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Abstract

We first introduce a Hopf monoid on set families called SF. Following that we will use the topolog-
ical methods of Aguiar and Ardila [1] to find a cancellation-free formula for the Hopf submonoid
of SF spanned by lattices of order ideals. We will then turn our attention to the Hopf submonoid
spanned by simplicial complexes in which we derive an antipode formula for simplex skeletons.
We then turn our attention to the Hopf submonoid of SF spanned by chain gangs. The character
group of this submonoid is related to formal power series. We proceed to show that the Hopf alge-
bra of symmetric functions is a quotient of the Hopf algebra of chain gangs. Finally we conclude

with suggestions for future research directions in the study of SF.
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Introduction

Hopf algebras have their origins in algebraic topology and the theory of algebraic groups [2]. The
term Hopf algebra was first coined in a paper by Borel [4] in 1953. By 1978 it was recognized
that Hopf algebras could be used to answer problems in combinatorics [18]. Colloquially Hopf
algebras give us a way to break apart and combine unlabeled objects. For our purposes we consider
combinatorial objects such as simplicial complexes, posets, antimatroids, etc. For example there
is a Hopf algebra on isomorphism classes of graphs. With this Hopf algebra Humpert and Martin
were able to derive results about the Tutte polynomial [10].

There are times where working with labelled objects is of benefit. We can sacrifice some
algebric structure in exchange for the ability to work with labelled objects. In such a case we can
work with a Hopf monoid. In this transition from Hopf algebras to Hopf monoids we lose the
ring structure that is provided by a Hopf algebra. The use of Hopf monoids in combinatorics is a
relatively recent development compared to that of Hopf algebras. In particular the methods used
by Aguiar and Ardila in their study of a Hopf monoid GP of generalized permutahedra [1] give a
topological approach to computing a cancellation-free antipode for a Hopf monoid. As we will see
this topological approach can be used in more Hopf monoids than the GP.

The first half of Chapter 1 gives an introduction into posets, the braid arrangement, and Hopf
monoids. The braid arrangement is the pivotal tool used by Aguiar and Ardila in their study of
GP. We can view the grouped terms of Takeuchi’s formula as the Euler characteristics of objects
on the braid arrangement. Thus the problem of finding a cancellation-free antipode formula turns
into a topological problem. We give an outline of how this method is used by Aguiar and Ardila.
The latter half of Chapter 1 gives a brief review of Hopf algebras, Fock functors, and symmetric

functions which make an appearance in Chapter 6.



Chapter 2 covers the Hopf monoid on set families SF that is the object of study in subsequent
chapters. One of the major pests we will encounter with SF is phantoms. We will see that they
can be dealt with in a simple manner when evaluating the antipode. This alleviates most of the
phantom problems we may face. In later chapters we make explicit where phantoms play a role so
that the reader may avoid some of the pitfalls we encountered upon our journey.

Chapter 3 provides a survey of some Hopf submonoids of SF. Many of the Hopf submonoids
considered are based on common combinatorial objects such as simplicial complexes and antima-
troids. A brief review of each object is given. We will see that the Hopf submonoid spanned by
simplicial complexes is the universal cocommutative Hopf submonoid of SF.

Chapter 4 walks through the process of finding a cancellation-free antipode formula for the
Hopf submonoid of lattices of order ideals, LOI. We will make use of Birkhoff’s theorem which
gives a correspondence between a poset and its lattice of order ideals. This allows us to use the
underlying poset structure. Understanding how the Hopf operations affect the underlying poset will
give us the means to use the topological approach of Aguiar and Ardila for finding a cancellation-
free antipode of LOL.

Chapter 5 moves away from LOI and focuses on the Hopf submonoid of simplicial complexes,
Simp. We will start with some structural results about the inflators of a simplicial complex. In
general it is not clear how to find a cancellation-free antipode formula for Simp. We will see that
enumerative methods can be used to derive a cancellation-free antipode formula for independence
complexes of uniform matroids.

Chapter 6 uses the results of Chapter 4 to analyze the character group of LOI. To motivate this
we compute the character group of the Hopf submonoid Bool which is spanned by Boolean alge-
bras, i.e., lattices of order ideals of antichains. We then turn our attention to the Hopf submonoid
of chain gangs CG. The character group of CG contains a subgroup of the character group that is
isomorphic to a multiplicative group of power series. This motivates us to turn our attention to the

Hopf algebra of symmetric functions CG. We will see that symmetric functions are isomoprhic to



a quotient Hopf algebra of CG.

Chapter 7 we consider future directions for study of the Hopf monoid on set families. The
first direction involves a family of characters on LOI which relates to the Mobius function. This
is followed by a short discussion about characters on Simp. The last half of the chapter concerns

itself with some questions and observations about the Hopf submonoid AMat.



Chapter 1

Background

1.1 Posets

Definition 1.1. A partially ordered set (also called a poset) (P,<p) is a set P with a binary relation

<p satisfying the following properties:
1. (Reflexivity) For all x € P, x <p x.
2. (Antisymmetry) If x <pyand y <p x, then x = y.
3. (Transitivity) If x <pyand y <p z, then x < z.

Often it is convenient to abuse notation and refer to the poset (P, <p) as the poset P. It is also
convenient to write < in place of <p when the context is clear. If x < y and there is no z such that
x < z <y, then we say that y covers x and write x <y. We can visualize the relations of a poset
P by drawing its Hasse diagram. To do so we represent every element of P by a point with the

following conditions:
1. If x <y, then the point x appears below the point y;
2. if x <y, then there is an edge between x and y.

For example, let Z be the “zigzag” poset with relations 1 < 3, 2 < 3, and 2 < 4. Its Hasse

diagram is shown in Figure 1.1.



Figure 1.1: The Hasse diagram of the zigzag poset Z.

Definition 1.2. Q is a subposet of P if Q C P as asetand if x <gy, then x <py. If x <pyif
and only x <p y for all x,y € Q, then we say that Q is an induced subposet of P. We will use the
notation P|¢ to indicate the induced subposet Q of P. If Q does not inherit all relations from P we

call Q a weak subposet of P.

As an example consider the zigzag poset Z from Figure 1.1 and take Q = {1,2,3}. Then Z|g is
the poset on [3] with the relations 1 < 3 and 2 < 3. The poset on [3] with the relation 2 < 3 would

be an example of a weak subposet of Z since the relation 1 < 3 is not inherited.

Figure 1.2: Induced and weak subposets of the zigzag poset.

An order ideal of a poset P is an induced subposet Q C P with the property that if x <p y and
y € O, then x € Q. Similarly an order filter is a subposet Q C P with the property that if x <p y and
x € O, then y € Q. We can think of an ideal (filter) as being “closed under going down (up)” in the

poset. We use the notation | X | to denote the order ideal generated by X, i.e,

| X|={yeP:y<pxforsomexcX}

and similarly use [ X to denote the order filter generated by X.
We denote the set of order ideals of P by J(P). There is a lattice structure on J(P) where meet
and join are respectively intersection and union. We refer to J(P) as the lattice of order ideals of

P. Since the union and intersection of ideals are ideals it follows that J(P) is a distributive lattice.



Moreover, Birkhoff’s theorem states that the finite distributive lattices are precisely the lattices
J(P) where P ranges over all finite posets[20, §3.4].

Birkhoff’s theorem further states that P = Irr(J(P)) where Irr(J(P)) is the collection of join-
irreducible elements of the lattice J(P). For example the lattice of order ideals for the zigzag poset

is shown in Figure 1.3. The shaded elements are the join-irreducible elements of the lattice.

3,4
3] [1,4]
[1,2] 4]
1] 2]
0]

Figure 1.3: Lattice of order ideals of the zigzag poset.

Given two disjoint posets P and Q, the disjoint union P+ Q is the poset whose relations are
exactly those inherited from P and Q. Thus the Hasse diagram of P+ Q is obtained by drawing the
Hasse diagrams of P and Q side by side.

A preposet (P,<p) is a set P together with a binary relation < that is reflexive and transitive,
but not necessarily antisymmetric. For x,y € P, write x =p y if x <p y and y <p x; then =p is an
equivalence relation, and P/ =p is a poset on the set of equivalence classes.

A preposet P is linear, or a semiorder, if every two elements are comparable. A linear extension
of a preposet P is a linear preposet Q with the same underlying set and equivalence relation, such
that every relation of P is a relation of Q. Equivalently, Q is a linear extension of P/ =p in the
usual sense. We write .Z'(P) for the set of linear extensions of P. For example, if P is the preposet

on [4] with relations 1 =2 < 3 and 2 < 4, then .Z(P) = {12|3|4,12|4|3}; see Figure 1.4.



[1~2]  [1~2]

Figure 1.4: The preposet P and its linear extensions.

A set composition of [n] is a partition of [n] endowed with a linear order on the blocks of the
partition. The notation Comp(n) denotes the set of all set compositions of n; we also write ® = [n]
to mean ® € Comp(n). Notice that a set composition is the same as a linear preposet. As such we
use the convention that ® = @ | ... |P; represents a set composition of [n] with k blocks. Thus we
can read off the linear order by going from left to right, i.e., &; < --- < ®;. We use the notation

x<gpywhenxc ®;andy € ®; withi < j.

1.2 The Braid Arrangement

The braid arrangement Br, is constructed with the ('21) hyperplanes x; = x; in R". A face F' of Br,
is a list of (Z) relations each indicating how x; and x; compare. These relations give rise to a set
composition of [n] where i ~g j if x; = x; and i <¢ j if x; < x;. This gives a bijection between
set compositions of [n] and the faces of Br,. If ® |= [n] has k blocks, then the resulting face has

dimension k.

Figure 1.5: The braid arrangement Brs.



Every preposet P on [n] corresponds to a convex union || P|| of faces of the braid arrangement
in R”, and this correspondence is a bijection. Moreover, the preposet linear extensions of P corre-
spond to the maximal faces of ||P||. For complete details on this “cone-preposet dictionary”, see
[16, §3].

By intersecting the braid fan with the unit sphere we obtain a triangulation of that sphere. The
facets of the triangulation correspond to those regions of the braid fan for which xg 1) < -+ <xg ()
where @ € G,. The lower dimensional faces are given by setting some of the inequalities to
equality. For instance the faces in the triangulation of Br; corresponding to x; < xo < x3 and
X1 < x3 < x2 share an edge corresponding to x; < x = x3. A preposet P corresponds to an open
convex subfan of the braid fan given by taking ||P||NS" 2 and intersecting the result with the
hyperplane " | x; = 0.

A polyhedron is the intersection of a finite number of half-spaces. A bounded polyhedron is a
polytope. A face of a polytope P is collection of points where a linear functional f is maximized
in P. We refer to the dimension O faces as vertices, the dimension 1 faces as edges, and the
codimension 1 faces as facets. In general we also include the polytope and the empty face as faces
of the polytope. If we order the faces of a polytope by inclusion we obtain the face lattice of the
polytope. In Figure 1.6 we see the square pyramid and its face lattice. In this example it happens

that face lattice is dual to itself. This is not always the case.
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Figure 1.6: The square pyramid and its face lattice.

A subset S of R is a cone if for every A > 0 and x € S, then Ax € S. It is not necessary for a
cone to be convex. For example consider the cone consisting of the origin along with the first and
third quadrants of the xy-plane.

A polyhedral cone is a polyhedron that is a cone. For example we can consider the cone % in
R? given by the set of points (x,y) such that x > 0 and y > 0. The faces of ¢ are the origin, the
positive x and y axis, as well as the first quadrant. Each of these faces is a cone.

A fan is a polyhedral complex of cones, i.e., the intersection of the closure of faces is a cone.
If a fan .# covers all of R”, then . is a complete fan in R". We could extend % to a complete fan,
call it .4/, by adding in the negative x and y axes as well as the other three quadrants of R

Given a polyhedron P, the normal cone of a face F is the collection of linear functionals f such
that f|p is maximized on F. The collection of normal cones for the faces of P is the normal fan of
P. For example if P is the square whose vertices are (+1,+1) and (£1,F1), then the normal fan

for P is A from above.



Figure 1.7: The square P and its associated normal fan.

1.3 Hopf Monoids

The presentation of Hopf monoids here follows [1, §2.2] closely. Before talking about Hopf
monoids it is necessary to talk about set species.

Definition 1.3. A set species P consists of

1. a set P[/] for each finite set /, and
2. afunction P[o] : P[I] — P[J] for each bijection & : I — J, satisfying the conditions P[c o 7] =
P[o] oP[7] and P[id] = id.
A set species for which P[] is a singleton is called connected.

We tend to consider / as a ground set for some combinatorial objects (such as graphs, posets,
matroids, etc.). In this case P[/] corresponds to the set of all objects with ground set /. Additionally
the map P[o] associated with the bijection ¢ : I — J can be regarded as a renaming of elements in

the ground set.

10



A set species is a functor from the category FSet™ of finite sets with bijection to the category
Set of sets with functions. The first condition of Definition 1.3 states how a finite set is mapped
to a set, and the second condition states how a bijection are mapped to a function. By adding an
algebraic structure to a set species, we strive to obtain a better understand of the species. This is

where a Hopf monoid in a set species comes into play.

Definition 1.4. A Hopf monoid in a set species consists of a set species H such that for each finite

set I and each decomposition / = ST, there are product and coproduct maps

us.7 - H[S| x H[T| — H[I| (Product)

As 7 H[I] = H[S] x H[T] (Coproduct)

that satisfy the axioms of naturality, unitality, associativity, coassociativity, and compatibility, listed

below.

Unless stated otherwise all Hopf monoids we consider are assumed to be connected. We can
think of product as the merging of two objects whereas coproduct is the breaking up of a single
object into two separate objects. Before describing the axioms it is necessary to introduce some
notation that will be used throughout this document.

Suppose we have a decomposition I = SUT, and x € H[S], y € H[T], and z € H[I]. For the
product of x and y we use x-y, i.e., Us7(x,y) = x-y. For the coproduct of z we write Ag7(z) =
(z|s,z/s) where z|s is the restriction of z to S and z/g is the contraction of S from z. The unique
element of H[0] we call the unit of H and denote as 1.

Naturality. For each decomposition / = SUT and bijection 6 : I — J and any x € H[S], y € H[T],

and z € H[I|, we require that the following conditions all hold.

11



H[o](x-y) = H[o|s](x) -H[o|r](y), (1.1a)
H[c](z)|s = H[o[s](zs), (1.1b)

Hlo](z)/s = H[o|r](z/s)- (1.1c)

If we think of 7 as labels for some combinatorial structure, naturality can be seen as ensuring
that product and coproduct are preserved under relabeling. In most cases naturality should follow
immediately from the definition of the monoid.

Unitality. For each I and x € H|[I|, we require that the following conditions all hold.

x-1=1-x=x, (1.2a)

xlf=x/p=x. (1.2b)

Associativity. For each decomposition / = RUSUT, x € H[R|, y € H[S], z € H[T], we require

x-(y-z)=(xy)z (1.3)

Coassociativity. For each decomposition / = RLUSUT and w € H[I], we require that

Arus),r (W) = Ag (sur) (W) = AgsT(W). (1.4)

Equivalently, the following conditions all hold.

12



(wlrus)|r = WIR, (1.52)
(Wlrus) /r = (W/R)ls, (1.5b)

w/rus = (W/R)/s- (1.5¢)

By iterating this process we can take the product and coproduct with decompositions that have

any number of parts. Thus if we have a set composition S = S;|S>|...|S = I then

P (X1, Xk ) = X1+ - X, (1.6a)

As(y) = (V1,--- k) (1.6b)

where x; € H[S;] and y € H[I]. Additionally,

yi = (Vlsyu--us;)/sy0-us;_, € H[Si]- (1.7)

Compatibility. Suppose we have decompositions ST = I = S LIT’. If we consider the inter-
sections A =8NS, B=SNT',C=TnNS,and D=TNT' and x € H[S], y € H[T], then we require

that the following conditions all hold:

(x-y)ls = x[a-ylc, (1.8a)

(x-¥)/s =x/a-y/c- (1.8b)

The requirement of compatibility is for the breaking and merging of an object to give us the

same result regardless of the order we compose our operations. We can visualize this in Figure 1.8.

13



T

|

|

|

|

|

|

|

|
“
=

Figure 1.8: The decompositions of /

As with other algebraic structures we say that a Hopf monoid H is commutative if xy = yx for
all x € H[S] and y € H[T] where I = SUT. Similarly, H is cocommutative if for all decompositions

I=SUT and z € H[I], then (Z|S,Z/S) = (Z/T,Z|T).

