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Representation stability for sequences of

0-Hecke modules

Robert P. Laudone

ABSTRACT We define a new category analogous to FI for the 0-Hecke algebra Hy(0) called the
0-Hecke category, H, indexing sequences of representations of Hy (0) as n varies under suitable
compatibility conditions. We establish a new type of representation stability in this setting
and prove it is implied by being a finitely generated H-module. We then provide examples of
H-modules and discuss further desirable properties these modules possess.

1. INTRODUCTION

The category FI of finite sets and injections, first defined in [3], and its variants
have been of great interest recently. Being a finitely generated FI-module implies
many desirable properties that are often very difficult to prove on their own about
sequences of symmetric group representations, such as representation stability and
polynomial growth. The study of this combinatorial category and its modules has
been fruitful, providing tools to prove a variety of stability results about spaces such as
Hi(Conf, (M); Q) the cohomology of configuration space of n distinct ordered points
on a connected, oriented manifold M and many others [3]. In this vein, a variety of
other combinatorial categories have been defined. The most relevant categories to us
that have seen a surge of interest in recent years are FI and OI, for a general survey
of results we refer the reader to [3, 35, 37, 38]. Recently, in [11] the authors establish a
structure theory for OI-modules similar to the structure theory for FI-modules in [37]
by studying J the monoid of increasing functions.

One can loosely think of FI-modules as sequences of compatible vector spaces
with a complete symmetry present, and similarly OI-modules can be thought of as
sequences of compatible vector spaces with no requirement of symmetry. A similar
story plays out in the analogous field of symmetric function theory as seen in [12],
where the ring of symmetric functions Sym plays the role of FI and the ring of
nonsymmetric functions plays the role of OI. Interpolating between these two rings
is the ring of quasisymmetric functions QSym. One of the goals of this paper is to
define the analogous category that interpolates between FI and OI and explore its
surprising structure.

This category turns out to be the categorical analogue of F1I for the 0-Hecke algebra.
We denote it by H and call it the 0-Hecke category. We begin by defining H and
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discussing how it can be viewed as a quotient of the braid category as seen in [32,
§1.2]. We then prove a variety of structural results about H-modules. Most notably,
despite the 0-Hecke algebra not being semi-simple, one can say a surprising amount
about the underlying H,, (0) representation theory of a finitely generated H-module.
In particular, we are able to construct an explicit basis for the Grothendieck group
of H-modules G(Mody,) consisting of padded induced modules M («, k) where « is a
composition and —1 < k < |a| is an integer. These modules are quotients of the
standard induced modules. This ultimately allows us to prove that finitely generated
‘H-modules satisfy a new form of representation stability,

THEOREM 1.1. For any finitely generated H-module V', we have a unique finite de-
composition in the Grothendieck group G(Mody),

[Vn] - Z Cai,kj [M(aiv kj)n]

where the coefficients cq, k; do not depend on n.

As with the standard form of representation stability for FI, this theorem implies
that a finite list of data, namely {(a;,k;)}, completely describe all the irreducible
H,,(0) representations that will occur in V,, for n > 0. We also describe the exact
process to go from the finite list of data to the irreducible representations one desires.

We then study an important statistic often associated with these combinatorial
categories Gabriel-Krull dimension due to [9]. One can think of this as the analogue
of Krull dimension in commutative algebra, it gives a rough measure of the complexity
of the category. We prove,

THEOREM 1.2. The Gabriel-Krull dimension of H is infinite.

In this respect, H bears more similarity to OI which [11] shows has infinite Gabriel-
Krull dimension. We dedicate the remainder of the paper to exploring examples of
H-modules. We expect there are many more examples,

1) In Section 9 we explore one of the more basic but tractable finitely H-modules
[n] = k[z1,...,2,]q the degree d polynomials in n variables. It is not hard to show
this forms a H-module where H,(0) acts by Demazure operators. This example is
instructive because for small values of d we can explicitly see the representation
stability predicted by Theorem 1.1.

2) In Section 10 we present one of the motivating examples for this paper. From work
of [33] and [13] it was known that the group cohomology H'(B(n,q),F,), where
B(n, q) is the Borel subgroup of GL(n, q), carried an action of H,(0) for any fixed
i > 0. It does not, however, have any natural complete symmetry, i.e. an action of
Sy, In this setting it is natural to ask if a H-module structure is present, we are
able to prove

THEOREM 1.3. The assignment [n] — H'(B(n,q),F,) with compatibility maps de-
scribed in Section 10 forms a H-module.

We believe this defines a finitely generated H-module, but this problem is still
open.

3) In Section 11 we study one of the other motivating examples for this paper,
H;,(B(n,q),F;). By a spectral sequence argument H;(B(n,q),F,) is equal to
H;(U(n,q),F,), where U(n,q) is the unipotent subgroup. This motivated Put-
man, Sam and Snowden to prove that the assignment [n] — H;(U(n,q),F,) with
inclusion maps induced by inclusion of unipotent subgroups is a finitely generated
OI-module [29]. We define a new H,,(0)-action on H;(U(n,q),F,) and prove
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THEOREM 1.4. The assignment [n] — H;(U(n, q),Fy) with compatibility maps
®,: H;i(U(n,q),Fq) = Hi(U(n+1,q),F,)

induced by the natural inclusion U(n,q) — U(n + 1,q) is a finitely generated H-
module.

It turns out that the restriction to OI of the H-action gives an action equivalent to
the one defined in [29]. This result is a strengthening of their result because H has
more structure. In particular, Theorem 1.4 implies

THEOREM 1.5. Fiz i > 0, the sequence of H,(0)-modules {H;(U(n,q),Fq)}n>o0 is
representation stable.

4) In Section 12 we explain how we can turn the collection of Stanley Reisner rings
of the Boolean algebra into a H-module using work of [14]. We then prove this
‘H-module is finitely generated and so is representation stable in our new sense.

5) Finally, in Section 13 we make the connection to QSym more explicit and explore
how a new class of modules defined by [41] which map to quasisymmetric Schur
functions as defined in [12] under the quasisymmetric characteristic map have a
finitely generated H-module structure. These modules provide another example of
a H-module that cannot be a FI-module.

1.1. OUTLINE OF ARGUMENT. The proof of Theorem 1.1 breaks into the following

steps:

1) For each composition «, we first define an important class of H-modules called
induced modules M () in Section 3 and use this to define padded induced modules
M (o, k) in Section 4.

2) Every finitely generated H-module has eventually polynomial growth, the degree of
the polynomial that eventually describes the growth is called the polynomial degree
of the H-module. We prove that padded induced modules have the property that
any proper quotient of them has strictly smaller polynomial degree in Theorem 4.6.

3) We then argue in Theorem 5.1 that M(a, k) is the smallest polynomial degree
k quotient of M(a), i.e. any other polynomial degree k quotient of M (a) must
contain M(a, k).

4) The above allows us to deduce that M (a, k) is simple in the Serre quotient Hy
of polynomial degree < k objects by polynomial degree < k — 1 objects and that
every simple is of this form. This can be seen in Lemma 5.2.

5) Lemma 5.2 means that the M (n) are all finite length, and every finitely generated
H-module is a quotient of a direct sum of the M(n), so we can argue that every
object in the Serre quotient has finite length (Lemma 5.3). This allows us to find
a finite length filtration of any finitely generated polynomial degree k£ H-module
V' in Hj, with successive quotients isomorphic to M (a;, k) (Theorem 5.4).

6) We then use this filtration to show that the isomorphism classes [M(a, k)] as «
ranges over all compositions and k € Z ranges —1 < k < |a] span the Grothendieck
group of finitely generated H-modules, G(Mody) in Theorem 5.5.

7) Finally, we construct functions on the Grothendieck group to argue that the
[M(a, k)] are in fact linearly independent and hence form a basis for G(Mody)
(Theorem 5.6). This ultimately implies our new form of representation stability.

1.2. RELATION TO PREVIOUS WORK. We show in Theorem 2.13 that # is another
example of an ever growing class of noetherian categories. In [38] the authors describe a
Grobner method for proving noetherianity of combinatorial categories which we apply
here. This underlying idea fits into a broader area of interest called noetherianity up
to symmetry. For a nice introduction we recommend [5]. Ultimately, one works with
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a space or object on which a group or algebra acts and proves finite generation up
to the action of this group or algebra. Noetherianity up to symmetry is important
in [26, 35, 36, 37], where the authors explore various manifestations of this idea to
prove finite generation results for various representations of categories and twisted
commutative algebras. These ideas are also present in [3, 6, 20, 34, 40, 42] and many
other recent papers.

