a functor F' : C — D is bilax monoidal if there exists
natural transformations ¢ and :

'Here we follow the terminology of Aguair and Mahajan, although it would make sense to call these
functors monoidal product functors because they directly use the monoidal product of the respective category
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PAB
—_—
F(A) x F(B) F(A-B)
Ya,B

and morphisms ¢g : € — F(e) and ¢ : F(e) — €’ in D such that F' is lax and colax and the
conditions below are satisfied:

(1) Braiding: The following diagram commutes for all A, B,C, D € C:

F(A-B)x F(C - D)
$A-B,C-D WD
F(A-B-C-D) F(B) » F(C) x F(D)
F(id ﬂ-id)l lid *Bxid (15)
F(A-C-B-D) F(C) % F(B) x F(D)
e F(A-C)x F(B- D) -

where (3 is used for the braiding in either C or D.

(2) Unitality: The following diagrams must commute:

-1
e —2 5 Fle) F) F(e-e) ¢ F(e) Fe-) F(e-e)
/\e’l lﬂ’e,e )‘6/1]\ T‘Pe,e (16)
e xe T > Flle)x Fe) e xé < i F(e) = F(e)

yF(e)Y )

DEFINITION 2.4.5. A lax (colax) monoidal functor (F,p,pq) (resp. (F,1,1y)) between
two monoidal categories (C,-, e, ) and (D, *,¢€', 3) is braided if the right-hand (resp. left-
hand) digram below commutes:

F(A-B) 25 p(A) % F(B) 2% F(A- B)

F(ﬁ)l lﬁ lF(B) (18)

F(B-A) R F(B)*F(A) - F(B-A)
We say that a lax monoidal functor (F,p, o) is strong if ¢ and ¢ are invertible. We
say that a colax monoidal functor (F,,1y) is costrong if 1 and 1)y are invertible. A bilax

monoidal functor (F, ¢, pg, 1, 1) is bistrong if it is both strong and costrong.
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PROPOSITION 2.4.6. (Aguiar and Mahajan, 3.45 [3])If (F, ¢, vo, ¥, 1) is a bilax monoidal
functor with oo =1 and pip =1 then F' is a bistrong monoidal functor.

Let (F, ¢, o) and (G, &, &) be lax monoidal functors between monoidal categories, where
F : (C,.,e) = (D,x,¢) and G : (D,*,€) — (£,0,€"). Define the composition of lax
monoidal functors to be

(GF, 98, 0060) : C = &

where the functor GF : C — & is the composite of ' and GG, and the natural transformations
& (GF)? = (GF)y and @o&p : € — GF(e)

are defined by the following diagrams:

GF(A)OGF(B) - 80 y GF(A-B) ¢ ——oomo-f50 > GF(e)
EF(N /sOAB R G(p0)
(4) * G(e)
(19)

The composition of colax functors is defined similarly, with arrows reversed and the
appropriate maps replaced with the colax maps.

THEOREM 2.4.7. (Aguair, Mahajan, 3.21[3]) If F : C — D and G : D — & are lax (colaz,
bilax) monoidal, then the functor GF : C — & is lax (colax, bilaz) monoidal.

2.5. Morphisms of Monoidal Functors

DEFINITION 2.5.1. Let (C,-) and (D, *) be two monoidal categories. Let (F,p, o) and
(G, &, &) be two lax monoidal functors from C to D. A morphism from F' to G of lax monoidal
functors is a natural transformation « : I = G such that the following diagrams commute

for all A, B € C:

F(A)« F(D) 222, F(A- B) 0
s Jons o > . 20)

CA)xGB) £ GA-B) N

Now, let (F, 1, 1) and (G, 0, dp) be two colax monoidal functors from C to D. A morphism
from F to GG of colax monoidal functors is a natural transformation « : F' = G such that
the following diagrams commute for all A, B € C:

14



F(e)
F(A-B) 222, P(A)+ F(B) o
amBl laA,B ar \ o (21)

G(A- B) - G(A) «G(B) %
G(e)

A morphism of bilax functors is a morphism is such that Diagrams (20) and (21) com-
mute, i.e., a morphism of lax and colax functors.

Finally, a morphism of (co)lax strong monoidal functors is a morphism of the underlying
(co)lax monoidal functors.

PROPOSITION 2.5.2.

(1) (Benabou [7]) If F is a (co)lax monoidal functor from C to D, and h is a (co)monoid
in C then F(h) € D is a (co)monoid. If f : h — h' is a morphism of (co)monoids in
C, then F(f) is a morphisms of (co)monoids in D. Finally, a morphism of (co)lax
monoidal functors F' — G yields a morphism of (co)monoids F'(h) — G(h) ifh € C
is a (co)monoid.

(2) (Aguiar and Mahajan [3]) If F is a bilaz monoidal functor from C to D and h € C
is a bimonoid, then F(h) € D is a bimonoid. If f : h — h' is a morphism of
bimonoids in C then F(f) is a morphism of bimonoids in D. Finally, a morphism

of bilax monoidal functors, F' — G, yields a morphism of bimonoids F'(h) — G(h)
ifh € C is a bimonoid.

PROPOSITION 2.5.3. (Aguiar and Mahajan [3]) If F is a bistrong monoidal functor from
C to D and h € C is a Hopf monoid with antipode s : h — h, then F(h) € D is a Hopf
monoid with antipode F(s). If f:h — h' is a morphism of Hopf monoids in C, then F(f)
1s a morphism of Hopf monoids in D. Finally, a morphism of bistrong monoidal functors,
F — G, yields a morphism of Hopf monoids F(h) — G(h) if h € C is a Hopf monoid.
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CHAPTER 3

Graded Vector Spaces and Hopf Algebras

In this chapter, we give a brief overview of several different possible monoidal structures
on the category of graded vector spaces, gVeci and what familiar objects correspond to
(bi/co)monoids in gVeck. We discuss the notion of invariance and coinvariance in repre-
sentations of algebras and how groups fit into the picture. Please reference [3] Chapter 2
for an exposition on KG-modules. We end by discussing two examples of Hopf algebras—the
ring of symmetric functions and the ring of symmetric functions in noncommutative colored
variables.

3.1. gVeck

An N-graded vector space is a vector space V with a decomposition as a direct sum in

the form
V@

n>0
where V,, is the homogeneous component of degree n in V. We say a linear map, f : V — W,
is a morphism of graded vector spaces if f(V,,) C W, for all n € N, we write f = @ fn

n>0
where f, : V,, = W,,. Together, these make up the objects and morphisms of the category of
graded vector spaces, gVecy.

We can consider two different operations that make gVecy into a monoidal category:

DEFINITION 3.1.1. Given graded vector spaces V and W, we can define the Cauchy
Product, V - W, and the Hadamard Product, V x W, by:

(V-W), = é Vi® W, (22)
(VxW), = XZO@) W, (23)

where ® denotes the usual tensor product of K-vector spaces.

The Cauchy Product, -, turns gVecy into a monoidal category with unit being

1k ::@1n

n>0

1n:{ K if n=0

0 otherwise -

where

The Hadamard Product, x turns gVecy into a monoidal category with unit being

E:=PE.,

n>0

where E,, := K for all n.
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Both (gVecy, -) and (gVecy, x) are symmetric categories with the braiding 8 : V- W —
W.-Vand g:V xW — W x V given on pure tensors by

VRQUWH— WU,

which swaps the tensor factors.

3.1.1. Hopf Algebras

A monoid in gVecy is a graded algebra, i.e., a graded vector space A = € A, with
n>0
morphisms

w:A-A— A and :K— A,

called the coproduct and counit respectively, where both p and ¢ preserve the grading, i.e.,
w(A, ® Ap) € Apy for all ny,m € N, and «(K) € Ap. A comonoid in gVecy is a graded

coalgebra, i.e., a graded vector space C' = @@ C,, with morphisms
n>0

A:C—=C-C and ¢:C =K,
where both A and ¢ preserve grading, i.e., A(C,) € @ C;®C; for all s+t =n € N

s+t=n
and ¢ : Cp — K. A bimonoid in gVecy is a graded bialgebra, i.e., an algebra (H, u,t) and
coalgebra (H, A, ¢) such that A and ¢ are algebra morphisms. A Hopf monoid in gVecy is
a graded Hopf algebra, i.e., a bialgebra H with a unique antipode s : H — H that preserves
grading. For more details regarding Hopf algebras, please reference the following: [15], [32],
and [13].

REMARK 3.1.2. When working with the coproduct, A, it is useful to use Sweedler nota-

tion,
=) a®@a=) a®c
()

to abbreviate formulas involving A. Using this notation, the following formulas can be ex-
pressed in terms of the diagram axioms (or deduced from them):

Z c1e(e) = c= 25(01)02 (24)

(©) (c)

22(01)1(8 C1)2 ®cy = ZZQ@ C2)1 ® 02)2—201@)02@@3 (25)

(e) (e1) (e) (c2) (¢)
> sle)e Z c15(c2) (26)
(c)
“(5(0) = &(0) @

We encourage the reader to reference [15] for more Hopf algebra identities expressed using
Sweedler notation.

Viewing gVecy as a monoidal category under the Hadamard product, x, all of the above
remarks still hold true.
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3.2. Representations of Algebras

DEFINITION 3.2.1. For an algebra A, a representation of A is a vector space V together
with an algebra homomorphism p : A — End(V).

We often call V' an A-module, more precisely a left A-module and write a.v = p(a)v for
a € A,v € V. We are also interested in maps that respect this action:

DEFINITION 3.2.2. Let A be an algebra, py : A — End(V) and py : A — End(W) be
two representations of A. We say a linear map f : V — W is an A-module map if for all
a € A we have

(ow © f)(a) = (f o pv)(a).

In module notation, the above condition is
a.f(v) = f(aw) forallae Ajv e V.

REMARK 3.2.3. Notions of subrepresentations (submodules), irreducible representations
(simple modules), quotient representations (quotient modules), and direct sums of represen-
tations are defined in the same way as for finite groups. However, in order to make sense
of the tensor product of representations and the trivial representation, more structure is
needed. For this, the coproduct and counit are needed.

3.2.1. Trivial Representation

For a finite group G, the trivial representation is as follows:

p:G— GL(K) =K~

g p(g) =idk.
For a general algebra, we need extra structure in order to make K a trivial representation.
The counit, ¢ : A — K, is that structure that is needed. The trivial representation of an
algebra is the following:

a.z=c¢(a)z foralla € A,z € K.

Note that using the counit from the group algebra structure, i.e., e(g) = 1 for all g € G gives
us the notion of the trivial representation of a group (as above).

3.2.2. Tensor Product of Representations

For a finite group, GG, and two representations V' and W, we can turn the tensor product
V @ W into a representation in the following way:

g(vew)=gv®gw forallge G,v e V;w e W.

In order to make sense of a tensor product of two representations, V' and W, of an algebra
A, we need the coproduct, A : A - A® A. We can turn V ® W into an A-module in the
following way:

a.(v®w) :Zal.v@)az.w foralla e A,v e V,w e W.
(a)

Note, that when using the coproduct of the group algebra we recover V ® W as a G-module
as seen above.
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3.3. (Co)invariance

Let K be a field, A be a Hopf algebra, and V' an A-module. Let
VA ={zeV]|azr=cla)z Yac A}

denote the space of A-invariants of V, i.e., the A-submodule of V' in which A acts via the
counit.

Consider the subspace Z := (a.x — e(a)x | © € V, a € A). This is an A-submodule: for
all b € A, we have that

b.(a.x —e(a)r) = ba.x —e(a)bx
ba.x — e(ba)x + e(ba)x — e(a)bx
ba.x — e(ba)x + e(b)e(a)r — e(a)bx
e 1.

Let V4 := V/Z. This A-module is the space of A-coinvariants of V| in other words the
largest quotient that A acts by the counit.

Now consider the vector space A ® V. We can turn this into an A-module by letting A
act via the coproduct, i.e.,

a.(m@v):Zal.x®a2.v VaeA, VeRue A V.
(a)

Denote this A-module by A®A V', and let Zp := (a.(z®@v)—¢c(a)z@v | x@v € AQV, a € A).

Let A ®,, V denote the A-module where A acts via left multiplication on A, i.e.,
a.(r®@v)=arx®v VacA VruveARaV,
and let Z,,, := (a.(z ®@v) —e(a)z@v |z @veE ARV, a € A).

We wish to show that (A ®a V)4 = V, but in order to do so we need the following
lemmas.

LEMMA 3.3.1. AQAV 2 A®,, V as A-modules.

PROOF. Define
P ANV 2 A®,,V

TrTRU— Zx1®x2.v
()
and

P AR,V > ARAV

TRV Zml ® s(za).v,
(=)
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where z ® v is a pure tensor in A ® V| and then extend linearly.
We must show that ¢ and p are inverses to each other.

plple@v)) = @Y 21 ®s(ez)0
(a)

- Z Z(ml)l ® (1)25(2).v

(x) (1)
= D ) 2 @ (22)15((22)2) v
(z) (22)

= Z 1 ®e(xs).v

(z)

= Zmle(xg) Qv
(=)
= TR,

where the third equality comes from Equation 25, the fourth equality is from Equation 26,
the fifth equality is obtained since the tensor product is over K, and finally by Equation 27
we get the final equality. Using the same argument, gives:

peeen) = p| Yo @o
(x)

= S S @ @ s((@))me

(@) (z1)
= D ) 21 @ s((x2)1)(w2)20
(2) (x2)

= Z 1 ®e(xa).v
(z)
= Z x16(T2) ® v

(=)
= TXw.

Thus A®AV =2 A®,, V as vector spaces.
Finally, we must show that ¢ is an A-module morphism. Let a € A, z ® v € A ®,, V, then

vla.x®@v) = plar @ v) = Z(ax)l ® (ax)s.v = Z Zalxl ® asx2.v
(az) (a) (2)

and

a.p(r®@v) = a. le ® TV = Z Zalxl ® a9To.v.
(z)

(a) (x)
Therefore, A®QA V 2 A®,, V as A-modules.
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COROLLARY 3.3.2. There is an induced isomorphism
[ (A@A V)A — (A@m V)A

PROOF. Because ¢ is an isomorphism we get the induced isomorphism @ given by the
following diagram:

ANV — % v A®,, V

| |

(A®aV)/Ia 57 (A@m V)/p(Za).

All that remains to show is ¢(Za) = Z,,, which is immediate since ¢ is an A-module
isomorphism. Clearly, ¢(Za) C Z,,. For the reverse containment, since ¢ is an isomorphism,
there exists an t ® v € A® V such that p(z ®v) =y @ w for all y@ w € A ®,, V. Using
this element gives Z,,, C o(Za).

0

LEMMA 3.3.3. Let V be an A-module, then
(A Rm, V)A =

as vector spaces. In other words, the space of A-coinvariants of A ®,, V' is isomorphic as
vector spaces to V.

PROOF. Define maps
T:V = (A®,V)/L,
v 1®w,
where the overline denotes the projection to coinvariants, and

T:AQV =V
T ®v > e(x)v.
First, observe that Z,, C ker(p):
ola.(z®@v) —e(a)r ®v) = e(ax)v — e(a)e(x)v = e(ax)v — e(az)v = 0.

So there is an induced map 7 : (A ®,, V) /I, = V.
Finally to show that 7 and % are isomorphisms:

P(r(v) =p(I®v) =c(lv =

and

T(@Pzev))=1E(zv)=1Rc(r)v=c(r)l®v =1 .
Therefore, (A ®,, V)4 =V as desired.
U

PROPOSITION 3.3.4. Let V' be an A-module and A act on ARa V' via the coproduct. We
have the following isomorphism of vector spaces:

(ARaV)a =W
Proor. Combine Lemmas 3.3.3, 3.3.1 and Corollary 3.3.2.
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3.4. The Ring of Symmetric Functions
We follow the exposition in [20]. Let K be a field. Given an infinite variable set X =

(21, 2, ..), consider the K-algebra K[[X]] := K[[x1,xs,..]] of all formal power series in the

indeterminates x1, s, .x3,.. over K. An element here has form f(X) = > c,x® where
(03

ca € Kand 2% := 2f'27?--- 27" is the monomial indexed by the weak composition o =

(o, g, ...y ). Let deg(x®) := > «; be the degree, and we say f has bounded degree if
=1

there exists a d € N for which d;g(xo‘) > d implies ¢, = 0. We consider a K-subalgebra,
R(X) < K[[X]], consisting of all formal power series of bounded degree. For every n, the
symmetric group S, acts via

o.f(x1,22,..) = f(To(1), To(2),-..) forall fe R(X), o€ S,

where ) = 3, for all £ > n. In other words, S,, acts on the first n variables and fixes the
remaining. Let S(o) 1= Up>0S5y, this also acts on R(X).

DEFINITION 3.4.1. The ring of symmetric functions in X with coefficients in K, denoted
A, is the S(«)-invariant subalgebra of R(X):

A = {feRX)|of=fVoeSu}
We can also define a coproduct structure on A as follows. We have the ring homomorphism
R(X)® R(X) = R(X,Y)
FX) © g(X) = F(X)g(Y)
where (X,Y) = (21,22, ..., Y1, Y2, ...). This restricts to the isomorphism
A® A R(X,Y )55
. Since S(ae) X S(so) is a subgroup of S(ooyoo)l, we get the following inclusion
AX)Y) = A®A.
This gives a coproduct
AX) S AX,Y) > A®A
f(X) = f(XY).
We have that A is a Hopf Algebra by Proposition 1.4.14 in [20].
3.4.1. Monomial Symmetric Functions

The ring of symmetric functions has a number of distinguished bases, each with their own
advantage. These bases are all labelled by (integer) partitions as defined in Section 1.3. The
simplest basis to consider is the basis given by the monomial symmetric functions, {my}.

Given a partition A,
my = Z .CE)\,

0465'(00)04

where the action of S, on a partition A is given by permuting the entries of the partition.

IS(OO’OO) is the group of all permutations of {1, 2, ..., y1,¥y2, ...} leaving all but finitely many variables
invariant.
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EXAMPLE 3.4.2.
ms) :xi’—{—x§+... ,
Mz = TiTy + 125 + s + x1x§ 4

m(11,1) = T1T2T3 + X1ToTy + ToX3Ty + -+ - .

The Hopf algebra structure using the monomial basis is as follows:
e The product is given by: let A+ n and u F k, then
m)\ ® ml/ }_> Z TK’#mV’
v(n+k)

where 7}, is the number of pairs of sequences (o, B) with oy, f; > 0 where av € S() A
and 3 € Sio)pt.

e The coproduct is given by: let A\ - n, then
A<m>\) = Z my, KXm,,

plr=X

where p U v is the partition obtained from the multiset union of p and v.

3.5. The Hopf Algebra ™

Here, we review the ring of symmetric functions in noncommutative C,.-colored variables,
please reference [1] and [2]; we denote this by II(). Recall, C, = (a | " = 1) is the cyclic
group of order 7.

3.5.0.1. Definition of II"). As before, we let K be a field. Given an infinite noncommu-
tative variable set X = {x1, s, ...}, let

X=X xC,.
Here we view the elements of ) as coloring the variable set X. Given a coloring ¢ =

(€1,.--,&n) € CF, a set partition 7 = [n], and variables x;,, ..., z;, with z;; = x;, if and only if
i; and 7, are in the same block of 7, we can form a word

w(mf)(xil? e xln) = (xiufl)(xizv €2> T (xirﬂ fn)
Let deg(w(r¢)(%i, .-, i, )) :=n be the degree. We consider K((X (")), the associative algebra
of formal power series in the noncommuting variables X ™. An element in K{(X ™)) is of

the form:
FX0) = Z Clr )W) (Tiy s s Ty ),
(m,€)

where c(r¢) € K and the sum ranges over all colored set partitions and all allowable choices
of variables. We say f has bounded degree if there exists a d € N for which deg(w(r¢)) > d
implies ¢(r¢) = 0.

For each positive integer n, there is an action of S, on K{(X®)), coming from the
permutation of variables action above, via

O-‘f((xh 51)7 (.’L’Q, 52)7 ) = f((xa(l)a 51)7 (xO'(Q)J 52)7 )
where o (i) = i for i > n, i.e., S, fixes ; whenever i > n. Denote S() := Up>05,. Because
S, acts on K((X (")) for all n, this implies that S, acts on K({{X))).

k
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DEFINITION 3.5.1. The ring of symmetric functions in the noncommuting variables X
with coefficients in K, denoted 11, is the S(o)-invariant subalgebra of K((X ™)) consisting
of elements of bounded degree, i.e.,

07 = {f e KUXD)) | o.f = f for all ¢ € Sy , deg(f) < o0}

1) is graded based on the C,-colored set partition (,(£y,...,&,)) where 7 F [n] and

(617 ;fn) S C,T,L, i.e.,
ﬁ(T) — @ﬁg{))
n>0
where IZL({) ={f € () | f(X(r)) = > C(m,&)W(me) S deg(w(m)) = n}. A basis of 1™ is

(m,€)
given by monomials indexed by colored set partitions:

Mype = Z w,

where 7 F [n],£ € C, and the sum is over the set of words w = (z;,,&) - - - (2, &,) where

x; = x; if and only if ¢ and j are in the same block of 7 I [n] and the colors are arbitrary.
For a colored variable, we will interchangeably use the notation (z;,&;) and z;g,.

REMARK 3.5.2.

(1) When r = 1, all partitions are trivially colored and will drop the coloring from the
notation, My (1,....1) = M.

(2) When r = 2, we view (5 as the multiplicative group of order two consisting of the
following elements {1, —1} where we often write 1 = —1. When it’s clear by context,
Cs-colored variables will interchangeably be denoted as

(z,1) = Ti1 = T4
(ZEZ', —]_> = T;j-1 = x;.
The following are some examples of Cs-colored monomials.

EXAMPLE 3.5.3.

® MMy3104,(1,7,1,1) = T1T3T1T2 + ToTTT1T1 + X1 X303 -
® Myg3(11,1) = LTLTT2 + 3Tl + TTTTT3 -

® Myg3(17,1) = T10TT2 + TaT3T1 + T1X7T3 + - -

3.5.1. (Co)Product:

Now we describe the Hopf structure of II("). In order to do so, we must first understand
how tuples of C). colorings multiply. The product of colors is given by concatenation, i.e.,

(&1y-y&0) * (01, oy Omn) = (&1y ey &y 01y oy O ) € CPH™. We refer the reader to Chapter 1 for a

reminder on notations and operations involving set partitions.
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Let 7t [k] and p F [m] where k +m = n, then the product p is given by

My e @ My, Z Myg.5-

vk [n]
v A ([K]l[m]) = =|p

Let 7 F [n] and coloring £, then the coproduct A is given by

Mrg = > M) el © Mat(v) €l

ply=m

Here £|,, denotes the coloring on st(yu), i.e., the subsequence (&;,,..§;,) with 4; < iy <--- <y
and 7; is in a block of p.

ExAMPLE 3.5.4. Consider the set partition 13|2 F [3] with coloring (1,1,1) and the set
partition 12 = [2] with coloring (1,1), then the product is as follows:

My32,1,1,1) @ Mg (T,1) 7 Magj245,(1,1,1,1,1) T M1345)2,(1,T,1,1,1) T M13j245,(1,1,1,1,1)

EXAMPLE 3.5.5. Consider the set partition 13]245 F [5] with the coloring (1,1,1,1,1),
the coproduct is as follows:

Mygj245,(1,7,1,1,1) —> 1 @ Mygjoas 171,7,0) T Ma2,a,1) © Mags (77,1) + Masjoas,1,11,1,1) @ 1

REMARK 3.5.6.

e When r = 1, we recover the Hopf Algebra of Symmetric functions in noncommuta-
tive variables as defined in [11] and [35]. In the literature, this is denoted as II.

e We could have easily colored IT with any finite group G instead of restricting our-
selves to C., we denote this by II(®). In fact, if G is infinite there isn’t any problem
putting colorings on set partitions since each set partition consists of finitely many
entries. We would just have infinitely many ways to color a given set partition.

e Given an algebra A, with fixed basis B, we can color set partitions by the basis of

A. We denote this by [I®. When A = KG and we take our basis to be G, we are
back to I1(¢).
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CHAPTER 4
Species

In this chapter, we give a brief introduction to the theory of species. In the first portion,
we follow the notation of Aguiar and Mahajan ([3]); please see the following sources for more
treatments of the theory of species:[25], [9] [6], and [4].

4.1. Species
Fix a field K, and let I be a finite set.

DEFINITION 4.1.1. A (vector) species p is a functor
p : Set™ — Veck

where Set™ and Veck are as defined in Example 2.1.3.

Recall, we write [n] to denote the set {1,2,...,n}. Correspondingly, we write p[n| for
pl{1,2,...,n}]. Let S, denote the symmetric group on n letters. Each element o € S, is a
bijection ¢ : [n] — [n] thus induces a linear map plo] : p[r] — p[n|. Hence, p[n] is an S,
module via o.v = plo]v for all v € p[n] and o € S,,.

DEFINITION 4.1.2. A morphism of species, p and q is a natural transformation a : p — q,
i.e., for all finite sets I, we have a linear map «ay : p[/] — q[I] , such that for each bijection
o : I — J the following diagram commutes:

p[/] — qlI]

p[oll el

plJ] —5= alJl.

In other words, a species consists of a family of vector spaces p[I] one for each finite set
I € Set™, together with linear maps p[f] : p[I] — p[J] for all bijections f : I — J. We also
have that p[id;] = idp; and p[roo] = p[r]op[o] whenever 7 and o are composable bijections.

EXAMPLE 4.1.3. Here, we briefly introduce some examples of species that will be used
consistently throughout this thesis, and one can reference Section 5 for more details regard-
ing these examples.

e Exponential Species
On objects I and for all morphisms f: 1 — J:

E[l] =K
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e Linear Order Species
On objects I:

L[I] := K-vector space with basis indexed by the linear orders on

= (Hy | ¢ alinear order order on I},

where H, denotes the basis element labelled by the linear order . When we need
to specify the linear order, we write £ = £, --- {7 for the linear order £; < --- < {p

and ¢, € I Vk.
On morphisms f: I — J:
L(f] - L[] = L[J]
Hy— Hy ),

where f(¢) denotes the linear order on J obtained by applying f to each letter of ¢.
That is, if £ = €1 --- €y, then f(£) = f(¢1)--- f(4n).
For example, L[{a, b, c}] has basis elements labeled by

(abe, ach, bac, bea, cab, cba),
and L[3] has basis elements labeled by

(123, 132, 213, 231, 312, 321).

Consider the set bijection f : {a,b,c} — {1,2,3} given by f(a) = 2, f(b) = 1, and
f(c) = 3; this gives rise to a linear map L[f] : L[{a, b, c}] — L[3] given by

Hape — Hops Heaep — Hazy
Hyge — Hioz Hyeq — Hiso .
Hegp — Hsoy Hpo — Hzpo

e Set Partition Species
On objects 1,

II[I] := K-vector space with basis indexed by the set partitions of T
= (H|mF1I),

where H, denotes the basis element labelled by the set partition 7 F I, as defined
in Section 1.1.

On morphisms f : I — J, this gives rise to the linear map:
II[f] - II[I] — II]J]
Hﬂ- — Hf(ﬂ),
where f(m) F J obtained by applying f to each element of the blocks of 7.

For example, II[{a, b, ¢}] has basis elements labeled by

(abe, able, aclb, albe, alb|c).
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I1[3] has basis elements labeled by
(123, 12/3, 132, 1]23, 1]2/3).

Consider the set bijection f : {a,b,c} — {1,2,3} given by f(a) = 2, f(b) = 1, and
f(c) = 3; this gives rise to a linear map L[f] : L[{a, b, c}] — L[3] given by

Habc = H123 Hab\c = H12|3
Heepp — Hyjas Hajpe — Higpo .
Hajpje — Hijps

REMARK 4.1.4. When there is no confusion, we often only denote the basis element by
the combinatorial object that labels it; for example, H, will be denoted as 7.

4.2. Monoidal Structures

Let Sp denote the category of species, whose objects are species and morphisms as above.
The following are two operations that turn Sp into a monoidal category.

(1) Sp is a monoidal category under the Cauchy Product, -, defined by
(p-a)l] == & plS]®q[T].

sSuT=r
The unit 1 is defined by
1[1]:{ K iflI=40

0 otherwise -
It is braided and symmetric with the braiding given on pure tensors by
Ppa PIS]@A[T] = q[T] @ p[S]
TRY— Y.

(2) Sp is a monoidal category under the Hadamard Product, X, defined by

(p x q)[I] :==plI] ® q[I].
The unit is given by E, defined in Example 4.1.3. (Sp, x) is also braided and sym-
metric with the braiding given on pure tensors by

Bp.q : PIS] @ q[S] — q[S] @ p[S]
TRY— Y.

Here, we summarize the definitions of (co/bi/Hopf) monoid, given in Section 2.3 in terms of
the Cauchy product; replacing the Cauchy product with the Hadamard product would be
defined similarly.

A monoid in (Sp,-) is a species p together with morphisms y:p-p—pand¢:1—p
such that the diagrams in (5) commute. For each decomposition S UT = I, there is a linear
map

pr - p[S] @ p[T] — plI].
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There is also a linear map ¢y : K — p[()]. A comonoid in (Sp, x) is a species p together with
morphisms A :p — p-p and € : p — 1 such that the diagrams with arrows reversed in (5)
commute. For each decomposition S U T = i, there is a linear map

Agr:p[I] = p[S] ® q[T].

There is also a linear map ¢y : p[)] — K. A bimonoid is a species p such that p is both a
monoid and comonoid and the Diagrams (8), (9), and (10) commute. A Hopf monoid is a
species p that is a bimonoid with an antipode such that the diagrams in (12) commute.

PROPOSITION 4.2.1. (Stover [37]) A bimonoid h for which h[}] is a Hopf algebra is a
Hopf monoid. In particular, if h[}] = K, that is h is connected, then h is a Hopf monoid.

4.3. Fock Functors

In [3], Aguiar and Mahajan defined four bilax monoidal functors from the category of
species to the category of graded vector spaces, called Fock functors, two of which correspond
to the notion of invariance and the other two corresponding to coinvariance:

K,K : Sp — gVecy FV,KV:Sp—>gVecK
K(p) := Ppln] K" (p) := P pl]
K(p) == P plnls, K'(p) = Ppln)*.

Note that even though K = KV, it useful to keep a distinction between the two when
considering (co)invariance, as you will see when we consider the bilax structure. Here, p[n|s,
is the space of S,-coinvariants and p[n]°® is the space of S,-invariants, as defined in Sec-
tion 3.3. The importance of these categorical definitions is demonstrated in the following
theorems. Recall that bilax monoidal structure was defined in Section 2.4.

THEOREM 4.3.1 (Aguiar and Mahajan [3]). The functors (K, p, ¢o, 0, %0), (K, 3, By, 10, Vy),
(KY, 0¥, 08,0, ) and (?v,av,agﬂv,@g) are bilax monoidal functors.