Example 1.5 (The Hopf monoid of matroids). Let M be the species of matroid independence

complexes on ground set E. For E =SUT, A € M[S], and B € M|[T| we define

A®dB={IUJ:I1€A,J] €B} (Direct Sum)
Als={INS:I€A}, (Matroid Restriction)
Als={INT: IUABs € A} (Matroid Contraction)

s, i.e., a basis of the matroid whose independence complex is Als.

where %y is a facet of A
Throughout this example we use %y to denote a facet of A|x. We claim that these operation
give us a Hopf monoid where product is given by A @ B and coproduct is given by A|s ® A /.

The axioms of naturality, unitality, and associativity are straightforward to check so we proceed
to check that coassociativity and compatibility both hold.

To check coassociativity we start with a matroid independence complex A € M[E| with E =

SUT UR and verify that (1.5a)-(1.5¢) hold.

14



The first equation (1.5a) is easily verified

(A|RI_|S)|R: {ICRZI€A|Ru5}:{ICRIIEA}:A|R.

To verify the second equation (1.5b) we start by noting that

(Alrus) /R ={I CS: TU%Bg € Algus}-

Likewise since

A/R={ICSUT:1UHBr € A}

it follows that

(A/R)|ls ={I CS:TUPBg € Ap_s}

as desired. Finally to verify (1.5¢) note that A/g = {I CSUT : IUB, € M}. Thus

(A/R)/s={1CT:IUHBscA/r}

={ICT:TUBsUBr A} =A/rs.

Therefore coassociativity holds. To check compatibility we must show that equations (1.8a)
and (1.8b) hold. Suppose that SLIT =1 =S UT’ and consider the intersections A = SNS', B =
SNT',C=TnNS,and D=TNT'. Further let X € M[S] and Y € M([T].

First we check (1.8a).

X -Y)|g ={(IxUly)NS :Ix eX,Iy €Y}
= {(IxﬂS/)U(IyﬂS/) Ix eX ly GY}

= Xlg - Yy = X|a-Y]c.

15



Next we check (1.8b).

(X-Y)/g={lxUly CT': (IxUly)UBg €X-Y}
:{IX CB,lyCD:IxUBgy EX,IyUe%)S/ EY}
:{IXQB:IXU%S/ GX}-{IY CD:IyUZAyg GY}

=X/a-Y/c.
Thus compatibility holds. Later we will describe a different Hopf monoid structure on the species
M.

A subspecies of a species H is a species G such that G[I] C H[/] for all I. A Hopf submonoid
is a subspecies which inherits and is closed under the Hopf operations of the parent species. It is

easily checked that intersection is well-defined on the level of Hopf monoids:

Proposition 1.6. Suppose H is a Hopf monoid with Hopf submonoids G and G. Then G N G3 is
a Hopf submonoid of H, where (G N G)[I] = G [I] NG, [I].

If we replace the word “set” with the word “vector space” in Definition 1.3, we obtain the

definition of a vector species. Fix a field k.
Definition 1.7. A vector species P consists of
1. a vector space P[I], for each finite set /, and

2. alinear map P[o] : P[I] — P[J] for each bijection & : I — J, satisfying the conditions P[c o

1] = P[o] o P[] and P[id] = id.
A vector species for which P[0] = k is called connected.

Analogous to Definition 1.3, a vector species is a functor from the category FSet™ of sets with

bijections to the category Vec of vector spaces and linear maps. Specifically the second requirement
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in Definition 1.7 tells us that a vector species is a covariant functor. For our purposes we assume

that all vector species are connected, unless stated otherwise.

Definition 1.8. Let P be a set species. The linearization of P is the vector species P = kP given by

P[I] = kP[[]. That is, P[I] is the vector space of formal k-linear combinations of elements of P[/].
In a similar manner we can describe a Hopf monoid structure in vector species.

Definition 1.9. A Hopf monoid in a vector species consists of a vector species H such that for each
finite set / and each decomposition / = SUIT, there are operations called product and coproduct

which are linear maps

usr - H[S| @ H[T| — H]I], (Product)

As 7 : H[I] - H[S]@ H[T] (Coproduct)

that satisfy the axioms of naturality, unitality, associativity, coassociativity, and compatibility.

Definition 1.10. Let H be a Hopf monoid in set species. The linearization of H is the vector
species H = kH, equipped with a product and coproduct by extending those of H k-linearly. A

vector Hopf monoid of this form is called linearized.

Remark 1.11. There exist vector Hopf monoids which are not linearized. There are instances of

non-linearized Hopf monoids on species which also admit a linearized Hopf monoid structures.

When talking about connected Hopf monoids in a vector species, the unit is the map u : k —
H[0] which sends the multiplicative identity of k to the basis vector of H[0]. Note that when H
is the linearization of a set species there will be a canonical choice for the basis vector though in
general this is not the case.

In addition to the unit which sends k to H[@] we also have the counit which is a linear map €
which sends the basis vector of H[0] to the multiplicative identity of k and each other element to

Z€10.
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Given a connected Hopf monoid H the antipode S is the solution to the commutative diagram

shown in Figure 1.9.

id®S

HoH » HOH
b ~
H £ s k u s H
R /
HoH Soid >y HH

Figure 1.9: The Antipode of H

We can write out the antipode operation in the form of Takeuchi’s formula

SiX) =Y (1) e (As(X)) (1.9)
=1

where X € H[I]. Although Takeuchi’s formula gives an explicit way to compute the antipode, the
number of terms in the sum grows rapidly as the set / increases in cardinality. Fortunately in many
cases a lot of cancellation occurs between terms. The process of finding such a cancellation-free
antipode formula tends to lead to fruitful combinatorial results. These results include things such

as inversion of formal power series and determining the group of characters in a Hopf monoid.

1.4 The Hopf Monoid of Generalized Permutahedra

The standard permutahedron in R" is the convex hull of the points {(w(1),...,w(n)) :w € &,}.
The normal fan of the standard permutahedron is in fact the braid fan. As an example consider
the case where n = 3 in which the standard permutahedron is a hexagon. If we look down at the
plane x +y -+ z = 6 which contains the hexagon we see that the normal fan is given by Figure 1.5.
Given a vertex v = (w(1),...,w(n)), the vertices adjacent to v are precisely those obtained from

w by swapping w(i) and w(j) when |w(i) —w(j)| = 1. Further the edge is a parallel translate of
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e; —ej where ey, ey, ..., e, are the standard basis vectors of R".

A generalized permutahedron is a polyhedron P whose normal fan is a coarsening of the braid
fan; that is, every normal cone of P is the union of faces of the braid fan [16]. Generalized per-
mutahedra retain the property that every edge is parallel to e; — e; for some i and j. This property
fully characterizes generalized permutahedra. For example matroid polytopes are generalized per-
mutahedra in which the edges correspond to basis exchange [7]. Readers interested in the theory
of generalized permutahedra are refered to [16] and [17].

Many of the methods we use to study the Hopf monoid SF were first used by Aguiar and Ardila

[1] to study the Hopf monoid GP of generalized permutahedra, defined as follows.
* As a vector species, GP[I] is spanned by generalized permutahedra in R’.

* Given p € GP[S] and q € GP[T], their product g 7(p,q) is their Cartesian product p x q €
GP[SUT].

* Given p € GP[E] and SUT = E. We compute the coproduct Ag 7(p) in the following way.
We consider the face of p that is maximized by the functional 1g. It turns out that this face

can be factored as p|s x p/s where p|s C RS and p/s C R?. We define As 7(p) = pls @p/s.

These operations satisfy the axioms of a Hopf monoid [1, §5]. For p € GP[/], the antipode is given
by
Si(p) = (—1)IY (—1)%imig

q<p
where g ranges over the nonempty faces of p. The proof given in [1] starts by grouping the terms
in Takeuchi’s formula which gives us a sum over subfaces ¢ of p. The next step is to determine the
values of the coefficients a4. To do this we consider which cones of the braid fan are maximized
by q. We end up with something that looks like Euler characteristic on a set of polyhedra €. Since
%4 is not a polyhedral complex we cannot interpret aq as an Euler characteristic. To remedy this

inconvenience we use the fact that ?q and ?q — ¢4 are polyhedral complexes where ?q is the
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closure of 6. By intersecting these complexes with the unit sphere and the hyperplane }/" ; x; =0
we end up with two relative simplicial complexes. From there we can use the Euler characteristic
to compute aq and arrive at a cancellation-free antipode formula for GP. We will see that this same

method can be used for other Hopf monoids, not just GP.

1.5 Hopf Algebras & Fock Functors

A bialgebra B is a vector space over a field k with:

* associative k-linear maps i : B& B — B,

* coassociative k-linear maps A: B - B® B,
e aunitn :B—k,

* and acounit € : k — B

such that A and € are algebra homomorphisms (equivalently p and 1 are coalgebra homomor-
phisms). Given x,y € H we use the same convention as with Hopf monoids and use x -y in place of
H1(x®y). Similar to the operations of Hopf monoids, we can think of product as a way to combine
objects in B and coproduct as a way to break apart objects in B. The result of taking the coproduct
results in a summation over tensors. In the general case we often use Sweedler notation in which
we do not concern ourselves with the specifics of the indices of summation. At first this may ap-
pear to be an odd convention to adopt, but it makes stating general facts about the coproduct very
convenient. For example suppose b € B, then we can represent the coproduct in Sweedler notation
by
A(b) =Y b1 ®bs.

Further the property of coassociativity is simply written as

A(b) =Y b1 @A(b) =Y A(b1) @by
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We can also use Sweedler notation to state what it means for € to be a counit of B

b=) e(b;)®@by=) b1 @e(b). (1.10)
Given a bialgebra B, a k-vector subspace I of H is a biideal if I is an ideal and a coideal.
Specifically
e forallbe B,bl Cland b C1,
* AI)CI®B+B®I,
e and (1) =0.

A Hopf algebra H is a bialgebra (over a field k) which admits an antipode S : H — H. The

antipode is the solution to the commutative diagram in Figure 1.10 where 7 is the unit and € is the

counit.
HoH 455 H®H
H £ > k L s H
X /
H®H Soid >y HQH

Figure 1.10: The commutative diagram satisfied by S.

In Sweedler notation S is the map such that

n(e(h) =Y hi-S(hy) =Y S(h1) - hy. (1.11)

Suppose H is a Hopf algebra. A k-vector subspace I of H is a Hopf ideal if I is a biideal and
S(I) C I. The quotient H /I yields a Hopf algebra with structure inherited from H [13, §1.5].

A graded bialgebra B = ®B; over k is connected if By = k.
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Lemma 1.12. Suppose B is a graded and connected bialgebra. Fix n > 0 and suppose b € B,,.
Then

Ab)=b@1+Y by @by+1@b
where the Sweedler sum contains only elements of degree strictly between 0 and n.

Proof. Recall from (1.10) that b =Y by @ €(b;). Thus there is a summand b’ ® b” of A(b) such that
b' € B,. Since B is graded and connected this implies 5" € k. Since tensor product is a multilinear
map we can group the terms of B, ® By into a single tensor of the form b ® k for some k € k. Using
properties of the counit we can show that k = 1. Similarly since b = Y €(b) ® b; it follows that

A(b) has a summand of the form 1 ® b. O

Proposition 1.13. Suppose H is a graded and connected bialgebra. Then H admits a unique

antipode S and H can be made into a Hopf algebra.

Proof. We will use use (1.11) and Lemma 1.12 to recursively compute S. First note that n(g(1)) =
1=1®58(1) = S(1). Thus if & € Hp, then S(h) = h. Assume we know how to compute S for the

graded pieces up to but not including degree n and that 4 € H,. Then
n(e(h)) = S(h) + Y S(h1) @ S(ha) +S(1).

Using our induction assumption we can solve for S(%) in terms of the lower degree pieces in the
Sweedler sum. Lemma 1.12 guarantees that 4, and s, will be in a lower graded piece of H than

h. ]

Given a Hopf monoid we can construct an associated Hopf algebra. This can be done via the
Fock functor' denoted .#". Before we can describe how .# turns a Hopf monoid H into a Hopf

algebra H we need one additional definition. Two objects X € H[I| and Y € H[J] are isomorphic if

I'There are actually four functors given the name Fock functor.
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there is a bijection o : I — J such that X =Y. In other words if we can relabel X to get Y we say
that X and Y are isomorphic.

Suppose |I| = n and consider X € H[]. Then . (X) sends X to the class of items that are
isomorphic to X. We can think about this as removing the labels from X. We describe the graded

Hopf algebra H = % (H) as

H = @ span{isomorphism classes of elements of H[I] for |I| = n}.
n>0

We denote the isomorphism class of & € H][I] by [A]. To compute the product and coproduct in
the Hopf algebra we can perform the product and coproduct by picking representatives from the
monoid and performing the corresponding operations. Specifically if #; € H[k;], hy € H]k,], and

h € H[SUT], then

] - (o] = [y -1 ] A([R]) = [ ]Z [ls] @ [1/s] (1.12)
n|=SUT

where h§1+ = otk (hy) € H[{ky +1,...,k; + ko}] is the result of applying the order-preserving
bijection 6%t : [ky] — {k1 +1,... .k + ko } [1, §2.9].

1.6 Symmetric Functions

Suppose R is a commutative ring. The ring of formal power series on variables x1,xz,... with
coefficients in R is denoted by R|[[x],x2,...]]. A function f € R[[x},x;...]] is a symmetric function
if

fx,x2,..) = f(Xo(1):X02)s )

forevery € U 6,, = G... For our purposes we are interested in the ring of symmetric functions

over C which we denote by A. Note that A = ©A; where A, is the collection of symmetric
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functions of degree d. There are several bases that are used when working with A. We will now
review the bases that will be used in Chapter 6. For further information regarding the ring of
symmetric functions we refer the reader to [12] and [19].

Suppose that a = (0, 05,...) is a sequence such that all but finitely many entries are zero.
We define x* = [];x* to be the monomial with exponent vector o. Let A(a) = (A1,...,44) be the

integer partition of n =) ;. We define the monomial symmetric function m), by

For example

2.2 2. 2 2.2
M(22,1) = X[X3X3 + X1X2X3 + X1 X5X5 + ...

If A = 1%, i.e., the partition with k 1’s, then we obtain the k" elementary symmetric function

denoted e;. That is to say

€ =Mk = Z Xip oo o Xip -
1<iy <<y,

For example

€3 = X1X2X3 + X1X2X4 + X1X3X4 + X1X2X5 + . . ..

We set eg = 1. Given a partition A = (A1,...,4x) we use the convention thate; =e;, ...ej, .
If we only require the sequence i; to be monotonically increasing as opposed to strictly increas-
ing, then we arrive at the k' complete homogeneous symmetric function denoted hy. That is the

function of the form

hk: Z Xip oo - Xig
1<) <+ <ig

For example

ho :x%—f—x%-l—x%—l—xi-l—----i-xlxz +xix3+x1x4+....
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Note that

hk: Zm,l.

Ak

It is known [19, Section 7.6] that the generating functions for the elementary and complete

homogeneous symmetric functions are given respectively by

E(t) = Zektk =[](1+1x;), and

i>1

1

H() =Y " =[]

i>1

Noting that E(r)H(—t) = 1 we get a collection of relations between the e;s and the /s given
by

n

Y (—1)fexhy_ =0. (1.13)
k=0

1.7 The Hopf Algebra of Symmetric Functions

As stated in Section 1.6 A is a graded ring. We can go further and endow A with a Hopf algebra
structure. The coproduct of a symmetric function F € A is computed in the following way. For
X = (x1,x,...) and y = (y1,y2,...) we define F(X,y) = F(x1,y1,%2,¥2,...) € C[[x,y]]. The power
series F'(X,y) is symmetric in both x and y and thus can be written in the form Y Fj (x)F>(y). We
thus define

AF =Y R ®F.
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As an example let us compute Ah;.

hy(x,y) = lez + inxj +inyj +Zyl2 + Z)’iyj

i<j i<j

— (%) + by (x) Iy (y) + ha(y).

Thus

Ay =hy@ho+hi @hi~+hy® hs.

More generally

Ah, = Y hi®hjand
i+j=n

Ae,, = Z eiRej.
i+j=n

To understand the antipode S of A we define the map @ : A — A by w(e,) = h, and extend @
algebraically since the e,s form an algebra basis. In fact @ is an involutive automorphism. Since A
is a connected and graded bialgebra we can use Proposition 1.13 to find the value of the antipode

as applied to /. Using the relations from (1.13) we obtain

S(h) = (—Dker = (=) o (hy).
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Chapter 2

A Hopf Monoid SF on Set Families

A set family is a pair (%, E), where E is a finite set and .# C 2E. We say that (%, E) is grounded if
0 € .%. Often we will simply refer to the set family .% when the ground set E is clear from context.
Let SF denote the set species of grounded set families. Note that SF[0] contains a single object,
namely ({0},0). Therefore SF is a connected set species (hence why we require set families to
be grounded). Note that the notation SF is used in [1, Chapter 12] to denote the Hopf monoid of
submodular functions. This Hopf monoid is unrelated to grounded set families. In our context SF
will always refer to the set species of grounded set families.