The 0-Hecke algebras H,(0) are also an example of a growing class of diagram
algebras that satisfy some form of representation stability. Diagram algebras and
their representations have been of great interest to researchers for many years. Brauer
originally introduced the Brauer algebra in [2] to study Schur-Weyl duality for the
orthogonal group. Since then, many other diagram algebras appeared in the literature,
we refer the reader to [16, 17, 21, 24, 43]. Recently, Patzt in [28] showed that three
of the most important and well studied diagram algebras, the Partition, Brauer and
Temperly—Lieb diagram algebras, also satisfy a form of representation stability. The
Brauer algebra, and its representation theory, has also received considerable attention
in [39].

As we have mentioned one can view H as interpolating between FI and OI. This
paper opens the door to many questions explored in [3] for FI-modules and [38, 11]
for OI-modules.

‘H has concrete connections to QSym, the ring of quasisymmetric functions, as seen
in Section 13. This ring has seen a resurgence of interest as of late, for a general survey
we refer the reader to [25]. The connection between FI and the ring of symmetric
functions is very explicit, in particular the authors in [37] prove that the Grothendieck
group of FI-modules is isomorphic to two copies of the ring of symmetric functions.
It would be interesting to see if a similar result were true about  and what else the
category could tell us about QSym.

This paper also provides a more systematic approach to studying natural sequences
of representations of the 0-Hecke algebra. Recent such examples addressed in this
paper include the Stanley—Reisner ring of the Boolean algebra studied in [14], qua-
sisymmetric Schur modules studied in [41], and H*(B(n, q), F,) as studied in [13, 33].
There are many other examples we are working on in a future paper including ordered
set partitions studied in [15].

Quillen computed the cohomology of the general linear group in non-defining char-
acteristic, H*(GL(n, q), F,), using Sylow subgroups as a key ingredient [30]. In defin-
ing characteristic, B(n, q) is a Sylow-¢q subgroup of GL(n, ¢), and so researchers have
naturally sought to understand H*(B(n, q); F,). Quillen’s methods depend on working
over non-defining characteristic and the pre-existing FI literature does not naturally
apply because there is no natural symmetric group action. The category H provides
the missing categorical framework to study the group homology of the Borel group in
defining characteristic.

1.3. CoNVENTIONS. For the majority of the paper k denotes a field of arbitrary
characteristic because the representation theory of H,(0) does not depend on char-
acteristic. The majority of the notation for this paper is outlined in Section 2.

2. BACKGROUND

2.1. COMPOSITIONS. A composition « of n is a list of positive natural numbers
(a1,...,ap) such that a3 + --+ + ax = n. There are 2"~! compositions of n. We
will denote that « is a composition of n by writing a E n. Compositions of n
isomorphically correspond to descent sets on [n — 1], subsets of increasing integers
in [n — 1], in the following way. Given a composition o = (aq,...,qr) we write
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D(a) = {a1,01 + ag,...,a1 + -+ + ar—1}. It is also easy to reverse this process.
Given a descent set D, we denote by C(D) the corresponding composition.

We can view compositions combinatorially as ribbon diagrams. A ribbon diagram
is an edgewise connected skew diagram with no 2 by 2 boxes. The composition o F n
given by (aq,...,ax) corresponds to the ribbon diagram with «; boxes in row 4. For
example, (2,1,3) corresponds to the ribbon diagram

Given a composition «, let ¢(«), the length of «, denote the number of entries in
«. Combinatorially, this is the number of rows in the ribbon diagram of shape a.
We denote by w(a) the width of «. This gives the number of columns in the ribbon
diagram of a.

PROPOSITION 2.1. For any composition o E n, w(a) =n —f(a) + 1.

Proof. To see why this is the case, notice that the number of columns in the ribbon
diagram is exactly,

(1) + (=) +-+(axg—1)=(a1+-+ap)—k+1l=n—4La)+1. O

Given two compositions a, § we define their sum to be a+8 = (ay,. .., ag, b1, .., br)
and their join as « < 8 = (a1,...,ar + B1, P2, ..., Be)-

In a ribbon diagram, we enumerate boxes from left to right and bottom to top. So
by the i-th box, we mean that i-th box counted in this manner. We will often discuss
adding boxes to positions of a ribbon diagram, we make this concrete here. Given
a composition o = (aq,...,ax) with a E n, adding a box to the i-th position of «
means that we add a box above the (i —1)-st box in the ribbon diagram corresponding
to a and shift the corresponding boxes up to ensure we still have a ribbon diagram.
Explicitly, if the (i — 1)-st box is in o, i.e. s + -+ aj_1 <i—1< a1+ +ay,
then the ribbon diagram where we add a box to position ¢ — 1 is exactly

(a1, a1, 05 — B3y 1) < (Bis ajgns - -0 ag),

where §; is a correction factor so that a; +---4+o; — 8; =7 — 1.

From this we can see that in a composition of n, it makes sense to add a box
to any position ¢ with 1 < i < n+ 1. We say that o F n has n + 1 positions, so
position(«) = |a| + 1. Combinatorially this is because we are allowed to add a box to
the left of the first box as well.

2.2. 0-HECKE ALGEBRA. The 0-Hecke algebra H,(0) is the associative algebra gen-

erated by m1,...,m,—1 over an arbitrary field F where the generators satisfy the
relations

W? = 1<i<n—-1

MM 1T = Mip1MiTir1 1 <1< n—2

T = TjT4 ‘Z.—j|>1.

We will most often use this generating set. The last two relations are commonly
called the braid relations and the first relation is sometimes called the skein relation.
H,(0) is a deformation of the symmetric group &,, and one of the most well studied
degenerate deformations. Recall that the symmetric group has Coxeter generators
{$1,...,8n—1} where the s; = (i,441) is the adjacent transposition. These generators
satisfy the braid relations, but not the skein relation, instead s? = 1. If w € &,
is a permutation and w = s;, ---s;, is a reduced expression for w in the Coxeter
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generators we define the H,(0) algebra element m, = m;, ---m;, € Hyp(0). One can
show that the set {m, | w € &,,} forms a basis for H,(0) as an F-vector space.

It is well known that H,(0) has another algebra generating set {71,...,Tn—1}
subject to the relations

—2
™

= -7 1<i1<n—-1
M1 = Tjp1TiTi41 1 <i<n—2
Ty = ;T |Z —]| > 1.
Here 7, = m; — 1 for all i.
In [27] the author characterizes all simple and projective H,(0) modules. In par-
ticular, they are indexed by compositions o F n. The complete list of irreducible
modules is given by {C, }, where C,, is a one dimensional H,,(0)-module spanned by

v where for i =1,...,n—1,
0 i€ D(a)
TV —
Vo 1€ D(a).

We will denote the complete list of projective modules by {P,}. For more details
we refer the reader to [27]. As a quick example we note that C,, = P, is the trivial
representation where all generators m; act by 1 because D(n) = {}.

2.3. SYMMETRIC FUNCTION THEORY. Let X = (z1,22,...) be a totally ordered
infinite set of variables. Then we denote the Z-algebra of symmetric functions in X
with coefficients in Z by Sym. There is a clear N-grading on this algebra, its degree
n component has basis given by the Schur functions {sy | A\ F n}, i.e. X is a partition
of n. The Schur function sy can be expressed as

(1) S)\ZZXT
T

where the sum is over all semi-standard tableau T of shape A and x” is the monomial

T T
xT = mil( )gcgz( ).

where ¢;(T) is the number of times ¢ appears in T'. Given partitions u C X, we also let
sx/u € Sym denote the skew Schur function. This function is defined via Equation (1),
where we sum over all skew-tableau of shape A/p. The most important example of a
skew Schur function for us is a ribbon Schur function, where A/u is a ribbon tableau.
We will index these by s, where « is a composition corresponding to the ribbon A/p.
For further reading on symmetric functions we refer the reader to [23].

There is a coproduct structure on Sym given by replacing the variables =1, zo, ...
with x1,2Z9,...,91,%2,... so that Sym becomes a graded Hopf algebra which is self
dual under the basis {s)} [10, §2].

There is a larger algebra which contains Sym given by loosening the requirement
that the functions be symmetric. Once again if we let X be a totally ordered set
of variables, we can define the Z-algebra of quasisymmetric functions QSym as the
power series of bounded degree in X which are upward shift invariant in the sense that
the coefficient of the monomial x{" - z:* is equal to the coefficient of 7" - - - 27* for
any increasing sequence of integers i; < is < --+ < i;. Notice that every symmetric
function satisfies this property, but there are quasisymmetric functions that are not
symmetric, for example

xlxg —+ x1x§ + :chg
is a quasisymmetric function in 3 variables but is not symmetric. This means that we
naturally have Sym C QSym. The algebra QSym has a basis consisting of monomial
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quasisymmetric functions M,. For a composition o F n with o = {a1,...,a}
. a0
M, = E @ Ty k.
11 <ia<---<ip

We can use this basis to define one of the most important bases for QSym, the Gessel
fundamental quasisymmetric functions, denoted {F,}. To begin we let Fy = 1 and for

any composition a,
Fo=Y_ M;
B
where § <X « if we can obtain a by adding together adjacent elements of 5. For
example (1,1,2,3,2) < (2,2,5). This is sometimes called the refinement order on
compositions.