The natural transformations for the bilax structure that correspond to K and K are as
follows: We have ¢y = id and ¥y = id. For all p,q and s + ¢ = n, we have

] plid]®q[canos]

¢pq: P[s]®q[t pls] ® q[s + 1]

where id : [s] — [s] and cano, is the order preserving bijection canog : [s] — [s +t] =
{1+s,...,t+ s}. For decompositions S UT = [n] such that |S| = s and |T'| =t,

Upa  PLS] @ q[T] 2220, o) @ qff]

where st denotes the order preserving bijections st : S — [s] and st : T" — [t]. The maps
©, Py, ¥, and 1Y, are induced by ¢ and 1) on coinvariants.

29



The natural transformations for the bilax structure that correspond to K and K are
as follows: We have ¢y = id and 1§ = id. For all p,q and s + ¢t = n, we have

@p[cano]®q[cano]
Prq Plsl@qlt] ————= P  p[S]@q[T].

SuT = [n]
|S|=s
T =t

For the sections of 1V, we have

id S
v ooplsl@dals + 1,5 + 1] 22, pig @ g

and the zero map on all other decompositions of I. These structure maps restrict to the
. . Ly —y oV —v
invariants, defining @, 95,1, and 1.

THEOREM 4.3.2 (Aguiar and Mahajan [3]). If h is a Hopf monoid in Sp, then K(h),
K(h), KY(h), and Fv(h) are graded Hopf algebras.

The above theorem gives us a way of constructing Hopf algebras from a given Hopf
monoid; in particular, a given Hopf monoid can have multiple Hopf algebras associated to it
depending on which functor is applied to it. Many interesting combinatorial Hopf algebras
can be constructed in this fashion. For example, the ring of symmetric functions and the
ring of symmetric functions in noncommutative variables. The goal of the remainder of this
thesis is to generalize these constructions.
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CHAPTER 5

Examples of Hopf Monoids

In this section, we describe the Hopf monoid structure in detail of a few examples that
will be used throughout the remaining sections. We are particularly interested in species that
are Hopf monoids; as every Hopf monoid corresponds to a Hopf algebra by applying a Fock
functor. One can refer to [3], [9], [4] and [6] to see more properties of these examples.

5.1. The Hopf Monoid of Linear Orders

The species of linear orders, L, is a surprisingly simple example of a Hopf monoid with a
very rich structure. As we will explain later, the components of L correspond to the regular
representation of the symmetric groups. Some other things to note, L is self dual, it is used
in constructing the free monoid of a species (analogous to the tensor algebra of a vector
space), and can be thought of geometrically as chambers. Finally, L also plays well with the
exponential species defined in Example 4.1.3-these species can be combined in various ways
to produce new Hopf Monoids. Please reference the above for a thorough exposition on this
topic.

Recall, the species of linear orders is defined on objects by:

L : Set* — Vecg
I — L[I] := (H, | ¢ a linear order on I)

Recall, that we often write ¢ to denote H,, the basis element indexed by the linear order ¢
of I. For a decomposition, S LT = I, the product and coproduct maps are given by:

psr(ls, br) = Ls - Up Agr(l) =Ls @

where (g is a linear order on S and /7 is a linear order on 1. /g - {7 denotes the concatenation
of the two linear orders to form a linear order on I. Also, ¢|s denotes the linear order on S
formed by the restriction of ¢ to the subset S. The antipode is given by

s(0) = (-1)"

where |I| is the cardinality of I (or equivalently the length of £), and ¢ is the linear order
formed by reversing the entries of /.

ExAMPLE 5.1.1. Consider [3] = {1,2,3}. Then
L[3] = <H1237 H1327 H2137 H2317 H3127 H321>

Let S = {1,3} and T" = {2}, the following are examples of the product, coproduct, and
antipode:

s (31 ®2) = 312
Agr(213) =13 ®2
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s(213) = —(312)

5.2. The Hopf Monoid of Set Partitions

The Hopf monoid of set partitions is another example of a Hopf monoid that is rich
with structure. It has both a combinatorial flavor and geometric flavor. Geometrically, for
each finite set I, this corresponds to the permutahedron, see [6]. Combinatorially, this Hopf
monoid has four distinguished bases labelled by set partitions. We will be focusing on the
basis that generalizes the complete homogeneous functions ([11], [35], [20], and [29]). To
see more detail regarding the other bases and properties of such, please see [31].

Let
I1: 7 - II[I]:=(H, | 7 F I).
Again, when there is no confusion, we will use m to denote H,. Given a decomposition
SuUT =1, the product and coproduct are as follows:

psr - TS| @ I[T] — TI[[]
TRQo—mTlUo

Agr: [I] — II[S] ® II[T]
T T|s @ 7|7

The unit ¢y : K — II[()] given by 1p(1) = 1 where 1 is the empty set partition. The counit
ep : II[0] — K is given by £4(1) = 1 and zero for all other H,.

THEOREM 5.2.1. (Aguiar, Mahajan, [3]) The antipode forI1, s : II — II, has components
gien by
sy H[I] — II[1]
T (=) (1 : o)l
o< op0
where the sum is over all partitions that refine m and (7 : 0)! = []x . (ns!) where ng is the
number of blocks of o that partition the blocks Xg of .

REMARK 5.2.2. Here we are using the opposite of the usual refinement ordering as given
in Subsection 1.1.1. We say x <,, y if y refines z, i.e., every block of x is a union of blocks
of y.

ExAMPLE 5.2.3. Consider [4] = {1,2,3,4}, then

IT[4] = (1234,123|4,124]3, - -- , 1|2|3]4)

Let S ={1,2,4} and T" = {3}. The following are examples of the product, coproduct, and
antipode:

Agr123[4=12/4® 3
sp(14123) = 14(23 — 2(1]2314) — 2(14/2]3) + 4(1|2/3]4)

THEOREM 5.2.4 ([31]). There are Hopf algebra isomorphisms f and f such that the
following diagram commutes
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K@) —L- 1

l

where 11 is as in Section 3.5 when r = 1 and A is the ring of symmetric functions as in
Section 3.4. The isomorphisms are given by f(Hy) = hy and f(H;) = Nh,.

5.3. The Hopf Monoid of Super Class Functions on Unitriangular Groups

In [1], Aguiar and friends construct a Hopf algebra from the supercharacters of UT,,(F,)
and show that this is isomorphic to the Hopf algebra of the ring of symmetric functions in
noncommutative variables. Aguiar-Bergeron-Thiem later show that this Hopf algebra is the
result of applying a certain Fock functor to a Hopf monoid of set partitions, see [2]. Later,
we will show that viewing this Hopf monoid as a Hopf monoid in the category of A-species
via the functors described in Chapter 9, gives rise to a Hopf algebra that is isomorphic to
the Hopf algebra of B-colored symmetric functions in noncommutative variables. In this
section, we discuss the background needed for the Hopf monoid of Super Class functions on
Unitriangular Groups.

5.3.1. Super Character Theory of U(I, /()

There are different ways to construct a supercharacter theories for groups, but we will
restrict ourselves to the technique used for algebraic groups as done in [2], and will recall
only the minimum amount of information needed. Provided below is the formal definition;
however, please reference [16] for a thorough exposition on this topic.

DEFINITION 5.3.1. Let GG be a finite group, K be a partition of GG into unions of conjugacy
classes, and X be a set of characters of G. We say the pair (K, X) is a supercharacter theory
of G if

o |X]=I[K]
e the characters y € A are constant on the members of K, and
e {1} € K, where 1 is the identity element of G, and 1 € X where 1 is the trivial
character of G.
The characters x € X are called supercharacters and the blocks K € IC are called super-
classes.

Let n be a nilpotent F,-Lie algebra. The algebra group associated to n is the set
Gn)={l+2 |z en}
Define an equivalence relation on G(n) given by
x ~ y if there exists g and h € G(n) st y — 1 = g(z — 1)h.

Diaconis and Isaacs refer to the equivalence classes as the superclasses and the functions
G(n) — K that are constant on these classes as superclass functions. They denote the set of
these as scf(G(n)), where
scf : {algebra groups} — Vecgk
via
scf(G) = K — vector space of superclass functions on G
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is a contravariant functor. Under the equivalence relation, each superclass is a union of
conjugacy classes since

grg "t —1=g(z—1)g~"

hence x ~ grg™! for any x and g € G(n). From this, we see that every superclass function
is a class function.

5.3.2. Unitriangular Groups, U(/,/)
Let K be a field. Given a finite set I, let M (I) denote the algebra of matrices indexed by
I:
M([) = {A = (ai,j>i,j€b ;5 ceKVY Z,j € I}

Given a linear order £ on I, then U(I,{) is the subgroup of upper ¢-triangular matrices given

by
1 ifi=j
wij € K st = { 0 whenever i >, j } '

U(l,0) = {(Uz‘,j)z;jez

We denote n(/,¢) to be the subalgebra of M (I) consisting strictly upper triangular ma-
trices with respect to the order ¢. These are clearly nilpotent. Define U(I,¢) as G(n(!,?));
hence, U(I,¢) has a supercharacter theory.

We can define the species of superclass functions on unitriangular groups, scf(U), as
follows: for each finite set I and bijection f : I — J,

scf(U)[1] := @B scf(U(I,0))
teL[1]
scf(U)[f] : sct(U)[I] — scf(U)[J].
For a given linear order ¢ € L[I], we have
scf(U)[f] : scf(U(I,¢)) — scf(U(J, f(¢)))

where f(¢) is as defined in Example 4.1.3.
Throughout, we will only consider matrices of such form with entries in a finite field.
5.3.2.1. Hopf Monoid scf(U). Following [2] and [1], each superclass has a unique matrix,
U(x,a) of the following form:

e Upper triangular with 1’s on diagonal.
e At most one nonzero entry in each row and column, excluding diagonal entry.

It is shown that the set of such matrices are in a one-to-one correspondence with arc
diagrams, (X, a)-hence the notation used for the unique matrix. The set of ares is

A(X,0) :={(i,5) | i <¢ j, i,j € same block, S, of X =1, and Ak € Ssti<,k <]}

We also have function
a: AX, l) = F;

The pair (X, «) is an arc diagram.
As the next example shows, it is convenient to represent an arc diagram as a labeled graph.

EXAMPLE 5.3.2. Let a,b,c € F7.
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The following data corresponds to the arc diagram above :
(=1<3<2<4<6<5b, and X =146|32[5, «(1,4) =a a(4,6) =0, a(3,2) =c¢

The matrix that corresponds to this is:

100a 00
01 c¢c 000
e 001000
E)=10 0010 b
000010
000001

Let K(x,a) denote the characteristic function for the superclass containing Ux q). As we
range over all arc diagrams, (X, a), on (I, {), these form a basis for scf(U(1,?)).

EXAMPLE 5.3.3. Let I = [3],{ = 132, and a, b € F). The basis elements of scf(U([3], 132))
are labelled by the following arc diagrams.

13 2 1 3 2 1 3 2 1 3 2 1 3 2

When we restrict ourselves to the field Fy, then the arcs are labeled by elements of
F> = {1}. Thus, they are in bijection with set partitions.

Let S C I be an arbitrary set. Given a partition of I, say X, let
A(X, 0)|s :={(i,j) € A(X,¢) | i and j belong to S}
and a|g to denote the restriction of o to A(X, ¢)|s.

EXAMPLE 5.3.4. Let 3 be the field with 3 elements, / = [4], and ¢ = 1324. We have
that
A(12413,0) = {(1,2), (2, 9)}.
When «(1,2) = 2 and «a(2,4) = 1, this data corresponds to the arc diagram

2 1
./.\./\.
1 3 2 4

Let S = {1,2} C [4]. Then A(124]3,1324)|s = {(1,2)} and «|s is given by «a|s(1,2) = 2.
This data corresponds to the digram given by

./\
1

If S = {1,3,4} then A(124]3,1324)|5 = 0.
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5.3.3. (Co)Product

We will use the combinatorial descriptions of the basis k(x ), as seen above, to describe
the (co)product.

Let I =S; U Sy and ¢; € L[S;], i = 1,2, the product is given by
HSy,85 ¢ SCf(U(Sl, 61)) &® SCf(U(SQ, 62)) — SCf(U(I, £1 . 62))

Kxy,01 @ KXo F7 Z KX,

Xls;, = X;
a|Si = Q4

The coproduct is given by
Ag, s, 1 scf(U(S,£))® — scf(U(S1,4]s,)) @ scf(U(S2,|s,))

] BxXls,als, ® KX, als, if S} is the union of some blocks of X
fiXa otherwise

EXAMPLE 5.3.5. Let F, be our field. Let = [3] and let S; = {1,2} with ¢; = 12 and
Sy = {3} with ¢, = 3. For the product, we have:

K o QK H—K +Z/<;ab

. o e o beF X o e
q

12 3 1 23 1 23

For the coproduct, we have:

L ®

Ak , )=1®k , +k ®k , +Kk , ®k +Kr ®k , +rk , ®1

— « o e . ° e e

123 123 1 2 123

2 1 1 2
The next result shows that when we consider the Hadamard product (see Section 4.2) of
the species of linear orders, L, with the species of set partitions, I, there is a relationship

between the basis elements of L x IT with the basis elements of scf(U). Please see [2] for the
proof.

PROPOSITION 5.3.6 (Aguiar [2]). Let F be an arbitrary finite field. The map
¢: LxII— scflU),

whose sections are given by

prit@mx)= Y fkxa

a:A(X 0)—FX
s an injective morphism of Hopf monoids.

The morphism ¢ is adding labels from F; to the underlying arcs in all possible ways. In
particular, when g = 2, there is only one such way. This observation leads to the following
result.

COROLLARY 5.3.7 (Aguiar, Mahajan). There is an isomorphism of Hopf monoids
scflU) = L x II,
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i.e., an isomorphism between the Hopf monoid of superclass functions on unitriangular ma-
trices with entries in Fy and the Hadamard product of the Hopf monoid of linear orders and
set partitions.

5.3.4. Relationship to the Hopf Algebra II
For any Hopf monoid p, we have [3], Thm 15.13,

K(L x p) 2 K(p).
This, together with Corollary 5.3.7, we have

K(scf(U)) =2 K(L x IT) = K(II).

in other words, our Fock functors given by the S,-coinvariants applied to the Hopf monoid
of superclass functions on unitriangular matrices with entries in [Fy is isomorphic to the Hopf
algebra of symmetric functions in noncommuting variables. This is the main result of [1].
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CHAPTER 6

Generalizations of Species

Here we give a brief overview of two generalizations of species: H-species and B,-species;
the latter of which is a a generalization of H-species. Please reference [10] for H-species, and
[22] and [21] for B,-species. Later when we define a notion of an A-species, we will see how
both of these generalizations fit inside of our definition.

6.1. H-Species
Here, we follow the notation and work of Choquette and Bergeron [10].

DEFINITION 6.1.1. An H-set, (I,0), is a finite set I together with an involution o on
I, where o is without fixed points. An H-bijection, is a bijection between H-sets (I, 0) and
(J,7) such that the following diagram commutes:

I%J

| I
I==

where f is a bijection between the finite sets [ and J.

Denote B” to be the category whose objects are H-sets and whose morphisms are H-

bijections. Often times, we consider the skeleton of B*, denote this B?, whose objects are
of the form ([m,n],00) where [7,n] = {m,...,1,1,..,n} where i = —i, and oy is the natural
involution on non-zero integers, i.e., oo(i) = ¢ for all i € Z \ {0}. The H-bijections of

objects from B* are isomorphic to B, the hyperoctrahedral group or the group of signed
permutations, see [10] for more on the hyperoctrahedral group.

REMARK 6.1.2. When working with #-sets of the form ([, n], 0¢), the involution is
almost always suppressed and is denoted [7, n].

DEFINITION 6.1.3. Let I be a finite set and o an involution on I. A section is a map
s:1jo—1

which is a right inverse for the projection I — I/o. In particular, s([i]) € {i,0(i)}, i.e.,
taking the coset made from ¢ € I and mapping it to either itself or o (7).

DEFINITION 6.1.4. An H-subset (S, 0g) of an H-set (I,0) is a set S such that S C I and
os(S) = 5, where og : S — S is the restriction of o to the set S.

The condition, og(S) = S ensures that an H-subset is again an H-set.

DEFINITION 6.1.5. An H-decomposition F of (I, 0) is an ordered sequence F' = (F1, ..., Fy)
¢
of disjoint H-subsets of (I, o) such that ,|:|1F¢ = A.
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DEFINITION 6.1.6. A hyperoctrahedral species, is a functor
p: B" = Veck.

A morphism of H-species is a natural transformation between H-species. Let Sp™ denote
the category of H-species.

The following is an analogue of the fact that species can be defined as sequence of S,,-
modules.

PROPOSITION 6.1.7 (Choquette, Bergeron [10]). An H-species can be defined as a se-
quence of modules of the hyperoctrahedral groups.

PROPOSITION 6.1.8 (Choquette, Bergeron [10]). (Sp™,-, 0, 3) is a symmetric monoidal
category under the Cauchy Product

p-qll,0] = EP plS, o5l ®q[T,01],

SuT=I
where the direct sum is over H-decompositions. The unit for this product is given by

o[l 0] :{ K ifI=10

0 otherwise.
The braiding fpq: P-4 — q- P is given by
p[S,05] ® q[T, 07] = [T’ 07] @ P[5, 05]
TRQUY—>yRT.

Under the Cauchy product, the notions of monoid, comonoid, bimonoid, and Hopf monoid
can be defined using Definitions 2.3.1, 2.3.2, 2.3.3, and 2.3.5.

DEFINITION 6.1.9. The functor
S:Sp — Sp™
is defined for a species p , an H-set (I, o), and H-bijection f, by

Spll.o]:= @ ls(1/o)]

s:Ifo—1I

Slfl:= B plflsumo)

s:Ifo—I
where the direct sums are over all section maps as in Definition 6.1.3.

PROPOSITION 6.1.10 (Choquette, Bergeron). S is a bistrong monoidal functor with bilax
structures giwen by ¢o = id, 1y = id, and ¢ =id ®id and ¥ = id ®id.
6.2. B,-Species

We now introduce the category B,, as defined by Henderson in [22] and [21], whose
objects are finite sets with a free action of the cyclic group of order r, C.., and the morphisms
are the bijections that respect this action. Every object is isomorphic to an object [n], :=
C, x [n] for some n € N and End([n],) & C, 1 S,,. With this data, this forms a skeleton of
B.. Henderson defined B,-species to be the functor

B, — Veck.

A B,-species can be viewed as modules for C,1 S,,.
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(1) When r = 1, By is the category of finite sets and bijections—the usual notion of
species as in Aguiar, Mahajan.

(2) When r = 2, by identifying Cy x [n| with [, n], we recover H-species as defined by
Choquette and Bergeron.

REMARK 6.2.1. Henderson makes a comment that all of his results would hold true if we
replaced C, with any finite group G, making G S,-modules instead of C;. ¢ .S,,-modules.

Above, Choquette and Bergeron constructed a functor S that went from Sp to Sp*; this
functor can be easily generalized to a functor from Sp to Sp® via:

p = SplGxfl= O pls(n)

s:[n] =G x[n]
Spl(g,0)] = @ P(F, o) |s(n)]
s:[n] =G x[n]
where (¢,0) € GU.S,, with ¢ := (g1, ...,9,) € G™ and the direct sum ranges over all section
maps.
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CHAPTER 7
A-Species

We now introduce the main object of study in this thesis. Let A be a unital associative
Hopf algebra over a field K. In this chapter, we define the notion of an A-species. In particular,
we are replacing the S,-module structure with the wreath product algebra, A1 S,, i.e., an
A-species will give a family of modules for A .S, for n > 0. We show that both the Cauchy
Product and Hadamard Product make the category of A-species a monoidal category. We
end by showing the category of KG-species is equivalent to the category of G-species (see
Section 6.2). For different choices of G, we are able to recover the classical version of species
(Section 4.1), H-species (Section 6.1), and B,-species (Section 6.2.)

7.1. A-Species
Before defining A-species, we need to set up notation.

7.1.1. Notation

Let K be an arbitrary field, and A be a Hopf algebra! over K with a fixed basis given by
B = {b; | t € T}, where T is not necessarily finite. Define ¢} ; to be the structure constant

given by the following product
bibj = Y _cf b

keT
7.1.2. Wreath Product of Algebras

We consider the wreath product, denoted A1 .S,. As a vector space, A1 S, = A®" @ KS,
and the multiplication is given by

(M1 ® R ®0)(C1Q R DT) = A1C,11) D+ @ ApCo-1(n) QT OT
for all a;,c; € A and o, € S,,.

When A is a Hopf algebra, A5, can be endowed with Hopf structure built from the Hopf
structure of A and KS,,. The coproduct for KS,, and A are as follows:
Ag, : Sp — Sn ® S,
Ag, (0)=0®0 VoeSs,
and
Ay: A= AR A
Ay(a) = Zal ®ay YVacA.
(a)

'Many of our definitions and constructions only require A to be an algebra, coalgebra, or bialgebra. For

clarity’s sake, we choose that our algebra A, is a Hopf algebra. The first time we rely on the fact that A

needs to be a Hopf algebra happens in Section 3.3. We need the Hopf structure, specifically relationships
between the antipode and counit, to prove Lemma 3.3.1.
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The coproduct for A .S, is
A:ALS, — ALS,® ALS,
G @ Qa0 [(a)1® @ (a1 ®0] @ [(a1)2 @+ @ (an)2 - 0.
(as)

The counit of A S, is give by
e: AVS, - K

a1 ® - ®a, ®0c) =calar) -ealan)es, (0) =calar) - calay),
where €4 : A = K and ¢g, : KS,, — K denote the counits for A and KS,, respectively.

To condense notation, from now on write a; -+ a, ®0 =1 R --- R a, Qo € ALS,.

We also use the following for brevity: for our fixed basis B = {b; | t € T'} for A and for
t=(t,....tn) €T™ let by =by, @--- ® by,. A basis for A5, is given by

{h®o|VoeS,,teT"}.

For example, b(1 21y ® (132) would correspond to the basis element b; ® by ® by ® (132) in
A®3 ® Ss.
Let c* be the structure constant given by the following product of generators:

(b ®1d)(b; @id) = Y~ ef5(be ® id). (28)
On the other hand, we have:

(b @id)(b; @id) = (b;; ® -+ by, ®1d)(bj, ® - -+ by, ®1d)
= bjb;, ®---®0b;,0;, ®id
= (ZCZ k) @@ ( Ck b)) ®id
keT keT
- Z Cf}hcfjh T 'Ln Jn (bk, @ b, @ - -+ @ by, ®id).
t=1keT
Thus we have that the structure constants are given by cf] = cflljjlcf;ﬁ e f:h

REMARK 7.1.1. Observe that when A = KG and we choose B = (G, we have that the
product of two basis elements is yet again a basis element, i.e., b;b; = by for some k& which
implies vi=1land ¢f; = 0 for all £ # k. Hence in the product (b; ® id)(b; ® id), we have

that C* = 0 for all k € T™ except for one k' € T™ which corresponds to /J = 1. Thus
(b; ® 1d)(bi ®id) = by ®id.

When performing calculations, we often work with the following generating set for A1.5,,:

{by @ @b, ®id, 1, Q- @14 Q0 |VYo € Sy, t, € T}.

In our shorthand notations, this looks like:

{by, - by, ®id,14---14®0 | Vo € Sp,t, € T}
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and
{h®id, 14 ® - - ®14®0c | Vo€ S,,t. € T}.

From here on out, we will drop the A in 14 when it’s clear by context.

7.1.3. The Category Set”

We start by defining the category of A-sets, this will be the category that our notion of
A-species is built from. We set the notation that given a set X, K[X] denotes the K-vector
space with basis X.

DEFINITION 7.1.2. Let K be an arbitrary field and A be a K-algebra. Set is the category
that consists of the following data:

e Objects: 14 := A®T @ K[I] V I € Set™ where K[I] denotes the linearization of I.
e Morphisms: Let I' := {f : I — J | f is a bijection}. For all I4,.J4 € Set”,

Hom(14, J4) = (j?JAj> @ K[} ] =1l ;
0 otherwise

where A; = A for all j and composition as defined in (29). Given a basis element

® by, ® f € Hom(I4, Js), we define it to be the following linear map:
jeJ

®btj®fIIA—)JA
jeJ
b

where ¢;, :=by; b

®"'b7~in®’U'—)le®"‘®6jn®f(’l))
for all k& € [n].

T’il
")
REMARK 7.1.3. We let A®! denote the |I|-fold tensor product of A with tensors indexed

by I. When necessary for calculations, we choose an ordering on I, and use this ordering to
denote the positions of A, i.e.,

A®l Ail ®Ai2 Q- ®Ai|1|
Now, we show that the above data defines a category:

PROOF. The objects are defined as above.
For any I4,Ja, K4 € Set® and f := ® b, ® f € Hom(Ja, K4) and §j == ®b; @ g €
keK j€J
Hom(14, J4), we have a function:
o: Hom(Jy4, K4) x Hom(l4, J4) — Hom(I4, K4)

(f.9) = fog
With composition defined as:

foi=(0boflo(®bog) = @ hb@fog= @ bbprgw®@fog  (29)
keK jedJ jeJ keK
f)=k

and extend by linearity to general morphisms.

We must show that o is associative and that fo idy, = f =1idy, of.
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1. ois aissociative. A
Let f € Hom(K4,T4), g € Hom(Ja, K4), and h € Hom(Iy4, J4), then:

fo(goﬂ) = (®ct®f) o(@bkag1(k)®goh)
teT keK

= Qabr-1pyag1;-14) ® fo(goh)

teT
= B abriwageg - ® (fog)oh
= (@Ctbfl(t)®fog> ° ( ® bk®h>
teT keK
= (fog)oh
2. foids, = f
Let f € End(I4), ie., f = ®a; ® f. Note id;, := ® 14, ®id. Then,
i€l icl
foid;, = (®Qi®f> (®1Ai ®id)
i€l iel
= Qalsg,_, ® foid
i€l O
= ®a4Rf
iel
= f

Similarly for id;, o f.

Therefore, Set” defines a category.
O

When we restrict to objects of the form [n]4 = A®" ® K|[n], these form a skeleton for
—A
Set?. We define Set to be as follows:
—A
DEFINITION 7.1.4. Set is the category that consists of the following data:

e Objects: [n]a = A®" @ K[n] Vn
e Morphisms: End([n]4) = A0S,

—A
PROPOSITION 7.1.5. Set™ is a skeleton of Set™.

PrRoOOF. We must show that é—g’/cA is a full subcategory of Set that is skeletal. Clearly,
g:e/tA is a subcategory of Set”: every object in évetA is an object in Set”, and for every pair
of objects [n]a,[r]a € Set” we have:

Homga([n]a, [r]a) © Homggea([n]a, [r]a).

In fact, the reverse inclusion holds by definition of Homg_a([n]4,[r]4), thus the inclusion
functor is full. Now to show that the inclusion functor is essentially surjective. Consider the
object I, € Set® where |I| = n for some n, then there is an isomorphism from I — [n]. We
can use this isomorphism to show

Ly = [n]a = u([n]a).
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—A
Finally, to show that no two objects of Set are isomorphic. It’s easy to see that each object

—A
in Set is distinct, for if [n]4 and [r]4 were isomorphic that would mean n = r contradicting
their distinctness.
U

A

We will occasionally work with Set™ instead of Set” since they are equivalent categories
[23].

Let I, J4 € Set” such that |I| = |J. We choose an order on the underlying sets I and

J. We wish to consider two order preserving bijections between them, the standardization
map, st, and the canonical map, cano. These are as follows:

sty La — [|1]]a
and

canoy : Iy — Jy.
On the tensor product of our algebra, both of these maps essentially act as the identity while
only renaming the indices with elements in [||] and J respectively.

REMARK 7.1.6.

1. We will let cano; denote the map that shifts the underlying set by t:
canoy : [nja — [1+t,n+t]a
2. If I = [n], then st; = idy

Ar

Before defining our notion of an A-species and operations that go along with its structure,
we need to define what a decomposition of objects in Set” looks like:

DEFINITION 7.1.7. We say Sy is an A-subset of I, if S C I and the order of S is inherited
from I.

DEFINITION 7.1.8. An A-decomposition of I, € Set” is an ordered sequence of disjoint
A-subsets (F;) 4 := (A®Ti @ K[F}])2_, such that the underlying sets are a decomposition of I.

¢ ¢ ¢
We often write HIFZ- = I to denote the A-decomposition Hl(Fi)A = .|:|1A®|Fi‘ R K[F;] = I4
when it’s clear by context.
7.1.4. A-Species

Here, we define the notion of an A-species and show that these correspond to a family of
modules for A?.S,, for n > 0.

DEFINITION 7.1.9. An A-species is a functor
p : Set? — Veck.

Specifically, an A-species consists of a family of vector spaces p[l4], one for each I, €
Set”, together with linear maps p[f] : p[la] — p[Ja], one for each morphism f : Iy — Jg,
satisfying

plids,] =idpr, and p[f o g] = p[f]oplg]
whenever f and ¢ are composable bijections.
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DEFINITION 7.1.10. We say an A-species is finite-dimensional if each vector space p[l4]
is of finite dimension.

DEFINITION 7.1.11. We say an A-species is connected if p[()] = K.

DEFINITION 7.1.12. Let p and q be two A-species. An A-species morphism, o : p — q, is
a natural transformation, i.e., a family of maps ay, : p[la] — q[I4], one for each I, € Set”

such that for each bijection f : [4 — Jy, the following diagram commutes:

plly] — 24— q[l4]

p[ﬂl lqm

plJa] —57— alJal.

PROPOSITION 7.1.13. An A-species p defines a sequence of AUlS, modules.

PROOF. Tt suffices to use objects from the skeleton of the category Set” . First, let p be
an A-species. Define

t AVSy x p[na] = p[na)
(ay---a, ®@0)v=plla - a, ®0)|(v)
for any pure tensor (ay ---a, ® 0) € A1S, and any v € p[n4]. We wish to show this defines

a left action. Recall, for shorthand we use a; - - - a,, ® 0. Since p is a functor, we have for all
(a1 a,®0),(c1+c,@T) € ALS, and v, w € p[nul,

1.
(e, ®0).(v+w) = plla---a, ®@0)](v+w)
= pl(a1-- an®0)](v)+P[(a1 “ap ® 0)](w)
= (&1, ®@0)v+ (a1 - a, ®0)w
2.

(a1 a,®@0)+(c1- ¢, @T)]v = pllar-a, @)+ (c1--¢, @7T)](v)
pl(a1- - a, ®0)](v) + pl(er- - ¢ @ 7)](v)

= (a1 a,®@0)v+ (1 ¢, ®T)V
3.

(a1 an®0)((cr--cn®T)0) = (al"'@n®0)-(P[(01"'0n® 7)l(v))
= pllar---an ®@0)](p(cr -+ cn @ 7)](v))
= pllar--a,®0)(cy- cn®7)](v)
= (a1 a,®@0)(c1+ ¢, ®T))v

4.

(la---la®@id)w =p[(la--- 14 ®id)](v) = v.
Therefore, p[na] is a left A1 S,-module.