The join F| * %, of two set families .%| and .7, is the set family
Fi1xFH ={XUY : X €.7,Y € F}.

Let (% ,E) be a set family and A C E. We define the restriction .7 |4 and the contraction F |4

to be the set families

F|a={FNA|F € Z},

F /4= {F € ZIFNA=0)}.

Proposition 2.1. The set species SF admits the structure of a commutative Hopf monoid, with
product

(F1,E1) - (F2,Er) = (F1 % F2,E| UE),
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coproduct

(A i(FE) = ((Fa,A), (F /4, E\A)),

and unit ({0},0). As a consequence of linearization it follows that the vector species SF also

admits a commutative Hopf monoid structure.

Proof. Unitality and Naturality: Unitality follows immediately from the definitions of unit, join,
restriction, and contraction. Commutativity and associativity: Associativity of product comes
directly from associativity of union. Commutativity also follows from commutativity of union.

Coassociativity: Suppose that (.Z,E) is a set family and that E = SUT UR. Recall we need to

show that (1.5a)-(1.5¢) hold. Indeed,

(Zlrs)lr={(FN(RUS))NR:F € 7}
— {((FAR)U(FNS))NR:F € 7}
— {((FAR)NR)U((FNS)MR): F € 7}
— [FNR:Fe 7}

:tgayRa

(Zlrs)/r=1{X € Flrs: XNR=0}
={FN(RUS):Fec.Z FN(RUS)NR =0}
={(FNR)U(FNS):F e FNR=0}
={FNS:Fe.Z,FNR=0}

= (F/R)ls,
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and

LG/\/RS:{FEL%\:FF‘I(RUS):@}
_(FeZ:(FNRU(FNS) =0}
_{FeZ:(FNR) =0,(FNS) =0}

=F/r/s.

Therefore coassociativity holds.

Compatibility: Recall that for compatibility we need to show that (1.8a) and (1.8b) hold when
SUT = E = S'UT’ with pairwise intersections A = SNS, B=SNT',C=TNS,andD=TNT'.

We check that (1.8a) and (1.8b) hold.

(Z-F)|g ={(XUY)NS :X € F,Y € F'}
={(XnSHu¥ns):Xe Z7,Yy € F'}

Z{X/UY/ZXIEﬁ’y,Y’Engy}:yu-ngO

(Z-F)]g={XUY:XeZ,YeZF (XUuY)nS =0}
={XuY:XeZz YeZF (XnSHuxns) =0}

={XUuY:XeZz,yeZ (XnS)=0,yns)=0y=.7/4-F'/c.

We will use the symbol * for the linear extension of the join operation to SF.

Throughout this document we will make use of the higher product and coproduct operations
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Ue and Ag. In particular suppose % is a grounded set family on £ and a set composition ¢ =
®y|...|P,, EE. Then

Ao(F) = (F1,..., ) 2.1)

where

Fi={ANP;:Ac F andAND; =0 Vj<i} (2.2)

Remark 2.2. Given a grounded set family (.%, E) we do not require that every element of E appear
in a member of .%. An element of E that does not appear in any member of .% will be referred to

as a phantom.

Example 2.3. Consider the topology T = {0, 1,12} on ground set/ = {1,2} = RLIS where R = {1}
and S = {2}. Then ugs(Ars(7)) = urs(({0,1},R),({0},S)) = ({0,1},I). We see that 2 is a

phantom of the set family ug s(Ag s(7)).

Phantoms pose a menace when working with the monoid SF. Specifically, they have an effect

when computing the antipode for a set family. As an example consider .# = {0, 1}. Then

Thus phantoms cannot be completely ignored. Fortunately we can get a handle on the phantom
menace when working with the antipode. Given a finite set £ and an element x ¢ E we define the

conjuration map y: E — E U{x} to be the linear map such that

YT E) = (F,EU{x})

where . € SF[E]. Since set families with ground set E form a basis for the space SF[E] this

is sufficient information to determine how ¥ acts on an arbitrary element of SF[E|. With the
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conjuration map in place we can now handle phantoms in the anitpode.

Proposition 2.4. Suppose .# € SF[E| and that x ¢ E. Then

Proof. Recall Takeuchi’s formula:

SHZEN= Y (-1)*ue(te(F))

DE=EU{x}
= Y (D)%) + Y (—D)"ue(se(F)) (2.3)
P=EU{x} D=EU{x}
{x}e® {x}¢®

Suppose ®@ = E U{x} and consider the set composition ¥ |= E that arises by erasing x from ®.
If x is a singleton block, then |¥| = |®| — 1. In addition there are |¥| + 1 positions where x could
be inserted to get a set composition of E U {x}.

In a similar manner, if x were not a singleton block, then |¥| = |®|. Given W, there are |¥|
blocks where x could be inserted to get a set composition of E U {x}. Therefore Equation (2.3) can

be rewritten as

Y( Y ([ + DD pp(Ae(F) + Y \‘H(—U'“w(h(%))

VEE YEE

= —Y< ) (—1)\11#\1'(&11(9)))

YEE

i (OIC)

as desired. L]
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Chapter 3

Hopf Submonoids of SF

There are many collections of grounded set families such as simplicial complexes that are com-
monplace in the study of combinatorics. We will see that many of these collections give rise to

Hopf submonoids of SF.

Remark 3.1. Suppose X is a subspecies of SF and that (%, E) € X[E]. We need to keep in mind
that (.#,E) may have phantoms in which case Jpc # F is a proper subset of E. For example
we shall see that simplicial complexes form a Hopf submonoid called Simp in which Simp|[E] is

spanned by simplical complexes whose vertex set is a subset of E.

3.1 Accessible Set Systems (Acc)
Definition 3.2. A set family (%, E) is called accessible if for each non-empty X € .% there is an
element x € X such that X — {x} € .Z.

It is immediate from this definition that non-empty accessible set systems are grounded.
Proposition 3.3. If .7 and &4 are accessible set families, then ¥ x4 is a an accessible set family.

Proof. Suppose there is a non-empty set X = FUG € .% ¥ where F € % and G € 4. Then
without loss of generality F # () and therefore using the accessibility of .# it follows that there is

an x € S such that F — {x} € #. Hence X — {x} € # ¥ and .% *¥ is accessible. O

Proposition 3.4. If (.7 ,E) is an accessible set family and A C E, then F |4 and .F | 4 are accessible

set families.
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Proof. Suppose that X € F |4 with X # 0. Then X = X' N A for some non-empty X' € .Z. It

follows that there is an x € E such that Y’ = X' — {x} € .#. Eitherx € A orx ¢ A. If x € A, then

YNA=(X'—{x})NA=X—{x} € Za.

If on the other hand x ¢ A, then

YNA=(X'—{x})NA=X"NA#0.

In this case we can apply accessibility to Y’ since Y’ # @ and repeat the above argument until we

obtain an element z € A in which case

Y' —{zhHhnNA=X"—{z}))NA=X —{z} € F|a.

We have therefore verified that .% |4 is an accessible set system.
If X € # /4, then X NA = (. Further if X is non-empty, then there is an x € E such that
X —{x} € Z. Since X — {x} C X and X NA = 0, then it follows that (X — {x})NA = 0 implying

X —{x} € .# /4. Therefore .% /4 is an also an accessible set system. O

Corollary 3.5. The subspecies Acc spanned by accessible set families is a Hopf submonoid of SF.

3.2 Set Systems Closed Under Intersection (Int)

Definition 3.6. A set family (.#,E) is closed under intersection if for every X,Y € .Z it follows

that XNY € .%.

Proposition 3.7. If .7 and &4 are set families (with disjoint ground sets) closed under intersection,

then ¥ x4 is a set family closed under intersection.

33



Proof. If X,y € .# %%, then there exist F,F, € . and G|,G, € ¢4 such that X = F; UG/ and

Y = F, UG>. It follows that

XNY = (FUG)N(RUG,)
= (A NEKR)U(GINK)U(FING)U(GING,)
= (FNR)U(GINGy) €. 9.
[

Proposition 3.8. If (F ,E) is a set family closed under intersection and A C E, then 7 |y and F |z

are also set families closed under intersection.

Proof. Suppose X,Y € F|4. Then X =X'NA and Y =Y’ NA for some X', Y’ € .7. Therefore

XNY =X nNnA)NY'NnA)=X'NY)NA € F|a.

Next suppose X,Y € % /4 C.%. Then X NA = 0 and likewise ¥ NA = (. Therefore

(XNY)NA=(XNA)N(YNA)=0.
Therefore X NY € .7 /4. O

Corollary 3.9. The subspecies Int spanned by grounded set families closed under intersection is

a Hopf submonoid of SF.

3.3 Set Systems Closed Under Union (Union)

Definition 3.10. A set system (%, E) is closed under union if for every X,Y € .7 it follows that

XUY € &#.
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Proposition 3.11. If .7 and 94 are set families closed under union, then .7 x4 is a set family

closed under union.

Proof. If X,Y € ¥ x4, then there exist Fi,F, € .% and G|,G, € 4 such that X = F; UG, and

Y = F, U G,. Considering the union

XUY =(FUG)U(FRUGy)=(FlUR)U(G1UG)).

Therefore % * ¥ is closed under union. O]

Proposition 3.12. If (% ,E) is a set family closed under union and A C E, then % |4 and .F | 4 are

also set families closed under union.

Proof. Suppose that XY € % |4. Then X = X'NA and Y =Y’ NA for some X', Y’ € .7. Therefore

XUY =X'NnA)U(Y' NA) = (X'UY)NA € Z|a.

Next suppose X,Y € .# /4 C.%. Then XUY € .% and

(XUY)NA=(XNA)U(YNA)=0

which implies X UY € . /4. O

Corollary 3.13. The subspecies Union spanned by grounded set families closed under union is a

Hopf submonoid of SF.
Recall that a set family (E,.%) is a topological space if
1. 0.E € 7,

2. given a collection {Fy } C .Z, then UFy € .7,
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3. and given a finite collection {Fy } C .%, then NFy € .%.

The elements of .% are called the open sets of the space. If E is a finite set and (.#,E) is a
topological space, then we call (%, E) a finite topological space. Further finite topological spaces
on a set E are equivalent to the sublattices of the boolean lattice of E. As such a finite topological
space is a set family that is closed under intersection and union. Using the fact that the intersection
of two Hopf submonoids is a Hopf submonoid it follows that topological spaces span a Hopf

submonoid of SF.

Corollary 3.14. The subspecies Top of finite topological spaces is a Hopf submonoid of SF. Fur-

ther Top is a Hopf submonoid of Int and Union.

Due to phantoms we need to be aware that Top[E| contains more than just finite topological
spaces on E, but instead contains finite topological spaces on subsets of E. For example consider

E ={x,y} and % = {E,0}. Then (.#,E) € Top|E]. Taking S = {x} and T = {y} we obtain

(Z,E)|s=(S,{S,0}) and

(}:E)/S = (T, {@})

Notice that the restriction gives a topological space on S and yet the contraction fails to give a
topological space on T'.
3.4 Simplicial Complexes (Simp)

Definition 3.15. A simplicial complex is a set family (.%,E) such that if X € .# and Y C X, then

Yes.

This definition of simplicial complexes allows for the possibility of phantom vertices. By

adding the requirement that {x} € .% for each x € E as some sources require we would still be able
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to form a perfectly valid Hopf submonoid of simplicial complexes. We will consider the former

definition to maintain consistency with the other Hopf submonoids that are discussed.

Proposition 3.16. The subspecies Simp spanned by simplicial complexes is a Hopf submonoid of

SF.

Proof. We first show that if .% and ¢ are simplicial complexes, then so is .# *%. We know that
0 € F %%, thus it remains to show that X € .7 *¥ implies Y € .% ¥ for all Y C X. We know that
X=FUGforsome F €.% and G € ¥4. Since Y C X, it follows that Y = F' UG’ for some F/ C F
and G’ C G. Hence Y € .7 x¥. Thus simplicial complexes are closed under taking join.

Next suppose we have a simplicial complex .# with ground set E and A C E. To show that
simplicial complexes are closed under restriction and contraction we make use of the following

fact.

Ty ={FeF FNA=0}

Z{FQAZFGﬁ}Zgu.

Thus it suffices to show that .% /4 is a simplicial complex. Suppose X € .% /4 and Y C X. Then
YCXCAandY € .7 in which case Y € .% /4 as desired. Therefore simplicial complexes form a

Hopf submonoid of SF. [
A consequence of the above proof is that Simp is cocommutative.
Proposition 3.17. Simp is the universal cocommutative Hopf submonoid of SF.

Proof. We have already seen that cocommutativity holds in Simp. Suppose that Z is a cocom-

mutative Hopf submonoid of SF and that .% € Z[E]. Further suppose that X € .# and Y C X.
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Then Y € F|y =.% /3. Hence Y € % and as a result .% is a simplicial complex. Therefore

Z C Simp. ]

3.5 Matroids (Mat)

There is also a Hopf submonoid of SF whose underlying species is spanned by independence
complexes of matroids. The Hopf structure of this Hopf submonoid is different from the more

familiar Hopf monoid of matroids defined in §1.5.

Proposition 3.18. The subspecies Mat spanned by matroid independence complexes is a cocom-

mutative Hopf submonoid of SF.

Proof. Suppose (-4, E) is a matroid independence system and A C E. Since Mat is a subspecies
of Simp it suffices to show that the restriction and join operations produce matroids. The operation
of restriction corresponds to matroid restriction and join corresponds to taking the direct sum of

matroids [15, Prop. 4.2.12]. ]

Remark 3.19. It is worth noting that Mat is a cocommutative Hopf monoid unlike the non-
cocommutative Hopf monoid of matroids given by Aguiar and Ardila in [1]. Also note that the

loops of a matroid are the phantoms of the matroid independence complex.

3.6 Boolean Lattices (Bool)

If (Z,FE) is a matroid, then x € E is a loop if x appears in every basis. Similarly x € E is a coloop
if x appears in no basis. A Boolean lattice is a set family of the form B = (2 E) where F C E.
The set family B is the independence complex for the matroid that has |F| coloops and |E| — |F|

loops.

Proposition 3.20. The submonoid Bool spanned by Boolean lattices (considered as set families)

is a Hopf submonoid of SF.
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Proof. Since Boolean lattices are the matroid independence complexes of simplices, Bool C Simp
and hence it is only require to show that Boolean lattices are closed under taking joins and restric-
tions. To that end consider the Boolean lattices (27, E1) and (2’,E;) such that I C E; and J C E;

where E1 N Ey = 0. Then

2'42) ={AUB:ACI,BCJ}

={C:CCIUJ}

— 2]UJ

Similarly if A C E;

|y ={BNA:BCI}

—{C:CcANI}

— 2IﬂA.

Therefore Bool is a Hopf submonoid of SF. [

3.7 Antimatroids (AMat)

Definition 3.21. An antimatroid is an accessible set family (.%,E) that is closed under taking

unions.

Definition 3.21 is the most convenient characterization of antimatroids for showing that they
form a Hopf submonoid of SF, but that definition does not satisfy the desire to know what relation

antimatroids have to matroids. This requires a bit of a cryptomorphismological journey.
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Figure 3.1: A visualization of the anti-exchange axiom.

Given an antimatroid (.% , E) consider the set system

(9,E)={E\F:F ¢ 7).

The set family ¥ is is called a convex geometry and the sets in ¢ are referred to as convex sets.
Since the convex sets are complements of sets of the antimatroid it follows that convex sets are
closed under intersection. Further given a convex set C # E there is an x € E such that CU {x} is

a convex set. We can equivalently define a convex geometry in terms of a closure operator.

Definition 3.22. A closure operator is a map cl : 2F — 2F such that for S € 2F and T C § the

following are satisfied:
e SCcl(S),
o cl(T) Ccl(S),
e cl(cl(S)) = cl(S).

The resulting collection of closed sets from a closure operator is closed under intersection, but
a set family of closed sets in general lacks the second property required for a convex geometry.
For that we require the anti-exchange axiom. The anti-exchange axiom states that if y,z € E \ cI(S)

with y # zand z € cl(SU{y}), then y ¢ cl(SU{z}).
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Given a closure operator that satisfies the anti-exchange axiom and a closed set S, then we can
place a partial order on the elements of E not in cl(S) for which x <y if x € cI(SU{y}). If x is
a minimal element in this poset, then SU {x} is closed. In other words, when S # E there is an
x such that SU {x} is closed. Thus closed sets of a closure operator satisfying the anti-exchange
axiom are convex sets and form a convex geometry. Hence the complements of these closed sets
form an antimatroid.