The final algebra we consider is NSym the graded algebra of noncommutative
symmetric functions. This is the free unital associative noncommutative algebra of
noncommutative functions in X invariant under the natural symmetric group action.
Alternatively, we can define it as the free unital associative noncommutative algebra
Z{hi,ha,...) generated over Z by the symbols hq, ha, ... where hy has degree d. The
degree n component of NSym has Z-basis given by {h, | « E n} where

h, =hqa, - ha,-

Remember this is a noncommutative product, so considering compositions instead of
partitions is important. One of the most important bases for the degree n component
of NSym consists of the noncommutative ribbon Schur functions, {s, | « £ n}. We
note that these are not the same as the ribbon Schur functions mentioned above,
because they are not commutative, their commutative image will be one of the ribbon
Schur functions. In terms of the h, we define these as

5o = 3 (1))
B

As in the symmetric function case there are coproducts on QSym and NSym but
they are not self dual, instead they are dual to each other as Hopf algebras [10, §5].

2.4. QUASICHARACTERISTIC MAPS. Let A be a finite dimensional algebra over a
field F. We will often work with the Grothendieck group G(A) of finitely generated
A-modules. This group is the quotient of the free abelian group generated by isomor-
phism classes of finitely generated A-modules [M] by the relation [M] — [L] — [N] if
there is a short exact sequence of finitely generated A-modules

0—-L—>M-—N—0O0.

If we let A = H,(0), G(H,(0)) has free basis given by the collection of isomorphism
classes of irreducible H,,(0)-modules, i.e. the {[C,]} for all & F n. We will not use it
much for now, but it is worth mentioning that there is another Grothendieck group
K(A) consisting of all finitely-generated projective A-modules which has free basis
given by the collection of isomorphism classes of indecomposable projective H,,(0)-
modules. These were also characterized in [27] and correspond to compositions of n
as well.

In the following we assume some representation theory background, a good re-
source for these results is [7]. The symmetric group algebra Q[&,,] is semisimple and
has irreducible representations V) indexed by partitions A F n. In this setting, the
Grothendieck group G(Q[&,]) of the tower

Q[6,]: Q[&o] — Q[&y] = -+
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of symmetric group algebras is the direct sum of the G(Q[S,,]) for all n > 0. It can
be given the structure of a graded Hopf algebra where the product and coproduct are
respectively induction and restriction of representations along the natural embedding
G, ® 6,y — Spym. The Frobenius characteristic map Fch of a finite dimensional
Q[6,,]-modules V is defined first on the basis for G(Q[&,,]) consisting of isomorphism
classes of Specht modules [V3]

FCh([V)\]) = S)\

where sy is the Schur function corresponding to the partition A, we then extend
linearly. Incredibly, the map Fch gives a graded Hopf algebra isomorphism between
G(Q[S.]) = Sym [10, §4.4]. This connection has been incredibly useful as it allows us
to study the representation theory of the symmetric group by working with symmetric
functions and vice versa. One important result coming from this connection is the
decomposition of tensor products V) ® V,, of Specht modules considered now as a
representation of &y, into its irreducible components via the Pieri rule. For further
details we refer the reader to [23, I 5].

It turns out that there are two analogous characteristic maps Ch and ch defined
by Krob and Thibon [18], which make it possible to study representations of H,(0)
through the rings QSym and NSym defined above. We will recall their construction
because it will be very important in the coming sections.

As discussed, the two Grothendieck groups G(H,(0)) and K(H,(0)) have bases
given by {[C,] | @ E n} and {[P,] | @ E n} respectively. Similar to the symmetric
group algebra case, we have Grothendieck groups G(He(0)) = €B,,5( G(H,(0)) and
K(He(0)) = D, o K(Hn(0)) associated to the tower of algebras

H,o(0): Ho(0) < Hy(0) < Hy(0) < -

These groups are both graded Hopf algebras with product and coproduct given
by induction and restriction of representations along the natural embedding
H,(0) ® Hy,(0) — Hp4m(0). Furthermore, they are dual to each other via the
pairing ([P,], [Cg]) = da,g where this is the Kronecker-Delta function.

Krob and Thibon [18] define two linear characteristic maps

Ch: G(H.(0)) = QSym and ch: K(H,(0)) - NSym,

by Ch([C,]) := F, and ch(P,) = s, where F, is the fundamental quasisymmetric
function and s, is the noncommutative ribbon Schur function. They then show these
maps are graded isomorphisms of Hopf algebras. For more information we refer the
reader to [18].

2.5. THE 0-HECKE CATEGORY H. In [1] the author describes a natural way to view
H,(0) as a quotient of the braid group B,,. Recall that a geometric braid is a disjoint
union of n edges called strands, in D x I where I = [0,1] and D is a closed disk. The
set of endpoints of the strands is required to be {p1,...,p,} x{0,1}, and each strand
is required to intersect each disk cross-section exactly once. Two geometric braids are
said to be equivalent if it is possible to continuously deform one to get the other. The
elements of B,, are equivalence classes of braids under this continuous deformation
equivalence relation. For more we refer the reader to [1]. From now on, we will refer
to geometric braids as braids.

DEFINITION 2.2. A crossing in a braid is called positive if the strand on top in the
crossing goes from top left to bottom right, otherwise it is called negative.

We can encode each 7; as a braid with strands connecting vertices ¢ to ¢ + 1 in the
top row to vertices ¢ + 1 to ¢ in the bottom row with a positive crossing. Then every

Algebraic Combinatorics, Vol. 4 #4 (2021) 626



Representation stability for 0-Hecke modules

element of H,(0) can be represented as a composition of positive crossing diagrams
and hence can be viewed as a braid diagram with strictly positive crossings, meaning
the strand originating at the first vertex crosses above any vertex it crosses. The
strand originating from the second vertex can only cross below the strand originating
from vertex 1 and above all other strands etc.

DEFINITION 2.3. We call a braid diagram from [n] vertices to [m] vertices order pre-
serving if there are mo crossings.

We will define H as the quotient of the Braid Category in [32, §1.2] by the skein
relation, i.e. that 72 = ;. Graphically, this is the relation

X
[ .:.NO
.N.

More explicitly, the objects of H consist of sets [n] for n € Z>( and homy ([n], [m]) for
n < m is given by all positive crossing braid diagrams from n vertices to m vertices.

To compose two maps f € homy/([n], [m]) and g € homy([m],[¢]) we view both
maps as elements of Hy(0) by padding the top rows of the corresponding diagrams
with dummy vertices, called “free” ends in [32], so that every row has ¢ vertices. We
then connect the dummy vertices to the vertices in the bottom row that have degree
0 so that we do not introduce any crossings between the edges we introduce and so
that every crossing we must create is positive. The edges adjacent to dummy vertices
are called dummy edges. Now compose as we would in Hy(0), i.e. by following paths
and applying the skein relations to ensure we have positive crossings. We then remove
all dummy vertices and the dummy edges from the resulting composition.

Notice that the number of dummy vertices we add to f does not matter after we
add m — n because after that each dummy vertex is mapped identically to itself.

The following are an important list of relations that result from the above compo-
sition rules:

LN L, NN L.
2 ° ° ‘:.\.\. @) °° ‘:.\.\.
.N. I .NO I

(2C) o [ ] [ ] .:.\\
X Lol

REMARK 2.4.1t is easy to check that all of these relations arise from our padded
composition in H. We will illustrate how to check Relation (2b) and leave the rest
for the reader. Once again, dummy vertices are denoted by ® and dummy edges are
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dashed, Relation (2b) can be seen as,

° LI ®
R

A
o< o

In H3(0) this is mymme = myme by the skein relation. Recall that composition is read
from right to left and with our diagrams we read from top to bottom. As a result
when we remove the dummy vertex and its connected edge we recover the original
diagram.

PRrROPOSITION 2.5. OI is a subcategory of H.

Proof. We have a natural embedding of objects. For maps, every order preserving
injection corresponds to an order preserving braid diagram. It remains to check that
given two order preserving maps, they compose as they would in OI using our com-
position rules.

Let f and g be two order preserving maps, f € homy([n],[m]), g € homy([m], []).
To compose we will pad f with £ — n dummy vertices and ¢ with £ — m dummy
vertices. When we add the dummy edges by virtue of the fact that the original maps
were order preserving there will never be crossings between non-dummy edges in the
resulting composition in Hy(0). So when we remove the dummy vertices and edges,
we will recover the exact composition we would expect in OI. O

PROPOSITION 2.6. Composition in H is well defined and associative.