Now, given a sequence of A S,-modules, say

Vo, Vi, Vo, Vs,
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Define a functor p via

p[nal =V,

pl(a;---a, ® 0)|(v) = (a1 a, ®c).v
This defines a functor since for (a; - a, ® ), (c1-+-¢, ® 7) € AL S, and v € V,, we have:
plla;-a,®0)(c1 e, @7)](v) = (a1 an®0)(c1- ¢, ®T)).V
(

ap G, ®0).(c1Cp @T).0
= pllar--a, ®0)](p[(c1 ¢ @7)](v))

and
p[(1A1A®1d)](v) = (1A1A®1d)v = :lan(U)

Therefore an A-species is equivalent to having a sequence of A S,-modules.

O

REMARK 7.1.14. Morphisms of A-species are morphisms of A2S,,-modules. Let o : p — q
be a morphism of A-species, (¢;---¢, ®0) € ALS,, and = € p[n4]. We have that A1 S,, acts
on p[na] via the functor p and since « is a natural transformation, we further have

Ay (1 ®0).x) =

apg)(Pl(er - e @ 0)](2)) = ql(er -+ en @ 0)] () (7)) = (€1- - 0 ® 7).y (7).

The following lemma shows that any action coming from I4 can be transformed into an
action of Jyu.

LEMMA 7.1.15. V14, J4 € Set? st |I| = |J|, End(I4) = End(J4) as algebras.

PROOF. Let f € Hom(I4,J4). It suffices to assume that f has form f = ® a; ® f where
jeJ

f I — J is a bijection. Define mutually inverse maps:

¢ End(14) — End(J4)
®a; Q0 ®af_1(j)®foaof’1
i€l jed
and

p:End(Js) — End(I,4)

®a; 0 — ®af(i)®f_1000f
jeJ icl

Will show that ¢ is in fact an algebra morphism (to show p is an algebra morphism is
similar), and that they are inverses to each other.
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First to show ¢ is an algebra morphism.
P((®a;®0)(®eRT)) = @(Raico143)@ooT)
iel i€l iel
= @a;i()Cor(srg) ® foooTo f
jeJ

= B acy-tepete-t-ia) ® fo oo (ftof)oToft

= @ ap1()Crto(foriof i) @ fooe fThe foTo [
je

= (®ajy@fooof ) ®ciap®forof)
j€J j€J

= ¢(®a;®0)p(®c®T)

i€l i€l
P(®1;®id;) = ®@ 115 ® foidrof ™' = ® 1415 ®idy
iel jeJ jed
Showing that p is an algebra morphism is a similar calculation as above.

Finally, to show that ¢ and p are mutually inverse to each other.

plp(®a;®0)) = p(®af_1(j) ®foaof*1) = @ag-1(5)) @flofoooflof=®a®0o
i€l jeJ i€l i€l

e(p(®a; 7)) =p(Qapsy @ floTof)= Qayy1y)y@fof loTofof=QaT
jeJ i€l jeJ jeJ

Therefore, End(74) = End(J,4) as algebras.
0

COROLLARY 7.1.16. End(14) = A S,, where |I| = n.

PROOF. Take J4 := [n]a.

PROPOSITION 7.1.17. For all 1,4, J4 € Set™ such that |I| = |J|,
p[la] = p[J4]
as A S, -modules.

PROOF. From Proposition 7.1.13, we have that p[l4] is a left A1 .S,-module for all 14.
Consider the morphism f = ® 1; ® f € Hom(l4, J4), it’s easy to see this is a bijection
jeJ

between 4 and J4 so there is a f‘l € Hom(J4, 14). We have that f induces a linear map

plla] 2 plaa)

It’s clear that p[f] is an isomorphism of vector spaces with p[f]™' = p[f~!] (this follows
from functoriality of p, plg] o p[f] = plid] <= plgo f] = p[id] < go f =id). Thus
p[l4] = p[Ja] as vector spaces.

Now to show isomorphic as A ¢ .S,-modules. In order to do so, we must show the following
diagram commutes:
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R 1;f
JjeJ

Pl/4] p[/4]
P[igIai@)U} p[j?]af—l(j)(@foo‘of*l]
p[[A] ® 1J®f p[‘]A]
jeJ

From functoriality of p, we only need to check what happens at the set level. Following
the top right corner yields:

a1 forof NR1;RF)= @ ar17]i-10(fogof-11-1(n @ foo = @ as-1.5H @ foo.
(jejfl(a) f f )(jEJJ f) D agig)litegreres)710) f 2ar) f

Following the bottom left corner yields:
®1;® Ra;, ®0)= Rlar-1ny® foo= Rap-1;) R foo.
(jeJ J f)(iel ) jer? G ®f ey 16) @ f

Thus the diagram commutes. Therefore p[l4] = p[Ja] as A1 .S,-modules.

We can also consider the category of all A-species, denoted by Sp*.

Here we give some examples of A-species that will be of particular interest to us in the
following sections.

ExaMpPLE 7.1.18. Exponential A-Species

On objects I4 € Set?,

EAll4] =K.
On morphisms,

EAlf] = e(f),

i.e., scalar multiplication by &(f) where ¢ is the counit of the wreath product algebra, A1S;.
This will correspond to the trivial representation of A .S,. When A = K, we have that

EA[f] = ldK

EXAMPLE 7.1.19. Linear Order A-Species

On objects:

Lalla] = @ Lls(1)],

s:I—BxI

where the direct sum is over all section maps, s : I — B x I such that s(i) € B x [i].
On morphisms:

La[(bi, -+ b, @) := @D Ll(bi, - bi, @ 0)|sm]-

s:[n]—Bx[n]

Please see Example 11.1.1, for a detailed example of this functor applied to morphisms.
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ExAMPLE 7.1.20. Set Partition A-Species

On objects:
Il = @ TIs(1)],
s:I—+BxI

where the direct sum is over all section maps, s: I — B x I such that s(i) € B x [i].
On morphisms:

s:[n]—Bx[n]

Please see Subsection 11.2 for a detailed description of T14.

7.2. The Cauchy Product

DEFINITION 7.2.1. Let p and q be A-species. The Cauchy product, - : Sp” x Sp* — Sp4,
is the species defined by

(p- @)l = €D plSal @ q[T4]
SuT=I
The direct sum is over all decompositions of the underlying set I.

On a bijection f : [y — Jy, the map (p - q) is defined to be the direct sum of the maps

plSa] ® a[Ty] 2L, o iis ) @ qlf(T4)]

over all decompositions of the set I.

PROPOSITION 7.2.2. (Spt,-, 1k, o, \, p, B) is a symmetric monoidal category with the
braiding Bpq : P-d — q - P given by
p[Sa] ® a[Ta] — a[Ta] ® p[S4]
TRY—>yYRx.

PRrROOF. We first need to define a natural 1somorphlsm a:(_- ) - — _-(_-_) where
we view (_-_)-_and _-(_-_) as functors from Sp# x Sp# x Sp* — Sp The section
maps of a will be defined as follows. Let p, q, h be A-species, then o must have section maps
Qp,qh that are natural transformations. We must show that apqn: (p-q)-h — p-(q-h)
is a natural transformation. Observe that for all I, € Set?, we have that

(p-q) - h[l4]
= P (p-a)[Sa] ®h[T4]

SuT=I
= 9o (P[Ra] ® q[Ka]) @ h[T4]
RUK =S
= 0 PR ® (a[Ka] ©h[T4))
= P plRa @ (a-h)[U4]
RUU=I
= p-(q-h)[l4]
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The isomorphism holds from the fact that the tensor product is associative on vector spaces.
The above gives the isomorphism of the section maps of oy g n:

apqnlla]: (P-a)-hlla] = p-(q-h)[l4]
which is the associator from the category of Vec, ie., (z®@y) ® 2z — 2 ® (y ® z). Now to

show that for all f: I, — J4, the following diagram commutes:

(p-q)-h[l] —ZL (5 q) bl

O‘pyq,hl lap,q,h

p-(q-h)[l4] Sang P’ (a-h)[Ja]

Fix RUKUT =1, and let (r ® y) ® z € (p[Ra] ® q[K4]) ® h[T4]. Then

P-(q-h)(f)(apan((z®y)®2)) = p-(q-h)(f)(z®(y®2))

= plflrlr ® (a[f|x]y @ h[f|r]2)

= apqn ((Plf|rlz ® q[f|k]y) ® h[f]r]2)

= Oép,q,hO(P'Q)'h($®y®Z)
Thus each section map of o, apqn, is & natural transformation. Now that we have the
section maps ap qn defined and are the appropriate maps, we need to show that « is a
natural transformation.
Let Bp : p = P'.0q : @ = d, and B, : h — h’ be morphisms of A-species, i.e., they are
natural transformations. We must show that the following diagram commutes:

(p-q)-hM (p-q) b

ap,q7hl lap/’q,’h,

. . /- /- /
p-(q h)wp (q'-h').

On each object Iy, this diagram commutes since apqn and ’s are natural transforma-
tions.Therefore « is a natural transformation.

Now to define the left and right unitators. I will show all the details for the left unita-
tor and the details for the right unitator are done in the same fashion.

We must define a natural isomorphism A : 1x -~ — id  where we view 1x - and id as
functors from Sp# — Sp“. The sections of \ again need to be natural transformations, i.e.,
Ap ¢ 1g - p — idp = p is a natural transformation. For all 14 € Set”, we have that

(1x - p)llal = €D 1x[Sa] ® p[Tu] = K@ p[I4] = p[L4]

thus we define the sections of A, by the vector space isomorphisms

Apira) : K@ plLa] = plla]

cCXR vV cu.

Now, let f: I, — Ja, we must show the following diagram commutes:
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1x-p)(f
(1 p) L) —2 (15 - p) (7]
Ap[IA]l lAp[JA]
I > plJ
p[/4] iy p[J4l,

which reduces to the following diagram

K ® p[l4] LK @ p[Ja]

)‘p[IA]l l)‘P[JA]

P[4 T p[Jal.

Hence
Ap 0 (Idg @p[f])(c ® v) = Ap(c @ p[f]v) = ep[flv = p[f](cv) = P[f](Ap(c ® v)).
Thus Ap is a natural transformation. Finally, to show that A is a natural transformation. For

all #: p — p’, we must show the following diagram commutes:

| J

PTHD/-

Since for each object, 14, Ap and Ay are isomorphisms and since 8 = 1x ® 3 is a natural
transformation, we get the above diagram to commute. Therefore A is a natural isomor-
phism.
Similarly for the right unitator, p whose sections are defined by the vector space isomor-
phisms:
p[l4] @ K = p[l4].

Showing that all the coherence conditions hold, takes places in the category of vector

spaces which we know are satisfied there. Thus the diagrams in 4 commutes.

We have that it is braided. We have that for all A-species, p and q, 3p q is an isomorphism
since each section map is an isomorphism of the following vector spaces

p[Sa] ® q[Ta] = q[Ta] ® p[Sa].

Finally, it is symmetric since 8 g © Bqp = id.

A monoid, p in Sp* consists of morphisms of A-species
w:p-p—p and ¢:1g — p,
where g is the product and ¢ is the unit. The morphism p consists of a family of linear maps
psr PS4l @ p[Ta] = plla],

one for each decomposition of the underlying set /.The unit ¢ reduces to only one nontrivial
linear map when our underlying set is empty:

ty : K — pl0)].
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For each bijection f : I, — J4 and each decomposition S UT = I, if fS(SA) = S’ and
fr.(Ta) = T, where S' UT' = J, then for p to be a natural transformation, we must have
the following diagram commute:

PS4l @ p[Ta] — p[l4]
p[fg}@F[fTA}l lp[f]
p[S4] @ p[T7)] p[Jal.

We must have that p satisfies the associativity axiom. For each decomposition SUTUR = 1,
the following diagram must commute:

Hgr Tt

p[S4] @ p[T4] @ p[Ra] ——2% p[S4] @ p|(T U R)4]

[
porem |

Pl(SUT)al @ p[Ra] ——577— pll4l.

HSUT,R

LS, TUR

Finally, + must be a left and right unit for pu, i.e., for each I4, the following diagrams
must commute:

0] @ p[l4] ] @ pl0] — p[L4]
R
plia

DEFINITION 7.2.3. A comonoid, p, in Sp” consists of morphisms of A-species
A:p—p-p and e:p— 1.
The morphism A consists of a family of linear maps
Asr : plla] — p[Sal @ p[T4l,

one for each decomposition of the underlying set I. Only one map is nontrivial for the counit
€, when our underlying set is the empty set:

g : pll] — K.

A and € both satisfy the usual coassociativity and counital diagrams as stated in the monoid
definition with arrows reversed and replacing pugsr with Agp and ¢ with e.

The following lemma from [3] is originally stated with finite sets, I. However, we can
replace their sets I with I, € Set” with no change since decompositions of A-sets are in
bijection with set decompositions of I. This lemma is needed for the compatibility of the
product and coproduct in the below definition of a bimonoid.

LEMMA 7.2.4 (Aguir and Majahan [3]). Let SUT =1 =S"UT" be two decompositions
of the underlying set I, from I5. Then there are unique subsets B, C, D and E of I such
that

S=BUC, T=DUE, S =BUD,T"=CUE.
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PROOF. The only choiceis B=SNS, C=SNT,D=TnNS and E=TNT'.
O

A bimonoid, p in Sp? is an A-species such that p has both a monoid and comonoid struc-
ture, with the additional condition that A and e are morphisms of monoids, or equivalently,
w1 and ¢ are morphisms of comonoids.

The compatibility conditions are given by requiring the following diagrams to commute.
Given I4 and any A-decompositions, SUT = [ = S U T, the following diagram must
commute:

~ A ~ ~ id ®Aid ~ ~ A ~

p[B] ® p[C] ® p[D] ® p[E] » p[B] ® p[D] @ p[C] @ p[E]
P[] @ PITa] ——z— Pl —5—— pl| @ p[T"].

where B, C; D and F are as in Lemma 7.2.4. Recall, all sets decorated with a hat are to
be understood as objects in Set?, i.e., B := B4. We also require the following diagrams to
commute:

pll] ® [0] =% Ke K K ———— pl0]
b -
pll] —— K, K®K —— p[f] @ p[d],
0

p[0]
N
K K.

A Hopf monoid p in Sp# is a bimonoid with the morphism (the antipode), s : p — p.
For each I4, s;: p[la] — p[I] must be such that

Ags T N id@st A T
plla] ==% @ plS|@p[Ta 225 @ plS) @ plTa] =25 pll4l,
SuT=I SuT=I
DAg,T A sg®id N ous, T
pllu] —= @ plS]®@p[Ta] — @ p[S|@p[Ta] —= p[i4]

SUT=I SuT=I
are zero, and the following diagrams must commute:

id ®s sp®id

p[0] @ p[0] » p[0] @ p[0] p[0] ® p[0] > p[0] @ p[0]
p[0] — K ———— p[0] p[0] — K ——— p[0].
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7.3. The Hadamard Product

In this section, we introduce the Hadamard product. This operation also turns the cate-
gory of A-species, into a monoidal category with unit E, defined in Example 7.1.18. Whenever
we consider the Hadamard product, we also assume our algebra is a bialgebra.

DEFINITION 7.3.1. Let p and q be A-species. The Hadamard product, x : Sp* x Sp* —

Sp4, is the species defined as follows:
For all 14,

(p x a)[1a] := p[la] @ qlla].
On morphism generators (1---1® f) and (b;, - - - b;, ®1id) we have:

(Pxq)[l---1@f)l=p[1---1efloq(l--1 f)]

(P x Q)[(biy by, @id)] = Y P((Bi)1 - (bi, )1 @A) @ al((by)2 -+ (bi,)2 @ id)].

(bi,,) VK

In other words, A?.S,, acts on the Hadamard product via the coproduct; when we restrict
ourselves to S, the action is diagonal.

PROPOSITION 7.3.2. (Sp*, x, E4,a, )\, p, B) is a symmetric monoidal category with the
braiding Bpq : P X 4 — q X p given by

P14l ® q[la] — q[l4] ® p[14]
TRQUY+— 1y,

PROOF. We first need to define a natural isomorphism o : (__ x_ )x_ — _ x(__x_ )

where we view (__ x _ ) x __and __ x (__x _) as functors from Sp* x Sp* xgpA —
Sp?. The section maps of o will be defined as follows, which themselves must be natural
transformations. Let p,q,h € Sp”. Observe that

(pxq) xh[l4] = (pxq)[la] xh[l4]
= (p[la] x a[14]) x h[14]
pl1a] x (a[la] x h[l4])
p[La] X (q x h)[14]
= px(qxh)[l].
The isomorphism follows from the fact that the tensor product is associative on vector

spaces. The above defines the isomorphism of the section maps oy g n. Now to show that for
all f: 14— Jga, the following diagram commutes:

1%

(pxa)xh[f]
—_—

(P x @) x h[l4] (P x q) x h[J4]

apaq,hl lap,q,h

P % (g x h)[I4] o]’ P (q x h)[Ja].

It suffices to show on the morphism generators, (1---1® f) and (b, - - - b;, ®id).
Let © € p[l4], y € q[{4], and z € h[l,]. First

55



P X (qxh)[(1---1® f)[(apqn((z@y) @ 2)):
= px(gxh)[l--1®[)(z®(y®2)
= pll---1® fllz@(a@xh)[(1--1® f)](y®)
= pll--- 1@z (ql-- 1 f)ly@h|1---1® f)z)
= opan((Pxq)[(l---1® flz@y)@h[1---1® f)]z)
= apqn((pxq) xh[1---1 f)l((z@y) @ 2).
Now,
p X (g x h)[(bi, - - bi, @id)])(apqn((z ©y) @ 2)) :
= p><(q><h)[(b' -obi, @1d)](z © (y @ 2))
= 3 pl(Ba)i- - (b ) @ i) ® (@ x B)[((By)s -+~ (B, )e ® 1)) (y)
= Zp((bu (bi, )1 @id)]z @ (q[((bs; )2 - - - (bi, )2 @ id)]y @ h[((bs) )3, ..., (bs, )3,1d)]2)

apan (D0 X Q(Bi)r -+ (bi,)1 @id)] (@ @ ) @ B((bi)z -+ (b, )2 @ i) )
ap.qn((P X a) X h[((bu by, ®i)](w @ y) @ 2).

Thus the diagram commutes, and each section map ap on is a natural transformation. The
naturality diagram for « reduces to the naturality diagram of the section maps. Thus « is a
natural transformation, moreover a natural isomorphism.

Now to define the left and right unitators. I will show the details for left unitator and
the right unitator is done in a similar fashion. We must define a natural isomorphism A :
E 4 x _ —id where we view E4 x __ and id as functors from Sp? — Sp“. The section
maps of A must again be natural transformations, i.e., for all p € Sp#, A\, : E4 x p — id(p)
is a natural transformation. For all 14, we have that

(Ea x p)[1a] = Ealla] ® pla] = K® p[l4] = p[l4],

where the isomorphism is given by scalar multiplication. Thus we define the section maps of
Ap from the above isomorphism. We must show that the following diagram commutes for all
f Iy — J A,

E
(B4 x p)[1a] — 2P (5, % p)[Ja]
)‘p[IA]l l)‘P[JA]

It suffices to show on the morphism generators, (1---1® f) and (b;, ---b;, ® id). Let x €
EA[[A] and y € p[IA].
First,

Apa] © (Ea x p)[(1---1@ flllz®@y) = Appy o (Ba[(l---1® f)le@p[(1---1® f)]y)
= )‘p[j]o(g(f) z@pl(l--1® f)ly)
= Apao(@@p[(l---1® f)ly)
= ap[(1---1® f)l(y)
= pl(1---1® f)l(Appa(z ®y))
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as desired. Now, Apir,1 0 (Ea X p)[(bs, - -~ bi, @ id)](z @ y) :
= AplLy] (Z Ea[(biy -+ b, ® id)1]z @ p[(bsy -+ by, ® id)z]y)
= Ap[L4] (Z e((biy - bi, ®@1d)1)z @ (by -~ by, @ id)2~y>
= > e((biy b, @id)1)a(by, - by, @id)ay
= ) e((by by, @id)1)(bi, -+ by, @id)s).y
= xp|(b;, -+ b;, ®@id)]y
= p[(by b, ®@id)](zy)
= p[(bi, -+ bi, ®id)] 0 Appry(z @ y),

where we use the Sweedler Identity (25) for the fifth equality. Thus A, is a natural transfor-
mation. Showing the naturality of A, reduces to the naturality diagram of A\,. Thus A is a
natural transformation, moreover a natural isomorphism. To show that the right unitator is
natural isomorphism is similar, with the section maps defined by the following vector space
isomorphisms:

p[la] ® K = p[l4].

Showing that all the coherence conditions hold takes place in the category of vector
spaces; thus, the diagrams in 4 commute.

We have that it is braided. For all p,q € Sp*, 3 is a natural isomorphism since each
section map is an isomorphism of the following vector spaces:

Plla] x al[l4] = q[la] x p[l4].

Clearly fp q © Bqp = id, thus symmetric.
O

REMARK 7.3.3. For every I4 € Set? and p,q € Sp?, A1 S, acts on the Hadamard
product, (p x q)[1a] = p[la] ® q[l4], since End(I4) = A1 S, for some n = |I|. See Section
3.2.

7.4. Relationship to Generalized Species

To end this chapter, we let A = KG and take G to be our basis, and we will show that the
category of KG-species is equivalent to the category of G-species, as defined by Henderson
(see Section 6.2, [22], and [21]).

7.4.1. G-Species to KG-Species

First, we define a functor that constructs a KG-species from a G-species.

LEMMA 7.4.1. For each G-species, p, we can define a functor F : Sp¢ — Sp*% via
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p — FpKG*" @ Kn|| :=p[G x [n]]
Fp[)_ agovgal =Y agapl(d.0)]

o F(Oé)[nA] = Oy

where the direct sum is over all (§,0) € G1S,, where §:= (g1, ...,9,) € G™.

PROOF.

e For all p € SpY, Fp € Sp*® since

(1) Fp[KG®" ® K[n]] := p[G x [n]] which is a vector space by definition of p.
Furthermore, this is a KG S, module by extending linearly since p[G X [n]] is
a G5, module.

(2) F'p[D a@evige) == > ageP[(g,0)] is a linear map since it is a sum of linear
maps.

e Let a: p — q be a morphism of G-species. We want to show that F'(«) : Fp — Fq

is a natural transformation. For all KG®" ® K[n] € Set““, define the section maps

as follows:

F(Q)na) = )
We must show the following diagram commutes:

F A(F,0)V(g,0
Fp[KGE" ® K[n]] TP=2025d pogaon @ Kin])

F(a)(n 4] F(a)n 4]

Fq[KG®n & K[n]] m Fq[KG®n & K[n]]
which reduces to
Z a(ﬁ,a)p[(gvg

plG x [n] L plG x [n]

a[n]l lo‘[Gx [n]]

q[G x [n]] W qlG x [n]]

Since « is a natural transformation, we have that this diagram commutes. Thus
F(a) : Fp — Fq is a natural transformation.

Now to show that F(id,) = idgp. Note that for all p € Sp%, id, : p — p is a
natural transformation whose section maps, idpjGx[,)), are given by the usual identity
map. By definition, F(idp)p, = idpp). Now note that, idp, : F'p — F'p is a
natural transformation, whose section maps are as follows idppf,,) = idp},. Thus
F(idp) = idpp.

Finally, to show F(ao ) = F(«a)o F(f) for all & : p — q and # : q — h. Since «
and [ are natural transformations, we have that

Fao B)p, = (a0 B)p = ap © Biaxmn) = F(a)pa 0 F(B)pal

Thus F defines a functor from Sp% to Sp*¢.
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PROPOSITION 7.4.2. F is a bilax monoidal functor with natural transformations o and
P whose sections are given by

F(p)-F(q)<%qu(p-q)

Y
where both ok . and )f  are given by the identity.

PROOF. Observe that for an object KG®™ ® K[n], we have:

F(p)-F(QKG*" @K[n)] = & FpKG® @K[S)| @ FqKG®" @ K[T]]

SUT=[n]

= P plG x5 ®qG xT]

SUT=[n]
= (p-q)[G x [n]]
= F(p-q)[KG*" ® K[n]]
By the equalities above, on a degree n piece, we can define the section maps of ¢/ and

¢! via o = plid] ® qlid] and ¥, = p[id] ® q[id].
Now to define ¢} and ¥!". Observe that

K ifn=0

_ A
0 otherwise 1x € Sp

F(1g)[KG®" © Kfn]] = 1[G x [n]] = {

Thus ¢} and ! are the identity maps.

Showing that gpgq and @Z)S q are natural transformations and satisfy the bilax conditions
is straightforward to check since in both cases p and q are being applied to the identity
functor; the proof is done in a similar fashion as in Proposition 10.1.3.

O

COROLLARY 7.4.3. F' is a bistrong functor.

PROOF. It’s clear that ¥ = (¢)~! and ¢ = (pl)~', thus by Proposition 3.46 in [3]
we have that F' is bistrong.
O

7.4.2. KG-species to G-species

Now we construct a functor H from KG-species to G-species.

DEFINITION 7.4.4. For each G-set and morphism of G-sets, we can define a functor
H : Set” — Set®“ via

G x [n] = KG®*"®Kn]
(gv U) = V(G0)

PROOF.
(1) By definition, H(G x [n]) is an object in Set®“ for all G x [n] € Set®.

59



(2) Let (g,0) : Gx[n] — G x|n]. Note that it suffices to use endomorphisms since if m #
n then the only map would be the zero map. We have that H(g,0) : H(G x [n]) —
H(G x [n]) is a morphism in Set®“ since H(g,0) = v, € End(KG®" @ KG[n]).
Now to show that:

o H(idgxpm) = idaG@xpm)-
We have:

H(idexp) = H((1g,id)) = Viigia) = Mreonekn = idpGx(n)
e H((g,0)o (r,7)) = H((g,0)) o H((F, 7))
H((g,o)o(7,7)) = H((9176-1(1)s - GnTo-1(n), 0 O T))

= U(ngU—l(l),~-,gnTU—1<n> ,00T)

= Y(@Go)V(Fnr)
= H((g,0)) o H((F, 7))
Thus, H is a functor. 0

DEFINITION 7.4.5. For each KG-species, p, we can define a functor H : Sp*¢ — Sp©
via

p — Hp[Gx [n]]:=poH(G x[n])
Hp[(g,0)] :=po H((F,0))

Proor. We immediately have that H is a functor since both p and H are functors and
the compositions of two functors is again a functor.
O

7.4.2.1. Equivalence of Categories.
PROPOSITION 7.4.6. Sp“ and Sp*C are equivalent categories.

PROOF. In order to show that Sp® and Sp*“ are equivalent categories we must show
that there exists two natural isomorphisms

n:idgye — HoF
and A
€:FoH —idgyxe .
First to show 7 is a natural transformation. Let p € Sp“, then the section maps
Np : idgpe(P) — Ho F(p)

must again be a natural transformation. Let G x [n] € Set® and define NplGx[n)) Dy the
following equalities:

H(Fp)[G x [n]] = FpoH(G x [n))
= Fp[KG®" ® K[n]|
= p[G x [n]].

Now for all (g,0) : G x [n] = G x [n] the following diagram must commute
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idgpe ()G % [n)] 2Ly H o F(p)[G x [n]]

dg 6 (P)(g,0) lﬁOF(P)(g,U)

idgye (p)[G X [n]] 5 H o F(p)[G x [n]]
This reduces to
p[G x [n]] 2= b6 x [n]]

p(iyrf)l lp(g'J)

pIG x [} pIG x [n]],

which clearly commutes. Thus 7, is a natural transformation. The naturality diagram of 7
reduces to the naturality diagram of 7,, thus 7 is a natural transformation; moreover, it’s a
natural isomorphism by the equalities used to define 7.

To show e is also a natural isomorphism is done in a similar fashion as above. The section
maps, €, are again natural transformations given by the following equalities:

F(HP)KG™" @ Klnl] = HplG x [n]]
— poH[G x [n]
p[KG®" @ K[n]].

Therefore Sp® and Sp*¢ are equivalent categories.
O

REMARK 7.4.7. When we let G = (), we get a linearized version of H-species. When we
take G to be the trivial group, we get the classical notion of vector species.
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CHAPTER 8

Decorated A-species Examples

In this chapter, we give different notions of decorated A-species. We define a bilax bistrong
monoidal functor that constructs the most naive example of an A-species from a classical
species. We end by defining a decorated version of an A-species that is a generalization of
the decorated species as defined in Chapter 16 of [3].

8.1. A naive example of an A-Species

In this section, we give a naive way to construct an A species from any species p € Sp.
Given I, € Set? and ® ¢;® f € Hom(I4, J4), we define a functor H : Sp — Sp* on objects
jeJ

by

Hpll4] = A® @pll]
Hp[qu@f] = jgcj@p[f]-

On a pure tensor ® a; ®v € A’ ®@p[I], we have (® ¢; @p[f])(® a; ®v) = ® cjap-1; @ p[flv
iel jeJ iel jed

and extend by linearity.

Given a morphism of species o : p — q, define:

HOé[[A] = id@’“@id@&[,
where on a pure tensor ®a; ® v € A @ p[I], we have
i€l
(id®- - ®idea)(®a @v) = @a; @ ar(v).

il el

PROOF. We must show the above is indeed a functor.
First to show that Hp € Sp“.

e It’s clear that Hp[l4] := A ® p[I] € Veck.

e We have that Hp[ ® ¢; ® f] is a linear map by construction.
jed

Now let p and q be species and consider a : p — q a morphism of species. We want to
show that Ha : Hp — H(q is a morphism of A-species, i.e., a natural transformation. For
all [n]4 € Set”, define the sections of Ha as follows:

Hop, =id®- - ®id®a;

Let ® ¢; ® f: 14 — Ja. We must show the following diagram commutes:
jed
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Hp[ ® ¢;®f] Hq[ ® ¢;®f]
j€d jeJ

_ .
Hp|JA] ———— HalJ4
The diagram above reduces to the following diagram commuting:

id ®--®id ®aj;

Al gl L Al el
jgij@p[f] ]-?ch@)q[f]

J J .

A’ @ plJ] “Ho-sdaay A ® qlJ]

Let ®a; @ v € Al ® p[I] be a pure tensor. Because of the naturality of o we get the
i€l
following equalities:

(©c@af)ide -0idea)(@uov) = (8¢odf)(Gau®al()
= B @ alf] o as(v)
= B ®aye p[/](v)
= (d®---®id ®CYJ)(j(§JCjaf—1(j) ® p[f])(v)

i€l

= d®---® id®aj)(.®(]cj Q@ plf)(®a; @)
JE
Thus the diagram commutes, and we have that Hay is a morphism in Sp?.
Now, let id, : p — p be the identity morphism in Sp. We must show that H id, = idpp.
Note that Hid, : Hp — Hp has sections given by
Hidp[ls] =1d®--- ®id®idy

which is exactly the sections of id .