The name antimatroid comes from the anti-exchange axiom acting in an analogous way to a
similar axiom for the rank function definition of matroids. Another reason for the name antimatroid
is that antimatroids are greedoids that satisfy the interval property without lower bounds whereas

matroids are greedoids that satisfy the interval property without upper bounds.
Definition 3.23. The set family (.#,E) is a greedoid if it satisfies the following conditions:

1. If X € .Z is non-empty, then there exists x € X such that X \ {x} € .Z.

2. If X,Y € % with |X| > |Y|, then there exists x € X \ Y such that Y U {x} € .Z.

Definition 3.24. Suppose that (%, E) is a greedoid and that F,G,H € ¥ with F CG C H. (% ,E)
is said to be a greedoid satisfying the interval property if for any x € E \ H such that FU{x},HU

{x} € Z, then it is the case that GU {x} € .Z.

Definition 3.25. Suppose that (%, E) is a greedoid and that G,H € .% with G C H. (% ,E) is said
to be a greedoid satisfying the interval property without lower bounds if for any x € E \ H such

that HU {x} € .%, then it is the case that GU {x} € .Z.

Definition 3.26. Suppose that (.#,E) is a greedoid and that F,G,H € .# with F C G. (% ,E) is
said to be a greedoid satisfying the interval property without upper bounds if for any x € E\ G

such that F U {x} € .Z, then it is the case that GU {x} € .Z.

From this we see that matroids and antimatroids share some kind of not quite duality. A sur-
vey paper by Dietrich covers some of the parallel results between both objects[6]. For further

information on antimatroids and greedoids [3] and [11] are recommended.
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Proposition 3.27. The subpecies AMat spanned by antimatroids is a Hopf submonoid of SF.

Proof. Since AMat = Acc N Union it follows that AMat is a Hopf submonoid of SF. [

We might ask whether or not the subspecies spanned by convex geometries is a Hopf sub-
monoid of SF. Consider .# = {0,1,2,3,12,23,123} € SF|[3]]. Then the contraction .% /; is not
a convex geometry. Hence it follows that the subspecies spanned by convex geometries does not

form a Hopf submonoid of SF.

Remark 3.28. It should be noted that White has a Hopf monoid on antimatroids [21, §6.5]. The
Hopf monoid AMat shares the same product operation, but differs in the coproduct. Notably the
tensor factors of the coproduct in White’s monoid will yield antimatroid minors whereas this is not

always the case in AMat.

3.8 Lattices of Order Ideals (LOI)

Finally we consider the subspecies LOI of SF spanned by the lattices of order ideals of posets, i.e.,
set families of the form (J(P),E) where P is a poset with P C E. We will show that LOI is a Hopf

submonoid of SF. In following chapters LOI will be a primary focus for our work.

Lemma 3.29. I[fA C P, then J(P|4) = J(P)|a, i.e.,

{I : 1 is an order ideal of P|s} = {INA:1€J(P)}

Proof. Suppose that I = (xy,...,x;) € J(P|a). Then consider [ = (xi,...,x;) € J(P). It follows
that INA =1¢€ J(P)|a.

Conversely if I € J(P)|4, then I = INA for some I € J(P). If p € I and ¢ € A with g <p p, then

it follows that g € I and thus that g € I. thus [ is an order ideal of P|4. [

Lemma 3.30. Suppose P and Q are disjoint posets. Then J(P+ Q) = J(P) xJ(Q), where + is

disjoint union of posets.
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Proof. Suppose that P and Q are disjoint posets and consider I € J(P+ Q). If I ¢ J(P) *J(Q), then
without loss of generality there exist x € P and y € Q such that x,y € I and x <p_ ¢ y. This cannot
happen due to the definition of P+ Q. Thus I = M UN where M € J(P) and N € J(Q) and hence
I€J(P)*J(Q).

Conversely suppose I € J(P)*J(Q). Then =M UN where M € J(P) and N € J(Q). If x € I,
then without loss of generality x € M. Therefore if y < x, then y € M and hence y € I. Thus

IeJ(P+Q). O
Proposition 3.31. The subspecies LOI is a Hopf submonoid of SF.

Proof. Let P,Q be posets, so that (J(P),E) and (J(Q), F) are set families on ground sets E and F
respectively. Thus P C E and Q C F as sets. First, upo((J(P),E)® (J(Q),F)) = (J(P)*xJ(Q),EU

F)=(J(P+Q),EUF). Second, let E = ALIB (as sets). Then

Asp(J(P),E) = (J(P)|a,A) ® (J(P)/a,B)
= ({INA: T€J(P)},A)® ({I€J(P):1C B},B)

=({INA: 1€J(P)},A)®({I€J(P):INA=0},B)

By Lemma 3.29, the left tensor factor is (J(P|4),A). For the right term, consider P restricted to the

set

B={xe€B:x#y VycA}.

Note that B is the complement of the order filter generated by A. Suppose that € J(P|3) and
consider the ideal I = (I)p. Suppose that there is some x € I'N (B '\ B); then (since x ¢ B) there is

some y € A such that y < x, but (since x € I) we have y € I. But then /N A # (0, which contradicts
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the definition of B. Thus it must be that /N (B\ B) = 0, i.e., [ = I. It follows that

J(Pl3) C{I€J(P):INA=0}. (3.1)

Conversely if 1 is an order ideal of P that doesn’t intersect A, then any element x € I must be in B.
If not, then (x) NA # 0, but (x) C I a contradiction since / VA = 0. Thus equality holds in (3.1),

and therefore the right term of the coproduct is also a lattice of order ideals. Hence

A p(J(P)) = (J(P[a),A) @ (J(P|3),B)

and LOI is a Hopf submonoid of SF. [
Corollary 3.32. LOI is a Hopf submonoid of AMat.

Proof. Suppose P is a poset. If I,I' € J(P), then IUI' € J(P). Further if I € J(P) where I # 0,
then a generator x € I can be removed and 7\ {x} € J(P). Thus by Definition 3.21, J(P) is an

antimatroid. L]

Suppose A C E. Then A is called free if % |4 = 24. A circuit is a minimal non-free set. That
is to say that A C E is a circuit if . |4 # 24, but .7 | = 28 for every proper subset B C A. Given
a circuit C C E we say that a € C is a root of C if F|c =2¢\ {{a}}. Every circuit has a unique
root[3, §8.7.C]. Given a circuit C with root a we denote the rooted circuit by the pair (C,a). An
antimatroid is determined by its collection of rooted circuits. In the language of antimatroids the
set family (J(P),P) is known as the poset antimatroid of P. Using circuits we can determine

exactly when an antimatroid is a poset antimatroid.

Proposition 3.33 (Refer to [ 11, Corollary 3.10]). An antimatroid is a poset antimatroid if and only

if all of its circuits have cardinality 2.
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3.9 The Hierarchy of Hopf Submonoids

We end this chapter by ordering the Hopf submonoids of SF by inclusion. Figure 3.2 illustrates the
relationships shared by the various Hopf submonoids mentioned in this chapter. Set families gain
additional structure as we descend down the hierarchy of Hopf submonoids. It should be noted
that there are many more Hopf submonoids than those listed in this chapter. For example we know
that Int N Acc is a Hopf submonoid of SF that properly contains Simp and LOI.
SF
Int Acc  Union

| X

Simp Top Amat

N

Mat LOI

NI

Bool

Figure 3.2: Hopf submonoids of SF
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Chapter 4

A Cancellation-Free Antipode Formula for LOI

In this section, we derive a cancellation-free formula for the antipode of LOI, using the topolog-
ical approach of [1]. Before starting down this road it is vital that we keep in mind phantoms.
Specifically, an element (J(P),E) € SF|[E] consists of a poset P whose underlying set is a subset
of E. The elements of E that don’t appear in P are phantoms. Proposition 2.4 tells us that we
can first derive a cancellation-free formula for phantomless elements of LOI and then account for

phantoms afterwards.

Definition 4.1. Let P be a poset and (J(P),E) € SF|E], and ® |= E. An element x € E is betrayed
(with respect to P and ®) if there exists y € E such that y <p x and y < x. The set of betrayed
elements in ®; will be denoted B(®;), and we put B(®) = |J; B(P;). Evidently B(®) "Min(P) = 0,

where Min(P) denotes the set of minimal elements of P.

The reason for saying that y “betrays” x is that y is below x in the order given by P, yet jumps

in front of x in P.

Proposition 4.2. Suppose P is a poset and suppose that ® = ®y|...|D,, = P. Then

Ag(J(P),P) = ®(J(Ki)7q)i)

where K; is the restriction of P to ®; \ B(®;).

Here and subsequently, the notation (J(P), P) specifies that the underlying set for the set family

J(P) is just the underlying set of the poset P (rather than a superset of it). That is, there are no
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phantoms.

Proof. By iterating coproduct, we see that the i* tensor factor is the set family

(4%,(1)0 :{IﬂCDiZIEJ(P) andlﬂ(CIDIU---UCIDi,I) :(D}

Suppose that I € .%;; then I = IN®; for some [ € J(P) and IN (P U---UP; ) = 0. Therefore
x € I implies y £p x for y € ®;U---UD;_ 1, for otherwise /N (P U---UD; 1) # 0 since y €
IN(®;U---UD;_1). Thus x € K; and consequently, I € J(K;).

Conversely suppose that I = (x1,...,x,) € J(K;). Let [ = (x1,...,x,) € J(P); then [ = IN®;
by Lemma 3.29. Since the generators x; all belong to K;, it follows that In (P1U---UP;_1) =0.

Thus I € .%;. O

Applying g to the formula of Proposition 4.2, we obtain the following equation in SF[P]:

Ho (Ao (J(P),P)) = (J(K1),®1) * -+ (J(Ki), Prm) = (J(Ki + -+ Kin), P). 4.1)

(Here the operator * indicates the join of the (J(K;),®;) as set families, which is equivalent to
the product of the J(K;) as lattices.) Equation (4.1) asserts that every term in the antipode has the
form (J(Q),P), where Q = K| + - + Ky, and K; = P|g, (o, for some ® |= P. In particular, each

(Hasse) component of Q is contained in some block of ®. Note that the betrayed elements have

become phantoms.

Definition 4.3. Let P be a poset. A fracturing Q of P is a disjoint sum of induced subposets of P.
We require only that Q C P as sets, not that Q = P. The support system of (J(Q),E) with respect
to (J(P),E) is

Supp(Q) = Supp;(Q) = {® =E : pao(Aa(J(P),E)) = (J(Q),E)}.
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The previous discussion implies that Comp(E) is the disjoint union of the sets Supp5(Q), as
Q ranges over all fracturings of P. The fracturing Q is called good if Supp5(Q) # 0; we write
Good(P) for the set of all good fracturings of P. Observe that Good(P) depends only on P, not on
E.

Proposition 4.2 implies that

® c Supps(Q) = B(®) =P\ Q (as sets). 4.2)

In particular, every good fracturing must contain Min(P) as a subset.

Example 4.4. Let P be the poset on E = {1,2,3} with relations 1 < 3,2 < 3. The antichain Q on
{1,2} is a good fracturing of P, with Suppk(Q) = {1|3]2, 1|23, 1]2|3, 12|3, 2|1|3, 2|31, 2|3|1}.
The corresponding subfan of the braid arrangement is shaded in Figure 4.1. This example illus-

trates that || SuppZ(Q)|| need not be a convex fan.

1132

312|132

123
123+
------------- 312 ]---52 3
3211 |23)1 21113

2/3]1

Figure 4.1: A (non-convex) example of || Supp%(Q)|.

Observe that
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SUP),E) =Y, (—1)*lusAs(J(P),E)

PEE
1)/E\P Z 1)® uoAg(J(P),P) (by Prop. 2.4)
OEP
=(-DEY Y .| Y (—pe. (4.3)
Q€Good(P) PeSupph(0)

In particular, the coefficient ¢y can always be computed in terms of set compositions of (the un-
derlying set of) P, rather than some superset including phantoms. As in [1, §7], we will compute
the coefficients cg by regarding them as the “relative Euler characteristics” of subfans of the braid
fan. The geometry is more complicated than the situation of [1], since these fans are not always

convex.

Proposition 4.5. Let Q be a good fracturing of P. Then ® € Suppg(Q) if and only if the following

conditions all hold:

Vx,y€Q: y<gx = X~o); 4.4)
VxeQ:VyeQ: y<pxandyZ£ox = x<oY; 4.5)
VxeQ: VyeP\Q: y<px = x<o); (4.6)
VyeP\Q: IxeP: x<pyandx<g)y. 4.7)

Proof. Suppose @ € Supph(Q). By Proposition 4.2, each component of Q is contained in some
block of @, implying (4.4). By (4.2), B(®) 2 P\ Q, which is equivalent to (4.7); and B(®) C P\ O,
which implies (4.5) and (4.6).

Conversely, suppose that ® |= P satisfies (4.4)—(4.7). Let Q' be the good fracturing of P such
that ® € Supp(Q’). First, we claim that B(®) = P\ Q. The inclusion B(®) D P\ Q is just (4.7).

49



For the reverse inclusion, if x € B(®) N Q, then there exists y € P such that y <p x and y <¢ x.
If y € P\ Q then (4.6) fails, while if y € Q then (4.5) implies y <¢ x, but then x ~g¢ y by (4.4), a
contradiction, so the claim is proved. In particular, Q' = Q as sets. By (4.4), every relation in Q is
a relation in Q'; conversely, if y <g X, theny <pxandy ~¢ x, so (4.5) implies y < x. Therefore,

0=0. O

As mentioned earlier, our goal is to calculate the “Euler characteristic” of the fan || Supp5(Q)||.
By condition (4.4), || Supph(Q)|| is contained in the subspace Vp C RIPl defined by equalities
x; = x;j whenever i, j belong to the same component of Q; the dimension of this subspace is u +k,
where u is the number of components of Q and k = |P\ Q|. Observe that condition (4.7) gives rise
to a disjunction of linear inequalities rather than a conjunction, which is why || Supp5(Q)|| need
not be convex (q.v. Example 4.4). Accordingly, our next step is to express || Supph(Q)|| as a union

of convex fans.

Definition 4.6. Let Q be a fracturing of P. A betrayal function is a map 3 : P\ Q — P such that
B(b) <p b for every b € P\ Q. Observe that Q has a betrayal function if and only if Q D Min(P).

Let

Suppj(Q) = {® € Suppp(Q) : B(b) <w b Vb€ P\ Q}.

Applying Proposition 4.5, we see that Suppg (Q) consists of set compositions @ € Supph(Q) sat-
isfying (4.4), (4.5), (4.6), and
Vbe P\Q: B(b) <eb. (4.8)

Observe that || Suppg (Q)]] is a convex subfan of the braid arrangement for every 3: for each
b € P\ Q, the disjunction (4.7) has been replaced by a single inequality. Moreover, Supph(Q) =

Up Suppg (Q), though in general this is not a disjoint union.

Proposition 4.7. Let Q be a good fracturing of P and 3 a betrayal function for Q. Then || Suppg Ol

is homeomorphic to R“**, where u is the number of components of Q and k = |P\ Q.
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Proof. The affine hull of || Suppg(Q)H is defined by the linear equalities (4.4), hence has one
degree of freedom for each component of Q and each element of P\ Q. The inequalities given by
(4.5), (4.6), and (4.8) define || Suppg (Q)|| as a convex open subset of its affine hull. The conclusion
follows by [8]. U]

Example 4.8. Recall the poset P and good fracturing Q of Example 4.4. In Figure 4.2, each face
of Supph(Q) is colored green, blue, or red, depending on whether 3 € P is betrayed by only by 1,
only by 2, or by both 1 and 2. There are two betrayal functions S, 3, : {3} — {1,2}, given by
Bi(3) =i. Thus || Supplgl (Q)]| is the subfan consisting of the green and red faces, and || Suppg2 9l

consists of the blue and red faces. Observe that both subfans are convex.

1132

32 |132

------------- 312 ]2

3211|231

2[3]1

Figure 4.2: An example of || Suppg(Q) I|.

In order to understand the support of S(J(P),P), we need to know which fracturings are good.
The following definition and proposition give a usable criterion for goodness, together with a way

of constructing explicit elements of Supph(Q) for a fracturing Q.

Definition 4.9. Let Q be a fracturing of P with (Hasse) components Qy,...,Q,. The conflict

digraph Conp(Q) of Q is the digraph (directed graph) with vertices {Q1,...,Q,} and edges
{Qi — Q;j: i # jand there existx € Q; and y € Q; such that y <p x}.