Proof. One way to see this is that composition is well defined in the Braid Category
and hence is well defined in the quotient. This also follows immediately from the fact
that composition is well defined and associative in H,,(0) for any n. Since when we
compose two maps f € homy([n],[m]) and g € homy([m],[{]) we first pad them
and proceed to compose the corresponding padded diagrams in Hy(0). Associativ-
ity in Hy(0) implies that no matter how we compose we get the same diagram, so
when we remove dummy vertices and edges we get the same well defined diagram in
homy ([n], [€]). O

DEFINITION 2.7. We call the natural injection of H,(0) into H,,(0) sending m; — m;
fori=1,...,n —1 the principal injection and denote it by iy ,,. This is represented
by the order preserving braid diagram that sends vertex i to vertex 7.

Notice that H,,(0) acts on homy/([n],[m]) via post-composition. We can see that
the element ¢, ,,, generates all other elements under this action, but the action is not
transitive as in the FI case, which we would expect because there are no inverses in
H,,,(0). We can also see that the annihilator of ¢y, , is isomorphic to Hy,—,(0) because
it is generated by all the maps 7, +1,..., 7. From this we can conclude,

PROPOSITION 2.8. As a H,,(0)-module,
homy([n], [m]) = Hyn(0)/Hpn—n(0)-
Proof. Define a H,,(0)-equivariant map
¢: Hyp,(0) — homyy([n], [m])
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via the action of the element on ¢y, so ¢(m;) = Tty m and we extend so ¢ is an
algebra homomorphism. From the above observations, this map is surjective. By the
first isomorphism theorem we have

H,(0)/ ker(¢) = homyy([n], [m]).

But by definition ker(¢) is exactly the annihilator of ¢, ,,, and this is isomorphic to
H,,—,(0). O

Using this, we can derive a H-module criterion.

THEOREM 2.9 (H-module criterion). Suppose that {W,} is a sequence of H,(0) rep-
resentations with H,(0)-equivariant maps ¢n: Wy, — W,y1, where the action on
Wit1 is given by embedding H,(0) into Hy11(0) via the principal injection iy n41.
Let K = Hy,_,(0) be the stabilizer of vy, m under the action of H,,(0) by post compo-
sition. Then {Wp,} can be promoted to a H-module with (tnnt1)« = ¢n if and only if
foralln <m

TV =0 Vre K and v € image((tn,m)«)-

Proof. First if we assume that {W,,} is a H-module, we clearly have 7 -v = v for
every m € K and v € image((ty,m)«) by the rules for composition, since we know
the stabilizer will be generated by mp41,..., T, and all of these element act by the
identity after ¢, », so by functoriality we must have T, (tnm )« = (T tnm)s = (bnm)+-

For the other direction, we can factor any map f € homy([n], [m]) as f = Tyinm
where T, is a word in the generators of H,,(0). We will define the H action by letting
(tnn+1)x = ¢ and then fo = TyyPm—1 - - Pn. It remains to check that functoriality
is satisfied.

Suppose we have f € homy ([n],[m]) and g € homy ([m], [¢]), then we claim

(go f)* = p¢Z71 o '(mewqufl ' ¢n = g*f*~

In order for the above to be well defined and true we need any permutation of strictly
dummy vertices in the composition g o f to act by the identity on any vector in the
image of (tn,¢)«. This is guaranteed by our assumption because such permutations are
exactly the stabilizer of ¢y, ¢. O

REMARK 2.10. We quickly notice that checking the above is equivalent to checking
that every element that annihilates ¢, ,,, acts by 0. This is because if 7 stabilizes, then
m — 1 annihilates and vice versa.

Theorem 2.9 classifies the sequences of 0-Hecke representations that can be “pro-
moted” to a H-module, a similar result for FI-modules appears in [3, Remark 3.3.1].
We will now prove a few more properties of this category. First, we will show it is
noetherian.

DEFINITION 2.11. We say that a category of modules is locally noetherian if any sub-
module of a finitely generated module is finitely generated.

DEFINITION 2.12. Given two categories C and C', we say that a functor ®: C — C’
satisfies property (F) if the following condition holds: given any object x of C' there
exist finitely many objects yi, ..., yn of C and morphisms f;: © — ®(y;) in C’ such that
for any object y of C and any morphism f: x — ®(y) in C’, there exists a morphism
g:yi =y in C such that f = ®(g) o f;.

This property is important because it is equivalent to the pullback functor
®*: Repy(C') — Repy(C) preserving finite generation. For more on this we direct
the reader to [38, §3].
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THEOREM 2.13. The category of H-modules, Mody, is locally noetherian.

Proof. We use Grobner methods outlined in [38]. In particular, we will show that H is
quasi-Grébner which proves that it is locally noetherian. In [38] the authors show that
OI is a Grobner category, i.e. that it is locally noetherian. So it suffices to produce
a functor ®: OI — H that satisfies property (F). The functor ® will be the natural
inclusion outlined in Proposition 2.5.

It is clear that ® is essentially surjective, so it remains to show that it satisfies
property (F). Let = [n] be a given object in H. Every map f € homy([n], [m])
can be factored as i(n,m)T,, where T3, € H,(0) and i(n,m) is an order preserving
injection from [n] to [m]. If we take y1,...,yn = [n] and f;: [n] — ®(y;) to be the ith
element of H,(0) under any enumeration it is clear that ® satisfies property (F). O

3. INDUCED MODULES

We will now consider the induced modules M (C,) where C,, is the simple one dimen-
sional H,(0)-module defined in the Section 2. M(C,) is defined as

M(Cq)m = k[homy([n], [m])] Qk[H,(0)] Ca)

where the action of H is composition on the left tensor factor. It is not hard to see
that

~ H,,(0)
M(Ca)m = Indy o)., 0) Co B Cmn:

We also define M (n),, := k[homy ([n], [m])]. There is a convenient way to index basis
elements of M (a) in each degree.

LEMMA 3.1. For a fized o E n and degree d a basis for M(«)q is indexed by all order
preserving injections of n into d. Explicitly this basis is given by {g ® v, } where g
ranges over all order preserving injections of n into d and v, spans Cg,.

Proof. For fixed d and n, we may assume d > n, the space M («)q is exactly
M(n)a @, (0)) Ca-

Pick any element f ® v, where v, spans C,. We may assume by linearity that f
is a single map and not a sum of maps. If f has any crossings, we can factor f as
an element of H,(0) followed by an order preserving injection g, i.e. f = ¢gT,,. We
can then pass the element of H,(0) through the tensor and have it act on v,. This
implies that this vector f ® vy, = g ® (T\yvs). But we know T, acts by either 0 or 1
on v, so either the original vector is zero or it equals g ® v, for some order preserving
injection g. O
COROLLARY 3.2. For a fized o E n, dim (M (a)q) = (d).

n

Proof. This follows immediately from Lemma 3.1 because there are (¢) order pre-
serving injections of [n] into [d]. O

Under the quasisymmetric characteristic map Ch: G(H) — QSym defined in Sec-
tion 2, the isomorphism class of the simple element [C,] corresponds to the fundamen-
tal quasisymmetric function F,. We can use this characteristic map to decompose the
isomorphism class [M(C,)],, in particular it corresponds to the analogous variant of
the Pieri rule for fundamental quasisymmetric functions which we now recall.

Given two words w and v of length n and m respectively, we define their shuffle
set, denoted by w ® v as the set of all words, uy - - - Up4n, Where for some subset of
disjoint indices {i1,...,4,} and {j1,...,Jm} with i3 < -+ < iy and j; < -+ < jm,
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we have u;, = wy and uj, = vi. Given a word w on an ordered set such as Z>o we
define the descent set of w as

D(w) = {’L | w; > wi+1}.

As a quick example consider the word w = 14253, then D(w) = {2,4}.
For fundamental quasisymmetric functions Fi, and Fs we have the following mul-
tiplication rule, for more details on this rule we refer the reader to [19],

FaFs= ) Fowy
uew(a)Ow(B)

where w(a) is some word on Zx( with descent set D(w(«)) = D(«a) and the same for
w(B) with the condition that w(«) and w(8) must consist of disjoint natural numbers.
We recall that C(D(u)) is the composition corresponding to the descent set of the
word u.