Finally to show that for morphisms oo : q — h and 8 : p — q, we have Haoo Hf =
H(aop).
(Haeo HP)[14) = (d®-- @id®ar)o (id®--- ®@id®p)
= ([d®- - ®id®ayo fr)
= ([d®-- ®id®(ao f)r)
= H(aoB)[14]

Thus H : Sp — Sp is in fact a functor.
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Now, we show that this functor is a bistrong bilax monoidal functor, which implies
it preserves Hopf monoids. For the remainder of this section, it suffices to work with the

skeleton, SétA.
ProPOSITION 8.1.1. H is a bilax monoidal functor.

PROOF. In order to show that H is a bilax monoidal functor, we need to define natural
transformations

MO(HXH)—H@HOM
P

where M denotes the tensor product of functors and Mo (H x H) and H o M are both
functors from Sp x Sp — Sp“.
Let p,q € Sp, then

Hp-Hq — H(p-q)
wpq
Note that ¢, q and ¢y, 4 themselves must be natural transformations. Observe, on an
object

Hp-Hqna = €D Hp[Ral® Hq[T4]
RUT=[n]
= P A*"@p[R|© A Hq(T)
RUT=[n)]
and
H(p-q)lna = A" @ (p-q)n]

= Ao P plRI®qT]

RUT=I[n]
- @ e Do
RUT=[n] RUT=[n]
Define the sections of ¢,  and 1,  on a fixed decomposition as follows:
pa AT @ PR @ A¥ ® q[T] — B(A™" ® A™") @ p[R] @ q[T]

where [ is the permutation that shuffles the R and T positions back into the natural order
of [n].

Upq: A" @ D[R] @ q[T] = A®" @ p[R] © A% @ q[T]

Now, observe that

H]_K[W,A] = A®n ® 1K[n]
[ AP K  ifn=0
o 0 otherwise
_ K ifn=0
B 0 otherwise

= 1K S SpA.
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Thus g = id and ¥ = id.

First, we will show the lax monoidal structure of H. In order to do so, we must show
that ¢ is a natural transformation, is associative, and is left /right unital.

e Claim: ¢ is a natural transformation.
Let p,q € Sp, define the sections of ¢, 4 : Hp- Hq — H(p-q) as above which must
also be natural transformations. For 1%" ® o : [n]4 — [n]a, we need the following
diagram to commute:

Hp - Halns) % H(p- ).
(Hp'HQ)[1®”®U}l lH(pq)[l@"@U}
Hp - Hqna] —= H(p - q)[na].
For a fixed decomposition S U T = [n], this diagram reduces to:
A% @ p[S] ® AT @ q[T] 2"} A% @ p[S] @ [T
(HP'HQ)[(l'“lfg)U)]l lH(p-Q)[(l--l@U)]
A% @ p[S] ® A™T @ q[T] —= A®" @ p[S] @ q[T].

#p,aql
Following the top right composition yields:

A%* @ plS] @ A" @ q[T] = A®" @ plo(5)] @ alo(T)]
Following the bottom left composition yields:
A% @ p[S] ® A®T @ q[T] — A®") g p[o(S)] @ A*"") & q[o(T))
— A% @ plo(S)] @ qlo(T)]
Clearly, o(S)Uo(T) = [n] since o € S, and SUT = [n]. Thus the diagram commutes.
Now to show the diagram commutes for (b;, - - - b;, ®id) : [n]a — [n]a.
A%8 @ p[S] @ AT @ q[T] 222 4% @ p[S] @ q[T]
(-1 by b 010 | |t b, i)

A®9 @ p[S] @ A®T ® q[T] — A®" @ plS] ® q[T]

Consider element (bj, ---bj, ®@v)®(b;, - bj, ®w) € A% @p|S]@ A®T @ q|T),
where {ky < --- < ks} =S and {r; <--- <r;} =T. Then following the top right
hand side of the composition yields:

(i, -+ bi,, @ plid [s] @ qfid |7])(bj, -+ bj, ® v @ w)
= bi1bj1 T binbjn Qv w
Following the bottom left hand side of the composition yields:

b

Jry

®p.aln] o (biy by, = by by, @ v @D b

= bilbj1 tee binbjn XRvRw.

iy i, Ujp, @ W)
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Thus the diagram commutes and ¢, o is a natural transformation.
Finally, let o : p — p’ and 8 : q — ¢’ be two morphisms of species. To show
that ¢ is a natural transformation we need the following diagram to commute:

Hp-Hq —2°% H(p-q)

HozH/Bl lH(O‘/B)

Hp'-Hqd —— H(p' - q).

#p’ .’
On an object [n]4 and decomposition S UT = [n] this reduces to:
A®S @ p[S] @ AT @ q[T) 294 4%n @ p[S] @ q[T]
1®S®as®1®T®6Tl l1®n®as®BT

AP @ p'[S| @ A®T @ ¢'[T] —— A®" @ p'[S] @ |/[T].

Pl g’ 1A

Consider an element b;, ®---®bj, @uRb;, ---b;, Qw € A®@p[S|@A*T@q[T]
Following both the right hand and left hand corners of the diagram, yields the same
desired result:

bj,, @ ®bj, VDb, by, @wi=by @ ®b;, ®ag(v) @ Br(w)

Thus the above diagram commutes for each decomposition, and hence the sum.
Therefore ¢ is a natural transformation.

e (Claim: ¢ associative.
Let p,q, and h € Sp. We must show that the following diagram commutes:

Hp-Hq- Hh 2% gp . H(q - h)
‘Pp,q@’idl lﬂop,q-h
H(p-q)-Hh ———- H(p-q-h).

For an object [n]a, we will show that each component corresponding to a fixed de-
composition commutes, say RLISUT = [n]. Before doing so, we need to understand
the natural transformations ¢p .n and @p.qh-

For ¢p on the sections are given by:
A" @ p[R] @ A% @ (q - h)[M] = Bru (A" @ A%Y) @ p[R] @ (q - h)[M]
On a decomposition S UT = M, we have:

A% @ p[R] © A®Mq[S] - h[T] = Brar (A% @ A®M) @ p[R] @ q[S] - h[T].

Similarly, given decomposition R LIS UT = [n], the sections of ¢p.qn are:
AR @ plR] @ A% © q[S] @ A®T @ h[T] = Brusr(A®™ ® A®T) @ p[R] ® q[S] @ h[T).
Finally, to show that

¥p.ah © (id ®90q,h) = ¥pqh © (‘Pp,q ®id)
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For the lefthand side, p qn © (id ®pqn) (A" @ p[R] @ A% @ q[S] ® A®T @ h[T]) :

= Ppan(A®T @ p[R] © Bsr(A® © A®T) @ q[S] @ h[T))

= ¢pan(A®7 @ p[R] © A @ q[S] © h[T])

= Brsur(A®T @ A®"T)p[R] ® q[S] ® h[T

= A®"@p[R] ® q[S] ® h[T].

For the righthand side, ¢p.qno (¢p.q®id)(A®E@p[R]|® A® 0 q[S]|® A®T @h[T)]) :

Opan(Brs(A®" © A®%) @ p[R] @ q[S] ® A®T @ h[T7])

= Ypqn(A®™ @ p[R] @ q[S] ® AT ® h[T))

= Brusr(A®"Y @ A®T) @ p[R] ® q[S] ® h[T]

= A®"@p[R] ® q[S] ® h[T].

Thus, ¢ is associative.

e Claim: ¢ is left/right unital. In order to show that ¢ is left unital, we must show
that the following diagram commutes:

On an object [n]4 this reduces to:

D 1kllsla] ® A% @ p[T] <

SuT=[n]
©o ®idl J/H()‘p)

D AP [S|@A @p[T] 57— @ A @ 1k[S] @ p|T]
SUT=[n] P sur=[n]

AHp

A®" @ pln]

By definition of 1k, we only need to consider S = 0. Ayp is the vector space iso-
morphism for the left unitator map in the monoidal structure. We also have that
H(\p) = 15" ® A\p, ¢o = id yields the following diagram:

K ® A% @ p[n] +—22— A®" g p[n]

id® idl lH(/\p)

K ® A®" @ p[n] T A®" @ K ® pln].

Now to show that H is a colax monoidal functor.

e Claim: v is a natural transformation.
Let p,q € Sp, define the sections ¢p 4 : H(p-q) — Hp - Hq as above; we must
show that these sections are natural transformations. For (1---1®0) : [n]a — [n]a,
we need the following diagram to commute:
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d)p q
H(p - q)[na] @Y gp . Hona]
H(a-ﬁ)[(l--~1®a)]l lﬂa-Hm(l--a@a)]
H(p-q)[nal i e Hq[nal.

For a fixed decomposition S U T = [n], this diagram reduces to:
A% @ p[S] @ q[T] 24 495 @ p[§] @ A°T @ q[T]
H(a~,3)[(1~~1®0)}l al-Hq[(l--l@o)]
A @ plS] @ a[T] ;—— A% @ p[S] @ A®" @ q[T].

Following the top right and bottom left compositions unambiguously yields:
A% @ p[S] @ q[T] = A% @ pla(5)] ® A7 ® qlo(T)].

For (b;, ---b;, ®id) : [n]a — [n]a and fixed decomposition S UT = [n],we need
the following to commute:

tealtd) oS @ pS] @ AT @ qT]

H (o by, ®id) ]l al-Hq[(bil by, @id)]

A®" @ plS] ® q[T] A®S ® p[S] ® A®T @ q[T).

Consider the element b;, - -+ b;, ® v @ w € A®" ® p[S] ® q[T]. Following the top
right corner of the diagram yields:

bj, - bj, @v@w = (b, b ®v) @ (b

Jry

-+ bj,, ®w)

= (biy, bjy,, -+ by by, @0) @ (bi, by, by, by, @ w)
Following the bottom left corner yields:
bj, -+ b, @UV@w = bbb bj QUw
= (biy, bjy,, -+ i by, @0) @ (bi, by, by, by, @ w)

Since the diagram commutes for each decomposition, we have that the sections
Yp o are natural transformations.

Finally, let « : p — p’ and 5 : @ — q' be two morphisms of species. We want to
show that the following diagram commutes:

Yp,q
H(p-q) —— Hp- Hq

H(a-ﬁ)l lHOpHﬂ

H(p' -q) o Hp'-H{q'.

On an object [n]a, a decomposition S U T = [n], this reduces to the following
diagram:
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A8 @ p[S] @ q[T] L22"4 425 @ pS] @ A®T @ q[T]
1®"®as®,8Tl l1®s®as‘®1®T®BT
A% @ p/[S] @ q[T] —— A" @ p'[S] @ A*" @ ¢[T].

ol a7 Al

Let by, ---bj, Qv @ w € A" @ p[S] @ q[T], then following the right hand and left
hand corners of the diagram both yield:

bj -+ bj, @v@w > (b, -+ bj,, ®as(v) @ (by,, - by, @ Br(w)).

The above diagram commutes for each decomposition, thus v is a natural transfor-
mation.

e Claim: ¢ coassociative.
Let p,q and h € Sp. We must show that the following diagram commutes:

wp‘qw
H(p-q-h) —=% H(p-q)- Hh

wP&l'hl lwp,q@)id

Hp-H(q-h)ime-Hq-Hh.

For an object [n]a, we will show that each component corresponding to a fixed de-
composition, RS UT = [n] commutes. Before doing so, we must understand the
natural transformations ¢p.qn and ¥p q.n-

For 1p.qn, the sections are given by:
A®" @ (p-q)[M] @ h[T] = A @ (p - q)[M] ® A" @ h[T].

On a decomposition R LIS = M, we have:

A®" @ p[R] ® q[S] ® h[T] — A" @ p[R] ® q[S] ® A*" @ h[T).
Similarly, for ¢p .n and decomposition S UT = [M] we have:

A®" @ p[R] @ q[S] @ h[T] — A®" @ p[R] ® A®*" @ q[S] @ h[T].
Finally, to show that

(Vp.q @1d) 0 Yp.gn = ([d @Pqn) © Yp.gn-
Both compositions, for a fixed decomposition, yields the same map:
A®" @ p[R] @ q[S] ® h[T] — A®" @ p[R] ® A®° @ q[S] ® A®T @ h[T].

Therefore, 1 is coassociative.

e Claim: ¢ is left /right counital.

Finally, to show that H is a bilax monoidal functor, we must show that the braiding and
unitality conditions are satisfied.
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e In order for the braiding condition to hold, we must show the following:

Yprgh 0 H(id B -id) 0 pp.qrh = (@pr - Pqn) © (id 8 -id) o (Yp.q - Yr.n)

The above are natural transformations from
H(p-q)-H(r-h)— H(p-r)- H(q-h)

We must first understand the natural transformations ¢p.qr-n and ¥p.r gh-

The sections of ¢p.qrn 00 a decomposition S UT = [n] are given by:
A% @ (p-q)[S]@ A* @ (r-h)[T] = A*" @ (p- q)[S] @ (r - h)[T]
On decompositions BUC = S and U UV =T, we have
A®5 @ p[B] ® q[C] ® A®" @ r[U] ® h[V] — A®" @ p[B] @ q[C] ®@ r[U] ® h[V]

The sections of p.rqn On a decomposition S UT = [n] are given by:
A" @ (p-1)[S] @ (q-h)[T] = A @ (p-1)[S]® A% @ (q - h)[T]
On decompositions BUC =S and UUV =T, we have
A®" @ p[B] @ r[C] ® q[U] @ h[V] — A% @ p[B] @ 1[C] ® A*" @ q[U] ® h[V]

Recall that H(id-f - id) := 19" ® id®8 ® id where 3 : p[S] ® q[T] — q[T] ®
p[S]. Following the left and right hand sides of the desired equality, for a fixed
decomposition BUC UU UV = [n], leads to the same map:

A®p[B] ® q[C] ® A®T @ r[U] @ h[V] s A®PY @ p[B] @ r[U] ® A®“"Y @ q[C] ® h[V]

e Finally, we must show the unitalty conditions.
Since both ¢y = id and vy = id, and \;, and p;, are isomorphisms, the unitality
conditions in Diagram (16) are satisfied.
Therefore H is a bliax monoidal functor.

PROPOSITION 8.1.2. The functor H is a bistrong functor.

Proor. To show that H is a bistrong functor, it suffices to show that g 0 ¥y = id and
that 1 o ¢ = id. It’s clear that ¢ o 1)y = id since ¢y = id and ¥y = id. Now, consider the
decomposition ST = [n], then we have

A%S @ p[S] @ AT @ q[T] £2% A" @ p[S] @ q[T] 2% A®S @ p[S] @ A" @ q[T]
Therefore H is a bistrong functor. O
COROLLARY 8.1.3. If p € Sp is a Hopf monoid, then Hp € Sp? is a Hopf monoid.

PROOF. Since H is a bistrong bilax functor, we have that Hp € Sp* is a Hopf monoid
since p € Sp was a Hopf monoid. O
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REMARK 8.1.4. The above results hold true if instead of decorating a species with A,
but instead with any A-module V. Then

Hy : Sp — Sp*

Hyplla = V" @pll]
Hyp(®@c;® f] == ®c;@p[f],
jedJ jeJ

where on a pure tensor ®v; @ w € V! @ p[I], we have
i€l

(®¢; @PfN(®vi ®w) = @ ¢j.vp-11;) @ p[f](w)
jeJ i€l jeJ

and extend by linearity.
Given « : p — q, a morphism of species, we have:

H\/Oé]A = 1d® e id@O&].
8.1.1. Decorating an A-species

The above section gave two ways to decorate a classical species to turn it into an A-species;
this relied on decorating with an A-module. In this section, we start with an A-species and
decorate it with an A S, module. Let V be an A-module. There is an action of A?.S, on
V®" given by

ay--p ®@0.(V1 - @ Vp) = A1.Vp-1(1) * * * AV ()
foralla;---a,®0c € A1S, and vy ---v, € VE". Let p € Sp?#, then A1S, acts on VE"@p[n]
via its coproduct:

(- a,®@0).(v1- v, QT) = Z (a1 a, ®0)1.(vV1-v,) ® (a1 a, R0)s.x
(a1-an®0)

for all (ay---a, ®0c) € AVS,, v1-+-v, € VO and x € p[nal.

REMARK 8.1.5. Here, we only define what this decorated A-species is. One could do a
similar analysis to that of [3] to see what results may come about. A final thing to observe,
is that when A = K, we recover Aguiar and Mahajan’s notion of decorated species.
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CHAPTER 9

A Functor from Species to A-Species

In this section, we will construct a functor from the category of species to the category
of A-species. It is more subtle and interesting than the functor defined in Chapter 8.1. This
functor will be bilax and bistrong monoidal and have the additional property that it sends
the regular representation of .S,, to the regular representation of A S,.

9.1. The Functor $4
We generalize the notion of a section map as defined in [10] .

DEFINITION 9.1.1. Let B be a fixed basis for A and [ be a finite set. A section for B is
amap s: I — B x I such that s(i) € B x {i} Vi€ I.

REMARK 9.1.2. This definition of a section encompasses the definition given in [10]; take
A =KCy and B = Cy. See Subsection 9.2 and Definition 6.1.3 in Section 6.1 for a reminder
of section maps.

Using the section maps as in Definition 9.1.1, we can define a bistrong monoidal functor
S4:Sp — Sp”.
DEFINITION 9.1.3. The functor
S*:Sp — Sp*

is defined for a species p € Sp, I4 € Set?, endomorphisms 1---1® ¢ and by, -+ b, ®id €
A1y, and a morphism of species a : p — q by:

Sl = @ pls(l)]

s:I—-BxI
Spll---1@gl:= P pll--1®g))]

s:I—-BxI

S'pl(bi b, @id)] = D Plbiy - bi, @ id)]sn)]

s:I—BxI

Sl == P apuy,
s:I—BxI
where the sums are taken over all sections s : I — B x I.

For a fixed section, s(I) = {(bj,, j1);---, (bj,jn)}, the linear maps are as follows:
pll---1@g]: pls(D)] = Py, Jor))s s (bjs Tgtm))}]
pl(bs b, @id)] = Y ol pls(D)] = (b 1) o (ks )}

where
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fE 2 s(I) = {(bry,51), oy (B, in) }

(bjis t) = (i, i) (30)

and the q are as defined in Equation (28) .

Proor.
To show that S is a functor, it suffices to use the skeleton Set”:
Let p € Sp, we must show that S*p € Sp“.

e It’s clear that S%p[na]:= @  pls([n])] € Veck.
s:[n]—Bx[n]
e Sp[l---1®ao]:= @ pl(l-1®0)|sp) is a linear map: For a fixed section,
s:[n]—Bx|n]

s([n]) = {(bi;, 1), .., (b, n) },p[(1- - 1 ® 0)|(m)] is induced from the set bijection

in?

1"'1®J:{(bi171)7“ (lnv )}_>{( i1 ( ))77<bln70(n>>}

thus is a linear map since p € Sp. Ranging over all sections, gives a sum of linear
maps.

o S4p[(by, -+ by, ®id)] := @ pl(bi, b, ®id)]s(pnp) is a linear map: For each

s:[n]—>Bx[n]

fixed section, s([n]) = {(b;,1), .., (b;,,n)}, we have that

p(bi, - by, @id) ] == D &,plfH]

ke[m]n

is a direct sum of linear maps p[f%]. Note that p[f%] is a linear map since f% :
s([n]) = {(bg,, 1), ..., (bg,,n)} is a set bijection and p € Sp.

Therefore, SAp[(b;, - - - b;, ®id)] is a linear map because it is the direct sum of linear
maps.

Now, let p and q € Sp and let a : p — q be a morphism of species. We want to show that
S%a : 84p — S84q is a natural transformation. For all [n]4 € Set”, define the section maps

as follows:
A ._
Stapg = B
s:[n]—Bx[n]

First let 1---1® o : [n]Ja — [n]a. We must show the following diagram commutes:

O‘[n ]
S4plnal S Saq[nal
Ap[(1~-1®0)]l lSAq[(l-ul@o—)]

S4p[na] — SAq[na]
Yn 4]

This diagram reduces to:
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s:[n]=>Bx[n] s:[n]=>Bx[n|

@®  pl(1-1®09)]] @ al(1-120)]s]

s:[n]—Bx[n] s:[n]—=Bx[n]

pls([n])] — > @ als([n])]-

%s((n]) s:[n]—=Bx[n]

s:[n]—Bx[n] s:[n]— Bx[n]

For a given section, the corresponding component of the diagram commutes since « is a
natural transformation and (1---1® o) : s([n]) = s'([n]) is a set bijection. Thus the overall
diagram commutes.

Now let (b;, -+ b;, ®id) : [n]a — [n]a. We must show that the following diagram commutes:

SAp[nA] Shan ,) , SAq[nA]
SAp[(bil---bin®id)]l lSAq[(bil---bin ®id)]
S4p[na —a SAq[nal.
[nal
This diagram reduces to:
s ([n))

pls((n))] s @ qls([n))]

s:[n]=>Bx[n] s:[n]=>Bx[n|

p[(bi; -bi,, ®id)|s] D al(bibi, @id)]s]

s:[n]—>BxX|[n] s:[n]—>BxX|[n]

pls(n])] — > @ als([n])]-

Fs((n)) s:[n]=BX[n]

s:[n]—Bx[n] s:[n]— Bx[n]

Recall, p[(b;, -+ - b;, @ id)|s] = > cf’jp[ff]. Now, fix a section s([n]) = {(b;,, 1), ..., (bj,,n)}
keTn T

and k € T™ where k = (ky, .., k,). Then the corresponding component in the above diagram
is

p[s([n])] —— s qs([n])]
o, Plfs] ot jalfs]

,
le)
CIJ\
—~~
=
N~—

p(s'([n])] A/ ([n])

where §'([n]) = {(bg,, 1), ..., (bx,,n)}. This diagram commutes since « is a natural trans-
formation and both p[f%] and q[f%] are the linear maps induced from the set bijection
fE{(bjy, 1), ...y (bj,,n)} = {(bk,, 1), ..., (by,,n)}. Since the diagram commutes as we range
over all £ € T™ and all section maps, we have that the desired original diagram commutes.

Thus S%« is a natural transformation.
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Now to show that S id,, = id s4p- Iirst, note that idy, : p — p is a natural transformation
whose section maps, idppn : p[n] — p[n] are given by the usual identity map. Now note that,
idsap : S*p — S*p is a natural transformation whose sections are given by

idsapp,) = EB idpis(fn)))

s:[n]—Bx[n]

By definition, we have that for all [n]4 € Set”,

A - .
ST idpjn,) = @ idpis(p))]

s:[n]—Bx[n]

Thus S4id, = idgap.

Finally, we must show that S(a o 5) = Sa o S for all morphisms of species §: p — q
and o : q — h.

SYaoBmy = B (@0 B

s:[n]—Bx[n]

= @ Qs([n]) © @ ﬁs[n

s:[n]—Bx[n] s:[n]—=Bx[n
= S o088

where the second equality holds since both a and (§ are natural transformations.

Therefore, S* : Sp — Sp“ is indeed a functor.
O

The following proposition shows that when A is a group algebra, for each i and j there
is only one nonzero fX as in Equation (9.1.3).

PROPOSITION 9.1.4. Let A = KG for some group G = {by,bs,...}. For a fized section,
s([n]) = {(bj,,1), .., (b;,,n)}, and (b;, -+ - b;, ®@id) € KG1S,, there is only on such k € TI°

such that cfl S Monzero. Speczﬁcally, cfl =1.

PROOF. Assume there are two k € T1%! such that the corresponding coefficient is nonzero,
say k and k. First note that i and j are fixed tuples that correspond to our chosen (b, - - - b;,
id) € KGS, and fixed section s([n]) = {(b;,, 1), .., (bj,, 1)} respectively. Also note that each
k¢

¢iij, = 1 or 0 since the product of two basis elements yields another basis element. So it

must be that
H Clt,jt bl b

Jt Zt _]tbk?t - bk’t

— s Vt = by, = by Yt = k =k Vt
H Clt \Jt bitbjt =G, JJt bkt bkt

Therefore it must be that k = E
O

Now, the following lemma shows that ranging over section maps defined on the parts
of a given A-decomposition is equivalent to fixing a section map and then ranging over its
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respective decompositions. This will be needed in the following proposition when showing
S4 is bilax monoidal.

LEMMA 9.1.5. Let Ry UTq = [n]a be an A-decomposition as in Definition 7.1.8, then
the following sets are in bijection with one another:

RUT = [n]

{s'(R)I_IS”(TH s :R— BxR }<—>{U|_IV:3([n])|s:[n]—>B>< [n]}.

s :T—BxT

PROOF. Given an A-decomposition, R T = [n] and section maps
s$:R—BxRand s":T— BxT,
we can define a section map s : [n] — B X [n] via

s'(R) ifieR
S([n])_{ s”((T)) iszT ‘

Let U := Im(s|,) = Im(s') and V := Im(s|r) = Im(s"), then clearly U LV = I'm(s) as an
A-decomposition.

Now, consider a section map s : [n] — B X [n] given by s([n]) = {(b;,, 1), ..., (b;,,n)} and
a decomposition U LIV = s([n]).
Note that U has the following form: U = {(bs,, , 1), ., (b, @m)} where a; € [n] for all

j € [1,m] and distinct, but b;, not necessarily distinct; in other words, U C ,TILILIB x {aj}.
J:

Similarly, V' = {(bi,,, B1), -, (bi,,, Bs)} where By, € [n] for all k € [n] and distinct, but b;, not
necessarily distinct.
Define

R:=A, ® - ®A,, @ K[{a1, ..., }]
and

T = Ap @ ® A, @ K[{B1, ... B.}].

Then RUT = [n]4 as A-decomposition, and we can define section maps s'({a, ..., }) = U

and s"({f1,...,Bs}) = V.
U

Now to show that S# is bilax monoidal.

PROPOSITION 9.1.6. 84 is a bilax monoidal functor with natural transformations ¢* and
Y4 whose sections are given by:

Vb
Sip-8tq ——= §p-q)

¥p,a

where both gpﬁ’q and ¢éq are given by the identity natural transformation.
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PROOF. Observe that for an object [n]4 € Set”, we have:

(§'p-Sta)lna] = P S'plRal @ S"a[TY]
RUT=[n)]
_ opls'(R)] | ® ( @als"(T))]
RI@[ | (s/ ) (SN )
- D D e
RUT=[n] :R—+ BXxR

= @ EB pU] ©q[V]

s:[n]=Bx[n] ULV =s([n])

= P q)ls(n])

= S%p-q)lln]]
where the fourth equality holds from Lemma 9.1.5.

By the equalities above, on the degree n component, we can define the section maps of
¢* and 1" as follows: ¢ff . := p[id] ® q[id] and 7, := plid] ® qlid].

Now, we have

K ifn=0
A _ _
sl = @ b ={ § ooy
Hence, we can define
—id and g =id

Showing that gpﬁ’q and ¢§,q are natural transformations and satisfy the bilax monoidal
conditions is straightforward to check and can be done in a similar fashion as in Proposition
10.1.3.

Therefore, S4 is bilax monoidal.
O

COROLLARY 9.1.7. 84 is a bistrong functor.

PROOF. It’s easy to see that ¢! = ()71 and ¢j = (¢4') 1, thus by Proposition 3.46
in [3] we have that S* is bistrong.
O

THEOREM 9.1.8. Given a Hopf monoid p € Sp, then S*(p) € Sp” is a Hopf monoid.

PROOF. Let p be a Hopf monoid in Sp. From Proposition 9.1.6 and 9.1.7, S is a bistrong
bilax monoidal functor. Thus, by Proposition [3], S4(p) is a Hopf monoid in Sp*.
O

REMARK 9.1.9. As mentioned earlier, it’s usually very difficult to find a closed form for
the antipode. However, since S* is a bistrong functor, we know that the antipode of p € Sp
is preserved. In other words, the antipode of S4(p) is S4(s), where s is the antipode of p.
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9.2. Motivation Behind Section Maps

Here we will explain the motivation for the use of sections maps by Choquette and
Bergeron in [10] when constructing the functor S : Sp — Sp”*. Before explaining the role of
the section maps, we will first analyze the species of linear orders, the regular representation
of S,, and the regular representation of Cy (S, to determine what would be the appropriate
H-species that gives the regular representation of Cy?.S,, when evaluated on [—n,n].

9.2.1. The Regular Representation of S, and the Species of Linear Orders

First, recall that the reqular representation of a finite group G is the vector space KG =
(vy | g € G) where the linear representation is given by G acting on itself via g.h = gh, i.e.,
a group homomorphism

p: G — GL(KG)
g = pg(vn) = vgn.
This vector space has dimension |G|. We will denote this representation by Rg.
ExAMPLE 9.2.1. Let n = 3. The regular representation of Sj is
Rsy = (v, v12), V(13), V(23)s V(123): V(132))
where the action of S5 is given by 7.v, = v,,. This representation has dimension 3! = 6.
Now, recall the species of linear orders as defined in Example 4.1.3;
L[I] := (H, | ¢ a linear order order on ).

EXAMPLE 9.2.2.
L[3] = <H123> H1327 H2137 H231, H3127 H321>

In the above two examples, the isomorphism of S3 modules is given by:
vy > Higg
v(2) > Hoz
v(13) — H3an
V(23) > Hizz
v(123) = Haz

v(32) — Hzio

It’s easy to check that this yields an isomorphism of S3 modules. In general, we have an
isomorphism of S,, modules between Rg, , the regular representation of S,, and L[n|, the
components of the species of linear orders. This isomporphism is given by

Vo = Hy(1)0(2)-0(n)

and is shown by combining Lemma 9.2.8, Propositions 9.2.6 and 9.2.11 when we restrict
ourselves to the elements of .S,,.
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9.2.2. The Regular Representation of C51 5,

Let G be a group and H a subgroup. From representation theory, we have that the in-
duced representation of the regular representation of any subgroup of a group, is the regular
representation of the group. S, is a subgroup of C5 .S, thus

Roys, = Ind$?™ Rg, = K(Cy1 S,) ®xs, Rs,

An easy calculation shows that the basis of R¢,,s, is labelled by (§; ® - - - ®J, ®id) ® o where
0; € Cy and o € S,,. Hence,

dim(Reys,) = |Cs|"™n! = 2"n!
EXAMPLE 9.2.3. Let n = 3. Note that a basis element in K[C5S;3] ®kg, Rgs, looks like
(0109 03R@7) @0 =(01-02-0301d)(1-1-1®@7)®0 = (§; -5z 03 ®1d) ® 7.0,
where m.0 = m oo € S3. Thus every basis element can be written in the form
(010903 ®id) ® 0.
The dimension of R¢,,s, is 233! = 48. Note, we can further say
K(C3185) ®ks, Rsy, =2 K[Co1 53] ®ks, L[3],

In general, we have
Reys, = K[Cg l Sn] (%9 L[n]

Thus, when trying to construct the appropriate H-species to correspond to Reys,, it’s
only natural to somehow build off the species of linear orders in some way. This is where
section maps come into the picture.