Example 4.10. Consider the poset P={1<2<3,4<5<6,1<4,2<5,3 <6} and the fracturing
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whose components are the induced subposets Q1 = {4}, 0> = {1 <2 < 5}, Q3 = {3 < 6}. Then
Conp(Q) is the digraph with vertices Q; and edges Q> — Q», Q2 — Q1, @3 — s, and Q3 — Q.

Figure 4.3: P and Conp(Q).

Observe that Q cannot be a good fracturing. For any set composition ® |= [6] satisfying (4.4),
either 4 betrays 5, or 1 betrays 4, or {1,2,4,5} is contained in some block of ®, in which case
Uo(Ap(P)) includes the relations 1 < 4 < 5. This obstruction to goodness is captured by the
antiparallel edges between Q; and Q; in Conp(Q). In fact, cycles in Con(Q) form obstructions to

goodness, as we now explain.

Definition 4.11. Let P be a poset. An acyclic fracturing Q of P is a fracturing of P such that the
conflict digraph Conp(Q) (see Definition 4.9) is acyclic; we write Acyc(P) for the set of all acyclic

fracturings of P.

Proposition 4.12. Let Q be a fracturing of P with components Q1,...,Q,. Then Q is a good

fracturing if and only if Q O Min(P) and Q is an acyclic fracturing.

Proof. (=) Suppose that Q is a good fracturing, and let ® € Suppg(Q). We have observed in
Definition 4.3 that Q D Min(P). Now, suppose that Conp(Q) contains a cycle, which we may take
tobe Q1 — --- — Qs — Q1. Then there are elements xp,...,Xs,y1,...,ys of P\ Q, with x;,y; € Q;
and x; <py;1 forall j (taking indices mod s). For each j, since x; does not betray y; 1, it follows

that Q; C CIDrj and Q1 CP where rj 1 <rj <m.Butthenri >ry > --- > r, > ry, so all the

er s
ri are equal (say to r) and Q1 U---U Qs C ®,. By Proposition 4.2, x; <¢g y;1 for all j, but then
the Q; are in fact identical. So the cycle is a self-loop, which is prohibited in the construction of

Conp(Q). We conclude that Conp(Q) is acyclic and thus Q is an acyclic fracturing.
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(<= Suppose that Q D Min(P) and that Q is an acyclic fracturing, i.e., Conp(Q) is acyclic.
As observed in Definition 4.6, the first assumption implies that Q admits a betrayal function .
Acyclicity of Conp(Q) implies that there is a well-defined preposet Og(Q) on [n] with equivalence

classes {Q1,...,0,}U(P\ Q) and relations

Qj <b whenever B(b) € Q;; (4.9a)

Qi < Q; whenever Q; — Q; is an edge in Conp(Q). (4.9b)

Let ® € £ (0g(Q)). Thatis, @ is a linear preposet with the same equivalence classes that contains
the relations (4.9a) and (4.9b). The conditions (4.9a) imply that P\ Q C B(®), while the condi-
tions (4.9b) imply the reverse inclusion. Moreover, the posets K; of Proposition 4.2 are precisely
the components of Q. Therefore U (Agp(P)) = Q, i.e., ® € Supph(Q), and now (4.9a) implies that
in fact ® € Suppf;(Q). O

Remark 4.13. The components Q' of a good fracturing Q have a notable property: if x,y € Q',
z€Q,and x <pz<py,thenzec Q. (In poset terminology, each Q' is interval-closed as a subposet
of (Q,<p).) Indeed, let 3 be a betrayal function and let ® € £(0p(Q)). If z Z B(P). Let P; be
the block of ® containing z and ®; be the block of ® containing x and y. It is not the case that

i < j (when z betrays y) or that i > j (when x betrays z), so i = j, and it follows that z € Q.

Proposition 4.14. Let P be a poset, let Q € Good(P), and let 2 be the collection of all betrayal

functions B such that Suppg (Q) # 0. Then Bﬂ%SuppE (Q) #0.
€

Proof. Let D be the digraph (V; UV, E; UE, UE3), where V) = {Qy,...,0,} and V, = P\ Q, and

E1={Q;— Q;: i # j and there exist x € Q; and y € Q; such that y <p x},
Ey={b—b: bb cP\Qandb<pb'},

E3;={Q; —b: be P\Q and there exists x € Q; such that x <p b}.

53



It suffices to show that D is acyclic, for then every linear extension of D belongs to ) Suppll; (Q).
BeR

Indeed, the subdigraph (V},E}) is just the conflict digraph Conp(Q), which is acyclic by Proposi-

tion 4.12, and the subdigraph (V», E»), is the transitive closure of the poset P\ Q. Moreover, every

edge in E3 points from V) to V,. Thus D is acyclic as desired. 0

Theorem 4.15. Let P be a finite poset, so that J(P) € LOI[P|. Then the antipode of J(P) in LOI

is given by the following cancellation-free and grouping-free formula:

SUP)P)= Y, (~1)@HRC((0).P)

Q€Good(P)

where ¢(Q) is the number of components of Q.

Proof. Recall from (4.3) that

where

co= Y, (=Dl

PeSupph(Q)
Fix a good fracturing Q, and abbreviate u = ¢(Q) and k = |P\ Q|. Recall that Supph(Q) =

U Suppg (Q), where 4 is the set of all betrayal functions for Q. For o C 4, define
Bes

Yy =Yy 0= () Suppj(Q).
Beo/

By inclusion-exclusion, we have

co= Y (=Y~ (4.10)
0+ A CHB deY,,

As in the proof of [1, Thm. 7.1], the inner sum can be interpreted as the reduced Euler characteristic
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of ||Y,/|| as a relative polyhedral complex (or equivalently of ||Y,, || NSIPI=2 as a relative simplicial
complex; see §1.2). Since each || SuppE(Q)H is open, convex, and homeomorphic to R“** (by
Proposition 4.7), so is their intersection ||Y||. Thus ||Y.,|| N SII=2 is homeomorphic to an open

ball of dimension u + k — 2, and thus

Y (D) = g(Ye) — 2(9Y) = 2(B*TF) — 2(8* ) =0 — (1)t = (— 1)k,
deY,y,

Substituting into (4.10), we obtain

o
co= Z (_1)\,9/|+1+u+k _ (_1)u+k+1 Z (_1)\ | _ (_1>u+k
04 CA 04 CA

which establishes the desired formula for S(J(P),P). O]

Should the ground set contain phantoms we can use Proposition 2.4 to adjust the antipode

accordingly.

Corollary 4.16. Suppose (J(P),E) has k phantoms. Then

S(U(P)E)) = (=1} ), (~1)@*"Cl((Q),E) (4.11)

QeGood(P)

We will see that in general the antipode formula can be difficult to work with although for some
poset operations like dual and direct sum we will be able to develop formulae. The first tool we

obtain from the cancellation-free antipode formula is a formula for the dual poset P* in terms of P.

Proposition 4.17. Suppose P is a poset and that P* is the dual of P. Then

SU(P),P)= Y (=1)9HR(0),p).
Q€Acyc(P)
Max(P)CQ

Proof. By Proposition 4.12 we see that Q* is a good fracturing of P* if and only if O* € Acyc(P*)
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and Min(P*) C Q*. By taking the dual of each component of Q* we obtain a fracturing Q of
P. Q is an acyclic fracturing (of P) since dualizing each component will reverse the edges of the
conflict graph of Q*. It also follows that Min(P*) C Q and since Min(P*) = Max(P) we can write
Max(P) C Q. Since ¢(Q) = ¢(Q*) and |P\ Q| = |P*\ Q*| we can rewrite the antipode formula

from Theorem 4.15 for (J(P*),P) as

SUP),P)= Y (~1)9TNC(Q),P).
Q€cAcyc(P)
Max(P)CQ

]

Remark 4.18. The duality map ¢ : LOI — LOI given by ¢ ((J(P),P)) = (J(P*),P) is not a Hopf

automorphism or antiautomorphism. It respects the Hopf product (join) and restriction:

o((J(P1),P1) = (J(P2),P2)) = ¢((J(P1 + P»),PIUR,))
=J((P+P)" PIUP) = (J(P{ +P),PIUP)

=((P)),P1) = (J(Py),Ps) = o((J(P1),P)) x p((J(P2), P»)).
and

¢((J(P)[a,A)) = @((J(P|a),A))

= (J(P*[a),A) = (J(P")|a,A) = @(J(P),P)|a.

On the other hand, it does not respect contraction. Consider the zigzag poset Z = {1 < 3,2 < 3,2 <

4}. If A = {2}, then @(J(Z)/4) = J({1}) whereas (J(Z)) /4 = J({3 < 1,4}).

Suppose C, is the naturally ordered chain on [n], so that J(C,) is the chain @ C [1] C 2] C
-+ C [n]. Observe that Min(C,) = {1}, so the good fracturings are disjoint sums of chains Q =

Q1+ -+ Q, such that 1 € Q; and the blocks of Q give a natural set composition ¥ of a subset
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V C [n]. In other words ¥ = ¥|...|¥, =V is such that if i < j with x € ¥; and y € ¥}, then

x < y. As aresult we can write out a cancellation-free antipode formula for C,.

Proposition 4.19. Suppose (J(C,),[m]) € LOI|[[m]]. Then,

SUC) [m]) = (=1 ¥ (=) Y (1) (G, ), W) e # (T (C, W), )
Va Rt

Example 4.20. Suppose P = A,, is the antichain with elements [n]. Then Min(A,) = [n], so the
only good fracturing of A, is A, itself; the components are its singleton subsets. We have u =n
and £k =0, so

S(J(An), E) = (—=1)""P(J(An), E)

where p is the number of phantom elements of (J(A,),E),i.e., |E \ [n]|. Moreover, J(A,) is just
the Boolean algebra with atoms [n], so this formula describes the antipode in the Hopf submonoid

Bool.

Example 4.21. For more complex posets, the family of good fracturings can have complex struc-
ture, making it hard to write down a more concrete formula than that of Theorem 4.15. For instance,
consider the complete ranked poset: a poset P with ground set £ = E; U --- UE, such that every
element in Ej is less than every element in E; 1. (Equivalently, P is an ordinal sum of antichains.)
The posets C, from Example 4.19 are complete ranked posets with E; = {k}.

Let us describe a good fracturing Q = Q1 + - - - + Q,, of a complete ranked poset P. Observe that
Min(P) = E|, thus E; C Q. Moreover, the requirement that Conp(Q) be acyclic naturally induces

a total ordering (with ties allowed) on the components of Q, as we now show. Define

a,-:min{k: Q,-ﬂEk;A(Z)}, b,-:max{k: QiﬂEk#w}.

Evidently a; < b; for all i. Moreover, it cannot be the case that both a; > b; and a; > b;, or else Q;
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and Q; would form a 2-cycle in the conflict digraph Con(Q). Therefore, either

aigbigaj<bj or Clj<bj§ai§bi-

(Conversely, every fracturing Q that admits such a relation on its components is acyclic.) There-
fore, we have a complete transitive relation on the pairs (a;,b;), which we may as well assume is
the natural ordering.

Pictorially, consider a u x n rectangular grid in which the box in position (i, j) is shaded in if
and only if Q; N E; # 0. The shading pattern is a ribbon: no square is strictly southwest of any
other. Columns other than the first are allowed to be empty, but rows must be nonempty. (See
Figure 4.4 for an example.) Each ribbon diagram gives rise to many good fracturings, determined
by filling each box in the kth column of the ribbon with one or more elements of Ej (using no
element more than once, and using all elements of £). The antipode of P can thus be expressed

as a sum over such fillings.

E, £, E5 E4 Es Eg

(0
(0))
03
04
Qs
(0

Figure 4.4: Distributing elements of P into a good fracturing.

It appears to be very difficult to give a self-contained description of good fracturings of posets

that are not complete ranked.

Example 4.22. For a non-complete-ranked-poset the situation is harder to work out. The smallest

example is the zigzag poset P (see Figure 1.1).
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If we look at the 15 good fracturings of P (Figure 4.5) we see that the situation is a bit messier
than Example 4.21. Since 3 has two potential betrayers and 4 has only a single potential betrayer
intuition would suggest that 3 should be betrayed more often. But looking at the fracturings that
appear, 3 is betrayed in only 3 cases whereas 4 is betrayed in 5 cases. If we look on the level of
ordered set partitions our intuition is rewarded. For 41 of the 75 ordered set compositions 3 is

betrayed whereas 4 is betrayed in only 31 of the 75 ordered set compositions.

U 0,0 &0 8,0 2,0 &

21 5

oA NnENA AR nERa MR AR P

1 3

Figure 4.5: The good fracturings of P. The cardinality of Supplli(Q) is given in the bottom right
corner of each box.

4.1 Ordinal sums

As we saw in Example 4.22, working out the good fracturings of a generic poset can be messy.
To that end it will be of service to have ways to deal with some of the common structures that
appear in posets. Recall that the ordinal sum P, @ By of two posets P, and By; is constructed from
Py + B by adding the relations x < y for all x € B, and y € B,;;. It turns out that we can classify a
good fracturing Q of the ordinal sum into one of two cases. Before doing so we have to introduce
a new type of fracturing. Further we will assume unless otherwise stated that we are working with

(J(P),P) since we can use Corollary 4.16 to adapt any results in the case where phantoms exist.
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Definition 4.23. Let Q be a good fracturing of P = P, @ F,;. First, we say that Q is pure if
O = Qo + Ohi, Where Qy, is a good fracturing of P, and Qy; is an acyclic fracturing of A;. (That
is, every component of Q is a subposet either of P, or of B,;.) Second, we say that Q is mixed if it
has a component H such that H N P, # 0 and H N By # 0. In this case H is a hybrid component.
Note that Q can have at most one hybrid component, since any two such would form a 2-cycle in
the conflict digraph, so we may write Q = Qj, + Oni + H, where Qy, (resp., Opi) is the subposet

consisting of components contained in P, (resp., Ohi).

Evidently every good fracturing is either pure or mixed, so

SUP)P) = Y. (~1)@RC((0).P)

0<Good(P)
= Y ()@ + Y (-1)e@tnel(g).p)
pure O mixed Q

where as before ¢(Q) is the number of components of Q.

Proposition 4.24 (Classification of pure fracturings). Let P = P, & By; where P, # 0. Then

Z (_I)C(Q)HP\Q\(](Q)’p) =S(J(Po),Po) * Z (= 1)@ B\l (( 0y, By ).
pure Q Oni€Acyc(Pi)
(4.12)
Proof. If Q is pure, then Q = Q), + Oni Where Oy, is a good fracturing of P, and Qy,; is an acyclic
fracturing of By;. The conflict digraph Conp(Q) is formed from the acyclic digraph Conp,_(Qjo) +

Conp, (Ohi) by adding edges from every component of Qy; to every component of Qy,, but not vice

versa (see Figure 4.6); in particular it too is acyclic. Moreover, Min(P) = Min(P,,), so Q is in fact
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a good fracturing of P. Therefore

Z <_1)C(Q)+|P\Q|<J(Q),P)

pure O
- Z Z (— 1)C(Q10+th)+|(ﬂouﬂqi)\(QloUQm)\ (J(Qio + Ohi), Po U Phi)
010€G00d(Po) Ohi €Acyc(Fhi)
= Z Z (_1)C(Qlo)+C(th)+\Plo\QloH\Pm\Qhﬂ (J(Q1o), Po) * (J(Oni), Pii)

Oni€Acyc(Ryi) Q10€Good(Ry)

= Z (—1)<(ni)+Fi\Oni Z (—1)¢(@0)+R\ol ((Q1), Bo) * (J(Oni), Pri)
Oni€Acyc(Byi) Q10€Good(Fy)

=S(J(Py),Po) * Z (_1)C(th)+|ﬂ1i\th‘ (J(Oni), Poi)- o
Oni€Acyc(Fy)

Figure 4.6: The conflict graph of a pure fracturing.

Proposition 4.25 (Classification of mixed fracturings). Suppose P = P, ® B is a poset. Further
suppose Q = Q\o + Oni + H is a mixed fracturing of P, as in Definition 4.23. Then Q is a good

fracturing of P if and only if
1. the induced subposet Q|Qmu10 is a good fracturing of Po;
2. the induced subposet Q|QﬂPhi is an acyclic fracturing of By;
3. HN Py, is a order filter in QN Py,

4. HN PR, is a order ideal in QN B;.
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Proof. First note that Min(Q) = Min(P,) C B, N Q. To show that QN P, and Q N By; are acyclic,
observe that we obtain Conp_(Q|pnp,) from Conp(Q) by removing all components whose re-
striction to P, is empty. Thus Conp (Q|pnp,) is isomorphic to a subgraph of Con(Q) and thus
Conp,(Q|onn,) is acyclic. Likewise, Conp,(Q|onn,) is isomorphic to a subgraph of Conp(Q)
and thus Conp_(Q|pnn,) is acyclic. Hence Q|gpnp, is a good fracturing and Q|pnp,; is an acyclic
fracturing of A;.