We are specifically concerned with the case where S = m. In this case, combinato-
rially if we interpret o F n as a ribbon diagram we sum over all F, with v Em +n
a ribbon diagram constructed from « by adding m boxes in any way to any of the
positions of «. This multiplication rule allows us to discover which simple modules
are in each degree of our induced modules. Consider the following example,

ExaMPLE 3.3. Consider the following induced H-module, M () We will explicitly
compute the simples in degree 4,

3]
1[3] [1]4
2[4 4[2] 4[1]2]4]

%w‘»—l‘

M()4:‘2

We number the boxes to illustrate the connection to descent words and the multi-
plication rule above. Each diagram corresponds to the descent word where we read
from bottom to top, left to right. Here w(5) = 1 and w(a) = 243. We then sum over
all shuffles, so we get the descent words {2431,2413,2143,1243} which correspond to
inserting 1 into all possible places.

From this point forward, we will no longer number the boxes because the descent
set is recoverable from the diagrams themselves. We placed the numbers in the above
example purely to illustrate the connection between the multiplication rule for fun-
damental quasisymmetric functions and adding boxes to certain positions of a.

We also note that the action of the 0-Hecke algebra H,,(0) on the simples in the H-
degree n component of a H-module M («) corresponds to shifting added boxes down
to a lower position in the diagram. This perspective will be very useful in the coming
sections. We will often switch perspectives depending on which allows for the easiest
proof. To see what we mean, consider the following example.

EXAMPLE 3.4. Once again if we consider the induced module M((2,1)), we can see
that each of the diagrams in the above example correspond to a basis element, which
are indexed by order preserving injections. In degree 4 we have

M(EH)4:E@+EE:|+E§+E:H ,

where the marked boxes are the box we add to the ribbon tableau corresponding to
(2,1). These diagrams correspond respectively to the basis elements

j:( l l @ V(2,1), l l :\. ® v(2,1)5
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TN o NN

where we read from left to right then top to bottom and v(s 1) is the basis element that
spans C sz 1). To see this correspondence, notice that the final diagram is preserved by
the H4(0) action where 71 acts by 1, ma acts by 1, and 73 acts by 0. The corresponding
descent set is precisely {3} and so the corresponding composition of 4 is (3,1). Notice
this is the diagram where the box is placed in the lowest possible position.

When we quotient by this simple, one can check that the next simple that we can
inject into this module is precisely the third diagram where we add a box to the second
position. Under the H4(0) action, we can map the third diagram to the final diagram
where we add a box to the 1st position by applying 71. In this same way, it is possible
to move any box we have added in a higher row to a lower row under this Hy(0)
action since adding boxes to the i-th row corresponds to having that many degree
0 vertices before the i-th strand. This implies that if a submodule contains a simple
in M(«) that corresponds to adding a box to a higher position of «, the submodule
must also contain all the simple modules corresponding to adding the same boxes to
lower positions. This will be extremely useful in the coming sections.

PROPOSITION 3.5. The simple objects in Mody are precisely the modules equal to C\
in degree || and zero elsewhere.

Proof. Suppose V is a simple H-module. Let d be the first degree where V; # 0.
Then by simplicity we must have V54,1 = 0, otherwise V5441 would be a nonzero
submodule. Furthermore, V; must be a simple H;4(0) module otherwise it would have
a submodule. This means V; = C, for some composition « F d. O

4. PADDED INDUCED MODULES

We say that a finitely generated H-module V' has polynomial degree d if dim(V},) is
given by a degree d polynomial for sufficiently large n.

Given a composition « F n, for 0 < 7 < n, let n;(a) consist of the first ¢ blocks
of a and 7j(«) consist of the last j blocks of a. We refer to these 1;(«) as heads of
a and 7j(a) as tails of . We explain what a head looks like explicitly and the tail
is similar. If « = (aq,...,ax) then n;(a) = (a1,...,a¢ — ) where § is a potential
correction term to make sure that 7;(«) is a composition of i. We say that p and =
are summands of a if we can write « = p + v where p and  are both compositions.
We say that n,(a) or 7;(«) is split if we need a correction term J3, combinatorially
this is if the i-th block reading from left to right is not at the end of a row. If n;(«)
is split then a = n;(a) + Th—i(), if not then a = n;(a) < 7—i().

We now define a new module M («, k) where « is a composition of n and k is an
integer —1 < k < n. First we let M (a,n) = M («) and M(«, —1) := C,, these are both
quotients of M («). Then for 0 < k < n, we let M (e, k) be the quotient of M(«) of
degree k defined as follows. Let A, ; be the submodule of M (o) generated by the basis
element in degree |a| 4+ 1 indexed by the order preserving injection gi: [n] — [n + 1],

. i+l 2ol -k,
gk(i) =9 .
1 else.

When we quotient by this module, the remaining simples in degree m of M(a, k)
are indexed by M (7x())m—n+k- To find the simples of M («, k) corresponding to the
compositions {B;m—n+k}i of M(7k(@))m—n+kr we either get n,—r(c) + Bim—n+k OF
M-k (@) < Bim—n+k- The first case occurs if n,_x(a) is split or if we add a box to
the first row of 74(c) in B m—n+k- The second case occurs if 7,_x(a) is not split
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and we do not add a box to the first row of 7, (). We explain this further below in
Lemma 4.4. We call these degree k induced o modules.

PROPOSITION 4.1. The module M («, k) where |a] = n, has Hilbert function (dfzﬂg)
and so has polynomial degree k.

Proof. The simples that occur in M(«, k)q are precisely those obtained from « by
adding d — n boxes to the top k£ + 1 positions of «. There are (d_z+k) ways to do this

and each simple is one dimensional. O

REMARK 4.2. Notice, this result recovers the previous statement that dim(M (a)q) =
(Z), as M(a) = M(a,n) if |a| = n. Comparing the proof of this result with Corol-
lary 3.2 further illustrates the connection between the basis of order preserving in-
jections and the combinatorial interpretation of computing simples that occur using

ribbon diagrams.

EXAMPLE 4.3. Consider the example of M((2,2),3). We define this as a quotient of
M((2,2)) by the submodule generated by

where recall v(z 9) spans C 3 2). The above map is precisely the map indexed by the
order preserving injection g described above. In this case |a| — 3 = 1. Notice that ay
is not split, i.e. a; = (1) and o® = (1,2). From the above all the remaining simples
should be generated by adjoining the simples in M((1,2)) to «;. In degree 4 this
quotient is spanned by

oL L ] ®ve

This corresponds to the simple Csg 2, which we can realize as o <1 (1,2) where (1,2)
is the only simple in M ((1,2))s. In degree 5 the quotient is spanned by

A R I

l l \:\. ® V(2,2 l :\:\:\. ® v(2,2)-

Notice the restriction the quotient places on the remaining basis elements is that the
first arrow must go directly down. If it does, the basis element will not be in the
quotient, if it does not the basis element is forced into the quotient. The quotient
can be viewed as all simples where we place at least one block into the first position
of the diagram for «, so all the remaining diagrams are exactly the ones where we
never have a block in that position. These correspond to the following compositions
a1 <(1,2,1), a1 <(1,1,2), a3 <(1,3) and «y + (2,2). The compositions on the right
are exactly those present in M((1,2))4. Notice o is split, but in the final diagram we
add a box to the first position of (1,2) so we add instead of join.

The above illustrates that the representation theory of M(a, k) is very similar to
that of M (7x(«)). To make this more explicit,

LEMMA 4.4. Submodules of M(a, k) are in bijective correspondence with submodules
of M(7i(v)). This bijection respects the H-module structure and preserves polynomial
degree.
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Proof. Simples are indexed by their sole basis element, as we have seen above
(Lemma 3.1). We will give a bijective correspondence between these basis elements
that respects the H-module structure. This bijection then extends to a bijective
correspondence of submodules, as every submodule can be described by the basis
elements that generate it as an H-module. A bijective correspondence of basis
elements also clearly respects the polynomial degree.

Given a basis element of M (7;(«))q, to get the corresponding basis element of
M (o, k) gt|a)—k we prepend |a| — k vertices to the top and bottom row of the string
diagram corresponding to the basis element and connect them directly downwards.
By construction this will be nonzero in the quotient so our map has a nonzero image
in M(a,k)i4|a|—k- Furthermore, each basis element has a unique image and this map
respects the action of H4(0) where we embed Hy(0) — Hgyjq)—x(0) by 7 = Ta|—k+i-
In particular, we see that if the basis vectors corresponding to simples {Cgi } generate
a submodule of M (7(cx)), the basis vectors corresponding to the simples {C.: } where
we prepend the missing part of a, i.e. 94— (a), to B% will generate a corresponding
submodule of M (a, k).

The inverse map is the restriction map that ignores the first |a| — k fixed vertical
edges that must occur in any basis element of the quotient module M (v, k). This map
is also an injection because by construction every basis element that occurs in any
degree of M(«, k) has |a| — & fixed vertical edges, so the only new information is what
occurs within the final d pairs of vertices. Notice, this also respects the H4(0) action.