9.2.3. Section Maps

First, we recall the definition of a section map given in [10].
Let I be a set and o an involution on I. A section is a map

s:1Jo—1

which is a right inverse for the projection I — I/o. In particular, s([i]) € {i,0(i)} Vi € I,
and [i] denotes the coset made from i € 1.

EXAMPLE 9.2.4. When A = [—n,n|, we have a natural involution o¢(i) = —i. Then
[—n,n]/og can be identified with [n]. Thus s(i) =i or — ¢, here ¢ is identified with the coset
{i, —i}. Tt’s easy to see that there are 2" many possible section maps for any given n.

We can also think about the above example in the following way:

EXAMPLE 9.2.5. Consider X = Cy X [n] = |i| Cy x {i} with a free action of Cy, i.e., Cy
acts on the first coordinate by left multiplicati(jg.l Then
s:(Cy x [n])/Cy — Cy x [n]
s({Cy x {i}}) = (1,4) or (=1,4),

Again, there are 2" many possible section maps.
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In the above examples, it’s easy to see that the | Im(s)| = n, thus L[Im(s)] corresponds
to the regular representation of .S,,. Using the section maps, gave us a way to turn an object
used for H-species into an object used for species. If we range over all 2" many possible
section maps, we get a vector space with dimension 2"n!.

At its core, a section map is a way of assigning an index i to a basis element of K[C5]
indexed by 7. Using this line of thinking gave us our generalized definition of a section map:

Let B be a fized basis for A. A section is a map s : [n] = B x [n] s.t s(i) € B x {i}.

9.2.4. H-Species of Linear Orders

We first consider the special case of the H-species of linear orders. Fix a section map,
s : [n] = Cy x [n] whose image is given by s([n]) = {(1,1), ..., (0n,n)}, where the ¢; are not
necessarily distinct. Applying L to the image of the fixed section map yields:

L[{<61> 1)7 ce0y (5n7n>}]7

which has basis labelled by all possible linear orders of the tuples, i.e., all linear orders on
the set [n] where each i € [n] is colored by d; € Cs. Notice that the basis elements here feel
similar to the basis elements of the regular representation of C5 S, from above.

Thus,

PROPOSITION 9.2.6.

o Regs, » @ Lls(n))]

s:[n]—=C2x[n]
Via
((51 cee 571, &® U) = (50(1)7 0-(1)> T (60'(”)7 U(n>>

s an isomorphism of vector spaces.

Proor. This is easy to check that this is an isomorphism of vector spaces.

EXAMPLE 9.2.7. Let n =3 and (—1-1-—-1® (132)) € Cy1 Ss, then

o((~1-1-~1®(132))) = (~1,2)(~1, 1)(1,3) € LI{(~1, 1), (~1,2), (1, 3)}].

You can also think of this as the linear order 2 1 3, i.e., 2 colored by —1, 1 colored by -1,
and 3 colored by 1.

LEMMA 9.2.8. @D  Lis([n])] is a Cy 0 S,-module.

s:[n]—Ca x[n]

PROOF. Let (§; ---6,®0) € C21S,. Note that (0, -+, ®0) = (d1 -+ 6,®id)(1--- 1®0);
hence, it suffices to show how (d;---d, ® id) and (1---1 ® o) act individually since they
generate Cy ! S,,. Fix a section map, s, say s([n]) = {(e1, 1), .., (€n,n)}. At the object level,
for all (¢;,1) € s([n]), we have that

(1---1®0).(6,1) = (&,0(1))

and
(610, ®id).(e;,1) = (0;€5,7),
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which can be viewed as elements of some section s’ and s” respectively, where s'([n]) =
{(e1,0(1)), .., (€n,o(n))} and s"([n]) = {(01€1,1), ..., (dn€n,n)}. So each can be viewed as

bijections of H-sets that induce linear maps of vector spaces of linear orders:
(1---1®0) :s([n]) = s'([n]) ~ L{(1---1® )] : Ls([n])] — L[s'([n])],
(010, ®id) : s([n]) — s"([n]) ~ L{(d1 - -+ 6, @ id)] - Lls([n])] — L[s"([n])].
By the functoriality of L, we have an action given by: for all v € L[s([n])],
(1---1®0)v=L[1---1®0)](v)
and
(01 0p, ®id).v = L[(d1 - - - 6, ®1d)](v)
Since each element (0; - -0, ® 0) € Cy 1 S, can be written as
(010, ®id)(1--1®0)= (610, ®0) =(1---1®0)(do-1(1) - - Op-1(n) ® 1d),

we must check the following:

(610, @id). (1 1@ )0 = (11 0).(0pr(1) Oyt () ® id) 0.

We have:
(010, ®id).(1---1®0)v = L[0;-- ®1d)]oL[( 1®o)](v)

= L[4, ®id)(1- )](v)
= L[(d1-- -0 ®0)](v)
= L1 1®0)(d5-11) -+ Oo-1(n) @ 1d)](v)
= L[(1---1®0)] o L{(d5-1(1) -+ - Og-1(n) ® id)](v)
= (1---1®0).(06-11) - - Og-1(n) ®id).v

as desired.

O

REMARK 9.2.9. In general, let (e1,¢1) - (€n, ¢n) € L[s([n])] for the appropriate section
s, then

L1 1@ )] ((e1, £2) -+ (€ns fa)) = (e1,0(01)) -+ (€ns 7 (0a)
and

L{(61 - 60 @id)] (€1, 1) -+ (€ns n)) = (€1 - 00y, 1) - (e 80, ).

EXAMPLE 9.2.10. Let n = 3 and (1,1)(—1,3)(1,2) € L[{(1,1),(1,2),(—1,3)}] (equiva-
lently one could think of this as 132 € L[{1,2,3}]). The following will show how particular
elements of Cy1.5,, act on this colored linear order.

o(1-1-1®(123)).(1,1)(—1,3)(1,2) = L[(1-1-1® (123))](1,1)(—1,3)(1,2)
= (1,(123)(1))(—1, (123)(3))(1, (123)(2))
= (1,2)(—1,1)(1,3)
o(—1-1--1®id).(1,1)(=1,3)(1,2) = L[(—-1-1-—1®id)](1,1)(=1,3)(1,2)
= (1x-1,1)(-1x—1,3)(1 x 1,2)
= (—1,1)(1,3)(1,2)
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Equivalently can think of as
(1-1-1®(123)).132 = L[(1-1-1® (123))](132) = 213
(=1-1-—1®id).132 = L[(—1,1, —1,id)](132) = 132
PROPOSITION 9.2.11. The regular representation of Cy20 S, and @  L[s([n])] are

s:[n]—Ca X [n]
isomorphic as Cy 0 .S, modules.

PROOF. Let Rc,s, denote the regular representation of Cy S,,. Recall, C51 S, acts on
Reys, by left multiplication. We must show that for all (e; - - €, ® ) € Ry, we have

(1--1@0)p((ere@m)=p((l---1®o)(e- 6 @)
and
(010, ®id).p((€1+ - €, @ 7)) = @((01 -+ 0, ®1d).(€1 - - - €, @ )).
To show that the first equation holds, we have:
(1 1®o)(e @) = @((eg-1(1) " €g1(n) ® O OT))
= (1o, 0 0m(1)) -+ (€r-1(0(a(m))); 0 © 7(1))
= (€xqy,00m(1)) " (€x(n), 0 0 T(N))
= L[(1---1©0)]((exa), 7(1)) - - - (€n(m), 7(n)))
= (1---1®0).(exq), (1)) - - (€xn), T(0))
= (1---1®0).p((e1- €, @7)).
For the second equation,
(010, @id).(e1-- € @T)) = @((d1€1+ - nen @ 7))
= (Or)€n(); 7(1)) - - (On(m) €nm), T(1))
= LI 80 @ D] (er)y (1) - (exuys ()
= (010, ®id).(€x1), (1)) - - - (€x(n), (1))
= (010, ®id).p((€1- - €, R T)).

Therefore

Reys, = @ Lis([n))]

s:[n]—Cax[n]
as Cy 0 .S,, modules.
O

Thus the appropriate linear order species in the category of H-species should be defined

as follows:
Ly[Cyxn]:= € Lis([n])].

s:[n]—[—n,n]

DEFINITION 9.2.12 (Choquette, Bergeron [10]). The H-species of linear orders, is defined

to be the functor
Ly[Cox ]l := &5  Lls(n])]

Lyl 1@0):= @ L1 190)|m)



Ly[(01-- 0, @id)] = @  L[(61---0p @id)]s(pm)-
—[—

s:[n] n,n]

REMARK 9.2.13. Observe that nothing special about Cy was used here. Cs could be
replaced with any finite group and we would get the appropriate result. Thus for any G-
species, we have that the G-species of linear orders is

LolG x o)l == @ Lis([n))]

s:[n]=>Gx[n]

Lo[(1--1@0):= @ L1 190)|m)

s:[n]—>Gx[n]
Lol(gi- 9o ®id)] := €D Li(g1- - go @ id) ()]
s:[n]=>Gx[n]
and corresponds to the regular representation of G .5,,.

9.2.5. A-Species of Linear Orders and Regular Representation of A5,

The above gave us motivation for our construction of S4. When we evaluate our functor
S4 on the species of linear orders, as in Subsection 5.1, we would like to get an A-species
whose components are isomorphic to the regular representation of A S,. Hence our con-
struction of S# seems to be the reasonable thing.We define the A-species of linear orders in
the following way; please refer to Section 11.1 for a thorough description of this example.

DEFINITION 9.2.14. A-Species of Linear Orders, L4
Let LA = SA(L)

Lalna] == @ Lis([n])]

s:[n]—Bx[n]

i.e., the K-span of linear orders on s([n]) for all sections s : [n] — B x [n].

On endomorphisms of [n] 4, it suffices to see what happens on generators:

Li(l--1@0):= @ L1 180)m)

s:[n]—Bx[n]
La((bi, - b, @id)] == @D L{(bi, - bi, @ id)|s(pap)]-
s:[n]=>Bx[n]

Now, we begin to show that the components of the A-species of linear orders corresponds
to the regular representation of A5, for all n.

PROPOSITION 9.2.15.

p: A S, — @B Lls(n))

s:[n]—Bx[n]
via
(biy -+ - bi, @ 0) = (bi )5 (1)) -+ (b5 0 (1))

s an isomorphism of vector spaces.
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PROOF. First to show that ¢ is injective. Assume o((b;, - - b, ®0)) = p((bj, - - - b;,, ®T)).
Then

(big(1)?a(1)) T (big(n)ag(n)) = (bjr(l)’T(l)) T (bjﬂn)?T(n))

which implies that (b;, ,,,0(k)) = (bj,,,7(k)) Vk. This happens if and only if b;_,, = b;

Jr(k)? ioky — Vir(e)
and o(k) = 7(k) for all k which implies o = 7. Thus (b;, - - - b;, ® 0) = (bj, - - - b;, ® T7) which

shows ¢ is injective.

Finally to show surjective. Let (b;,,¢1) - (b;,,¢n) € L[s([n])] for some section s. There

exists a o € S,, such that o(k) = ¢ for all k. Consider (b<o_1(1> by, ® o), then

Sp((bia—l(l) e bia—l(k) ® O—)) = (bia—l(a(l)) ) 0—(1)) e (big—l(a(n)) ) U(n))
= (bi1’£1> (blnﬂg )

Thus ¢ is surjective.

Therefore, ¢ is a vector space isomorphism.

O

PROPOSITION 9.2.16. The regular representation of AUS,, and Lalna] are isomorphic as
A S, modules.

PrOOF. We must show that ¢ is morphism of A?S,, modules. It suffices to show on the

generators of A Sy, (1---1®7) and (b;, - - - b;, ® id).
Given basis element (b;, ---b;, ® 0) € A1 S, then

P((bjy -+~ bj, @ 0)) = (bj,0y, 7 (1)) - - (b, (1)) € Lifs([n])]

where s([n]) = {(by, ), 7(1), - (b0 3 (0))}.

e First to show that (1---1®7).¢((bj, -+ b;, ®0)) =¢((1---1®@7).(b;, - - - bj, ® 7))

(L 1@7).(bj -5, ®0)) = @((bj _y )~ bj, 1, ®T00))
= (bi 1oy, Tlo( ))) (05,1 oy T (1))
= (bym)a ( (1)) -+ (bj, ) (0 (1))
= L[( ® 7)) ((bs,, T(0(1))) - -+ (b, 0y, T(0())))
(L 1@ 7).(bj,), T((1))) - -+ (b, T(0 (1))
(1 1@7).e((by - bj, ®0))

e Finally, to show that
(biy -+ - by, @1d).p((b, - - - bj, ® o)) = @((biy - - - by, @id).(bj, - -+ bj, ® 7).
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©((biy -+ bi,, ®1id).(bj, -+ bj, @) = @((biybj, -+~ bibj, ®0))

ij
keTn
= > &by o) (b, ()
keTn
= CilL[ff](bja(1)7 U(D) T (bjg(n) ) O'(Tl))
keTm

= L[f(b“ T bz’n ® id)|8]<bja(1)70(1)> T (bjg(n)ﬂa(n))
= bi1 e bin ® id)‘(bja(1)70(1)) U (bja(n)7 J(”))
biy -+ bi, ®id).o((bj, - - bj, ® 0))

Therefore, ¢ is a morphism of A{.S,-modules as desired.
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CHAPTER 10

A-Fock Functors

In this chapter, we define six monoidal functors from A-species to graded vector spaces.
These will be A-versions of the full and bosonic fock functors, KV Kv K, and K, defined in
[3], and as described in Section 4.1. For this reason, we will follow a sumlar notation. First

we will define three bilax monoidal functors K A,KX, and K | 4 that correspond to Al S,-

invariance. Then we will define three bilax functors K A,K 4, and K 4 that correspond to
A S,-coinvariance. We end this section by showing a natural transformation between these
two constructions.

10.1. A-Invariance

Let the counit of A be ¢ : A — K. We start by defining the analogue of the invariant
Fock functor defined in [3].

DEFINITION 10.1.1. For each p € Sp# and morphism f : p — q of A-species, we can
define the functor K : Sp* — gVec via
= P plna]

) = @f{mﬂ

n>0

REMARK 10.1.2. Clearly, by definition of p, K}(p) € gVec. Since K applied to a
morphism of A-species yields a family of linear maps so on each graded piece composition
makes sense, thus making sense overall. K} (idp){jn),) := idp(p)] for all [n]4, thus K)(idp) =
ldKX(p)

PROPOSITION 10.1.3. The functor K is a bilax monoidal functor.

PROOF.
Recall from Section 2.4 that in order to show that K is a bilax monoidal functor, we need
to define natural transformations

oV
Mo (K x KY) =—— KYoM
,IZ}\/

where M denotes the tensor product functor defined in Section 2.4 and Mo (K} x K{) and
K o M are both functors from Sp# x Sp* — gVec.

Let p,q € Sp?, then
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‘p\p/,q
Ki(p) - Kx(q) ﬂw—; Ki(p-q).
P,q

Note that

Kx(p) EB@ p[ral ® qlt4]

n>0 r+t=n

Kip-a)=€P P plRa®alT4l.

n>0 RUT=|n]
On the degree n piece, we define the sections of ¢¥ and ¥V as follows:

Ppq Plral @ qlta] — P p[R4] ® q[T4l,
RUT = [n]
Rl =r[T|=t

[id]®q[cano,]
i PIral @ ql[l+ 7t +r]a] S plra] @ qlta),

where |R| = 7 and |T| = t. When R # [r] and T # [1 +7,t + 1], ¢ , = 0. Note that cano,
is the order preserving bijection that shifts all the values in the set down by 7.

Now, observe that K{(1x) = @,,5¢ 1k[na] = K& 0® - - = K which is the unit of gVec.
Thus we can define ¢y = id and ¢§ = id.

First to show the lax monoidal structure of K. In order to do so, we must show that
 is a natural transformation, is associative, and is left and right unital.
1. Claim: ¢" is a natural transformation.
Let p,q € Sp?, define the sections go qas above. Nowlet o :p — p'and f:q — ¢’
be two A-species morphisms. We must show the following diagram commutes:

K(p)- Kj(q) S, KX(p-q)

KX(a)KX(ﬁ)l lKX(orB)
KX(p') - Ki(d) P Ki(p' - d).
p’,d

For each fixed r +t = n, we have:

@p[cano]®q[cano]

Plra] ® q[t4] > ©® P[Ra] ® q[T4]
RUT =[n]
IR| =, |T| =t
Ay 41961 4)
Sor, ®Pry (31)
p'lra] © q'[ta] T — @D P'[Ra] @ q'[T4].
@p'[cano]®q’[cano] RUT:[n}
IRl =7, |T| = t
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Note, that « : p — p’ is a natural transformation, i.e., for all f : I, — J4, the
following diagram commutes:

plls] —4 p/[14]

| [

plJa] =7 P'lJal-

Similarly for 5. Thus for each decomposition, R LIT = [n], we have that Diagram
31 commutes—this is because « and [ are natural transformations and plcano] ®
g[cano] are bijections. Thus the entire square commutes; hence, ¢ is a natural
transformation.

2. Claim: " is associative.

We must show Diagram (13) commutes. We will show that it commutes on
each component of degree n of K)(p) - K)(q) - K){(h). In order to show that the
associativity axioms holds, we must first understand ¢, and ¢ .

@ (p-q)[canos|®h[canog)]
Pran (P @)[ma) @ hry] ®  (p )M @h[Ra.

MUR=[m+r7]
M| =m, |R|=r

On the order preserving bijection canoy; : A®™ @ K[m] — A®Ml @ K[M], (p - q) is
defined to be the direct sum of maps
P[Sal ® q[Ta] = pl(canon(S5))a] © ql(canon(T)) 4]

ranging over all decompositions ST = M.Thus, on a decomposition SUT = [m)],
we have cpg,qh defined as follows:

P[Sa] © a[Ta] @ h[[r]a] — @  pleanoy(Sa)] ® alcanoy(T4)] © h[Ra],
MUR=[m+r]
|[M|=m, |R|=r

where canoy (S) Ucanoy (7)) = M is one of the decompositions of the Cauchy prod-
uct on the right hand side. As we range over all such decompositions of [m], we get
every possible decomposition of M.

Similarly, ¢ ., is defined as follows:

A N ®p[canos|®(q-h)[canoy] A N
Ypan  PS]® (a-h)[d] : 2 @  plSI®(q h)0]
SuU =[s+u]
S| =s, U =u

pl[s]] © a[T4] @ h[Ra] ‘ ) p[S] @ glcanoy (Ta)] © hlcanoy (Ra),

SuU=[s+u]
S|=s, U] =u

where T'U R = [u] and canoy (7") U canoy (R) = U.

Finally, to show
%v),q-h o (id ®90cv;,h) = (Pg.q,h ° (gogﬂq ®id).
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Fix a decomposition s +t +r = n.
For the lefthand side ¢} .}, 0 (id ®¢ ) (P[sa] @ q[ra] @ h[ta]):

= Qpan |PlsAl® €D qRa @[Ty

RUT =[r+t

IRl =r, |T|=t
= @ p[Sa] ® @ q[canoy (R4)] @ hicanoy (T4)]
SUM = [n] em(R)Uem(T) =M
IS|=s lear(R)| =7, [em(T)] =2

|[M|=r+t

Let M := canop(R4) and My := canop(7T'a)

= @ ovlsle| D abenis
SUM = [n] MyU M, = M
|51 =s |Mi| =r, |[M2| =t
M| =r+t
= @  plSu@qlM]@h[M,].
SU My UMy =[n]
|S]=s
|Mi| =7
|Ma| =t

For the righthand side ¢} .1, © (¢} 4 ® id)(P[sa] ® q[ra] ® h[t4]):

= @pan ®  plSal®alRa] | ©hltd]
SUR=[s+r]
S| =s
IR =7
= @ EB plcanoy (S4)] ® g[canoy (R4)] | @ h[T4]
UUT = [n] cy(S)Ucy(R)=U
U =s+r lev (S)| = s
IT| =t lev(R)| =7
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Let Uy := canoy(S4) and Us := canoy(Ra),

- D B plh®qlh] | @h[T4]

UL’TI[TL] UiuUs =U
Ul=s+r Uil =s
Tl =t |Uz| =

- S, p[U1] ® q[Us] ® h[T4].

Uy UUUT = [n]

Ui =s
|U2| =7
IT| =t

Since we are ranging over all possible decompositions of n, the lefthand side and the
righthand side are the same.

Thus the diagram needed commutes, and we get that ¢ is associative.
3. Claim: ¢ is left and right unital.

To show that ¢V is left and right unital, we must show that Diagram (14). For
a fixed r +t = n, this is equivalent to showing

.1, © (idp ¢g) = idp = 1, ;, 0 (g - idp)
On the right hand side:

o1, p 0 (@p -idp) = @ 1g[canog] ® p[canor] | o (id®idp)
RUT = [n]
Rl =r|T|=t

(1K[can0@] ® plcanop,] ® (R@(Z)O ®p[canoT])) o (id®id)

idK ®p[cano[n]]
= idg ®id,
idp

Similarly for the left hand side. Thus showing that K is a lax monoidal functor.

12

Now to show that K’ is a colax monoidal functor.

1. Claim: ¥" natural transformation.

Let a: p — p' and B : q — ¢ be two A-species morphisms. We want to show
the following diagram commutes:
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KY(p-q) —2% KY(p)- Kx<q>

KA(a'/B)l lKA

Ki(p'-d') —> Ki(p') - Kx(

For each decomposition RUT = [n], we have:

plid]®q[cano]

pP[R4] ® q[T4] > Plral ® qfta]
Q[R] ®5[T1l lam@ﬁm
p'[Ra] ® q'[T7)] p'[ra] ® q'[tal.

p’[id]®q’[cano]

This diagram commutes since both o and § are natural transformations and cano is
a bijection of the underlying objects. Thus @/)V is a natural transformation, hence
YV is a natural transformation since the naturahty diagram boils down to the nat-
urality of zﬁp’q

. Claim: 9" is coassociative.

We must show that the diagram formed by reversing the arrows in Diagram (13)
and replacing ¢ with ¢y commutes. We will show that it commutes on each piece of
degree n of Kj(p-q-h). First, in order to show that ¢V is a coassociative, we must
understand the maps ¢y 1, and ¥

p,q-h-
First,
Von: (P-@)sa] @1+ s, + 5], VI )54 @ hita)
P[(S1)4] ® q[(S2) 4] @ h[[1 + s, + s]4] ¢ » Pl(S1)a] ® q[(S2)a] @ hta],
where Sy U Sy = [s].
Now,
VY o Plsal @ (@ W)[[1+ 5, ¢+ s]4) —PIAWERO] 1@ (g [t

Plsa] @ q[(T1)a] @ h[(T3) a] 1 > Plsa] @ qlcano,(T1)a] @ hcano,(T3)4],
where 71 UTy = [1 + s,t + s] and cano,(T7) 4 U canog(T3) 4 = [t].

Finally to show
(id @Ygn) 0 Vpqn = (Upq @1d) 0 ) .
Fix a decomposition SU RUT = [n].

Note that the lefthand side is only nonzero when S = [s] and RUT = [1 + s, n].
We have (id ®¢g ) 0 ¥p g n(P[sa] © a[Ra] @ h[T4])

= (id@¢qn)(plsa] © qlcanos(R4)] ® hlcano,(T4)])
= Plsal @ dgn(alcanos(Ra)] @ hlcano,(T4)])
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where cano,(R) U cano,(T) = [n— s]. Note ¢}, is only nonzero when the underlying

[
sets canos(R) = [r] and canog(7") = [1 +7,n — s], which implies the original sets had
to have been as follows R = [1+s,7+s] and T' = [L 4+ + s,n]. Then applying ¥},
yields:

= plsa] @ q[ra] ® hlcano,([1 4+ r,n — s]4)]
= plsal®@dq[ra]®h[ln — s —r]4]

For the righthand side: (¢ ,®@id) oty n(P[sa]@q[[l+s,7+s]a]@h[[1+7+s5,n]4])
= (pa® @) (plsa] @ a1+ 5.7+ sl @ Bl[Ln — 5 = 11]
= plsal ®@qlra] @ hl[n — s —r]4]

Thus " is coassociative as desired.

3. Claim: " is left and right counital.
In order to show that ¢V is left and right counital, we need Diagrams (14) to
commute when the arrows are reversed with 1" inserted in the appropriate places.
For a fixed n, that amounts to showing;:

First notet by deﬁnltlon of lK, we have that )y P

@1k [id]®@p[canos
D 1x(54) ® p[Tu] TP, Y 1y [54) @ plta)
SUT=[n] st+t=n

reduces to
1k [id canog
K ® p[n] Dleldlepleance, g o) p[na]
So ¢YK7P = 1dK ® ldp

On the right hand side:
(¥ -idp) 0 wi/K,p = (idg ®idp) o (idg ®idp)
= idg ®idp
= idp
Similarly for the left hand side. Thus showing K’} is a colax monoidal functor.

Finally to show that K} is a bilax monoidal functor we must show that the braiding and
unitality conditions are satisifed.

1. In order for the braiding condition to hold, we must show the following:
Vprah 0 K3(id B -id) 0 Ypqrn = (Ppr - Pqn) 0 (id-F -id) o (Ypq - Yen)-

The above are natural transformations from

Ki(p-q) - Kx(r-h) = Ki(p-r)- Ki(q-h).
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Before showing the above equality holds, we need to understand both ¢p.qrh and Yp.r.qh-

First
Pparn: Ki(p-a)  Ki(r-h) — Ki(p-q-r-h).
Fix n + m, then

(p ] Q) [nA] 2 (I‘ ) h) [mA] @p[cano]@q[cano] @ (p . q) [NA] R (I‘ . h) [MA]
NUM=[n+m]

After doing the Cauchy products on the lefthand side and considering a specific decomposi-
tion BUC = [n] and U UV = [m], we get that ¢ .}, is as follows:

p|Ba|®q[Ca]@r[Ua]@h[V4] — plcanoy(Ba)]®@q[canoy (Ca)|@r[canoy, (Ua)|@h[canoy (Va)]
Where canoy(B,) is one of the decompositions of N4 after performing the Cauchy product

on the right hand side; similarly for the rest of the cano maps applied to the remaining sets.

Now,
Ypran: Ki(p-r-q-h) = Kji(p-r)- K)(q-h).
On the n'* degree 1) is zero everywhere except on:

r)[id -h)[canos
(p-1)[s4] @ (q-h)[[1+ s,t+ 8]4] (pr)[id]®(q-h)] ] (

P r)[sa] ® (q-h)[ta].

After doing the Cauchy products on the lefthand side and for a specific decomposition of
BUC =[sjand UUV = [1+ s,t+ s], we have:

p[Ba] @ r[C4] ® q[Ua] @ h[V4] — p[Ba] ® r[Ca] ® q[canos(Ua)] @ hlcanos(Va)],
where B and C are one of the pairs of decompositions of [s] after performing the Cauchy

product p - r, and cano,(U) and canog(V') is a pair of decompositions of [t] after performing
the Cauchy product q - h.

For the right hand side:

(#pr - qn) o (idofoid) o (Ypq - rn)(Plsal @ ql[l + 5, + s]a] @ rlua] @ h[1 +u, v + u]a])

(¢p,r - Pqn) o (id-B - id)(plsa] @ q[ta] @ r[ua] @ hlva))
= (Ppr* Pqn)(P[sa] @ rlua] ® q[ta] ® hlva])

— @ p[Sal ® r[U4] ® q[T4] ® h[Vy].

SuU=[s+u]
TUV =[t+]
S| =s, U =u

T =t, [V]=v

For the left hand side:

(Vpran) o Ka(id-f - id) o (¢p.qrn)(Plsa] @ ql[l + 5,1 + s]a] @ rlua] @ h{[1+u, v +ula])
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(Ypr,qh) ED plen(Sa)]l @ rlear(Ua)] ® alen(Ta)] ® hlear(Va))

NUM=[s+t+u+v]
|N|=s+t
|M|=u+v

For a fixed NUM = [s+t+ u + ],
plen(Sa)] @ rlen(Ua)l @ qlen(Ta)] @ hley (Va)] @D (Ve (@ )y

N'UM'=[s+t+u+v]
Ypr.qh 1S zero everywhere except when N = [s+u] and M' = [1+ s+ u,t + v+ s+ ul.
In our equation, in order to get a nonzero vector space we need that N’ := canoy(S4) U
canoy (Ua) = [s + u] and M’ := canoy(T4) U canop (Va) = [1 + s+ u,t + v + s + u] Thus

= (Ypran) D plen(Sa)]@rlen(Ua)] @ alen(Ta)] @ hlea(Va)]

NUM=[s+t+u+v]
|N|=s+t
| M |=u+v

= P plen(S4)] @ rlear(Ua)] @ qlst|ar(en(Ta))] @ hlstlar (ear(Va))],
where the direct sum is over ey (Sa)Ucar(Ua) = [s+u], st|pr(en(Ta))Ust|ar(ear(Va)) = [t+0]
such that |ex(S)] = s, |em(Uy] = u, |st|ar(en(Ta))| = t, and |st|ar(car(Va))| = v.
Reindexing the sum, yields the same output as the right hand side. Thus, the braiding con-
dition is satisfied.

2. Finally, we must show that the unitality condition.
Since ¢y = id, ¢y = id and Ay, and p;, are isomorphisms, the unitality conditions in (16)
are satisfied.
Therefore, K is bilax.

O

Now, since for each p € Sp#, p[I4] is a A1S,, module, we can consider the space of A5,
invariants, i.e.,

p[IA]AZS” = (v € pll4] | (a1,..,an,0).0 =calar)---calay)v)

DEFINITION 10.1.4. For each p € Sp# and morphism f : p — ¢ of A-species, we can
define the functor K : Sp* — gVec via

KY(p) = EP plna

n>0

K3(f) = B fina-

n>0
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PrOOF. We immediately have @(p) € gVec. Since I/{i’ applied to a morphism of A-
species is just the restriction to the A S, invariant subspace of K applied to a morphism
of A-species, it follows that composition makes sense and identity is sent to identity. O

ProrosITION 10.1.5. The functor IA(X : Sp? — gVec is bilax monoidal.

ProoF. For the bilax structure of l/(vx, we define the maps ¢V and ¢V by the diagram
below:

¢p.a
_—
Ki(p)- Kila) —— " Kj(p-q)
= ]~ N RN ]
Ki(p) - Kila) (22222200077 Ki(p-aq)

We must first show that ¢V and~zZV sends invariant elements to invariant elements. I will
show this for ¢V and the proof for ¢V is simpler, since if an element is invariant under AQ S,
it is clearly invariant under the subgroup A (S, x ;).