To show that H N P, is an order filter of Q N Py, suppose that a,b € P, such thata < b,a € H
and b belongs to some component Y of Q. Then Conp(Q) has an edge Y — H. Since HN By # 0
we also know there is an edge H — Y. Since Conp(Q) is acyclic, it must be the case that H =Y
and thus b € HN P,. Hence X N P, is an order filter of Q N PA,. A similar argument shows that
H N PRy 1s an order ideal of QN B;. Thus we have verified that conditions (1)—(4) are necessary for

Q to be a good fracturing of P.

Conversely, suppose Q is a fracturing of P with a unique hybrid component H and that condi-
tions (1)—(4) hold. Since Min(P) = Min(B,) C Qlpnp, C O, we need only show that Conp(Q) is
acyclic.

Consider the induced subdigraphs Gj, = Conp_(Qio) and Gy; = Conp, (Qpi). As subdigraphs
of an acyclic digraph, Gy, and Gy; are acyclic. Furthermore, we claim that Conp(Q) consists of the

disjoint union Gy, + Gp; together with the vertex H and the edges

{Bhi = Bio, H = Bio, Bhi = H | Biy € Gio, Bpi € G} -

Indeed, the graph thus constructed is a subgraph of Con(Q) since every edge comes from a relation
between two components of Q. Since every element of A; is greater than every element of A, there
are no edges of the form B}, — Bpi. There are no edges of the form By, — H by assumption (3), and
no edges of the form H — By; by assumption (4). Hence the constructed graph must be Conp(Q).

Thus Q is a good fracturing of P. 0
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X

Conp, (o)

Figure 4.7: The conflict graph of a mixed fracturing.

As a consequence of Proposition 4.25,

Z (—1)@QHPC (j(Q), P)

mixed Q
— Z Z (_1)C(Qlo)+6‘(th)+1+|P|*\Qlo\*lth|*|H|(J(Qlo@H@th)’]))_
HeHyb(Ro,Pi) Q1o€Good(Po\[H])
Oni€Acyc(Pi\[H])
(4.13)

where Hyb(P,, P,;) denotes the set of induced subposets H of P that intersect both P, and P
(thus, potential hybrid components of a mixed fracturing).
Combining (4.12) and (4.13) yields the following cancellation-free formula for the antipode of

the ordinal sum of two posets:

Theorem 4.26. Suppose P = P, b B. Then

SU(P),P)=S(J(Ro),Po)* Y, (1)@l sy, By)
Oni€Acyc(Fy)

+ Y Y (—1)¢(Qu0)+e(n)+THPI=[C0l =IOl =10y (0, & H & Ony), P).

HEHyb(Plo»Phi) Olo 6GOOd(Plo\ ’VH—‘ )
Oni€Acyc(Py\[H])

When P is an antichain, setting B,; = P and P, = @ recovers Example 4.20. Moreover, if P, is
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a complete ranked poset and A; is an antichain, then P = B, & B,; is a complete ranked poset, and

Acyc(By) is just the power set of By;. Giving a formula for complete ranked posets:

Corollary 4.27. Suppose P is a complete ranked poset. Then P = P, ® Py where P, is a complete

ranked poset and P is an antichain. Furthermore,

S(U(P),P) = S(J(Po),Ro)* ). (—1)/%I(2% Ay)

Ohi Chi

+ Z Z Z (_1)C(Qlo)+1+|(Plo\H)\Qlo‘+|Phi\H‘(J(Qlo@H@th>7p).
HeHyb(Po,Fhi) Qio€Good(Po\[H ) Oni SPhi\ [ H ]

Note that this formula is tautological when A, = P.

Corollary 4.27 can be applied recursively until P is an antichain, when the antipode is easily
evaluated as in Example 4.20. By comparison to the discussion of complete ranked posets in
Example 4.21, the recursive step here corresponds to removing the rightmost column from the
diagram in Figure 4.4. Hybrid components can arise from rows with more than one shaded square;
more specifically, an element of Hyb(P,,, By;) arises from a row with shaded squares in columns
corresponding to both of A, and A,;. For example, if we put A; = E, as in Corollary 4.27, then the

hybrid component in the ribbon in Figure 4.4 is Qs.

Example 4.28. The chain C, is an ordered sum of n 1-element posets, so we can use the foregoing
discussion to analyze its antipode. We can regard C, either as [1,n— 1] @ {n} or as {1} @ [2,n],
where intervals are equipped with the natural ordering.

First, let P, = [1,n— 1] and By = {n}. Then the elements of Hyb(P,,P;) are of the form

A @ {n} where A C [1,n— 1]. Using the equation in Corollary 4.27 we obtain
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S(U(C), [1]) = S (Cy1), [0 — 1]) = Z{ }(—I)Qh%sz,Phi)
OhiC{n

n Z Z (_1>C(Q10)+1+|(Cn—l\A)\Qlo|(J(Qlo@A@{n}),Q]OI_lAU{I’l})
ACCp_1 010€Good(C,_1\[H])

=8 (Cn1),[n—1])* (({0},{n}) — ({0,{n}},{n}))
+ Y (-1 Y (—1)¢1Q0) =120l (70, B A @ {n}), 01 UALI{n}).

ACC, QloeGOOd(Cnfl\[A“)

The first sum includes those good fracturings for which n is either a single component or
is omitted. The second (double) sum includes those good fracturings for which n belongs to a
component of size at least 2.

Next, let P, = {1} and By;; = [2,n]. Then the elements of Hyb(P,, B;) are of the form {1} ®A

where A C [2,n]. Once again, using the equation in Theorem 4.26, we obtain

SUC) ="t {1h« Y (=@t (7o), By)
Oni€Acyc([2,n])

F Y Y ()R} e ae o), {1} UALOY)
Ag[27n] thEACyC([zvn}\ LAJ)

——({o.{1h{1hx L (-1t gy)

Oni€Acyc([2,n])

+ Y (-1 Y (— 1)@+l (7({1} B A® Oni), {1} LA L Oni).

AC[2,n] Oni€Acyc([2,n]\[A])

The first includes those good fracturings for which 1 is a single component. The second (dou-

ble) sum includes those good fracturings for which 1 belongs to a component of size at least 2.
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Chapter 5

The Hopf submonoid Simp

In Section 3.4 we showed that the species of simplicial complexes forms a Hopf submonoid of
SF called Simp. Since Simp is cocommutative contraction by a set A becomes restriction to the
complement of A. As a result we do not have to worry about additional phantoms being formed
when we take products and coproducts of members of Simp. Thus we shall assume that we are
working with phantomless complexes since we can account for phantoms using Proposition 2.4.
Even with this bane lifted from our minds we shall see that finding a cancellation-free antipode

formula for Simp remains a non-trivial task.

5.1 The Structure of Inflations and Inflators

In order to analyze the antipode we first make some initial observations about product and coprod-

uct in Simp.

Proposition 5.1. Let A be a simplicial complex with vertices [n] and ® = ®y|...|®y |= [n]. Then:
1. A is a subcomplex of Lo (Ap(A)).
2. Suppose 6 C D; for some i. Then 6 € A if and only if 6 € Up(Ap(A)).

3. o is a minimal nonface of Ue(Ap(A)) if and only if (i) ¢ is a minimal nonface of A and (ii)

o C ®; for some i.
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Proof. Composing the product and coproduct

Ho(Ao(A)) = U(Ale, @ - @Al
:A|©1*.*A|®k
= (B=B1U---UBy : B;is a facet of A|p,)

—={F=FU---UF;: Fis aface of Alg,}.

The first two assertions are an immediate result of this observation. The final assertion follows

because the minimal nonfaces of a join are precisely the minimal nonfaces of the join factors. [

Since coproduct is a restriction to the respective blocks of @ and join is commutative, we can
focus on set partitions as opposed to set compositions when dealing with the antipode of Simp.

Specifically we can rewrite Takeuchi’s formula as

S (X) = Y, (=1)®a(de(X) = Y. (~1)*/(@])! po(Aa(X)). (5.1)

Dl=n dell,

The factorial on the right hand side of (5.1) accounts for the fact that the order of blocks in a
set partition is irrelevant. For example 1|23 and 23|1 are different set compositions, but represent
the same set partition. As a reminder the collection IT,, of set partitions has a lattice structure. In
particular we will make use of the meet operation of the partition lattice. Given two set partitions

&, ¥ € I1, their meet @ AW is the coarsest common refinement of @ and 'V,
PAY ={P;NY;: D, c DV, c ¥, P;NY, #0}.

Definition 5.2. Suppose A and B are simplicial complexes on vertex set [n]. The support system of
B with respect to A is

Suppy(B) = {P €11, : B= Ua(As(A))}
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If Suppy (B) # 0 then we say that B is an inflation of A. We denote the set of inflations of A by

Inf(A) Further if ® € Suppy (B), then we say that ® inflates A into B.

The notation Supp, (B) bears resemblance to the notation Supp,(Q) used in Chapter 4. Group-

ing (5.1) further we have

Su(X)= Y, (=1)*I(@))! po(Ae(X))

dell,
= ) B( Y (—1)¢'(!<I>\)!>. (5.2)
Belnf(A)  \@eSupps (B)

J/

-~

CB

Thus if we can understand which complexes B are inflations of A as well as the elements of
Suppg(A), then we can compute cp in (5.2). The remainder of this section is devoted to under-
standing the combinatorics of Inf(A) and Suppg(A). We shall start our journey by understanding

the structure of Suppg(A) as it pertains to IT 4.

Proposition 5.3. Suppose that A and B are simplicial complex on vertex set [n]. Then Suppy(B) is

interval closed in I1,,.

Proof. Suppose ®@, ¥, and Q are integer partitions such that ® € Supp,(B), ¥ € Supp,(B), and

d < Q <Y when ordered by reverse refinement. Observe that

B = Ugp(Ap(A)) 2 ua(Aa(A)) 2 uw(Ap(A)) = B.

Thus [,LQ(AQ(A)) =B. [

Proposition 5.4. Suppose that A and B are simplicial complexes on vertex set [n|. Further suppose

that ® and ¥ are set partitions of [n] such that ® € Supp,(B) and ¥ € Supp,(B). Then DAY €

Supp, (B).
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Proof. The hypothesis tp(Ap(A)) = wy(Aw(A)) is equivalent to

Aq)] *---*Aq;k :ALIJI*"'*A\{J[

1.e.,

{o1U---Uo: 6;€A, 0, CD;}={nU---Ut: T, €A, 7, C¥}.

If Q =® AW, then both ue(Ap(A)) and pg(Agp(A)) are subcomplexes of tq(Aq(A)). Suppose
we have a collection of faces {®;; € Ap,ny;} Where i ranges over [k] and j ranges over [{]. We
need to show that @1 U---U @y € Ag, (and equivalently for the other k+¢ — 1 possibilities). Note

that w;; € Ap, and s € Ay, for s € [¢]. Therefore

o U---Uamyy GA\pl*---*Alpé:A‘pl*---*A@k.

Further w1 U---Uw;y C Py, soin fact o1 U---Uwy € Ag,. L]

Corollary 5.5. Suppose A and B are simplicial complexes such that B € Inf(A). Then B has a

unique finest decomposition as a (non-trivial) join of subcomplexes of A.

We call the unique finest decomposition of B the canonical join representation of B.
Definition 5.6. If ® is the maximally refined inflator of B, then we call ® the fundamental inflator
of B, written ® = FI4(B). Further we denote the collection of fundamental inflators by

Fund(A) = {® €I, : ® = FI4(B) for some B}.

Example 5.7. Consider the simplicial complex A = (123,34). If we look at the lattice of set
partitions we can see canonical join representations for each of the complexes that appear in the

antipode. In the diagram we use boldface to denote A, red to denote the full simplex, blue to
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denote (123,234), and green to denote (123, 134). The respective fundamental inflators are 1243,

112/3/4, 14[2|3, and 24|1]3.

1234

P N

12314 7 124[3 1342 234|1 1234 " 13[24 1423

121314 132014 — 23[1]4 T 14213 T 24|13 34[1]2

NN

112/3]4 I,

We can go through and compute the antipode of A as well.

S(A) = (2! = 1)A+ (2-21 —4-3! +41)(1234) + (221 — 31)(123,234) + (2-2! — 31) (123, 134)

= A+4(1234) —2(123,234) — 2(123,134)

Example 5.8. Let A be the complete 0-dimensional complex on [n], i.e., A = ({i} : i € [n]). Note
that this is the independence complex of the uniform rank-1 matroid. Suppose ® & I1,. Then

Bo = Uap(Agp(A)) is the join of the 0-dimensional complexes on the blocks of & and

Sa)=Y (-1)®|®|!Be.
deIl,

Remark 5.9. Observe that every support system is isomorphic to an order ideal in a partition lat-
tice. Specifically, Supp,(B) is an order ideal in the interval [FI4(B), 1] C II,, which is isomorphic

to the partition lattice I gy, (p)|-

Proposition 5.10. Suppose A and B are simplicial complexes such that B € Inf(A). Then ¥ =
W1|...|Wk € Suppy(B) is the fundamental inflator of B if and only if B = Ay, * ---* Ay, is the

canonical join decomposition of B.
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Proof. Suppose ¥ = W|...| ¥ = FI4(B) and that the canonical join decomposition of B is Ag, *
- xAg, for & = ®y|...|P, € I1,. Our goal is to show that & = V.

Since B = Ay, * -+ x Ay, is a join decomposition of B it follows that ¥ coarsens @ (since P is

the canonical join decomposition).

To show that ® coarsens W we will begin with the fact that the join decomposition of ¥ is

coarsened by the join decomposition of .

Aq)l*-w*Aq;.fQA\pl*---*A\pk

=B (since ¥ inflates A into B)
=By, *---* By, (since ®@ € Supp, (B))
DA, *-xAg, (since BD A)

so equality holds throughout. In particular ® inflates A into B, so ® coarsens . Hence ® =Y¥. [l

Corollary 5.11. Suppose A and B are simplicial complexes with vertex set [n]. Then the following

are equivalent:
1. B € Inf(A);
2. ue(Agp(A)) = B for some join-decomposition P of B;
3. Up(Ap(A)) = B for ® =Fl4(B).

Proof. (1) = (3) follows from Proposition 5.10. (3) = (2) and (2) = (1) are immediate.

]

Proposition 5.12. Suppose A and B are simplicial complexes such that B € Inf(A). Then the non-

singleton blocks of Fl4(B) must be non-faces of A.
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Proof. Suppose ® = Fl4(B) and that ®; is a non-singleton block of ®. Then Proposition 5.10
says that Ag, cannot be factored further as a non-trivial join of two smaller complexes (otherwise
& would not be fundamental). Since any simplex can be decomposed into its vertices it’s not

possible for Ag, to be a simplex and hence it cannot be a face of A. 0

At this point we have a lot of structural information about Supp,(B). On the other hand it is
not clear how to find information about which complexes B are inflations of A. Our best bet is to
narrow our focus to structures that have a lot of symmetry such as simplex skeletons. We shall
shortly see that in such a case it is possible to exploit symmetry to find the fundamental inflators

(equivalently the inflations) of the complex A.

5.2 A Cancellation-Free Antipode Formula for the Join Closure of Simplex

Skeletons

Given a set a vertices V, the simplex skeleton sk(m,V) is the complex whose faces are the subsets
of V whose cardinality is at most m, i.e.,
sk(m,V)={A CV :|A| <m}.
For simplicity when V = [n] we write sk(m,n). Note that sk(m,n) is a pure complex of dimen-
sion m — 1. Suppose X C [n]. Then
sk(m,n)|x = sk(min(|X|,m),X). (5.3)
Lemma 5.13. sk(m,n) is join indecomposible if and only if m < n.

Proof. If m > n, then sk(m,n) is a simplex and hence the join of vertices. On the other hand

suppose m < n. Suppose that sk(m,n) = F| *--- x F; where .%; has non-empty vertex set V;.
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Setting d; = min(|V;|,m) it follows from (5.3) that

Pick a facet o; from .%);. Then 6 = o] U--- U 0 € sk(m,n). However note that
|G| = Zdl' > m.

Thus o ¢ sk(m,n) even though © € .7 *- - - x.%;. Therefore sk(m,n) must be join indecomposible.