Finally, by construction the only way to generate new basis elements in M (a, k)
from a given element is via the H4(0) action on the final d vertices. As a result,
generating sets for submodules are completely determined up to this action. Since the
above bijection respects this Hy(0) action, it gives us a bijective correspondence of
submodules. 0

REMARK 4.5. The above shows that when dealing with proofs about polynomial de-
gree of submodules it suffices to work with the M («). It is important to note that
this does not show that M (7 (a)) and M («, k) are isomorphic as H-modules, this is
very much not the case. In particular, we are not trying to say that there is an iso-
morphism of submodules, just a bijective correspondence that respects the H-module
structure. We show that the simples occurring in submodules of M («, k) are controlled
by M (7;(«)) and hence so is the dimension because all simples are one dimensional.
To understand this lemma further, look back at Example 4.3.

We now prove an important theorem about quotients of M («, k).

THEOREM 4.6. Let a be a composition with |a| = n. Then any proper quotient of
M (e, k) has polynomial degree < k. Equivalently, any proper submodule of M («, k)
has Hilbert polynomial of the same degree with the same leading term as M (o, k).

Lemma 3.1 allows us to place a total order on the basis elements of M («) for any a.
In particular, we say that g1 ® vo = g2 @ v, if g1 has image in [m] while go has image
in [n] with m > n or if g; and g2 both have image in [n] and (g1(1), 91(2),...,91(n)) =
(92(1),92(2),...,g2(n)) in the lexicographic order. It is not hard to see this is indeed
a total order.

LEMMA 4.7. Order preserving maps preserve the lexicographic order on basis elements
of the same degree.

Proof. Given two basis elements g1 ®v, = g2®uv, with g1, g2 € M (n)q order preserving
and another order preserving map f € homy([d], [m]) we know that f acts on these
basis elements by composition in the first component and we need to show f(g1 ®v,) >
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f(g2 ® v,). Equivalently we need to show,
(f91) ®va = (fg2) ® va-

fg1 and fge both inject into [m] so we have to show

(fgl(l)afgl(2)’ e "fgl(n)) = (fg2(1)7f92(2)a B '7f92(n))'

This is clear because f is order preserving. O

Every element we are concerned with will be a sum of basis elements in the same
degree, because we consider degrees separately. The above result implies that order
preserving injections between degrees respect the total order on each degree. With
these results, we are ready to prove our theorem,

Proof of Theorem 4.6. It suffices to prove this result for M (a) = M («, |a|) as « varies
by Lemma 4.4. Let V' be a proper submodule of M («) in Mody . Suppose that d > n
is the first degree where V4 # 0. Then because V is a submodule of M (a) we know
V4 will contain a vector v with the following vector as a nonzero summand,

where v, is a vector spanning C, and there are n vertices on top, d on the bottom
and the first d — n vertices are not mapped to. We will call the above vector u. This
vector will appear because we can apply the moves in (2a) to obtain such a v having
u as a nonzero summand. In degree d, u = f ® v,, is the largest element with respect
to the lex order on basis elements.

If we consider all the order preserving maps that factor through f in later degrees
they will be linearly independent because they are basis elements as described in
Lemma 3.1. Applying order preserving injections preserves the lex order as seen in
Lemma 4.7, so in any order preserving injection of v the image of u will be the largest
vector that appears as a summand.

Consider a collection of order preserving injections of v that inject u to unique
vectors (e.g. we want the final n vertices of the d total vertices to have unique images
under each map and we want the first d — n vertices to map directly downward so
there are no repetitions in the mapping of u). We claim the images of v under these
order preserving injections are linearly independent. If there was some nontrivial linear
combination of these order preserving injections of v, consider the images of u. The
coefficient of the largest image of v, i.e. the one that contains the largest image of u
with respect to the lexicographic order, must be zero because the image of u will be
the largest possible vector in that degree with respect to the lexicographic order and
no other selected order preserving injection of v contains that vector as a summand
by construction. We then continue in that fashion to find that all the coefficients must
be zero.

This means that every order preserving injection we have selected of the vector
v will be linearly independent. If we map to degree m > d > n there are (mfg“’)
such injections. Each will be given by selecting n vertices from the final m — d + n
vertices in degree m. So if we consider the submodule generated by the vector v, it
gives a lower bound on the dimension of the original submodule V in each degree.
We know dim(M («),,,) gives an upper bound on the dimension of V;,,. All of these
submodules have eventually polynomial growth because they are finitely generated
by Noetherianity (Theorem 2.13). In total we have shown that

(:’;) > dim(V,,) > (m -t ”)

n

Algebraic Combinatorics, Vol. 4 #4 (2021) 635



ROBERT P. LAUDONE

and dim(V,,) is eventually polynomial. All of this implies that dim(V},) must even-
tually equal a polynomial of degree n with leading coefficient % As a result, the
quotient module M (a))/V has degree < n because the leading terms will cancel. O

5. GROTHENDIECK GROUP

Let H<q = (Mody)<a the H-modules of polynomial degree < d. Consider the suc-
cessive Serre quotient category where we consider every polynomial degree d module
modulo polynomial degree < d objects, we will denote this category of polynomial
degree d objects modulo degree < d — 1 objects by Hq == Hea/H<i—1. It turns out
that the M (a, k) are simple in the quotient by lower polynomial degree submodules.

THEOREM 5.1. Any nonzero polynomial degree k quotient of M(«) must contain
M(ay, k), i.e. M(a, k) is the smallest nonzero polynomial degree k quotient of M(c).

Proof. For any a and k, this is equivalent to saying that if M (o, k) = M(a)/Aak
that any other quotient M («)/B of polynomial degree k has B C A, k.

If k = -1, M(a,—1) = C, which is clearly the smallest polynomial degree —1
nonzero quotient of M («) as any further quotient would have to be identically zero.

Assume k > 0. Suppose there were a submodule B with A, C B such that
M (o)/B had polynomial degree k. This implies the existence of a nonzero submodule
of M(a, k) such that the quotient still has polynomial degree k which is impossible
by Theorem 4.6, as the polynomial degree must drop to k — 1.

The other option is that A, j and B are not comparable in the containment order.
Suppose this is the case with & > 0, and that M («)/B has polynomial degree k.

Let b span a simple in B that is not contained in A, ;. For b to not be in A, j, the
corresponding simple module must not have a box added to the first |a|—k positions of
a. This is because by construction A, j contains every such simple module. Suppose b
is in H-degree £. Without loss we can assume we add all ¢ boxes to the (|a| —k+1)-st
position since the submodule generated by any other choice of simple contains this
one because we can always shift boxes down.

In the quotient of M («) by the submodule generated by b, the remaining simples
correspond to diagrams where we add no more than ¢ —1 boxes to the first |o| —k+1
positions of «. The number of ways to place £ — 1 boxes in the first |a| — k 4+ 1
positions of « is (‘al_k;:l;gd) which is a constant. There are a total of |a| + 1
positions we could add boxes to, and once we fix a way to place at most ¢ — 1 boxes
in the first |a| — k 4+ 1 positions, we can add the remaining boxes in any way to the
remaining k positions. In degree d, we could choose to add at most d — |a| boxes to
the top k positions, there are at most (d_l‘zl_"’lk_l) ways to do this. The quotient then
has dimension < (‘“I_ketl;z_2) (d_l‘;_ﬁk_l), which is a degree k — 1 polynomial in d.
B clearly contains the submodule generated by b and so this implies the quotient
M («)/B has smaller polynomial degree and hence polynomial degree < k — 1 which
is a contradiction. O

LEMMA 5.2. The module M («, k) is finitely generated and simple in Hy,. Furthermore,
every simple module is of this form.

Proof. Finite generation is inherited in the quotient category. To see that M («, k)
is simple, Theorem 4.6 implies that if V' is any nonzero submodule it must have the
same polynomial degree and leading coefficient as M (a, k) and so the quotient has
smaller degree. This implies that M(a, k) =V in the quotient so M (a, k) is simple.
For the final statement, let L € Hy, be simple. Denote by L alift of L to an object
in Mody . We may assume that L is a quotient of M () for some choice of 5. Indeed,
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we know that L must be generated by a single element v in degree d. By simplicity,
v must span Lg. If this were not the case, there would be some 7;(v) = w with w not
a scalar multiple of v. Consider the submodule M of L spanned by w. There are two
options, one is that M has polynomial degree k, in which case L is not simple because
M does not contain v, a contradiction. Otherwise, M has polynomial degree < k, so
that L = L/M in Hj. So we may in general assume that Lis generated by a single
element in lowest degree and that in this degree that element spans. This means that
Ly is an irreducible representation of H, say Cg. We then get a natural surjection
M () — L. Any simple quotient of M (3) must be isomorphic to M (3, k) for some k
in Hy. Indeed, Theorem 5.1 shows M (3, k) is the smallest degree k quotient of M (03),
so M(B,k) is a submodule of the quotient, but because the quotient is simple they
must be equal. (]

We define Modg = @k>0 Hp.. That is, we consider all polynomial degree d objects
modulo lower degree objects.