Fix r 4+t = n, then the diagram becomes:

@p|cano]®q[cano]

p[ral ® qlt ] > @  p[Ral®q[T4]
A~ RUT = [n]
IRl =71
7] =t

AlSn

J

p[ra]5 @ qlta] Mt - > ©  p[Ral ®q[T4]
RUT = [n]
|R| =7
7 =t

Consider an element Y vy, Qwyy, € Plra]™®r ®q[ta]*®. Notice that v}, is invariant under

AL Sy, ie., forall (a;---a, ® 0) € A1 S, we have that (a;---a, ® 0).vp), = [] cala;)vp,.
i=1

t
Similarly, (¢1---¢; ® 7).wy, = [[ €alej)wy, for all (¢1--- ¢, ®7) € AVSy. Applying ¢, we
j=1

get
v @ug, = > Y v, @un,.
RUT =[r+1]
IRl =7
IT| =t

We want to show that the image is invariant under A1 S, i.e., for all (a; ---a, ® o) € ALS,,
we have
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(a1 a, ®0). Z ZURA®wTA:H5A(ai)ZURA®wTA (32)
| i=1

RUT =[r+t
IRl=7r
T =t

It suffices to show invariant under the following elements that generate A1 .S,:
{(a1-1---1®id) |ag € A} U{(1---1® (ij)) | (¢j) a simple transposition}

By the functoriality of p and q, we can work at the level of our objects of Set.
Fix decomposition of [n], say R = {d1,....,6,} and T = {&, ..., &}

First, consider (1---1® (ij)) € A1 S,. We must show that this element acts by identity
since e(1---1®(ij)) = 1. We first need to understand how (1---1®(ij)) acts on ® As, QK[R]
z=1

t
and ® Ag, @ K[T']. There are two cases we must check:
k=1

Case 1: WLOG, let i,7 € R, then for some s € [r], we have §; = i and 0y, = j. First we
look at the restriction of our simple transposition (ij) on our underlying sets R and
T. Since 1,j € R, (ij).R = R, it’s the permutation from R — R that swaps ¢ and j,
and (ij) acts as the identity map on T since 4,5 ¢ T

e 19" ® (i) acts on A5, ® - - ® As, @ K[R] by the map ® 1s, ® (ij)|g, i-e.,
z=1

® 15, @ (z‘j)\R(k@lAaz ® K[R]) = @:9115214 ® K|[(ij)|r-R] = @:91152,4 ® K[R).

Oi)=1(=) O(ij)~1(2)

t
e 19" ® (ij) acts on Ag, ® --- ® Ae, ® K[T] by the map ® 1, ® (ij)|r, i.e.,
k=1

t L t t . t
k‘gllgk ® (Z])|T(k§1AEk ® K[T]) = k;Q:Z)l]-EkAg(ij)_l(k) ® K[(Zj)|TT] = kgllgkAg(ij)—l(k) ® K[T]

0s if 2= 10411
Note that (77)~! = (i7), thus (ij)1(2) = { 0541 if 2 =,

z  otherwise
Hence, for all k € [t], (ij) "' (k) = k. Thus, when our underlying set is R, we have
that (1---1® (ij)) acts by identity on all A’s except in the positions s = 7 and
ds+1 = 7, in which case (ij) acts by place permutation. Because this is a bijection
and canog is a bijection, we can define the map f,, € A1 S, that makes the following
diagram commute.

A @ @A QK] —% As, ® - As, ® As,,, ® - ®As, @ K[R]

lfr l1®n®(ij)

A1®...®AT®K[T] BTN A(sl®--®A55+1®A55®'®AJT®K[R]‘
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Case 2:

Moreover, we have that f, = (1---1® (ij)) € AL S,.

t
Furthermore, we have that (1---1 ® (ij)) acts as the identity on ® A, ® K[T.
k=1

Again, since this is a bijection and canor is a bijection, we can define the map
fr € AUS; to be the map that makes the following diagram commute.

A @ @A RKH 5 A, @ ® Ag, @ K[T]
lft l1®"®(ij)
AR A4 K] 5 Ay @ ® Ag, @ K[TY.
Moreover, we have that f; = (1,...,1,id) € A1 S;.

From the above diagrams commuting and by the functoriality of p and q, we have
the following commuting diagram

plcanor|®q[canor]

ZU[T]A ® Wt) o ’ ZURA & wr,

lfrxft ll@ﬂ@(ij)

plecanor]@qlcanor]

(fT X ft) ZU[T}A @ Wiy 4 > (1 e 1® (2])) Z’URA X wr, .
Observe that

fr X fi. ZUMA @ wp, = €(fr)€(ft) ZU[T]A Qwp, = Z Ulrly @ Wt 4

since » V), @ Wy, is invariant under A .S, ® A S,
Thus, we have that

p[canog] ® q[canoT](Z Vppla @ wpy,) = (1---1® (i7)). Z’URA ® wr,

Which implies

(1"'1 ® (ij»'ZURA ®wr, = ZUTA @ W,

Thus (1---1® (ij)) fixes elements labeled by R4 and T4 when both 4, j are con-
tained in one of the underlying sets.

WLOG, say i € R and j € J, then for some s € [r] we have §; = i and for some
h € [t] we have that &, = j. Then (ij) is an order preserving bijection that replaces
0s with &, in R and replaces &, with é5 in 7. On the tuple of A’s, we are just
renaming the i* position with the j** position while preserving the original order.
Since this is a bijection and cano is a bijection, we can define f,. by the following
commuting diagram:

A® @A 9K[r] 225 A5 ® - ®4s, @ - ®A5, @ K[R]

lfr ll®”®(ij )

A®- A4 K] —B Ay ® - ©Ag, © - @As, O K[R]
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Moreover, f. = (1,...,1,id) € A1 S, since both maps in the right hand corner of the
diagram are order preserving.
We can also define f; by the following commuting diagram:

A® @A 0K 0 A, @ @A, ® - @A @ KT
lft f@"@(z‘j)
A®---® A K[t B N Af ® - ®A5, ® - @A, @ K[T']

where f; = (1---1®1id) € A1S; since both maps in the right hand corner are order
preserving.

From the above diagrams commute and the functoriality of p and q, we have
the following commuting diagram

Z U], @ Wy, ’ Z VR, @ Wr,

lfr X fe ll®"®(ij)

canop|®qicano ..
(fo X 12)- X vp10 @ wpg, B (1019 (1)), S vm, @ wr,.

Observe that

Fo X i) 0, @wig, = e(f)e(f) Y v, @ Wi, = > v, @ wi,

since ) v, ® wyy, is invariant under A1 S, ® A5,
Thus, we have that

p[cano] ® gcano] (Z Vs ® w[t]A> = (1---1® (i5)). Z’URA ® Wy, .

This implies

plcanog]®qfcanor]

(1 1®(if). > v, @ wr, = Y vp @ wyy,
which is a term in the sum in Equation 32.

This shows that an individual term when acted on by (1---1®(ij)) either is fixed or is again
another term in the sum. Now we need to show that we get every possible term in the sum,
i.e., we get a term corresponding to each decomposition R U T = [n] such that |R| = r and
|T'| = t. First, note that we won’t get any extra terms since the underlying action consists of
bijections of those sets. Furthermore, for two distinct decompositions R, LT} and Ry LT, we
get distinct pairs R UT] and R, UT, after acting by (ij), for if we didn’t then Ry = Ry and
Ty = Ty. Since (ij) is a bijection, given any R’ 7", we can find the original decomposition
by applying (ij)~!. Thus we get every possible term in the sum.

Now consider (b-1---1®1id) € A1 .S,. We must show that this element acts by (b -
1---1®1id) = ¢(b). First, we need to understand how (b-1---1®id) acts on ® As,  K[R]
z=1

t
and ® A, @ K[T].

k=1
WLOG, say 1 € R, where 1 denotes the position of b in the tuple. Then b-1---1 ® id acts
on A51 R .- -A(;T X K[R] by

(b ® (é2152> ® idR> ( élA(;Z ® K[R]) — bAs, © As, @ ® Ay @ K[R]
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i.e., by multiplication by b on the left. Because b ® <é 152) ® idr and canop are order
z=2

preserving bijections, we can define f,. by the following commuting diagram

A @A K] 225 4; ®---® As,  K[R]
l i lb@ (éli) ®id
Al®-® A, OK[r] <28 pAs ® - @ As, @ K[R]

where f, = b® (é152> ®idg € AVS,
z=2

Since 1 ¢ T', we have that b® 1®- - -®1®1id acts as the identity on A¢, ®- - - ® A, ® K[T7,
t
since (b-1---1 ® id)|r is the map ® 1lg, ® id. Thus, we can define the bijection f; =
k=1

t
® 1 ®idr € A1 S, coming from the following commuting diagram:
k=1

A 4Kt T80 A, @ ® Ay, K[T]
lft lb@ (iili) ®id
A @ @A QK[ =5 Ay ® - @ Ay, @ K[T]

By functoriality of p and q, we get the following commuting square:

plcanor]®q[canor]

Z Ulr]a ® Wt 4 ’ Z VR, ® wWr,
J/erft J/b® (i§21i)®id

canop|®q[cano n .
(f, % f). Zv[r]A @ wy, plcanor|®q| T], b <§)21i> ®id. ZURA @ wr,

Observe that since > v, @ wyy, invariant under A .S, ® A Sy, we have

(fr X 10D viga @ wigy = e(£)e(f) D vpps @ wyg, = (b)Y vpy © wi-

Thus we have that

plcanog] ® g[canor] (5(1)) Z Vprla @ Wi, ) =b® <® 1; ) ®id. ZURA ® wr,

which yields

®(i(§2 )®1 ZURA®U)TA 8()Z/URA®wTA

Ranging over all decompositions yields the desired result. Thus K} restricts to invariants.

Finally,to show that I/(V\Af is bilax monoidal. First note that I/(V\AK(IK) = K(1k), thus
@y = ¢g and similarly ¢y = 4. Since p) , and vy , are defined to be the restriction of ¢

and ¢, they satisfy all the axioms to make K a bilax monoidal functor.

O
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ProrosiTION 10.1.6. The functor If(\fx s a bistrong functor.

Proor. To show that @ is a bistrong functor, it suffices to show that @y o ¢y = id
and ¥V o ¥ = id. First, since ¢y = id and ¢y = id we have that @J o ¢y = id. Now, let
SUT = [n], then

[canog] plidj4]
plsal = P Sa — psa]
S € [n]
S| =s

qft 4] Jemorl, D dr1i] aleanod, 1t al

T C [n]
| =t

Tensoring the diagrams together yields the desired result. Thus l/(vx is a bistrong monoidal
functor. See Prop 3.46 in [3].
O

10.2. A-Coinvariance

For each p € Sp# and morphism f : p — q of A-species, we consider functor K, :
Sp? — gVec, as defined in 10.1.1 via

Ka(p) := @ plna

n>0

Ka(f) == EP final

n>0
The functor K4 admits another bilax structure, different from the one used in Section
10.1. This new bilax structure allows for the coinvariance functor, described in the following
section, to be a bistrong bilax monoidal functor. We describe this bilax structure in the
following proposition.

ProPOSITION 10.2.1. The functor K4 is a bilax monoidal functor.

PROOF. In order to show that K4 is a bilax monoidal functor, we need to define natural
transformations

)
MO(KAXKA) KAOM
P

Again, M denotes the tensor product of functors and both Mo (K4 x K4) and K40 M are
functors from Sp“ x Sp# — gVec.
Let p,q € Sp?, then
¥p,q
Ka(p) - Ka(a) <w_’ Ka(p-a)

Note that

Ka(p) - Kala) = €D plral @ qlt4]

n>0 r4+t=n
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n>0 RUT=[n

Kip-a) = & plRil@q[T4l
[n]

On the degree n piece, we define the sections of ¢ and 1 as follows:

] plid]®q[cano]

Ppq:Plral ®qlta plral@dq[[r + 1,7+ t]4]

Upa s PIRA @ aTa] 22, ol1R[]4] @ q[[|T])4].

Now, observe that K4(1k) = €D, 1k[na] = K@®0& - -- = K which is the unit of gVec.
Thus we can define ¢, = id and 1y = id.

Showing the lax/colax structure of ¢/ is an analogous argument as in Proposition 10.1.3
and can reference [3] for a proof of this in the classical version of species.

O

DEFINITION 10.2.2. For each p € Sp# and morphism f : p — q of A-species, we can
define the functor K : Sp* — gVec via

fa(P) = @P[W]Azsn

n>0

n>0
PROOF. O

For the bilax structure, we define the maps ¢ and 1 by the commutativity of the following
diagram:

¥p,q
Ka(p) - Ka(q) " Ka(p-q)
oo
. Poa

Kap) - Ka(w) 7 Ka(p-a)

where 7 is the obvious quotient map.

ProPOSITION 10.2.3. The maps ¢ and 1; are well-defined and inverses of each other.

PRrROOF. First consider the natural transformation ¢. On the degree n component, the
above diagram reduces to
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@ plSu@alls] —2— @ plsa @qltd]

SUT=[n] s+t=n

T
l l@ﬂs &7t

Pp.a
< @ plSa® Q[TA]> “““ » @D plsalas, @ dltalas,
SuUT=[n| A8,

s+t=n

First, we will describe the kernels of the projection maps. Observe that the kernel of
Prs ® m; is spanned by elements of the form

((vs — 0w5) @ wy) B (Vs ® (wy — Twy)) B ((vs — 0.05) ® (W — Twy))

where v, € p[[s]a], 0 € AV S, wy € q[[t]a], and 7 € A1 S;. A general element in the kernel
of 7 has form

Z Zvé@w%—a. Z Z%@MT
SUT=[n] i SUT=[n] i

Since 0 € A S, acts linearly, for a fixed SUT = [n], we get that a pure tensor has the
following form vg ® wr — 0.vg ® wr.

Consider a decomposition SUT = [n] where |S| = s and |T| =¢, and let (A®0) € A1S,
and suppose that (@®0)(54) = Ra and (@ ® 0)(T4) = Ua. This defines bijections (A ® 0)g :
Sa— Ry and (A®0o)r : Ta — Uy. Because these are bijections and st is an order preserving
bijection we can define bijections (@ ® o)y € A1 Ss and (@ ® o) € AUS; by the following
commutative diagrams:

SAS—t> [S]A TAS—t>[t]A
(d®a)sl l([i@a)% <a®a)Tl l(?i@o)’T (33)
Ra — [s]a Uy —— [t]a

By the above squares commuting, and by functoriality of p and q we have:

(pl(@® 0)s] ® a(d@® o)7]) o (p[st] @ qfst]) = (p[st] @ qlst]) o (p[(d ® 0)s] ® q[(d@ @ o)7]).
Now, to show that ¢, 4 is well-defined we must show that an element
vs @ wr — (A ® 0).vs @ wr € ker(r) C ker((dm, ® ;) o (p[st] ® qlst]))
then p[st] @ q[st](vs ® wr — (@ ® 0).vs ® wr)
= plstjus ® q[stjwr — p[st](@ ® 0)svs ® q[st](@ ® o)rwr
=" v, Qw — (A ® o)spstlvs ® (@ ® o)pqst]wr

= 2w — (AR 0)svs® (@ o)pw;
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Adding in zero (denoted in colored text) gives:

Vs @ WiHvs @ (AR 0)pwy — vs @ (A ® 0)pwy — (A Q 0)'gvs @ (A ® 0)pwy
= v, ® (wy — (@@ 0)pwy) + (vs — (@@ 0)5v5) @ (@ @ 07w,

which is a sum of elements of ker(®m, ® ;) as desired. Thus 1) is well-defined.

Finally, to show that ¢ is well-defined. On the degree n component, the diagram reduces

to
id]®q[cano
D..i Plsa] @ qlta] — LD By plsa] @ ql[l + st + 5]
l@m@m l—:r
D, Plsal sy ® altalms, ~—--"23--=5 (@ plsal @ al[l + 5, + s]a]) ws.

Fix s+t =mn, and let d ® o, € A1 Sy and g@at € A S;. Since cano, d ® o, and g@at
are bijections we can define @ ® o/, and b ® o; by the following commutative diagrams:

[s]a —2 [s]a [tla 2% [14s,t+ 3],
5®Usl l?l@a; E®0tl ll?@aé
[s]la — 7 [s]a [t]a — [1+s,t+ 3],

By the above two diagrams commuting and by functoriality of p and q, we have:

(plid] @ glcano]) o (pld ® 01 @ alb @ 07]) = (p[d © 0,] © alb ® 0:]) © (plid] ® glcano]).

Now, to show that ¢ is well-defined we must show that an element in the kernel lives in
the kernel of 7 o plid] ® g[cano]. T will show on an element of the form v, — (@ ® 0,.v5) @ w;
for some vy € pl[s]a], w: € q[[t]a] and (d ® os.v5) € AL Ss. It will be a symmetric argument
for the other description of elements in the kernel.

p[id] ® g[cano](vs — (@ ® 05.v5) @ wy)
= U5 ® wey — p[id](@ ® o5.v5).v5s @ q[cano](f, id;)w,
= U, @ wepy — (@ 0,.0,)plid].vs @ (1,1d,)'g[canow,

= U, @ Wypt — ((A® 05.05) % (1,idy)").05 @ Wy

which is an element in the kernel. Thus ¢ is well-defined.

From 1 q0¢p.q = id, we can deduce that 4y, q0@p o = id. Finally, to show that ¢got) = id.
Let SUT = [n], x € p[A®% @ K[9]], and y € q[T4], we must show that

r ® y = plid o st] ® g[canog ost|(z ® y).

Showing that plidost] ® g[canoost] is given by a permutation would guarantee that this
composite is the identity on coinvariants-this is because for any vector space, Vg, surjects
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to Vs, - If we look at the set level, it’s not hard to see that there exists an element of A5,
(1---1®0) : [n]a — [n]a such that the restrictions

(1---1®0)]s: A% @K[S] = [s]a
which is just the standardization map st, and
(1-1®0)|r: Ty — A¥ @ K[s + [t]]

which can be thought of as the standardization map st shifted by s. Applying the functors
p and q, give plid ost] ® g[canosost] = p[(1---1®0)|s] @ q[(1---1® o)|7].
Thus,

plidost] ® qcanogostl(z®@y) = pl(l---1®o)|ls]®q[(l---1®0o)|r](z®y)
= 1 1®0)z®y
= QY

Therefore the maps ¢ and lﬁ are inverses of each other.
O

REMARK 10.2.4. The proof of Proposition 10.2.3 follows the proof of Proposition 15.2 in
[3] with more details given.

ProrosIiTION 10.2.5. The functor I?;; 15 a bilax monoidal functor.

PRrROOF. For the bilax structure, we define the maps ¢ and U by the commutativity of
the following diagrams above. Since the maps are defined from ¢y, 4 and ¥, q, we have that
the bilax conditions are satisfied.

OJ

ProproOsSITION 10.2.6. The functor I/(VA s a bistrong monoidal functor.

Proor. We have that ¢g o 1&0 = id since ¢y = id and Yo = id. We showed that @1/; =id
within Proposition 10.2.3.
OJ

S, is naturally viewed as a subgroup of A1.S,, hence we can consider the space of .S,
coinvariants.

DEFINITION 10.2.7. For each p € Sp# and morphism f : p — q of A-species, we can
define the functor K 4 : Sp* — gVecy via:

Ka(p) := P pnals.

n>0
FA(f) = @ T[nA}
n>0

where f[nA} (v) = [fina)(v)], i-e., the coset formed by fp,,(v).

PROPOSITION 10.2.8. The functor K 4 is a bilax monoidal functor.

PROOF. In the proof of Proposition 10.2.3, we showed that the natural transformation ¢
factored through the space of A1.5; x AlS,- coinvariants. Thus ¢ factors through the space of
Sy x S,-coinvariants. We also showed that v factored through the space of A1S,,-coinvariants,
thus factors through the space of S,,-coinvariants. O
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COROLLARY 10.2.9. The functor K 4 is a bistrong monoidal functor.

Proor. This follows directly from Proposition 10.2.3 when showing ¢ and 1 are inverses
to each other. ]

10.3. Morphisms Between These Functors
ProposIiTION 10.3.1. The maps
KA—»IN(A and I?JAY%KX
are natural transformations of bilax functors.

PROOF. First, we must show that ¢ : [f(vx — K} is a natural transformation.

e Let p € Sp” and define the sections to be given by
tp : K{(p) = Kx(p)

D@l a) > — pln]4]

n>0
where ¢p, is the inclusion map.

e Now, ¢ must be such that for all a : p — q € Sp?, the following diagram commutes:
Kj(p) —— K)(p)

Ky (a)l lKX(a)
Kji(a) —— Kj(a)

On a component of degree n, this diagram becomes:

‘pln gl

p[n.a] P[4

a[”A]l lo‘[nA]

a[na]¥r c— q[nal

aln 4l
Since « is a natural transformation and we have inclusion maps, we have that the above
diagram commutes. Therefore ¢ is a natural transformation of KY < K.

Now we must show that ¢ is a morphism of bilax monoidal functors. We will show that
diagrams in Definition 2.5.1 commute.
To show a morphism of lax functors, let p,q € Sp# and s+t = n. The diagram on the right
of Diagram (20) commutes trivially since <,0~V0 = ¢y = id. Now to show the diagram on the
left commutes, let @ y € p[sa]M¥ @ q[ta]** then following the right top corner yields:

. )
R TALEN @ p[canos]z ® g[canor]y =% @ plcanog|r ® q[canor]y
SUT=[n] SUT=In]

The bottom left corner yields:

r@y 22 p ey 29 @ p[canog|r ® q[canor|y
SUT=|[n]
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Thus ¢ is a morphism of lax monoidal functors.

To show a morphism of colax functors, let p,q € Sp#. Again the diagram on the right of
Diagram (21) commutes trivially since ¢V, = ¢y = id. For the diagram on the left, let
Nrsyre( @ plA® @ K[S]] @ q[T4])A*". Following the right top corner yields:

SUT=[n]
d;vp,q tpQ®tq
Z Ts QYr — Ls] ® q[canos]y[s-i-l,s-‘rt] — T[] ® q[CanOs]y[s-‘rl,s—i-t]

Following the bottom left corner yields:

- Wy,
Z Ts @ yr —> Z Ts @ yr — 1[5 @ q[canos|yiei1 st
Thus ¢ is a morphism of colax monoidal functors.

Therefore ¢ is a morphism of bilax monoidal functors.

Finally, to show that 7 : K, — K 4 18 a natural transformation.
e Let p € Sp” and define the sections to be given by
Tp : Ka(p) = Ka(p)

where 7, is the projection map.
e Now, for all a: p — q € Sp* the following diagram must commute:

Ka(p) — Ka(p)

KA(a)l l}?A ()

Ka(q) — Ka(q)

On a degree n component, the diagram reduces to:

p[nA] ﬂ p[”A]AZSn

O‘ln]l la[n]

Tq[n]

q[na] —— q[nalas,
where @, (T) = ap(z). Now
Qn) © Tplna)(T) = Op(T)
= (@)
= Tqna) © (ap(2))

Therefore 7 is a natural transformation.

To show that m is a morphism of bilax functors, we check the same diagrams as showing ¢
was a morphism of bilax functors.

O

In the classical setting, for any species p € Sp, the functor K could be written in terms
of K via K(p) & K(L x p). We show that our functor S* lets us extend this result to
A-species. As in the classical case, this is a useful to for describing A-species.
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THEOREM 10.3.2. There exists an isomorphism of the following bilax monoidal functors
from Sp — Vecg, o
KA(SALx _ )= K84 ).

PROOF. First, we have that K 4(S*(L x _)) and K4(S*_) are both functors from
Sp — Veck.

We wish to define a natural isomorphism « : K4(S4_ ) — K4(SA(L x _)).
Now, let p € Sp. The section maps are given by

ap : Ka(8%p) = KA(S*(L x p))
Observe that
Ki(S*Lxp) = @SL xp)nas,

n>0

= PD| D @xp)s(in))

n>0 \ s:[n]—>Bx|n] g

— GB @ Lis([n])] ® p[s([n])]

n>0 \ s:[n]>BxXx|n]

and

Ka(S'p) = @DS'plinla

= @B D rls)
n>0 s:[n]—Bx|n]

On a degree n piece and for a given section s : [n] — B x [n], we define the components
of a by:

ap":pls())] = | €D Lis(nh] @ pls([n])]
s:[n]—Bx[n] S,
v Cf®v
where (7, is the canonical linear order on [n] whose coloring is determined by the section
map s : [n] = B x [n], i.e., s(1)s(2)---s(n) and the overline denotes the projection to the

coinvariants.
We have that oy, is an isomorphism of graded vector spaces with the inverse map defined

on the basis of (@s:[nHBx[n} L[s([n])] ®p[s([n])])s , given by ¢p(CF ) ® vy = vj. These

n

maps are clearly mutual inverses to each other.
Now, for all 5 : p — q € Sp the following diagram must commute:

KA(8p) —2 K 4(S4(L x q))
KA(SAﬁ)l l?A (S4(3id xB))
Ka(8%q) —— Ka(SYL x q))
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On a degree n component and for a given section, this reduces to:

pls([n])] —— (.[ ]E% []L[S([n])]®p[8([n])}>

Bs(in) lid ®Bs(n))

als([n])] —= < HEB HL[S([”D]@Q[S([”M)
s:[n]=>BxX[n S,

Because a" is an isomorphism and [ is a natural transformation, we have that this diagram
commutes. Thus, « is a natural isomorphism.

All that remains to show is that « is a natural isomorphism of bilax monoidal functors.
Note that from Proposition 8.66 in [3], L x _ is a bilax monoidal functor from Sp to Sp.
We have shown that K4, K4, and S4 are all bilax monoidal functors, thus by Theorem
3.22 in [3]. Thus their compositions are bilax monoidal. Now, because the bilax structure
of 84 is given by the identity map for both colax and lax structure, the proof technique of
Proposition 15.9 in [3] remains the same with the small change of looking at a decomposition
the image of a section map instead of just [n]. Will show briefly that the colax structures
are preserved and the lax structure is check similarly.

The colax structure of K 4(S#(L x _)) is given by the following: Let p,q € Sp

Ka(S*(Lx (p-q))
K (54(Ag xidp.q))
Ka(S*((L-L) x (p-q))) — Ka(S*((Lxp)-(L-q)))
TR a(w)

K4(S4(L x p)) - Ka(S*(L x q))

where Arp, is the coproduct of L as in Section 5.1. The horizontal map in the center is
K 4 0 84 applied to the colax structure of the Hadamard functor as described in Chapter 8
of [3], specifically Equation 8.73. Finally, ¢ o K 4(1)4) gives the colax structure of K 4 o S*
where 1 is the projection of 1 as described in Proposition 10.2.1 and * as in Proposition
9.1.6.

Finally, we must show that the above composite matches the colax structure of K4 o0S*.
Let SUT = s([n]), i.e., S is a subset of [n] whose coloring is determined by the section map

s : [n] — B x [n] (similarly for T'). Let € p[S] and y € q[T]. Applying the composite above
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to the element C’fn) ®x ®y yields:

Ciy@r®y = Y Co el lveray
Uuv=s([n])

= Chyls®2@Clr®y

where the second mapping is zero unless U matches S and V matches T, in which case it is
the identity. which matches the colax structure of K, o S4.

Therefore « is a natural isomorphism of bilax monoidal functors. 0

We end this section by showing a result similar to Proposition 15.9 in [3], this states
K = K(L x (_)) as bilax monoidal functors; in other words the S,-coinvariants of the
Hadamard product of the linear order species with any species p € Sp is isomorphic to the
Fock functor K applied to p. This isomorphism relies on the fact that the L[n| corresponds
to the regular representation for S,,. Here, we show a similar result using L 4, and that L4[n]
is the regular representation of A (.S, for every n > 0.

LEMMA 10.3.3. Ly x __is a bilax monoidal functor.

PRrROOF. Recall, Ly := SA4(L), where L € Sp as in Section 5.1. We can view Ly x __
as a functor from Sp# to Sp“. By Proposition 9.1.8, L4 is a bimonoid; hence, according to

Proposition 8.66 in [3], it can be viewed as a bilax monoidal functor.
O

THEOREM 10.3.4. There is an isomorphism of bilax monoidal functors from Sp* —
Vecy,

KA = fN(A(LA X _)
PROOF. First, we have that [?A(LA x _) and K4 are both functors from Sp# to Veck.
Now, we wish to define a natural isomorphism « : Ky — Ka(La x _).
Let p € Sp?, the section maps ap are given by
Ka(p) = Ka(Ly x p).
On the components of degree n, we have:
p[nal = (Lalnal @ p[nal) 4, -

Because Ly[[n]4] corresponds to the regular representation of A1 S,, we can let a; be the
isomorphism from Proposition 3.3.4 to define the natural isomorphism of the functors.
Now for all 3: p — q € Sp”?, we need the the following diagram to commute:

Ka(p) —2= Ka(La x p)
KA(ﬁ)l lf(A(id x8)
Kalq) —— K(La x q).
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On a degree n component, this diagram is equivalent to:

Op

p[na] —— (Lalnal ® p[nal) 4,

5[71]\[ lid ®[3[n]

q[nal BN (La[na] ® Q[nADAzSn :

This diagrams commutes since 3 is a natural transformation and «y, aq are isomorphisms.
Thus o : K4 — Ka(La x _) is a natural isomorphism.

Finally, we need to show that this is a morphism of bilax monoidal functors. Observe that
both K, and K4 are bilax monoidal functors by Propositions 10.2.1 and 10.2.5. By Lemma
10.3.3 above, we have L4 x _ is bilax, and hence the composition K4 oLy x _ is a bilax
monoidal functor.
We now check that the colax structures are preserved. To check that the lax structures are
preserved can be done in a similar way.

Let p,q € Sp?, as seen in Theorem 10.3.2, the colax structure is given by:

Ka4(Lax (p-q))
l[?A(Axidp.q)

Ka((La-La) x (p-q)) — Ka((Laxp)-(La x q))
Ik

f(A(LA X P) : [?A(LA X Q)

where A is the coproduct of L 4 as described in Section 5.1. The horizontal map in the middle
is K 4 applied to the colax structure of the Hadamard functor as described in Chapter 8 of
[3], specifically Equation 8.73. Finally, ¥ gives the colax structure of K4, as described in
Proposition 10.2.1.

Finally, we must show that the above composite matches the colax structure of K 4. Let
SUT = [n] be an A-decomposition of [n|4, and € p[Sa] and y € q[T4]. Applying the
composite above to the element C(,) ® z ® y yields:

Cny@r®y Z Coylr @ Cnplv @z ®y
Uuv=s([n])

= Cwyls ®@r@Cplr®y
= C(|S| X StS(IL‘) ® C|T| X StT(y)

where the second mapping is zero unless U matches S and V' matches T, in which case it is
the identity. which matches the colax structure of K4 o S4.
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10.4. Hopf Algebras from A-Hopf Monoids

In this section, we write out the explicit Hopf algebra structure after applying the bilax
monoidal functors defined above.

THEOREM 10.4.1. Given a Hopf monoid h € Sp*, then Ki(h), Ka(h), KY(h), and
K (h) are graded Hopf Algebras.

PROOF. In Propositions 10.1.3, 10.1.5, 10.2.1, and 10.2.5 we showed that KA,KA,KX,
and K were all bilax monoidal functors. Thus K4(h), K4(h), KY(h), and K}(h) are
graded bialgebras by Proposition (2.5.2). From Propositions 10.1.6 and 10.2.6, XX(h) and
K (h) are bistrong monoidal functors, hence by Proposition (2.5.3) these are graded Hopf
Algebras.