]

Proposition 5.14. @ < I1, is a fundamental inflator of sk(m,n) if and only if for each block ®;

either

@i =1, (5.4a)

or |D;| > m. (5.4b)

Proof. Suppose each block of ® € I, satisfies (5.4a) or (5.4b). Further suppose that ® inflates
sk(m,n) into B. Since any non-singleton block restricts to a simplex skeleton (that is not a simplex),
Lemma 5.13 implies that no block of ® can be further refined to get another partition that inflates
sk(m,n) into B. Thus it follows that @ = Fly, ,)(B).

For the converse suppose that @ € I1,, and that ® inflates sk(m,n) into B. Suppose that 1 <
|®;| < m+1 for some block ®;. Then (5.3) tells us that sk(m,n)|q, is a simplex. Hence & can
be further refined by breaking ®; into singletons to obtain a more refined partition that inflates

sk(m,n) into B and thus @ # Flg,, ) (B). O

We use p, (M) to denote the number of ways to partition the set M into b subsets each of

whose cardinalities is at most a.
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Theorem 5.15. Suppose I = sk(m,n). Further suppose that ® = @ |...|D; € Fund(I") has exactly

v non-singleton blocks, say ®y_, 11, Px_y12,...,P. Then

k—v
S(T,[n]) = Z <Z<V+W)!<_1)v+wpm+1,w(q)k—v+lU"'Uq)k)> (F|‘I>1*"'*F|‘I>k7[n])
deFund(I') \w=0
(5.5)

Proof. Previously in (5.2) we showed that we can group Takeuchi’s formula to get a sum over
inflations of I'. Since each inflation is in one-to-one correspondence with fundamental inflators we

can equivalently sum over the fundamental inflators of I

SIC,[)= Y. ( Y (—1)“’(|<I>|>!) HoAe(T, [1]) (5.6)
®cFund(I') \P<Suppr(toAe(T))
co
Fixing ® € Fund(I") we now show that
k—v
co=Y, (VW (=) Pty Ppyr U - UDy). (5.7)
w=0

Suppose that @ = FI(H). As a consequence of Proposition 5.14, the only way to obtain
another inflator ® that inflates I" into H is to merge the singleton blocks of I'. We must take care
not to merge more than m + 1 singleton blocks together otherwise ® will be a fundamental inflator
(different from @) as a result of Proposition 5.14. In summary, we need to know how many ways
we can partition the set @, | UP_, 1o U---UPy, into subsets of cardinality at most m 4 1 with
w blocks. This can be done py,; 11 (Pr_yr1 U--- UDy) ways.

The final step is to iterate over w. If we merge the k — v singletons into w blocks, then the result
is a partition of [n] into v+ w blocks. Therefore we multiply by (v+w)! to account for the number
of ways we can rearrange the blocks. Finally we need to include a factor of (—1)"" as required

by Takeuchi’s formula. 0
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Equation (5.5) is not quite cancellation-free as the inner sum to compute the coefficient ce
is prone to have positive and negative terms which may cancel with one another. This further

exemplifies the challenges faced when working with Simp.
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Chapter 6

Characters

Definition 6.1. Suppose H is a connected Hopf monoid in vector species. A character § on H is
a collection of linear maps

G H[I]—k
for each finite set / subject to the conditions:
1. Naturality: For each bijection ¢ : I — J and x € H[I], we have {;(H[o](x)) = §;(x).
2. Multiplicativity: For each I = SUT, x € H[S], and y € H|[T], we have {;(x-y) = s(x)Cr(y).
3. Unitality: {p(1) = 1.

Note that H must be connected in order for unitality to make sense. Recall from Section 1.3
that we assume k to be a field of characteristic 0. The convolution product between two characters

x and ¢ is the operation defined by

(xx0)1(x) =Y xs(xls)or(x/s). (6.1)

I=8uT

It turns out that the convolution product gives us a character of H. In order to show that (x *¢);
is a character we need to check that it is multiplicative. We will use compatibility of the Hopf
monoid to do this. Take I = SUT =1 = S"LUT’, as well as the intersections A =SNS, B=SNT’,

C=TnS,and D=TNT' (see Figure 1.8). Suppose x € H[S], y € H[T].
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Then

(xx@)ie-y) =}, xs((x-)ls)or((x-y)/s)

I=S'ut’

= Y xs(xla-yle)or(x/a-y/c)

I=S'uT’

= Z xs (x|a)xs le)or (x/4)0s (v/c)

I=8"uT!

= Y uaa)xcOle)9s(x/a)9s(v/c) = (x + $)s(0) (X +9) ().

S=AUB
T=CubD

It is easy to check that the character € defined by & = 0if I # @ and £y(1) = 1 acts as an identity

for characters. Further if S is the antipode of H, then ¢ 0§ = ¢ .

Proposition 6.2. Suppose H is a Hopf monoid and let X(H) be the set of characters of H. Then

X(H) forms a group under convolution product.

6.1 Characters on Bool

Recall from Section 3.6 that the Hopf submonoid Bool is spanned as a vector species by set families
of the form (27,1) where J C I. Due to naturality and multiplicativity, every character of X(Bool)
is determined by its value on the set families ({0,{1}},[1]) and ({0}, [1]), i.e., the singleton set
family with no phantoms and the set family consisting of a single phantom. Further each set
family of Bool up to relabeling is determined by the number of non-phantoms in the family and
the size of the ground set of the family. Thus every character of X(Bool) can be written in the form
Xxy(2),1) = xPy7P where p = |J| and g = |I|. For brevity we define x.,(p,q) := xxy (21", [g]).

Note that in particular

Xxy(1,1) =x, and

Xxy(0,1) =y.

77



We can compute the convolution product of ¥, (p,q) = xPy?"? and x,.s(p,q) = r’s977:

Oty # 2es)(Pr@) =}, Zey([[PIOSLISD 20 (1] N T T
Sur

lg]=
i_ ; ( )( )xx,y(n m+n)x.s(p—n,q—m—n) (6.2)
EEC0

EC))(E )

=(x+r)P(y+s)?7P.

3
2

BN
<

As a result we have an isomorphism ¢ : X(Bool) — C? given by ¢ (%) = (x,y).
As an application we can obtain a combinatorial identity that is elementary though not obvious.

Now consider taking convolution powers of . ,(p,q). The above calculation shows us that

(Xxy * Xxy) (Prq) = (20)P (2) 777 = 29xPyT™P. (6.3)

On the other hand setting r = x and s = y and interchanging the sums of (6.2) we get

n:O m=n

L0
(e

LB
e EEV)0)

n=0k=0

xPydP

(Xxy * Xey)(P,q) = i i ( ) (p)xx,y n,m) Xxy(p—n,q—m)
)
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Combining the result with (6.3) we obtain the combinatorial identity

EE ()

n=0k=0

for p <gq.

Now let us consider how to interpret (6.4) combinatorially. Since the left hand side of this
equation is 2¢ we would expect that the double sum on the right somehow counts the number of
subsets of [g]. Since each factor inside the double sum is independent of either n or k and thus we

can reorganize the sums

24

(0
()5, (")

We can interpret this product of sums as follows. In order to create a subset of [g] we can first split

p
>
n=0

)4
=)
n=0

[g] into two disjoint subsets. One subset will have size p and the other will have size g — p. Next
we pick a subset from each disjoint set. By taking the union of the chosen subsets we have now
formed a subset of [g|. Further every subset of [g] can be formed in this way.

Let us turn our attention to a slightly broader Hopf submonoid of LOI.

6.2 The Hopf submonoid of chain gangs

Recall that the Boolean lattices are the lattices of order ideals of antichains. We can think of an
antichain as a disjoint union of chains where each chain has a single element. A poset A is a chain
gang if A is the disjoint union of chains. The species CG is the subspecies of LOI generated by

lattice of order ideals of chain gangs (with the possibility of phantoms).

Proposition 6.3. CG is a Hopf submonoid of LOL.
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Proof. Let E and F be disjoint finite sets. Given two chain gangs A C E and B C F we know
from Proposition 3.30 that (J(A),E) % (J(B),F) = (J(A+B),EUF). Since the disjoint union of
two chain gangs is a chain gang it follows that CG is closed under join. Recall from Section 3.8
that taking the restriction or contraction of (J(A),E) will result in the lattice of order ideals of an
induced subposet of A. Since an induced subposet of a chain gang is a chain gang it follows that

CG is closed under the operations of restriction and contraction. Thus CG is a Hopf submonoid

of LOL. ]

Since every chain gang is the disjoint union of chains it follows that lattices of order ideals of
chains form a basis for the Hopf monoid CG. Therefore it will be beneficial to introduce notation

for working with chains. We will use the following notation throughout the rest of this chapter

Cx is the chain on X C [n] whose order is inherited from N,
CY = (J(Cx),Y) where X C Y,

C, is the chain on [n] with 1 <2 < --- <n,

Gy = (J(Cn); [n]), and

C(A; F) is the lattice of order ideals of a chain gang A with phantom set F'.

In particular Cjj is the set family ({0}, [n]), i.e., the set family consisting of n phantoms.

6.3 Characters of chain gangs

Since lattices of order ideals of chains form a basis for CG, naturality and multiplicativity imply
that a character on CG is determined by its values on C} and C? for all n > 1. This is akin to

our analysis of X(Bool) in Section 6.1. Specifically, suppose that C(A; F) € CG, where A has a,
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chains of length n and f = |F|. Then every character in X(CG) can be written as
Cur(CAF)) =115 .
where u,ty,t,,--- € Cand 7 = (t1,1,13,...). Note that

,7(Cy) = t, and

£,7(Co) = u.

Proposition 6.4. Suppose {, 7,8,z € X(CG). Then

m m—q .
(Cur* o) (CR) = (ut vy (sm +Y s Y <m , q> tb+1vmqb> 6.5)
q=1

b=0

Proof. Suppose that {, 7,z € X(CG). Multiplicativity tells us that

(Cui* o) (C) = (G * Cu) (G3)) " ™ ((Gui* G0 (C)

Thus we can evaluate ({, 7% ,5) (C}) and (8u7* G5)(Cyy) individually before multiplying them

together in order to get the desired result. For the first computation we have

(Gix6a)(C) = Y &7(Cola)Cus(Ch/a) =u+v. (6.6)
Ae{0,{1}}
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The second computation gives

(Cur*8s)(Cn) = Y, Cui(Cula)Gos(Cin/a)

AC[m]
A —|A
= Cu,?(c||A |‘ )Gus (Cxin‘(Ag 1)
AC[m]
t|A|vmf\A|fmin(A)+1smin(A)_1
AC[m
m
=smt Y, Y g1V By,
q=1BC[q+1,m]
A=BU{q}
m m—q m—gq o
=S+ Z_:S‘FI Z ( b >tb+1vm b, 6.7)
q=1 b=0
Multiplying (6.6) and (6.7) gives the desired result. [

Observe that when u = v = 0 then the right hand side of (6.5) will vanish if m < n. In other

words if we input a set family with phantoms, then the resulting character will return 0. Further

Cor* Go,s = Co.z where 1, = (G 7+ o 5)(Cy)). Therefore:

Corollary 6.5. The set EX(CG) of characters of the form §yz is a subgroup of X(CG). We call
EX(CG) the exorcism subgroup of X(CG).

Aguiar and Ardila showed that the character group of permutahedra in GP is isomorphic to the
multiplicative group of exponential formal power series [1, Thm. 9.2]. The exorcism subgroup of

X(CG) gives us an analogous result for CG.
Definition 6.6. A power series ) 1,x" is unital if ty = 1.

Theorem 6.7. The subgroup EX(CG) is isomorphic to the multiplicative group U of unital power

series.

Proof. Let {7, 8oz € EX(CG). In the expression for (&y7* Gy 5)(Cyy) given by (6.5), the inner sum
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yields zero except when m — g — b = 0. Thus

m
(CO.,?* CO,?) (C’rnn) = Sm+ Z Sqg—1Im—g—1
g=1

m
=) Sgtm—q
q=0

where so = o = 1. In other words, {7 * Co5 = Co Where 7, = Y0 Sqtm—q- Observe that if

f(x) =Y sp,x" and g(x) = Y.1,x", then

flx)g(x) = i i Sqtm—gX" = iormxm.

m=0qg=0

Therefore the map ¢ : EX(CG) — U defined by

P (Go7) =1+ Yt
m=1

is an isomorphism. [

6.4 Inverting Formal Power Series

Given a character oy € EX(CG) we know that { 31 = {p 505 where S is the antipode. Further
Theorem 6.7 implies that inverting {y  should be akin to inverting power series. To that end we

shall first review how one might invert a power series without the aid of the antipode.

6.4.1 Inverting by Elementary Means

An elementary method to finding the multiplicative inverse of a formal power series uses systems

of equations. Suppose f(x) = ¥, 1,x". Computing 1/f(x) is equivalent to finding s, for n > 0 such
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that

o n

i spx" i x| = Z Z Sp—ite | X" =1.
n=0 n=0

n=0 \ k=0

Thus we can set up a system of n+ 1 equations in order to solve for s; where 0 <k <n

Suto+ Sp—1t1 ++---+s0t, =0

Sp—1to+Sp—1t1 + - +50t,—1 =0

sito+sot; =0

soto = 1.
Writing the system in terms of matrices
fo 11 ... i1 Iy Sn 0
0 0 ... thoo ti1]| |suo1 0
00 o n s 0
0o o0 ... 0 1o S0 1

If we assume that ) = 1 as in Theorem 6.7, then the determinant of the matrix on the left hand side

is 1. Applying Cramer’s Rule to solve for s, we obtain
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0 th—1 iy - e

h In—1 In
0 1 ... t, o t,

1 ... ty_o 1,1

Sn=|i P | =(=1)"det | I (6.8)

0 0 1 1

0 1 I3
10 0 1 < . 2

A

The second equality is obtained by expanding along the first column. Thus we can compute s, as
a determinant of a matrix.
Alternatively, we can approach the problem using geometric series and integer compositions.

Let
f)=1+Y na* =1+g(x).
k=1

Then

=1+ i ( ( ) (—1)f1_r]lzai> X (6.9)

n=1 \o=(a1,00,....0) Fn

We explain why (6.9) and (6.8) are equivalent. Let a; j =¢;_; | denote the entries of the matrix
A defined in (6.8). Let ¢ = (0, ... %) be an integer composition of of n. We claim that there is

exactly one permutation ¢ such that

n k
[Tato, =]te (6.10)
/=1 i=1
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namely ¢ = (0y,...,0,), where

/

o ifi=1;
Gi=Qai+ 4o ifi=oj++oa+1; 6.11)
i—1 otherwise.

One can check that (6.10) is satisfied by ¢. In addition, sgn(c) = [[(—1)%~! = (=1)"7*. As
an example consider n =6 and o = (2, 1, 1,2). We want find the ¢ associated with the term 7,#,1,1,.

By (6.11) 0 = (213465). The elements a; 5, have been highlighted in Figure 6.4.1.

n I 13 14 15 Ig

1 H1 tp t3 t4 ft5

0 1 11 n 13 1
0 01 1 n B
0 0 01 11 B
0 00 0 1 1

Thus far we have shown that every term from (6.12) appears a term in the determinant (6.8).
Now we want to show that these are the only non-zero terms in (6.8). If we we expand out the

determinant we end up with

n
det(a;;) = Y sen(o)[Jars,
/=1

cei,
n
= Z sgn(o) chr,-—i+1~
cei, /=1

Notice that when 0; —i+ 1 < O that ¢ contributes nil to the determinant. Thus the only non-zero
contributions come from ¢ € &,, in which 6; > i— 1 for all i € [n].

Suppose we try to construct a o € &, that gives a nonzero summand in the determinant. For

86



o1 we have our choice of #; where j € [n]. If 0 = 1, then we reduce down to an (n— 1) x (n— 1)
matrix of the same form as the original n X n matrix. We then have our choice of 6, = m where
2 < m < n. On the other hand if o7 > 1 then we are forced to pick 0>, = 1 as picking o,, = 1 for
m > 2 would give a,, g, = 0. By a similar logic we must pick 0; =i—1 for 2 <i < o07. At this
point we’ve now reduced down to selecting the remaining terms of ¢ from an (n — o) X (n — 07)
matrix.

The resulting o thus takes the form of (6.11). We can obtain the integer composition ¢ by first
letting i} < --- < i, be the sequence of indices such that Ci;, > ij— 1. If we set a; = Gi; — Oi; ,
(with o; = 07), then we have recovered the integer partition we seek. Succinctly what we have
shown is that if 6 € &,,, then 6; > i — 1 for all i if and only if o satisfies (6.11) for some integer
partition @ of n.

Thus we have shown that the non-zero terms in the determinant expansion (6.8) are precisely

the terms from (6.9).