LEMMA 5.3. Every object of Mod g has finite length.

Proof. Every module V' is a quotient of a finite direct sum of M (n) which have finite
length by Lemma 5.2, so V' is finite length. g

THEOREM 5.4. Fvery finitely generated H-module V' with polynomial degree d has a
finite filtration in Hq

0= CF,c---CF,=YV,
where F;/F;_y is isomorphic to M(«;,d).
Proof. V has a finite composition series from Lemma 5.3, because V has polynomial
degree d we know the simples must as well otherwise we would be able to shorten
the composition series. This implies that F;/F;_; is isomorphic to a simple module
of degree d, so a simple module in H4. Lemma 5.2 implies each of the simples are
isomorphic to M(«a;,d). O
COROLLARY 5.5. The isomorphism classes [M (o, k)] span G(Mody).

Proof. Given any finitely generated H-module V of polynomial growth d, we claim
that its isomorphism class can be expressed as a finite sum

V= [M(aj,k;)]
J
where k; < d. We will proceed by induction on the polynomial growth of V. If d = —1,
V' is torsion and even without using Theorem 5.4 we can express V as a sum

V)= [M(a;,—1)]
by starting in the highest H-degree and injecting the corresponding torsion modules.

Now suppose the result holds for degrees < d — 1 and consider some d > 0. From
Theorem 5.4 we can write

V] =) [M(aid)] + W]
where [W] is a module with smaller polynomial degree < d — 1 and the first sum is
finite. By induction we have

W] = [M(aj, k;)]
J
where k; < d — 1. This completes the proof. O
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We now wish to strengthen this result to show that the [M(«, k)] actually form a
basis.

THEOREM 5.6. The [M(a, k)] form a basis for G(Mody).

Proof. Corollary 5.5 implies the [M(a, k)] span G(Mody), it remains to prove they
are linearly independent. To do this, we will construct functions.

To prove linear independence, it suffices to prove that M(«, k) are linearly inde-
pendent for a fixed k > —1. This follows from considering the corresponding Hilbert
polynomials. If there were a finite linear combination,

Z Ci,j [M(Oéia .7)] = 07

if we consider the corresponding sum of Hilbert polynomials for sufficiently large
H-degree, that sum must be zero as well. This implies that the coefficients of each
polynomial degree must be zero. By considering the largest degree, say ¢, such coeffi-
cients can only appear from the [M (o, £)]. If we can show linear independence here,
it implies the above sum can be zero if and only if the coefficients ¢; = 0. We can
continue in this fashion to show that every coefficient must be zero. So to show linear
independence in general, it suffices to prove it for each fixed k > —1.

Fix some k > —1. For a finitely generated H-module V, let T',,([V]) be the number
of times C,, appears in the composition series of the V|,|. This clearly respects short
exact sequences and so is well defined on the Grothendieck group. Notice that for a
fixed k > —1, T ([M (B, k)]) satisfies

0 [B]>lal, or o] = [5] and o # 3,
Fa([M(B,F)]) =41 B=a,

*  else,

where * could be any non-negative integer. First, if |3] > |a| the lowest nonzero H-
degree of M(5,k) is |f| so C, could not possibly occur because it only appears in
H-degree |af. If |a| = |B], there are two cases to consider. If & = §, then C,, appears
in the lowest degree of M(a, k) precisely once, so I'o(M(a, k)) = 1. If o # 3, then
M (5, k) has only Cg in degree || = |a| and so C, also cannot occur. It is possible
that C, could appear multiple times in some M (8, k) with |3] < |a|, this is the
remaining case, but this will not matter.

Order the compositions of ¢ arbitrarily, then place all compositions in increasing
order according to i. Call this list of all compositions of any non-negative integer
{a;}. The order described is equivalent to saying that if ¢ < j we have |o;| < |a;]
so the size of the compositions is weakly increasing in our list. Consider the matrix
whose (i, 7) entry is I's, (M (53;, k)). The above implies that this matrix will be lower
uni-triangular because Ty, (M (e, k)) is potentially nonzero precisely when j < ¢ as
here we could have |o;| < |ey|, and when j =i Ty, (M (c, k)) = 1. When j > i, we
either have |o;| = || but a; # «; in which case the (¢, j)-entry is zero, or |a;| > |oy]
in which case again the (i, j)-entry is zero.

This implies that the matrix is invertible and so there is some change of basis in
which we can express the Kronecker-Delta functions d,, as a linear combination of
the I',, where recall that

bak(M (B, k)) = 0 else.

{1 (a, k) = (B.k),
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The existence of such functions implies that the [M(«, k)] are linearly independent
for a fixed k > —1. Indeed, suppose there were some finite linear combination

> o, [M (i, k)] =0,
1
then applying 64,5 implies c, 1 = 0. As this holds for every choice of a, this implies
every coefficient is zero and so they must be linearly independent. This argument
holds for any fixed k > —1 and so implies that the [M(«, k)] are linearly independent
for any such fixed k. By the above, we have that the [M («, k)] are linearly independent
as a ranges over all compositions and k an integer with k£ > —1. O

Lemma 5.2 describes the simple modules in Hg = H<q/Hga—1, for the coming
results we wish to strengthen this slightly.

LEMMA 5.7. Any simple object in H/Hga—1 is isomorphic to M(«, d) for some choice
of a.

Proof. Any simple object in H<q/H<q—1 is isomorphic to M(«,d) by Lemma 5.2.
So the M («,d) are simple, it remains to consider higher polynomial degree modules.
Given any other simple object L that has polynomial degree > d, we can lift L to L
in Mody. As in Lemma 5.2, we may assume that L is a quotient of M () for some
choice of 5. Any quotient of M () must contain M (5, k) for an appropriate choice of
k > d by Theorem 4.6. Hence it cannot possibly be simple unless it equals M (3, k)
in the localization. But M(f, k) is only simple in the quotient by Hi_1, otherwise
it has a nontrivial quotient corresponding to M (8, k — 1) which implies the existence
of a nontrivial submodule of polynomial degree > d — 1. This means that the only
simples in H/H<q—1 are exactly M(5,d) as [ varies over all compositions. O

THEOREM 5.8. A finitely generated H-module has polynomial degree < d if and only
if it has Gabriel-Krull dimension < d.

Proof. Let HS? be the objects that are finite length in the quotient H/HS9~1. We
will prove by induction on d that HS¢ = Hea.

For d = —1 the statement is true because in each case we get torsion modules.
These are the only polynomial degree —1 modules by definition and they are also the
only finite length modules in ‘H by Lemma 3.5.

Now if we assume the statement for < d — 1, we will prove it for d where d > 0. We
aim to show that a finitely generated H-module V' has polynomial degree < d if and
only if the image of V in H/H S9! is finite length. By induction this is equivalent to
showing that V' has polynomial degree < d if and only if the image of V in H/H<a—1
is finite length because we have Heg—1 = HS?L.

If V has polynomial degree < d then it is is finite length in H/H<4—1 by Lemma 5.3.

Suppose instead that V is finite length in H /M <4—1. Consider the finite composition
series for V in H/Hq. Lemma 5.7 implies [V] is a sum of [M(«;, d)] modulo lower
polynomial degree terms as these are precisely the simple modules in H/H«q4. This
means V has polynomial degree < d as each of the terms in the expression of [V] in
the Grothendieck group does. The result then follows by induction. O

COROLLARY 5.9. The Gabriel-Krull dimension of H is infinite.

Proof. This follows immediately from Theorem 5.8 and the fact that we have H-
modules with arbitrarily large polynomial degree, e.g. M ((d)) is a degree d H-module.
]
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Heuristically, H can be thought of as somewhere between OI and FI but closer to
OLI. In particular, we know that OI is a subcategory of H under the map ®: OI — H
described in Proposition 2.5. This gives rise to a pullback functor ®*: Mody —
Modpy which then induces a pullback functor on Grothendieck groups which by abuse
of notation we will also call ®*. It is natural to ask where the [M(«, k)] land.

We will use the notation outlined in [11]. In their paper, Glntiirkiin and Snowden
study the representation theory of the increasing monoid, denoted 7, which they
show also describes the representation theory of OI-modules. We recall the essential
definitions from their paper, for further details consult [11].