Now, since K4(h) and K)(h) are graded bialgebras, we only need to show that Kj(h)g
and K4(h)y are Hopf algebras, i.e., the degree zero components of the respective graded
bialgebras. Observe that Kj(h)y = h[] and K4(h)q = h[()] which are by definition Hopf
Algebras. Thus K (h) and K 4(h) are graded Hopf algebras by Proposition 8.10 in [3].

U

10.4.1. Hopf Algebra Structure

Let p, ¢, 8, and ¢ be the structure maps for a Hopf monoid h € Sp“. We will make
explicit the structure maps for K, (h) and the others will follow similarly. The structure
maps are as follows:

Ka(h) - Ka(h) — " & K.(h-h) Bal o K (h)
K #0 s Ka(1g) B4, K(h)
Kah) — 2% gih-h) — ™ Ka(h) - Ka(h)
Ka(h) Ba& L Ka(1x) vo » K

In particular, the components of the product and coproduct of K4(h) are the following
compositions

h(na] ® hima] — h[n + m]4|
r ®y +— p(r ® hlcanoly)

and
h[nA] — @ h[SA] & h[tA]

s+t=n

T Z h[st]z1) ® hst]z ()

where Sweedler notation is used when computing the coproduct, i.e., A(z) = > 21 ® z(2)
(see Subsection 3.1.1).
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REMARK 10.4.2. On Antipodes:
Above, we did not state the structure of the antipodes. In general, antipodes are not pre-
served. Let s denote the antipode of our Hopf monoid h. By Proposition (2.5.3), K(s) and
K 4(s) are the antipodes of KY(h) and K 4(h) respectively. However, since K and K4 are
not bistrong monoidal functors, these need not preserve the antipode structure. To have an
explicit description is often very difficult. See [8] to read further on work done in various
settings.
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CHAPTER 11

A-Hopf Monoids: Examples

In this chapter, we give three examples of Hopf monoids in the category of A-species. We
recall the functor from Section 9.1, S# which constructs an A-species from a species:

S*:Sp — Sp*
p — S*(p)[L4] := P pls()]

where s : I — B x [ such that s(ix) € B x {ix}.

We then apply this to the Hopf monoids described in Chapter 5 to get Hopf monoids in
Sp#. In turn, we will show how these three A-Hopf monoids relate to the Hopf algebra of
symmetric functions in B-colored noncommutative variables, II(5).

11.1. A-Hopf Monoid of Linear Orders

In this section, we describe the Hopf structure of the A-Hopf monoid of Linear Orders in
detail, which will be denoted by L 4. At the end of the section, we will see how L, interacts
with the other examples given.

Recall, L4 := SA(L). Applying S# to L yields:

Lalna] == @ Lis([n])]
s:[n]=Bx|n]

that is, the K-span of linear orders on s([n]) for all sections s : [n] — B x [n].
On generating morphisms,

Li(l--1@0):= @ Ll 190)lm)

s:[n]—Bx[n]

La((biy b, @id)] == @ Li(by, - - bi, @ id)|s(pup);

s:[n]—Bx[n]

where L{(1---1® 0)|s] and L{(1---1® 0)|4(n))] are as defined in Definition 9.1.3.

In the following example, we make explicit what L4 does on objects and morphisms.

ExampLE 11.1.1. KC5-Species of Linear Orders, Lk,
Let n = 2 and consider A = KCy with basis B = {b; = 1,by = —1}, hence 7' = {1,2}. The
sections, s : [2] — B x [2], are given by

11 11 11 11
D TS B R U B SN B L) JUNS)
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where i denotes the image s(i) = (—1,i) and i denotes the image s(i) = (1,4) for all
i € [2]. The endomorphism ring of KC5? ® K[2] is generated by the elements (1-1® (12)),
(—1-1®id) € KOy Ss.

Lic, [KCS? @ K[2]] = L[{1,2}] @ L[{1,2}] & L[{1,2}] ® L[{T,2}]

Lio,[(1-1@ (12)] = @@ L1 1@ (12))|)]
s:[2]—=Bx[2]

Lyo,[(—1-1@id)] = @ L{(-1-1®id)|y]
a2 Bx[2)

We want to understand how the linear maps are defined. Fix a section, say s, as above,
then we only need to look at the component that corresponds to the restriction to ss:

For L[(1-1® (12))|s,(2p)], we have:
(1-1®(12)) : 52([2]) = s3([2]) ~ L{(1-1® (12))] - L{s2([2])] = Liss([2])]

12 12— 21
21 21 — 12

For L{(—1-1®id)|s,] = > e cij[ %], we must first determine the values of the cfj and
understand the corresponding L[f£]. Recall f%: {(b;,,1), .., (b;,,n)} = {(by, 1), .., (br,,n)}
and throughout this i = (2,1) coming from (—~1-1® id) and j = (2,1) coming from our

section Ss.

o k= (171)7
2 {1,2} = {1,2} ~ L[f£] : L{T,2}] — L[{1,2}]
T—1 1212
212 e 2T+ 21

Now ¢;; = ¢35¢1; = 1-1 = 1 since ¢y, is the coefficient in front of b in the product

by - by = by and ¢}, is the coefficient in front of by in by - by = b;.

o k=(1,2),
5 {12} = {1,2} ~ L[fE] : L[{T,2}] — L[{1,2}]
Tr—>1 . Tgr—>1§
2452 21 > 21
Now, ¢, = clocd; =1-0=0
o k=(2,1)
5 {12} = {1,2} ~ L[fE] : L[{T,2}] — L[{T, 2}]
1—1 . TgHTE
25 2 21+ 21
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o k=(2,2)
S’% {1,2} - {1,2} ~ L f}] : L[{1,2}] — L[{1,2}]
1—1 12— 12
22 e 21 — 21

k- _ 2 92 _ _
Now, ¢;; =55¢1, =0-0=

Thus L[(—=1-1®id)|s,] = > pere cfij[ = L[f"] since only one cf] accounts towards the
sum. - -

REMARK 11.1.2. In Example 11.1.1 above, our algebra was special in the sense that it was
a group algebra. Products of basis elements in group algebras yields a single basis element,
hence why all the CZEJ were zero except for one. In general, when we are working with an
algebra that is not a group algebra, products of basis elements yields a linear combinations
of basis elements. Meaning that more than a single L[f£] will count towards the sum.

We immediately have that L 4 is a Hopf monoid since it is the image of the Hopf monoid,
L, under the bilax bistrong monoidal functor S*, see Propositions 2.5.3 and 2.5.2. The
following describes the Hopf monoid structure of L 4.

11.1.1. Algebra Structure

To determine the product structure on Ly, it : Ly - Ly — La we need the following
diagram to commute:

LA'LA ----------- ﬂ- --------- > LA
¥L,L /A(u)
SAL-L)

Note that the map in blue is the map in question. We have the maps in black, ¢r, 1, and
S4(1t) (see Section 9.1, Proposition 9.1.6). We have that

LA LA[[A] — LA[[A]

reduces to:

D @D LEEIeLE (D)~ PLis()]

SUT=I ¢ .:5—5BxS
s":T—BXxT
Thus, given a decomposition S UT = I, the product is as follows:
fusr : L[s'(S)] @ L[s"(T')] — Lis(I)]
61 & 62 — 51 . 62
where

e /1 is a linear order on s'(.S) for some section s’
e /5 is a linear order on s”(7) for some section s”
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e s is the section determined by s and s” where s(S) = §'(S)and s(T") = §"(T"), and

e (1 - Uy is the linear order on [n] formed by concatenation, as defined in Section 5.1.

The unit ¢ : K — L[] is given by ¢ (1) = e, where ¢ is the distinguished basis element
of L4[0], i.e., the empty linear order.

11.1.2. Coalgebra Structure

To determine the coproduct on Ly, A:L A — L - Ly we need the following diagram to
commute

SA4(L-L)

This is the diagram for the product where the arrows are reversed and replacing the appropri-
ate maps with S4(A) and ¢, 1. Thus, given a section map s : [ — B x I and decomposition
SUT =1, the coproduct structure is as follows:

~

Agr - Lis(I)] = Lis(5)] @ L[s(T)]

e lsgs) @ Lsery
where £|y(s) is the subset of ¢ consisting of elements of s(.5).

The counit €4 : L4[@] — K is given by ¢4 (e) = 1.
0 g Y €o

11.1.3. Antipode

Since 8% is a bistrong bilax monoidal functor, we have that the antipode of L is preserved.
Hence:

sios @ List)] = €D Lis())]

s:I—-BxI s:I—-BxI

¢ (=17
where / is obtained by reversing the order (as defined in Section 5.1).

EXAMPLE 11.1.3. Let A = KC5 where C5 = (r | > = 1). Let S = {1,3} and T' = {2,4,5}
be a decomposition of [5], and fix a section s : [5] — {(1,1), (r,2), (1,3),(r2,4), (r,5)}. Then

:aS,T : (17 1)(17 3) & (T7 2)<T7 5)(T274) = (17 1)(1’ 3)(T7 2)(7", 5)(727 4)
Agr: (1,3)(r,5)(1, 1)(r%,4)(r, 2) = (1,3)(1, 1) ® (r, 5) (%, 4)(r, 2)

s((1,3)(1,1)(r,5)(r*,4)(r,2)) = —(r,2)(r*,4)(r,5)(1,1)(1,3)

REMARK 11.1.4. When A = KC5, we recover the notion of H-species of linear orders as
defined in Definition (9.2.12) and [10].
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11.2. A-Hopf Monoid of Colored Set Partitions

In this section, we will describe the structure of the A-Hopf monoid of Set Partitions in
detail; we will denote this by I 4.

Recall the vector species of set partitions, I, as described in Section 5.2.

We define IT, : SA(IT). Applying S4 to IT yields:

SAMna] = @ Ts([n])]

s:[n]—Bx[n]

SAIM[(1--1@0)]:= @ M1 1®0)|ym)]
i) Bx|n]
SHID)[(by, -+ by, @id)] = @D H[(by, -+ by, @ id)] ()]

s:[n]=BX[n]

where IT[(1---1® 0)|qm] and II[(1---1 ® 0)|4m))] are as defined in Definition 9.1.3.

In the following example, we make explicit what IT4 does on objects and morphisms.

ExAMPLE 11.2.1. KC5-Species of Set Partitions, Ik,
Let n = 2 and consider A = KCy with basis B = {b; = 1,b; = —1}, hence T'= {1,2}. The
sections, s : [2] — B X [2], are given by

11 11 11 11
SLtigryo 0 %2 gy 0 B9 09 0 T 9,5
where ¢ denotes the image s(i) = (—1,i) and i denotes the image s(i) (1,4) for all

i € [2]. The endomorphism ring of KC$? ® K[2] is generated by the elements (1---1® (12)),
(-1 1®id) € KCy1 So.

Ik, [KCY* @ K[2]] = I[{1,2}] & TI[{T, 2}] & IT[{1,2}] & IT[{1, 2}]

Mie,[(1-1@(12)] == € M1+ 1@ (12))]s(2)]
s:[2]—=Bx[2]
Mge,[(—1-1@id)]:= @ M(-1-1®id)|sp)
s:[2]=+Bx[2]

We want to understand how the linear maps are defined. Fix a section, say s, as above,
then we only need to look at the component that corresponds to the restriction to ss:

For H[(l 1l ® (12))|52([2])L we have:
(1@ (12)  52(2]) > s([2]) ~ TI(1- 1@ (12))] : Tisy([2])] — s [2])]

12 12+ 12
21 12— 12

For IT[(—1-1®id)|s,] = > pepe cfjjl'[[ %1, we must first determine the values of the cfj and

understand the corresponding TI[f£]. Recall f&: {(b;,, 1), .., (b;,,n)} = {(Bky, 1), -, (B, n)}
and throughout this 7 = (2,1) coming from (-1-1®1id) and j = (2,1) coming from our
section Ss.
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Eo{T,2} = {12} ~ IO[fE] : TI[{T, 2}] — IT[{1,2}]

52

11 12+ 12

laard

22 12— 1)2
Now cfj = ¢yt = 1-1=1since cj, is the coefficient in front of by in the product
by - by = by and ¢y, is the coefficient in front of by in by - by = by.

o k=(1,2),
o L2} = {12}~ TI[f5] « TI{T, 2}] — TI[{1,2}]
1—1 - 1212
22 12— 12
Now, cfj = 0%120%)1 =1-0=0
o k=(2,1)
o {12} = {12} ~ TI[£5] « TI{T, 2}] — TI[{T, 2}
11 - 12+ 12
22 12— 1]2
Now, cfj = 03120%71 =0-1=0
o k=(2,2)
5 {12} = {12} ~ T f5] - TI[{T, 2}] — TI[{1,2}]
1—1 . 12— 12
22 12— 1]2

k- 2 2 _ —

Thus II[(—1- 1 ®id)|s,] = > cqe E 1] k= II[£'Y] since only one cfl accounts towards

(2%}

the sum.

We immediately have that IT 4 is a Hopf monoid since it is the image of the Hopf monoid,
IT, under the bilax bistrong monoidal functor S4, see Propositions 2.5.3 and 2.5.2.The fol-
lowing describes the Hopf monoid structure of I 4.

11.2.1. Algebra Structure

To determine the product structure on Iy, i : 14 - II4 — II4 we need the following
diagram to commute:

HA~HA ----------- S —— e HA
m /A(M)
SA(TI - II)
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Note that the map in blue is the map in question. We have the maps in black, ¢ and
S4(p) (see Section 9.1 Proposition 9.1.6).
We have that
II, - HA[IA] — HA[IA]

reduces to:

D D O e (7)) — GHls()

SUT=I & :8 - BxS
s":T—BxT

Thus, given a decomposition S UT = I, the product is as follows:
fusr : H[s'(S)] @ I[s"(T)] — II[s(I)]
TR®Ro—rmTUo

where

e 7 is a set partition on §'(S) for some section s’
e 0 a set partiiton on s”(7") for some section s”
e s is the section determined by s" and s” where s(S) = §'(S)and s(T") = s"(T)
The unit ¢f : K — I14[0)] is given by ¢ (1) = e, where e is the distinguished basis element
of T14[0], i.e., the empty set partition.

11.2.2. Coalgebra Structure

To determine the coproduct on IT4, A : TI4 — IT, - TI4 we need the following diagram
to commute

HA ——————————— é ---------- > HA HA
s4(A) A
SA(TI - II)

This is the diagram for the product where the arrows are reversed and replacing the appropri-
ate maps with S4(A) and ¢y 1. Thus, given a section map s : I — B x I and decomposition
SUT =1, the coproduct structure is as follows:

AgT T = Ts(s) @ T|s(r
The counit gf : IT4[0] — K is given by ;' (e) = 1.
11.2.3. Antipode

Since 84 is a bistrong bilax monoidal functor, we have that the antipode of IT is preserved.

Hence:
P nisn) - G nls)

s:I—-BxI s:I—BxI
H, — E K(U (m:0)H,
ot s( )
o<

as defined in Section 5.2.
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REMARK 11.2.2. Notice, that there are not any extra rules involving the color of a
set partition. When computing the antipode recursively, the multiplication and coproduct
definitions determine the colorings of the output of the antipode.

EXAMPLE 11.2.3.

1. Let A = K then we get the linearization of the vector species of set partitions, as
defined in Section 5.2.

2. Let A = KC5, then we get the linearization of the H-species defined in [10]. e.g,
when n = 5,

ke, [KCS° @ K[| = € Ms([5))]

s:[5]—=Ca % [5]
— TI[{1,2,3,4,5} @ TI[{1,2,3,4,5}| & - -- @ TI[{1,2,3,4,5}]

Let U ={1,3,5} and V = {2,4} be a decomposition of [5].
fw.v (153 @ 24) = 15324
Ay (15]3[24) = 15|3 © 24
515 (123]45) = —12345 4 123[45 + 12345
Ilkc, is the A-species that gives the vector space formed from all Cy-colored set
partitions of a set I.
11.3. A-Hopf Monoid of Super Class Functions on Unitriangular Groups

In this section, we will describe the structure of the A-Hopf monoid of Superclass functions
on unitriangular groups in detail-we will denote this by scfa(U).

Recall, the species of superclass functions on unitriangular groups, scf(U), as defined in
Section 5.3.

We define scfa(U) := S (scf(U)). Applying S# to scf(U) yields:
scfo(U)na] = @D sef(U)[s([n))]

s:[n]=>Bx[n]

i.e., the K-span of linear orders on s([n]) for all sections s : [n] — B x [n].

scfA(U)[(1---1@0)] = @B  scfU)[(1-+-1® 0)|sm)]
s:[n]—=Bxn]
scfo(U)[(bi, -+ by, @1d)] := €D scf(U)[(by, - - - bi,, @ id)] ()]

s:[n]—Bx[n]

where scf(U)[(1---1® 0)|sp] and scf(U)[(1---1® 0)|4n))] are as defined in Definition
9.1.3.

In the following example, we make explicit what scf4(U) does on objects and morphisms.
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ExaMPLE 11.3.1. KCy-Species of Superclass functions, scfxq, (U)
Let n = 2 and consider A = KCy with basis B = {b; = 1,by = 1}, hence T = {1,2}. The
sections, s : [2] — B x [2], are given by

11 11 11 11
IS R S B T 5 N Fe )
where ¢ denotes the image s(i) = (—1,i) and i denotes the image s(i) = (1,7) for all

i € [2]. The endomorphism ring of KC5? ® K[2] is generated by the elements (1-1® (12)),
(-1 1®id) € KCy1 So.

scfic, (U)[[2)xc,] = scf(U)[{1, 2}] @ scf(U)[{1, 2}] @ scf(U)[{1,2}] & scf(U)[{1, 2}]

sefice, U)[(1-1® (12)] == P sef(U)[(1-1® (12))[5(p2)]
s:[2]+Bx[2]

scfie,(U)[(-1-1@id)] = @)  scf(U)[(—1-1®id)]y()]
s:[2]—=Bx[2]

We want to understand how the linear maps are defined. Fix a section, say s, as above,
then we only need to look at the component that corresponds to the restriction to so. Observe

that:
scf(U)[{1,2}] = scf(U({1,2},12)) @ scf(U({1,2},21)).

In this example, we will restrict ourselves to the component labelled by the linear order 12.
For scf(U)[(1-1® (12))]s,(2))], we have:

(1-1® (12)) : s2([2]) = s3([2])

12
2—=1
induces the following linear map
scf(U)[(1-1® (12))] : scf(U({1,2},12)) — scf(U({1,2},21))
K o e > K e e
12 51
K =K
12 21

For scf(U)[(=1-1®id)|s,] = > pere cfjiscf(U)[fs%}, we must first determine the values

of the cfl and understand the corresponding scf(U)[fE]. Recall f&: {(b;,,1),.., (bj,,n)} —
{(by,1), .., (bk,,,n)} and throughout this i = (2,1) coming from (—1-1®id) and j = (2,1)
coming from our section ss.
e k=(1,1),
k.7
o L2 = {12}
11
22
leads to the linear map

scf(U)[f2] : scf(U)[{1,2}] — scf(U)[{1,2}]

s
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K o o — K e e
12 12
K = K

12 12

Now Cij = c% 20% ; =1-1=1 since 0%2 is the coefficient in front of b; in the

product bQTbQ = b; and cil is the coefficient in front of b in by - by = by.

o k=(1,2),
2 {12} — {1,2}
11
22
leads to the linear map
scf(U)[f2] : scf(U)[{T,2}] — scf(U)[{1,2}]

52

K o e > K e e
12 12
K = K

12 12

w {L2t = {12}
11
22
leads to the linear map

scf(U)[f3;] : sef(U)[{T, 2}] — scf(U)[{T, 2}]

K o e > K e e
12 12
K = K

12 12

s {12} = {12}
11
22
leads to the linear map

scf(U)[f2] : scf(U)[{1,2}] — scf(U)[{1,2}]

s
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Keeoe = Koo
12 12
K = K

1 12

2
0

Now, cf = 0372031 =0-0
Thus scf(U)[(—1 -1 @ id)|,,] = 3 pepe o scf(U)[fE] = scf(U)[fS"] since only one cf,
accounts towards the sum. - -

We immediately have that scf4(U) is a Hopf monoid since it is the image of the Hopf
monoid, scf(U), under the bilax bistrong monoidal functor S#, see Propositions 2.5.3 and
2.5.2. The following describes the Hopf monoid structure of scf4(U).

11.3.1. Algebra Structure

To determine the product structure on scfs(U), i : scfs(U) - scfa(U) — scfa(U) we
need the following diagram to commute:

scfa(U) - scfa(U) —--------------- L » scfa(U)

‘pscfﬂm %(,u,)

SA(scf(U) - scf(U))

Note that the map in blue is the map in question. We have the maps in black, Yscr(u) sce()
and SA(y1) (see Section 9.1, Proposition 9.1.6).
For a decomposition S LUT = I, and section maps s’ : S =+ Bx Sand s" : T — B x T, we
have that

scfs(U) - scfa(U)[1a] — scfa(U)[14]

reduces to:

B scflU(s(9), ls)] @ scflU(s"(T), br)] — @D scfU(s(1), Ls - £r)]

s € L[s'(9)]
tp € L[s"(T)]

The product is as follows:

fist = scflU(s'(S), ls)] @ scflU(s"(T), br)] — scflU(s(I), ls - {r)]

KX1,0n ® KR Xp,a0 777 § : Kxa-
Xla=Xa
ala =aa

where

® Kx..ag i the basis element corresponding the the arc diagram (Xg, ag) on §'(.S) for
some section s’ and (g € L[s'(.5)].

® Kx,ap 1S the basis element corresponding the the arc diagram (Xr,ar) on s”(T)
for some section s” and {7 € L[s"(T)].

e s is the section determined by s’ and §” where s(S) = §/(S)and s(T') = s"(T)
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e X|g is the set partition formed restricting the set partition X F s(I) to values in
s'(S).
Note: Please refer back to Section 5.3 for a reminder of the combinatorics of arc diagrams.
11.3.2. Coalgebra Structure
To determine the coproduct on scfs(U), A : scfa(U) — scfa(U) - scfo(U) we need the

following diagram to commute:

scfy(U) Y S — » scfa(U) - scfa(U)

sA (A) %f‘([]),scf(U)

SA(scf(U) - scf(U))

This is the diagram for the product where the arrows are reversed and replacing the appro-
priate maps with S4(A) and Vseea() sef(vy- Thus, given a section map s : I — B x I and
decomposition S UT = I, the coproduct structure is as follows:

As KX|s,,als; ® KX|g,als, I 5118 the union of some blocks of X
A5 Kxa { 1 C otherwise.
ExaMPLE 11.3.2. Let A = KC5 and our field be Fy. We have
scfo(U)[KCs? @ K[2] = €P B sctlU(s([2]), 0).
5:[2]—+Ca x[2] L€ L[s([2])]

Notice that this is a 16-dimensional vector space. There are 2! many linear orders that
correspond to each section, and there are 22 many section maps. For a fixed section and
linear order, each component has dimension corresponding to the number of arc diagrams,
which in this case is the number of set partitions of [2] because our field in Fs.

REMARK 11.3.3. In general, if working over the field Fy, we have that the
dim(scfs(U)[nal) = (n!)|B|"dim(I1[n])

as long as the basis B is a finite set.
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CHAPTER 12

Relationships to the Hopf Algebra I1(5)

In this section, we show a string of relationships by applying the Fock functors K4y, K As
and K4 to scfA(U), (L x IT) 4, IT4, and Ly x IIy; all of which end up being isomorphic as
Hopf Algebras to I1(5).

12.1. K, applied to II4

We show that we get the associated Hopf Algebra, II(5) (Section 3.5) by applying the
Fock functor K4, defined in Section 10.2, to I14.
To determine the Hopf Algebra structure (see Section 10.4), we will be utilizing the following
maps:

Ka(ILy) - K4(I1y) Ka(I1, - I1,)

—
(_
P

Which reduces to:

©
D Malsa] @Mafta] T €D TLa[Sa] @ I1a[T4]
st+t=n P SuUT=[n]

where ¢ and 1 are defined as follows:

¢ Ta[sa] @ Talta] =3 Talsa] @ TLa[[1 + 1,5+ t]4]

77/1 . HA[SA] & HA[TA] I& HA[SA} X HA[tA]

12.1.1. Algebra Structure:
The product, u, is given by the following composition:

i cano Ka(fu
KA(HA) KA(HA) (L KA(HA HA) M KA(HA)

T®o— & cano(o) — 7 L cano(o)

where

e 7 is a set partition on s'([s]) for some section s
e 0 a set partition on s”([t]) for some section s”
e cano(o) is a set partition on cano(s”([t]))

The unit, ¢, is given by the following composition:
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K—— KA(].) e KA<HA)

K > K > @HA[’HA]
n>0
1 > 1 > 1KA(HA)

where 1, (m,) is the empty set partition.

12.1.2. Coalgebra Structure:

The coproduct, A, is given by the following composition:
K4(I14) Kady Ka(TI -114) sts @ sty Ka(ITy) - K4(T1,)

T T|g @ | ——— st(7|s) @ st(7|7)

with st(7|s) being as in Section 5.2.

The counit, €, is given by the following composition:

KA(HA) — KA(1> — K

1KA(HA): > 1 > 1

where 1x,,) is the empty set partition.

12.1.3. Antipode:

Recall, that in general K 4 does not preserve the antipode; the antipode is only preserved
by bistrong bilax monoidal functors.

ExXAMPLE 12.1.1.
Let A =KC5 and n = 3. Let s+t = 3 such that s = 2 and t = 1. Fix section maps s'([2]4) =
{1,2} and s"([1]4) = {1}; together, these determine the section map s([3]4) = {1,2,3}. The
following are examples of the product and coproduct on elements from the corresponding
components.

ps TI[{1,2}) @ T[{TY] — T1{1,2,3}]
112071+ 1]23
1201+ 12[3

A :TI[{1,2,3}] — II[{1,2}] ® TI[{1}]
1231201
123 12®1
B2—12®1
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The following proposition relates the Hopf algebra of B-colored set partitions to the Hopf
Algebra associated to the A-Hopf monoid of set partitions. But first, we need some notation.
We have functions D and c given by

D : I1[s([n])] — Iin]
7 D(m)
where D() := underlying set partition of s([n]) whose values are in [n].
c:[s([n])] — B"
T c(m)
where c(7) := & = (&1, .., &) € B™ where the elements of B color D(7), in other words ¢&; is
the color on 1.

EXAMPLE 12.1.2. Let A = KC, and consider the section map given by s([3]) = {1,2, 3}.
Let 7 = 13/2 F s([3]). Then D(x) = 13/2 and ¢(7) = (1,1, 1).

The product of two colors is given by concatenation, & - 1t = (&1, .ooey §py 41y +vy )

ProproOSITION 12.1.3. We have that
KA(IT,) = 118
as Hopf algebras. On a degree n component and for a fized section map s([na), the isomor-
phism is given by
Hy = Y (0 AD(m))lmee,
ot[n]
where (o A D(m))! is as defined in Section.

PrRoOOF. When we consider 114 as being trivially colored, this is just the Hopf monoid

of Set Partitions, II. It’s well known that K(IT) := €D Il[n] is isomorphic to the ring of
n>0

symmetric functions in noncommuting variables, II, via the Hopf algebra isomorphism (on

a degree n component) [31].
w: Hy— Z(O’/\Tl’)!mg
ot[n]
Note that > (o A m)m, := h,, the complete homogenous basis element for 1T of degree n.

Now to show that ¢ : K (IT4) — 1) is a Hopf algebra isomorphism, where on a degree n
piece and a fixed section map s([n]4), it is defined as

Hy Y (0 A D())lmg

ot[n]

where H, € II[s([n])] for some section s. First to show that ¢ is injective. Asumme @(H,) =
P(H,) then

> (e AD(m)mge =Y (T ADv))lmee.

ot[n] TH[n|
Given a o, then the corresponding term on the right hand side is when 7 = . If ¢(7) # ¢(v)
then by definition of a colored monomial, M, o(r) 7# Mo contradicting ¢(Hy) = G(H,).
Thus it must also be that ¢(7) = ¢(v). Now to show that (o A D(7))! = (¢ A D(v))! implies
D(r)=D(v). If c =12---n, then 0 An =n for all n F [n]. Thus (¢ A D(7))! = (6 A D(v))!
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implies D(m)! = D(v)!. This happens if and only if D(7) and D(v) have the same integer
partition type. Now, if ¢ = D(x), and D(7) # D(v) but have same integer partition type
we have:
(o AND(m))! = (D(m) A D(m))! = D(r)!
and
(cANDW)! = (D(mr) AD(w))l =1]2|--- |n! = 1.

This implies that D(w) = 1|2|---|n or D(w) = D(v). Since m was arbitrary, it must be
that D(m) = D(v). Hence H, = H,, yielding injectivity. We have ¢ is surjective since
S (0 A D(7))!my ¢ form a basis for TI%). Therefore ¢ is an isomorphism of vector spaces.

Now to show that ¢ is a Hopf morphism, it suffices to show that ¢ is a bialgebra morphism
Lemma 4.04 [32].
We must show that

pop=po(p®e).
Let H, € I[s([m])] and H, € II[s([n])], then for the left hand side we have:
o p(Hy ® Hy) = ¢ (Hricanop)) = Y_(0 A D( U cano(v))) e ricano(v))

[

For the right hand side of the equation:

po(p@@)(Hr®H,) = p (Z(Ul A D(m)) Mgy o) @ Y (02 A D(V))!m@,c(w)

o1 02

— Z (0‘1 A\ D(?T))'(O'Q VAN D(V))!mﬂ',c(ﬂ')'c(l/)

TF[n+m]
7 A [n]|[m] = o102

Because of the Hopf isomorphism ¢, we only need to show that ¢(7) - ¢(v) = ¢(m U cano(v)).
By definition ¢(7) = b, = (b;,, ...b;,) for some b, € B™ and ¢(v) = b, = (b, ..., by, ) fro some
b, € B™. Then
c(m) - c(v) = (biy,.-.bi, , biyy oy br,, ) =2 ¢(m L cano(v))
Thus ¢ is an algebra morphism. Next, to show that ¢ is a coalgebra morphism, i.e.,
Aop=(pR@¢)oA

Again, let H, € II[s([n])]. For the left hand side, we have:

A@(Hr)) = Y (0 AD@)IAMe o)

[

= D (@ ADE) D Maiuyemly @ Mat(w)emls

o plr=o

For the right hand side, we have (¢ ® @)(A(H,)) is:

= (95 ® 95) (Z Hst(,u) ® Hst(u))
— Z (Z(Ul A D(st(y)))!mgl,c(st(u))> ® (Z(Ug A D(st(y))!maw(st(y))))

ply o1 02
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Again, because of ¢ being an isomorphism it amounts to showing that c(st(u)) = ¢(m)|, and
c(st(v)) = ¢(m)|, We have

c(stp)) = c(p) = e(m)l,
Similarly for v.