6.4.2 Inverting with Characters

Utilizing the antipode formula from Proposition 4.19 we can obtain the n'” coefficient of the inverse

power series by computing C;_] (C). Doing this we obtain a result equivalent to (6.9).

Proposition 6.8. Suppose f(x) =Y ,t,X" is a power series such that ty = 1. Then

1 - n
m = r;)snx
where
k
Sp = Y (=D*T]te- (6.12)
i=1

a=(a1,0,....04 ) =n

Proof. Recall from Proposition 4.19 the antipode formula

87



se=Y ()M Y (=D)(Cy! Oy [n])
VCin): Y=Y, || W, =V
lev natural

where as before Ci’ = (J(Cy,),¥;). We can compute the values of { 71 as follows:

GHE = Qs = X (1M Y (1) (Gl Ce )

VCin): Y=Y | |¥, =V
lev natural
u
_ u
= Y 0TInw
V=W |-|¥u=[n] i=1
natural
' k
= Z (_1) Htﬂh"
(0,00,..,04) =1
;>0
Yo.=n

J

6.5 Applications to Symmetric Functions

Chain gangs are intimately intertwined with symmetric functions. First we can use (6.12) to un-
ravel the relations between the bases of /,,’s and ¢,,’s discussed in Section 1.6. In addition we shall
see that the Hopf algebra of symmetric functions from Section 1.7 is a quotient of the Hopf algebra

of chain gangs.

6.5.1 Applications to /4, and ¢,

Recall from Section 1.6 that E(r)H(—t) = 1 where
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E(t) =Y et =]](1+1x;), and

i>1
H(t) =Y mt* = H : _llx‘.
i>1 i
We can also use (6.8) and write
en =det(hi—ji1), (6.13)
hy, = det(e;j—j11). (6.14)

If we note that &, is the Schur function s; where A | n has a single part and e, is the Schur function
sy where A’ = n has n parts, then equations (6.13) and (6.14) can be obtained by traditional means
with [19, Theorem 7.16.1].

Using the inversion formula (6.12) we obtain formulae to compute the 4,,’s and e,,’s in terms of

one another

By = (—1)" Y (=D Tew (6.15)
a=(o1,....04) Fn i=1
k

en=(—1)" Y D] le- (6.16)
o=(oy,...,05)Fn i=1

6.5.2 The Hopf Algebra of Chain Gangs

We shall now take some time and look at the Hopf algebra CG = ¥ (CG).

Let A = (A4,...,A¢) I [n] and p be a non-negative integer. Define C(A, p) to be the unlabelled
chain gang with chains of lengths A; and p phantoms. The degree k piece of CG has vector space
basis {C(A,p): |A|+ p =k}. The operations of product and coproduct are inherited from the Hopf

monoid as described in (1.12). In other words we pick a representative from each isomorphism
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class and perform the Hopf operations on the level of the monoid. Specifically, suppose C(A, p)

and C(v,q) are chain gangs in CG. The product will be

C(A,p)-C(v,q) =C(AUV,p+q) (6.17)

where A U v is the multiset union of A and v, sorted in decreasing order.
Since coproduct is a morphism of algebras it suffices to compute A(C((), 1)) and A(C((n),0)).
The former is simply

AC((), 1) =1eC((),1)+C((), ) @1. (6.18)

The latter is given by

Note that g = min(S) and b+ 1 = |S|. Given A = (4y,...,A¢) - n and a non-negative integer p we

can compute the coproduct of C(A, p) as

A(C(A;p)) = A(C((41),0) *--- *A(C((4e),0)) * (A((), 1)) (6.20)

where C((4;),0) and C((), 1) can be computed using (6.18) and (6.19).
Recall that in the monoid CG the operation of contraction may introduce phantoms. Specifi-
cally if we expand (6.20) with (6.19) we see that phantoms will appear if A has at least one part of

size at least 2.
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Proposition 6.9. Let CG be the vector subspace of CG spanned by {C(A,0)} where A runs over

all partitions. Then CGisa subalgebra of CG isomorphic to A, but not a subcoalgebra of CG.

Proof. Consider the map f: A — CG defined by f(ej) = C(4,0) and extended linearly to all of
A. Note this includes f(eg) = C(0,0) = 1. Then

flerev) = fleauy)
=C(AUV,0)=C(1,0)-C(v,0) = f(ea) - f(ev)

as desired. On the other hand CG is not closed under coproduct. For example
A(C((2),0)) = C((2),0) +C((1),0)©.C((1),0) +C((1),0) @ C((). 1) +1©C((2),0).  (621)

Note that the term in red has a phantom. [

Theorem 6.10. Let § be the vector space spanned by {C(A,p): p > 0}. Then § is a Hopf ideal
and CG/§ = A.

Proof. Suppose C(A,p) € Fand C(v,q) € CG. Then C(AUV,p+¢q) € F. Thus § is an ideal of CG.
Considering the summands of (6.20) along with what we know about restriction and contraction it
follows that [C(A; F)|s] or [C(A;F)/s] will have at least one phantom. Therefore AF C §® CG +
CG®§ and § is a coideal. Since CG/F is a commutative bialgebra it follows from Theorem 1
of [14] that § is a Hopf ideal. Given X € CG we will use the convention X for the image of X in
CG/35.

Taking the quotient CG /§ has the effect of killing off any terms of CG that contain phantoms.
Thus the chain gangs m where A ranges over all integer partitions, form a graded basis for

the quotient. Consider the map f : A — CG/F defined by f(e;) = C(A,0) and extended linearly.

Showing that product is preserved under f follows the same steps from Proposition 6.9.
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Suppose A = (A1,...,Ay). Then (6.17) and the fact that coproduct is an algebra morphism gives

A(C(4,0)) = A(C((A1),0) % - - x A(C((4),0)).

Taking the quotient has the effect of removing any terms of (6.19) that contain phantoms. The only

terms that survive are those that occur when b = n — g. Specifically for C((4;),0),

Ai
A(C((4:),0)) = ) C((),0) ©C((A —q),0). (6.22)
q=0
Thus
Ai
A(f(ey,)) =A(C((4:),0)) = ZOC((Q),O) ®C((Ai—q),0)
g=
Ai
= Z f(eq) ®f(el,fq)
q=0
Ai
=f (Z eq®e;hq)
q=0
= f(A(ez,))
and as such

6.6 Geometric Characters on Chain Gangs

At this point we have seen that the character group X(CG) contains a subgroup isomorphic to
formal power series whose degree zero term is unity under multiplication. We might ask if there

are any other characters of note in X(CG).
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Definition 6.11. A character {, - is a geometric character if t, = r" for a scalar r. We denote such

a character by v, ,.

Proposition 6.12. Fix u,v,x,y € C and consider the geometric characters Y, x, %y € X(CG). Then

(s 1) OB = (= (e (222N ) 623

Proof. Substituting in the appropriate variables into (6.5) we obtain

m m=q /.
s ) CB) = s (574 $yr 1 F bq>>

m  m—q _
(ST (7))

=(u+v)"" [ y"+ z i y"(x+v)m_")

q=1
m
= (u+v)""" [ "+ x(x+v)"! (ﬁ) >

_ Yy

x+v

m__\m
X+v—y
as desired. O]

Considering the right hand side of (6.23) we see that geometric characters fail to form a sub-
group of X(CG). By restricting our attention to specific families of geometric characters we see

that not all hope is lost.

Corollary 6.13. The geometric characters of the form ¥, ,, give a subgroup of X(CG) isomorphic
to C.
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Proof. Given v, , and ¥,, it follows

L i G el )

u+v—v
= ()" "+ (@A) =)

= (u+v)"

It follows that ¢ (7, ) = u gives the desired isomorphism. 0

Consequently we see that 7, L= Y—u,—u- We can compare this to inverting 7, , using the an-

tipode.

Proposition 6.14. Given the chain C),

1= Z (_1)C(Q)+\Q| (6.24)
0eGood(C1)

where c(Q) is the number of components of Q.

Proof. Using the fact that Y_,_, = ¥, = { oS we end up with

You (C) = S(S(CL))

(-w)'= Y (=D OCy Q). )

0eGood(Cr)

— Z (=1)c@—lel 1y

0€eGood(CH)

—(cuy Y (-1)@-e

0eGood(C1,)
Dividing both sides by (—u)? yields the desired identity. O

The above results could be viewed as looking at the characters ¥, ,, where x = 1. It is natural

then to ask what happens if we fix u = 1 and vary x.
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Proposition 6.15. Suppose i x, V1., are geometric characters. Then

Nx*Ny=Ny—-1* N x+1-

n
Proof. By setting H,(x,y) = Z xFy" 7k then we can simplify (6.23) as
k=0

(s Yo) (Cp) = (s+v)" ™" (y’” + (M))

X+v—y
= (U4 v)" (" + xHy 1 (x+v,))
= (u+v)" (ym (V) Hy (x4 v, y) — Vg (x40, y>)
= (u+ )" (H (b 1,3) = vt (54 0,))

= ()" (B4 v,3) = v 1 (x7,)).
If we set u = v =1, then

(0 21.0) (Co) = (2u0)" " (Hr+1,9) = Hy1 (64 1,))
= ()" (H x4+ 1) = Hy -1 (3x+1))

= (YI,y—l * yl,x+l)<cll111)'
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Chapter 7

Open Questions and Future Directions

At this point we have barely scratched the surface of SF. Our focus has been on LOI and Simp
which lie at the base of Figure 3.2. Even at that altitude there are many unanswered questions. We

will finish by discussing some of the possible avenues for future research.

7.1 The Antichain Detection Character on LOI

Consider the following parametrized family of characters

xP ‘yf if P is an antichain,
O y(J(P),E) =

0 otherwise.

We use f to denote the number of phantoms, i.e., |[E \ P|. We can compute the inverse of ¢. In

the following computation we will use p = |P| and m = |Min(P)]|.
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a (J(P),E)= Y (=1)(@QFIP\CIHs 0l /P

X,y
0€Good(P)
Q antichain
[
_ (Pl (f)
0€Good(P) Y
Q antichain

)

The character pt = ¢t ; is the Mdbius function of J(P)[20, §3.9]. In this special case x+y =0
which at first glance makes it seem like g ~! = 0. An exception arises when p —m = 0, i.e., when
P is an antichain. In this case there is only one good fracturing (namely P) and we get a value of

(—1)/. Therefore

O (=1)/ if Pis an antichain,
o, (J(P)) =
0 otherwise.

Note that =1 (J(P)) is just a1 —1 (J(P)). If B = ap—; we end up with f~1(J(P)) =2 We could

also consider B = oy ; in which case

BU(P) = (~1)ftr2r .
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Can we understand the k" convolution power of 0, y? For example

aZ,(J(P) = Y ouy(J(P)|s) oty (J(P)/s).
E=SUT

This question seems to require a balancing act between S and 7. We need enough elements in S to

make sure that J(P) /g is an antichain, on the other hand we still need J(P)|s to be an antichain.

7.2 Characters of Simp

In a conversation with Mark Denker it was suggested that working X(Simp) might yield tangible

results. This lies in the observation that Simp is cocommutative and thus 6.1 can be written as

(xx0)i(x) =Y. xs(xls)or(xlr).

I=SuT

Thus in the convolution product we only need to know how characters are affected by restriction.
This has its benefits. In Section 6.3 we had to keep track of phantoms formed by contraction. This
is not the case in X(Simp) since restriction does not introduce new phantoms.

For a quick example of the types of characters that appear in X(Simp) consider

1, if I' is dimension O
o(TE) =

0, otherwise.

Then o*(T", E) is akin to properly coloring the 1-skeleton with exactly k colors.
At this time we only have a “nice” antipode formula for independence complexes of uniform

matroids. Thus our ability to invert characters in X(Simp) is currently limited.
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7.3 A Question About AMat

Castillo, Martin, and Samper defined a Hopf monoid OMat on ordered matroids[5]. Further Gille-
spie has a paper [9] in which Gillespie constructs an antimatroid from an ordered matroid. José
Samper asked if Gillespie’s construction might yield a Hopf morphism from OMat to AMat. We
have not had a chance to delve into this question. Even if the answer is negative, it could be
that Gillespie’s construction yields a Hopf morphism from OMat to White’s monoid mentioned in

Remark 3.28.

7.4 Generalizing from LOI to AMat

For now we will conclude with a short discussion about generalizing the cancellation-free formula
for the antipode in LOI to the larger Hopf submonoid AMat. This seems like a fitting conclusion
as it was antimatroids that first sparked the inspiration for SF.

Let us begin by first reviewing some terminology from Section 3.7. An antimatroid is a set

family (.%,E) such that:
e if XY € . %,then XUY € .%, and
* if X €.% and X # 0, then there exists x € X such that X \ {x} € .Z#.

If X € .# then we say that X is a feasible set.

Suppose X C E. Then X is called free if .7 |x = 2X. A circuit is a minimal non-free set. That
is to say that X C E is a circuit if .F |x # 2%, but .Z |y = 2Y for every proper subset ¥ C X. Given a
circuit C C E we say that r € C is a root of C if F|c =2¢\ {{r}}. Every circuit has a unique root [3,
§8.7.C]. Given a circuit C with root r we denote the rooted circuit by the pair (C,r). An antimatroid
is determined by its collection of rooted circuits. Given the rooted circuits of an antimatroid we

can precisely determine when a set is feasible.
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Proposition 7.1 (Refer to [3, Proposition 8.7.11]). Let (% ,E) be an antimatroid and A C E. then

A € Z ifand only if CNA # {r}, for every rooted circuit (C,r).

Our first step when determining a cancellation-free antipode formula for LOI or Simp was
to group like terms of Takeuchi’s formula. We will adapt our previous notation accordingly. Let

A= (Z,E) € AMat. Given B € AMat|E| define the support system of B with respect to A as

Suppa(B) = {® = E : B = pa(Aa(4))}.

We want to know when Supp, (B) # 0. In Chapter 4 this was done using betrayal. Recall that
if P is a poset, (J(P),E) € LOIL and ® |= E, then x € P is betrayed by y € Pif y <px and y <g x.
Further recall from Proposition 3.33 that every circuit of the antimatroid (J(P),E) takes the form
({a,b},b). Specifically ({a,b},b) is a circuit of (J(P),E) if and only if @ <p b. Thus it seems
reasonable that betrayal could be adapted to antimatroids as a whole by looking at the circuits of

an antimatroid. Let us start with an example.

Example 7.2. Consider the set family A = (28/\ {{31},[3]). Observe that A is a member of AMat

but not a member of LOI. Further the only circuit of A is ([3],3). Using Takeuchi’s formula
S(A) = —A+({0,1,2,12,23,123}, [3)) + ({0.1,2,12,13,123},[3]) - (2% 3)) - (27, 3]) (7.1)
with

Supp, (A) = {123},

Supp, ({0,1,2,12,23,123}) = {1]23},

Supp, ({0,1,2,12,13,123}) = {2|13},
Suppa (27%) = {1213,1]23,2/1]3},

Supp, (28)) = {13]2,23|1,3]12,1|3|2,2|3|1,3]1|2,3]2[1}.
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Note that Supp A(Z[Z]) is the only term of (7.1) for which “betrayal” occurs. Furthermore the ele-
ments Supp, (212) are those for which the root of ([3],3) occurs in a block after all of the non-root

elements of the circuit. We posit that this is the correct generalization of betrayal to antimatroids.
Definition 7.3. Suppose (% ,E) € AMat. We say that r € E is betrayed with respect to ® =

(®y,...,P;) = E if there exists a rooted circuit (C,r) of (%, E) such that

r € ®; and (7.2)
C\{{r}} CP1U---UD;_;. (7.3)
AKkin to the definition of betrayal for LOI we say that C betrays a.

Proposition 7.4. Suppose A = (% ,E) € AMat, that r € Upc.z F, and that ® = (®y,...,P;) = E.

If r is betrayed with respect to ®, then r is a phantom of Ue(Agp(A)).
Proof. Suppose that r is betrayed by C with respect to ®. Coassociativity of AMat implies that
the i'" factor of Ag(A) is

(A|d>,-)/d>lu~-~ud>,<,1 = ({Fﬂ‘bi FeZand FN (CI)l Y- Uq)i_l) = @},CI),'). (7.4)

Suppose that r € F such that FN(P;U---UD;_1) =0. Then FNC = 0 and by Proposition 7.1
it follows that F ¢ .%#. Thus r appears in no member of (A|e,)/®,u--u®, ,- Hence r must be a

phantom of g (Agp(A)). O

Conjecture 7.5. Suppose A = (% ,E) € AMat, that r € Upcz F, and that ® = (Py,..., D) FE.

If r is a phantom of Ue(Ae(A)), then r is betrayed with respect to .
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