Therefore, ¢ is an isomorphism of Hopf algebras.

12.2. K, applied to scf,(U)

Here, we show the relationship between scfs(U) and TI(5).

PROPOSITION 12.2.1. There is an isomorphism of Hopf algebras
Ka(scfy(U)) =1®),

i.e., the S, -coinvariants of the A-Hopf monoid of superclass functions on unitriangular ma-
trices with entries in By is isomorphic to the Hopf algebra of symmetric functions in colored
noncommuting variables, 115

PRrOOF. First, recall that Corollary 5.3.7 state scf(U) = L x IT when our matrix entries
are from Fy. By Proposition 9.1.6 and Corollary 9.1.7, we have that S# is a bilax bistrong
monoidal functor and thus preserves Hopf monoids. Hence,

scfy(U) := S*(scf(U)) = SA(L x II) := (L x II) 4.
By Propositions 10.2.8 and Corollary 10.2.9, we have that K 4 is a bilax bistrong functor; thus

K a(scfa(U)) = K 4((L x IT) 4).By Theorem 10.3.2, we have that K 4((L x IT) o) = K (TLy).
By Proposition 12.1.3, K4(IT4) = II®). Putting it all together, yields:

FA(SCfA(U)) = FA((L X H)A) = KA(HA> = ﬁ(B)

12.3. }N(A applied to Ly x IT4
Consider IT4 and using Theorem 10.3.4, we get that
Ka(Lg x TI4) & K A(TT4) 2 1.

12.4. A String of Relationships

To summarize: as seen above, for the Hopf algebra II®) we have shown that there at at

least four A-Hopf monoids that can be associated to it; in general for a given Hopf algebra
there could be many more A-Hopf monoids that can be associated to it. We focused on three
Hopf monoids in the category of species to construct the A-Hopf monoids needed to give the
following string of isomorphisms:

Ka(scfa(U) 2 KA((L x ) ) & KA(T14) 2 K (L x ILy) = TP
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CHAPTER 13

B,-Invariant Polynomials and C,-Colored Set Partitions

The ring of symmetric functions, A, can be lifted to the ring of symmetric functions in
noncommutative variables, II, by essentially forgetting the commutativity property. In II,
there is an analogous theory to that of the ordinary symmetric functions. In [35], Rosas
showed that there are analogues to the bases given monomial, elementary, primitive, com-
plete homogeneous and schur functions which are now labelled by set partitions rather than
integer partitions (also see [11]). She relates these two sets of bases via the canonical projec-
tion map p : C{({X)) — C[[X]] which lets the variables commute. Rosas also defines a right
inverse to p called the lifting map.

In this chapter, we end by doing an analogous construction. We define a projection map
from a quotient of the Hopf algebra of C).-colored set partitions to the Hopf algebra of B,.-
invariant functions, where B, := C,1 S,. As seen in Section 11.2, I is the Hopf algebra of
C,-colored set partitions associated to the KC,-Hopf monoid, Ik, .

13.1. A Quotient of )

First, recall 1) from Section 3.5. Let the variable set be denoted by X = {x1,x9,....}.
A basis is given by monomials indexed by colored set partitions {m,¢ | 7 - [n],§ € CI'},

where
Mre = E w,

where w is the set of words w = (z4,,&1) - - - (4, &) Where z; = x; if and only if ¢ and j are
in the same block of 7 - [n]. For a colored variable, we will interchangeably use the notation

(2:,&) and z;¢,.
REMARK 13.1.1.

e When r = 1, all partitions are trivially colored and we will drop the coloring from
the notation, my 1, 1) = M.
e When r = 2, colored variables will interchangeably be denoted as
(,1) =21 =
(i, —1) =i 1 = x;
ExAMPLE 13.1.2. Recall examples of Cs-colored monomials:

® MMy3/94,(1,1,1,1) = L1031 T2 + ToT{T101 + T1X3T1T3 -

EbRat]

® Myy/3(11,1) = TTVTT2 + T3T3T1 + TTTTT3 " -
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® Myg3(11,1) = T1TTT2 + ToT3ly + - -
We first look to see how B, acts on .

PROPOSITION 13.1.3. The action of B, on II") is given by:

(01,.00,0n,0).2i¢, = (610, @1d)(1---1®0).7g, (34)
= (01 0n ®id). 7o) ¢,

= Lo(i),&i 0o

PROOF. First to show that the identity element, (1,...,1,id) € B, acts as the identity

(1,,1,1d)(l’z,€z) (l’ld fl id(i ) (371751)
Now consider (61, ..., 0,,0), (€1, ...,En, T) € B,., then

(01,0, 0p,0). (€1, sy T)o(25,6) = (01500300, 0)(T7(0), & - €73))
(Ta(r(i)): §i * Er) * Oo(r(@)))
(Zo(r(i)): §i * Eo-1(o(r(@)) * Oo(r(i))
(018, OnEo—1(n), 0 © T)(x;, &)
((51, 5n,0')(81,...,En,T)).(Ii.fi),

thus B, acts on ),
O

For the remainder of this section, we only want to consider certain colorings on set par-
titions, which we call good colorings.

DEFINITION 13.1.4. We say that a good coloring on m = m|ma| -« |7 b [n] is a § =
(&1, &2, ..,&,) € CF such that & = & if j,k € m,. We say that € is a bad coloring on 7 if it is
not good.

EXAMPLE 13.1.5.
Consider the set partition = = 13|2|45 colored by Cy. An example of a good coloring on this
partition is
(1,1,1,1,1).
Here, since 1,3 in the same block and we have that & = &;. Similarly, 4 and 5 are in the

same block and & = &;.

Consider the set partition m = 13|2|45 colored by C. An example of a bad coloring on
this partition is
(1,1,1,1,1).

This coloring is not good because 1 and 3 are in the same block, but & # &;.

EXAMPLE 13.1.6.
Consider the set partition 7 = 12|3]45 colored by Cs. Some good colorings on this partition
include, but not limited to,

(11]1]11), (TT|1[11), (TI|L[IT), (11[T|11).
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There are 2% many ways to put a good coloring on this .

Consider the set partition m = 12|3|45 colored by Cs. Some bad colorings on this parti-
tion include, but not limited to,

(T1[1[11), (TT|1[T1), (T1|1|1T).

REMARK 13.1.7. In general, if coloring by C, there are /(™)

coloring on .

many ways to put a good

For 7 & [n], consider a, = )  m,,¢ and the space spanned by such elements. Since we
gecn

are ranging over all colorings on a given 7 b [n], it’s easy to see that this polynomial is

invariant under the action of B,, as defined in Equation (34). Observe that we can break up

each a, into a sum ranging over good and bad colorings:

Qr = Z My + Z My
3

3

good color bad color

If we consider the portion of a, labelled by good colorings, these are also invariant under
the action of B, (as we will see in Proposition 13.2.1). The space generated by such elements
does not form a Hopf subalgebra. However, by quotienting out by the bad colorings on 7w we
get a B, invariant Hopf algebra.

PROPOSITION 13.1.8. I := (my¢ | £ bad color on 7) ranging over all w & [n] is a bi-ideal;
that is a a two-sided ideal and coideal, of T1(").

PRrROOF. Note that I = @ (m,¢ | £ bad color on ) is graded. It suffices to show that

n>0

cach graded piece is a bi-ideal of the respective graded piece of ") = @ (mys |7 F [n], 6 €
n>0

Cr). To show this is a bi-ideal, we must show that it’s a two sided ideal and coideal.

Fix an n and bad colors 6, & € C'. Obviously, (m,¢ | £ bad color on 7) is a subspace.

Now we must show that (m,¢ |  bad color on 7) is a two sided ideal. Let 7  [n] and
o b [m], then

(Mg @ Mg s5) = > My g5
vk [n+m]
v A [nll[m] = mlo

where £-0 = (&1, ...£n, 01, .-, 0 ). The join (greatest lower bound) is an intersection condition
between all the blocks of v and [n]|[m]. So a block of 7 must be contained entirely in a block
of v for all blocks of 7. Since £ was a bad coloring on , i.e., §; # & for at least one block
of 7 this block must be contained in an entire block of v. Thus & - 9 is a bad coloring on v.
Note that this argument is regardless of the type of coloring of 4. Similarly, this argument
works if § had been the bad coloring instead of £&. Thus (m.¢ | £ bad color on ) is a two
sided ideal.

Finally, to show that [ is a coideal. Let £ € CJ' be a bad color. Observe that the first
instance of a bad coloring happens when 7 = [2], in particular mqs (1 ok), 712, (ox 1). Since
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1) is connected, ie., (TIM), = K, we know that e(my¢) = 0 for all mye € @ ) and

n>1

(mae | € bad color on 7) € @ T thus £({(my¢ | € bad color on 7)) = 0.
n>1
Now,

Almee) = > Maguel, © Mstwyel,

ply=m

Since £ is a bad coloring on 7, then for at least one block, say ms we have §; # &, when
J,k € ms. Both p and v consists of entire blocks of © whose disjoint union is 7. Thus when we
consider the restriction of the bad coloring ¢ to 1 and v, one of them will be a bad coloring
since my C por v. When 7 C 1, Mgy(uyel, € (Mg | € bad color on 7) and Mgy, ¢), € .,
Similarily, if 74 C v. Ranging over all decompositions p Ll v = 7, yields

A(mge) ST @ (mye | € bad color on ) + (mye | € bad color on 7) @ ™.

Thus a coideal.
Therefore (m, ¢ | £ bad color on ) is a bi-ideal.

COROLLARY 13.1.9. TI") /T is a Hopf Algebra.

~ PrOOF. We have that 1) /I is a bialgebra since I is a bi-ideal. We also have that
11" /B is connected since quotienting out by degree two pieces and higher. Note that 1w /1
is graded, 11 /T = D.0(mre | § good color on 7 = [n]). Therefore 17 /T is a Hopf Algebra

with basis given by {m¢ | £ good color}.
0

13.2. A B,-Invariant Hopf subalgebra of 11" /]

Let 7 F [n] and b, denote the image of a, under this quotient,

bei= > e+l

§

good color

We will show that the subspace formed by the b,’s are invariant under the action of B,., form
a Hopf subalgebra, and under a push down map go to the basis elements of C{(x))B* with
action defined in subsection 13.3.

PROPOSITION 13.2.1. b, is invariant under the action of B, = C,. 1 S,,.

PRrooF. Given b, = Y. mye. Let (01,..,0,,0) € B,. To show that b, is invariant
13

good color
under the action defined in 34, we will first show that (61, ..,0,,0).mz¢ = m,, for some
good coloring .

133



(51a--a5nag)-m7ﬂ§ - Z (517"a6na0)'xi17§1 C T
3

good color

= : : xa(il)vgl'éo(il) T xa(in)7£’lﬂ(so‘(in)
£

good color

= Z xg(il)fxl T f”(in)’Xn

X
good color

= Mgy
€ b,

First, observe that if we forget the coloring, z,(;,) " To(,) is a term of m, € II, the
ring of symmetric functions in noncommuting variables. Since by definition of m, € II,
i; =i <= j,k in same block of m. This implies that o(i;) = o(iy) <= j,k in same
block. Yielding:

E : Lo(i1),1-00¢iy) """ Lolin)bn-bo(in) — Mm&ds
3

good color

Now to show that (&1 - 653y}, -, Endo(i)) 18 @ good coloring on 7. From above, we showed
that o(i;) = o(ix) <= j,k in same block of 7. Thus further implies that d,¢,) = 6,
whenever j, k in the same block, hence §; - d5(;,) = & * 0(i;,) Whenever j, k in same block of
7. Thus (& - do(iy)s - €ndo(in)) 1s a good coloring on 7, denote this tuple by x, yielding the
third equality.
As we range over all good colorings £ on 7, each new coloring after acting by (41, ..., 0, 0)
will be distinct. If not distinct, then for two distinct colors £ and & we would have

(fl . (Sg(il)7 e fn(sg(in)) = (fi . 50(1'1), e fgég(in)) <~ fl = f; Vi
after applying the action, but this contradicts & # &'. Thus we get every possible good
coloring on 7, therefore the b, are invariant under the action of C,.?.5,.

O

We wish to show that the subspace spanned by these b;’s will be a sub Hopf algebra.
Before doing so, we need the following lemma and corollary which will be used to show that
B is closed under the (co)product inherited from I1() /1.

LEMMA 13.2.2. Given w & [n] and decomposition pUv = w. Let & = {&Y,&%,...,6™} be
the set of good colorings on w. Consider the restriction of & to , i.e., &, = {& s -, €™}
The coloring &, € €|, appears ™ [r*® many times. That is, /7 /r®W s the number of
ways to extend a good coloring on p to .

PROOF. Let m = my|---|m; then p = m,, |-+ |7, for some r > 0 such that r € [1, j]
and each m,, is a full block of 7. Color the blocks of 7 indexed by p with the coloring &'|,.
Observe that there are 7™ /r(") many ways to color the remaining blocks of 7. Hence, there
are /") /r®) many good colorings on 7 that restrict to the good coloring £’ . of p. Thus,
we have that ¢'|, appears 7/ /rf) many times in the set £|,.

O
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COROLLARY 13.2.3. £|, is a multiset of all good colorings on p, each appearing rtm) [ptn)
many times.

PROOF. Since p is a subset of full blocks of 7, every good coloring on p is a restriction
of some good coloring on 7. There are r““) many ways to put a good color on the blocks of
7 indexed from p. Therefore, each good coloring on u appears /™) /rf) many times in the

set &,
O

PROPOSITION 13.2.4. B := @ (b, | 7+ [n]) is a By-invariant Hopf subalgebra of 1) /1.
n>0
For b, € B,, b, € By, the product is given by:

Ti(br @ by) = > b, .

vk [n+m]
v A[n][[m] = 7lo

For b, € B, the coproduct is given by:
Abe) = ) b ® b
ply=m

PROOF. Invariance follows from Proposition 13.2.1. First, notice that it’s easy to see that
this is a graded subspace with the degree zero component being the field.Now to show that
B is closed under the product and coproduct. In doing so, we show that the prodcut and
coproduct are as defined above.

We have that

b @b,) = T > Mae ® D> Mgy)
é

£
good color good color
=X D, Hlme®mog)
13 é

good color on T good color on o

=X 2. >, M

13 1) vk [n+m]
good color on m  good color on o v A [n]|[m] = 7|o

=2 DL M

-6 vt [n+m]
good color on v v A [n]|[m] = w|o

= > by € Buim:

where v is such that v - [n+m| and v A [n]|[m] = 7|o. For the fourth equality: Note that in
general, £ -9 is not necessarily a good coloring on v, but since we are quotienting by monomi-
als labeled by bad colorings, we have that -0 is a good coloring on v. Moreover, as we range
over all possible good colorings £ and 6 on 7w and o respectively, we have that &-4 is a complete
list of good colorings on v after quotienting. For if we had a good color x = (X1, -, Xntm) ON
v; the intersection conditions on v, i.e., v N [n] = 7 and v Nst([m]) = st(o) imply that the
restrictions (X1, .., Xn) and (Xni1, ---» Xntm) are good colorings on 7 and o respectively. Thus
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x = & - 0 for some good colorings € and 9.

Finally, to show that B is closed with respect to the coproduct.

A = AC Y, e

g

good color on 7

= > Almag)
3

good color on 7

= Z Z Mt () &), @ Mst(v) €],

I3 plyv=m

good color on 7

- 3 D Maiguel, @ Maw) el
13

pv=m
good color on 7

= > bag @ bagw)

ply=m
€ @ By @ Byy.
lul+v|=n

For the fourth equality: As we are range over all good colorings £ on 7, there will be no bad
colorings that get killed off in the quotient. Let m = my| - - - |7; then p = m,, | - - - |75, for some
r > 0 such that r € [1, j], and each 7,, is a full block of 7. Thus restricting to p yields a good
coloring on . Similarly, for £|,. Hence there are no restrictions on ¢ after taking the quotient.

For the fifth equality: Fix a decomposition U v = 7. Let £ = {&!,...,€™} be the set of
good colorings on m = my| - - - |;. Note that the number of good colorings on 7 is
6] = m = 1.
Restrict the set of good colorings on 7 to both p and v:
£l = {€1|uv e €7} and £y = {§1|V7 s &0}
From the fourth equality, we have that each element in &|, and |, are good colorings on p

and v respectively.

From Lemma 13.2.2 and Corollary 13.2.3, we have that &|, is a multiset of good col-
orings on 1, with each distinct coloring appearing r*™ /rf®) many times. Similarly, £|, is
a multiset of good colorings on v, with each distinct coloring appearing /(™) /r¢®) many times.

Now, for this fixed p U v = 7 and ranging over all good colorings on 7 (and suppressing
obvious notation on right hand side), we get the following:

3 Mgl © Mgy = 0w @ ENy + EL® 2y + -+ €M, © ],
13
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From above, the good coloring {'|,, appears 7t /rf) many times, thus we can group together
appropriate terms:

Elu® €+ €2+ €7 L)

There are 7™ / ") many terms in the sum to the right of the tensor product. Notice that

) Jpt ) = plm =) — 1) — no. of good colorings on v

Further, we have that each element in the sum is distinct. Let £ # & € €. If €|, = &/|,, then
we would have that &' = & € & since &|, = &|, = &'|,. But this contradicts £ # &7 € &.
Thus each coloring in the sum is distinct. Thus we have that:

€1|u ® (§i1|u + €i2|u + - 'fis|l/) = §1|M ® bSt(V)

by definition of by ().
Repeating this for each distinct coloring in £|,, will result in

rtn) rl(n)
Eu @by + o E | @ by = (€ €)@ bty = sty ® s

Therefore as we range over all decompositions of 7, we get the desired result that

Z Z Mt (1) €] ® Mst(v) £, = Z bSt(,u) ® bst(y)-

¢ plv=m ply=m

13.3. The ring of B,-invariant functions in the noncommutative variables

Given an infinite noncommutative variable set X = {x, 2, ..}, we can consider
C((x1,z9,x3,...)) = C((X)) the associative algebra of formal power series in the non-
commuting variables x. In [12], an action of By = C31 S,, was defined on C((x)). A signed
permutation, 6; ® - -- ® 6, ® 0 € By, sends a variable z; to £x,(;) where the sign in front of
the variable is determined by the element §; € Cs.

We can extend this action to an action of B, := C, 1S, in the following proposition.
Recall, C, = (a | a" = 1) is the cyclic group of order r, and we can identify a with w = e,
the primitive r** root of unity.

ProrosiTION 13.3.1. For every n > 0, the action of B, is given by
(81, ey Ony o).y = Wz, (s)

where w* is the r'" root of unity that corresponds to the element doiy € Cp and dq(;) = a® for
some k € [1,r]. When i > n, then x; is fived.

PROOF. First to show that the identity element, (1,...,1,id) € B, acts as the identity.
Note that 1 = a” € C}. which corresponds to the root of unity w”, thus for every variable x;
we have

(1, ceey 1, ld)l'l = w’"a:id(i) = XT;.

Now let (31, ...,0,,0), (€1, ..., €n, T) € B,. Note that for all i, §; = a* € C, for some k; € [1,7].
This corresponds to a 7" root of unity, w*. For ease of computation, I will denote both by
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the element a* and w* by §; and will specify which if not clear by context.

(61,3 0n,0) (€1, oy Ens T)) @i = (6166-1(1), s OnEo-1(n), T O T)

= Oo(r(i))Eo=1(a(r(i))) Lo (r(i))
Oo(r(2))Er(i) Lo (7(1))

= ((51, ey (5n, 0).87(2-)%7-(1-)

= (01y.00y 0y 0). ((E1, ey Eny T) ;)

Thus this defines an action of B, on C((X)).
U

Let B = Un>0Cr 1 Sy,. Because B, acts on C{(X)) for all n, we have that B acts
on C((X)).

DEFINITION 13.3.2. (Brlek [12])The ring of B,-invariant functions in the noncommuta-

tive variables X with coefficients in C, denoted C{(X))Br is the B invariant subalgebra
of C{{X)) consisting of elements of bounded degree, i.e.,
C{X)?r =

{feCUX)) | (01,....0n,0).f = [ for all 01,...,8,,0 € C. 1S, deg(f) < oc}.

Now, consider {m, | r||m;| V blocks of 7} where m, is defined as usual, i.e., m, =
> i Ty -+ - x;, where i; = iy, iff j,k in same block of 7. In the following proposition, we
show that these form a basis for the C((X))Z.

T

PROPOSITION 13.3.3. {m | r||m| V blocks of 7} is a basis for C((X))?".

PROOF. First to show that {m, | r||m;| V blocks of 7} is a spanning set for C{(X))?".
Consider f = Y cpx; -+ -2y, where ¢, € C and 7 denotes the set partition that corre-

Iik €x
sponds to its respective monomial. We wish to show that f can be written as a sum of the
my’s such that r|||m|. Since f was chosen to be invariant under B, it suffices to look at the
action on f of the following elements that generate B,.:

{(1,..,8;,..1,id) | I’s everywhere but in position ¢, §; € C.} U{(1,...,1,0) | 0 € S,.}

First, from [35] the polynomials invariant under the action of S,, can be written as a sum of
the monomial basis m, (with no restrictions on 7).

Now to see how (1,..,0,..1,id) acts on a term, cx;, ---x;, in f.
We have:
o Ifi; # t for all j, we have that the monomial is already invariant under (1, .., d, ..1,id)
since we are not picking up any power of a root of unity:

(1, .y 6t, ..1, id).Cﬂ.Til Ly, = Crdiy TG,

o If 7; =t for at least one j, then some block of 7, say 7, corresponds to ¢, specifically
the block with values of these j’s such that ¢; = ¢. Thus yielding:

: Uy
(1,.., 0, . 1,1id) camy, - - - 3, = cxwl™la;, -

n*

Solving yields ¢;w!™! = ¢, = w!™! =1 which happens if and only if r}|7r8|.
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As we range over all positions ¢ and values d;, we get that the monomials invariant under
(1,..,8,..1,id) are the monomials indexed by 7 such that r||m;|. Therefore f = 3" c,m.

We have that for each 7 such that r‘|7r,»|, the m, are invariant under the action of B,.
Cleary the m, invariant under all elements of the form (1,...,1,0), since these m, are a
subset of the monomial basis from II. Now to show invariant under elements of the form

(1,..,68,,..1,id).

. _ |7s]
(1,..,(5t,..1,1d).2 Ty v Xy, = E Wy Ty
— E wt le e
m

Finally, to show that {m, | r||m;| ¥ blocks of 7} is linearly independent.
Assume > ¢;m, = 0. Each monomial is indexed by set partitions, and it can only appear in
exactly one m,. In order for this term to vanish it must be that ¢, = 0. Thus {m | r||m;| Vi}
linearly independent.

O

REMARK 13.3.4. When r = 2, we recover the polynomials invariant under the hyperoc-
trahedral group as in [12].

13.3.1. Push Down Map

Now consider the algebra morphism

" /I — C((X))

given by
k
Ii,ak = W'T;,
2mik . . . .
where w* = e™+ , i.e., the r*" root of unity corresponding to a*, and a is the generator of
Cr=(a|a" =1).

The goal is to show that under this push down map, the basis of e / I gets sent to the
basis of C({X))P, up to some constant. In order to do so, we need the following lemmas.

First, we will see what happens to the m, ¢ under this push down map and then extend to
the b,.

LEMMA 13.3.5. Let 1 = 12---n F [n], where n = ra + b. The image of my¢ where
€= (&, ., &) is a good coloring on m under p is

( )= M if rln
PAMme) = (w*)m, ifn=ra+b
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PROOF. First note that since £ = (£, ..,&,) is a good coloring on m = 12 -n, we have
that & = ¢ for all 4, 5. Let & = (a*, a¥, .., a¥) for some k € [1,r] denote said good coloring.

plmae) = D plwi o) - p(wi, )
= (W) @y,

_ (,wk)raer,’n7T
= wkbmﬂ.

If r|n, then b = 0, then p(m,¢) = m, as desired.
Ir 7 { n, then b # 0, then p(m,¢) = w*m, as desired.
U

We will need the following lemma to help determine what the image of a b, will be under

LEMMA 13.3.6. Let n =rs+b for some s € Z and b € [0,1 — r|, we have the homomor-
phism
fo:C. — C.
a— a
For different values of b, we have
{1} ifb=20
Im(fy) = Cr  if ged(br) =1
Cgcd(b’r) if ged(b,r) # 1
PrROOF. By the First Isomorphism Theorem, we have

Cr/ ker(fy) = Im(f,).

Furthermore, Im(f;) is a cyclic subgroup of C, since every subgroup of a cyclic subgroup is
cyclic. We want to determine what I'm(f,) is for different values of b. In order to do so, we
must first determine what the kernel is.

ker(fy) = {a* € C,| fp(a") =1}
= {d*eC | =1}
= {d" € C,|bk modr=0}
= {d" € C, | bk = rs for some s € Z}.

Consider the prime factorization of r, i.e., r = [[}~, p;’ where for all 4, p; is prime with
multiplicity ¢; and looking at different values of b yields:

(1) b=0:
If b =0, then for all k£ € [1,7] we have that bk mod r = 0. Thus ker(fy) = C,.

(2) b#0:
Say ged(b,r) = [] pfi where 9; may possibly be zero and at least one §; # ;. So
i=1
there exists x,y € Z such that

b= ﬁpfiw,
=1
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and
r=]]wv.
=1

Since b, > 0, we have that z,y > 0. We also have that y = [] pfi_‘si. Solving for k
i=1
in bk = rs yields

m m

m
51' 62'—51' Ei—(si
i p; S [Ipi s
k_E_i:l i=1 =1
b ﬁ 5 x
i=1

Observe that x and ] pfﬁ‘si are relatively prime. For if they were not, then the
i=1

m
prime factorization of x would contain at least one of the p;’s in [] pf"_(si, call this
i=1

prime ¢. This would imply that [] pfi was not the ged, but instead [] pfi X q. Since
=1 =1

k € [1,r], we have that x must divide s, i.e., for some s’ € Z>o s = xs". So

Ui 5 Ui 5
ci—0; €i—0i . o
[Ipi s Tlpi "2’ w
=1 =1 i —0;
k=" = = pr s'.
x x ,
=1

Note that once s = ged(b,r), we have that k = r and a” = 1 which is already in
the kernel. If s' = ged(b, ) + j for some j < ged(b, ), we have that

T8 T, i ; T €i=6;
& Il p;t s Il p;" 7 (ged(br)+4) I p" " (ged(br) v j
a’ = a=1 = qi=1 = qi=1 a =aad =d,

thus s’ € [1, ged(b, r)]. Therefore,

ker(f,) 2 {a* € C,. | k= pr“‘;is’ for s =1,2,...,ged(b, 1)}

=1

e When ged(b,r) = 1, then ker(f;) = {1}.

e When ged(b,r) # 1, then ker(fy) =2 Cgeagp,r)-
Therefore giving us our desired result:
{1} itb=20
Im(fy) = C, if ged(b,r)

-1
if ged(b,r) # 1

_r
ged(b,r)

O

LEMMA 13.3.7. Let m = 12---n, the set partition consisting of a single block of n, then
rmy  ifrin
pbr) = { 0 ‘

otherwise
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PROOF. 7 = 12---n colored by C,, so any good coloring will have form ( a*,...,a" ) for

N——

n many times

some k € [1,7]. Recall, r = [] pi* where p; a prime. We have that n = rs+ b for some s € Z
=1
and b € [0, — 1]. Observe that

p(bﬂ) = Zp<m7r,(ak)")
=1

_ Zwk(rs-I—b)Tn?T
=1

- S,
i=1
= (W+w?+ -+ w)m,. (35)
Using the isomorphism between C, and the r** roots of unity, (w | w™ = 1) and Lemma

13.3.6, we get that (W’ + w?® + -+ + w™) is the following:

e If b=0, then w’* =1 for all k since Im(fo) = {1}. Thus Y Wk =r.
k=1

o If ged(b,7) = 1, then Im(fy) 2 C, = (w | w" = 1), thus > Wk’ =0.
k=1

o If ged(b,r) # 1, then Im(f,) = C > (i | wsn = 1), thus

_r
ged(b,r)

k=1

Therefore

o(b) :{ mgﬂ if r|n

otherwise -

Now we can prove the desired Proposition.

PROPOSITION 13.3.8. For all w F [n], we have:

(by) = r"@myif ring Vi where n; = | 7]
POx) = 0 otherwise
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PROOF. Observe that:

p(bm‘...m) = Z p(mﬂll"'|7rt,§)

3

good color on 7

t
= Z Hw(kibi)mml---\m
13 =1

good color on 7

t

2 (kibi)
= Z wz:l mw1|~--|7rt
£

good color on

Note that for a given good coloring € on 7, we write £ = (&1, &, ..., &) where & = (a*, ..., a%) €
C is a good coloring on ;. We range over each coloring, &;, individually, while holding the
other colors constant. The coloring in the sum that we are ranging over will be in blue,
while the ones in black are the ones being held constant. For example, as we range over all
the possible good colorings &; on 7y, the ki’s range through [1, 7] because we are getting a
different &, for each &;, yielding the sum $; = w® 4+ w? 4 -~ + w"™. From Lemma ?? and
13.3.6, we get that

t

t
> (kibi) b > kibs
Z wi=1 Moy ||y = Z W= M|y
(&1, €t) (&1, .-, 6t)

good color on 7 good color on |- - |m

Il
&
+
+
&

>
€
|
3
A
E

(62, -+ &)

good color on ma| - - - |m¢

I
=
€
k3
El\.’)
lilvg
&
3
3
El

(627 "7§t)

good color on |- - - |mt

I
e
=@
€

]

g
&
i
3

ol
E)

(&3,-5 &)

good color on 73| - - |mt

= (Bu- o B)Mayocpm

Finally, by Lemma 13.3.7 we have that g; = r if r‘n, otherwise zero, thus we get:

Y

r{®mg if r||m| Vi
plbr) = { 0 otherwise
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as desired.

PROPOSITION 13.3.9. p is a B.-module homomorphism.

PrOOF. We must show that for all (6;®---®d,®0) € B, := C,1S, and b, € B, we have

that p((61,...,0n,0).b;) = (01, ..., 0, 0).p(bs). From Proposition 13.2.1 and the definition of
my € C({X))P" we have:

p((01, ..y 0y 0).br) = p(by)

= @,
= M5, 00, 0).my
)

= (81,6, 0)p(br

as desired.
O
We can also define a one sided right inverse, p, to p. Define a lifting map
5 CUXNP = B = )
n>0
by linearly extending
RN
p(mz) = ) T
PROPOSITION 13.3.10. The map pp is the identity map on C{{x))?.
PROOF. ) .
~ . o £(m) o
pUptme)) = o0 = (i) g =
OJ

REMARK 13.3.11. Observe that p is not a left inverse to p. This is because in C({X))?,
the set partitions that label the basis elements are restricted to having form r‘|7rz~| for all
blocks 7; and there are no restrictions on the type of set partitions allowed in B.
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