One of the most important classes of J-modules are called standard modules, de-
noted by E* where A is a finite word on the alphabet {a,b}. Given such a word
A = A ...\ the module E* associated to )\ is defined as follows: E* has a basis
consisting of elements of the form e;, . ;. where 1 <43 < --- < i, subject to the
constraint that if Ay, = b then i, — i,_; = 1 (with the convention that ig = 0). The
increasing monoid acts by ae;, i, = €5(i}),...,0(;,) if this is a basis element of E* and
0 otherwise.

In [11, Theorem 12.1] the authors show that the isomorphism classes of standard
modules form an integral basis for the Grothendieck group of finitely generated J-
modules. To understand ®*([M (o, k)]) it thus suffices to express the image in terms
of the isomorphism classes of these standard modules.

plal—k b+l

PROPOSITION 5.10. Under the pullback functor we have ®*([M (a, k)]) = [E ]
Proof. The pullback functor forgets the action of H,(0) in each H-degree and only
allows order preserving injections between degrees. This means that when we consider
basis elements for M(a, k) indexed by order preserving injections, we can forget the
vector v, that spans C,, as this only keeps track of the 0-Hecke action in each degree.
We then see that in each degree d, a basis for M(«, k) is given exactly by order
preserving injections g: [|a|]] — [d] where the first || — k numbers must map to
themselves. Such order preserving injections are in bijective correspondence with basis
elements of Eb‘a‘_kakﬂ where we send the injection ¢: [|a|] — [d] to the basis element
€g(1),....g(Ja|),d+1- Notice by construction g(i) =i for i = 1,...,|a| — k which is exactly
mandated by the constraint word bl*l=Fgk+1,

This map also respects the transition maps between degrees because if such a map
does not fix the first || — k entries, it will be zero in both M («, k) and Eb‘alik“kﬂ.
Otherwise, the remaining entries are free to be sent anywhere in both modules. [

We show in Theorem 5.6 that the [M(«, k)] form a basis for the Grothendieck
group of H. Proposition 5.10 shows that ®*([M(a, k)]) = ®*([M (B, k)]) so long as
|| = |B|. Heuristically, this is because the only difference between these two modules
is the 0-Hecke action in each degree. When we forget this action, they become the
same OI-module.

The fact that ®* is not surjective can be explained intuitively by H-modules allow-
ing us to move basis vector upwards within degrees. The basis elements we miss are the
[E*] where A has b elements interspersed within a elements. This would correspond
to an order preserving injection where we force g(k) = g(k — 1) 4+ 1. This condition
cannot be preserved by a H-action unless we only fix the beginning elements. This
is illustrative of the statement that every H-module is an OI-module but not every
OI-module is a H-module. Also, it illustrates that there is a difference between the
categories OI and H.
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6. REPRESENTATION STABILITY

With the previous section established, we are ready to state some immediate repre-
sentation stability results for sequences of representations of H,(0)-modules.

THEOREM 6.1. For any finitely generated H-module V, we have a unique finite de-
composition in the Grothendieck group G(Mody,),

[V] = Z Cai k; [M(O‘iv k])]

where the coefficients c,i g, are integers.
Proof. This follows immediately from Theorem 5.6. g

We will say that a sequence of H,(0) representations is representation stable if
there is such a decomposition in the Grothendieck group. The above shows that being
finitely generated as a H-module implies representation stability. We can make this
more explicit in terms of the simple modules that can occur in finitely generated
‘H-modules for sufficiently large n.

THEOREM 6.2. For any finitely generated H-module V', for sufficiently large n the
simples that appear in V,, are exactly those that appear in the finite sum,

@ Cai’k-jM(Oéi, k])n

i,j

where the coefficient cyi y. is independent of n.

J

Proof. This is a direct consequence of 6.1. 0

REMARK 6.3. For any finitely generated H-module V', we have for sufficiently large
n a unique finite list of pairs {(a?, k;)} of compositions with integers k > —1 that
dictate exactly which simples occur in V.

To see what we mean in this theorem, notice that in M(«, k) only C, occurs in
degree |a|. After this, to find the simples that occur in degree d > |a| you add d — |«|
boxes to the top k + 1 positions of « in all ways possible.

We often refer to stability occurring for sufficiently large n. As of now, we do
not have explicit bounds on when this stability begins to occur. This is another
potential direction for further research, as such bounds have been investigated in the
Fl-setting. In [3], they refer to the n for which this stability occurs as the stable
range. They prove that for a sequence of S,-representations {V,,, ¢, } coming from
a FI-module V, stabilization occurs for n > weight(V') 4 stab-deg(V'). For explicit
definitions of weight and stability degree, we refer the reader to [3, Definition 3.2.1]
and [3, Definition 3.1.3] respectively. One can define analogous definitions of weight
and stability degree for H-modules, but our method of proving representation stability
is largely different from the FI case, so it is not immediately obvious how one could
find a similar lower bound on stabilization. We do, however, believe one exists and
are actively working to find it.

7. THE SHIFT FUNCTOR

As in the case of F1I it makes sense to define a shift functor X for H. Given a H-module
V', we define its first shift ¥V to be the H-module with (XV),, = V,,11 on sets. For
any f € homy([n],[m]), the map LV (f): Viy1 — Vipy1 is the map V(F) where F
agrees with f on [n] and maps n+ 1 to m + 1. We denote by %, the ath iterate of X.
From this definition it is not hard to see that

~ Hy,11(0
(SV)n 2 Resyy (01" Vi
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Also, notice there is an inclusion map V' — 3V induced by the natural inclusion
tn: [n] = [n+ 1] with ¢,(¢) = i for all i. We define the derivative of V, denoted by
AV as

AV = coker(V — V).

In the case of FI and many other categories of interest these functors play an impor-
tant role and have many nice properties. For further reading on this subject we refer
the reader to [31, 3, 4, 8]. We will see that many of these desirable properties are also
present for H.

LEMMA 7.1. Given any padded induced module M (a, k) with k > 1 we have
XM (a, k) = M(a, k) ® M(a)q—1,k—1).
If k=0, XM(a,0) = M(a,0). If k = -1, EM (e, —1) = 0.

Proof. To prove this, fix an H-degree d. In this degree we know (XM (a,k))q =
M(a, k)qr1 as a set, where the action comes from restriction. Take the basis for
M(a, k) as in Lemma 3.1. In M(«, k)q+1 we can separate the basis elements into
two groups, the first consisting of all elements indexed by an order preserving injec-
tion with g(|a|) = d + 1 and the second consisting of the remaining elements where

g(la]) < d. In Resgj?ol)(o) M(a, k)qs1 the first group becomes a sub-representation
isomorphic to M(ajq)—1,k — 1)a and the second becomes a sub-representation iso-
morphic to M («, k)4. This is clear because when we restrict we ignore mq. Under the
action of 71,...,mq_1 the first collection of elements consists of all order preserving
injections from [|a| — 1] to [d] and the action of my,...,mg—1 is dictated by Cq .
The second collection of basis elements consists of all order preserving injections from
[l] to [d] and the action of 7y, ..., 74— is dictated by C,,.

Furthermore, because in XM (a, k) we must map the final vertex to the final vertex
these groupings of basis elements are preserved under all transition maps, so they
do form H-submodules. The above shows that these submodules are isomorphic to
M (o, k) and M(cvq)—1,k —1). It is also clear from the above that we have the short
exact sequence

0— M(oq-1,k —1) = XM (o, k) = M(a, k) = 0

and that it splits, where the splitting is exactly the inclusion of M («, k) into XM («, k).
O

COROLLARY 7.2. If V is a H-module finitely generated in degree d, AV is finitely
generated in degrees < d — 1.

Proof. Every finitely generated H-module is a quotient of a direct sum of M(d),
so it suffices to check the result holds there. Lemma 7.1 and its proof imply that
A(M(d)) =2 M(d — 1) which is generated in degree d — 1. The result follows. O

8. REGULARITY

One can also define a notion of regularity for H-modules. Let V' be a H-module.
We define Torg(M) to be the H-module that assigns to the set S the quotient of
V(S) by the sum of the images of the V(T) as T varies over all proper subsets
of S. This is analogous with Ho(V') the 0-th homology. It is easy to see that Torg
is a right-exact functor, so we consider its left derived functors Tor,. We will also
sometimes refer to these as H, the H-homology. We let ¢;(V') be the maximum H-
degree occurring in Tor; (V). We use the convention ¢;(V) = —1 if Tor;(V) = 0. We
define the Castelnuovo—Mumford reqularity of V', denoted reg(M), to be the minimum
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integer r such that ¢;(V) < r + ¢ for all i. We will show that every finitely generated
H-module has finite regularity.

To do this we will use the theory of shift functors established in [8]. Corollary 7.2
shows that the shift functor we define in Section 7 is a generic shift functor in the
language of [8]. We will make use of the following result

COROLLARY 8.1 ([8, Corollary 1.11]). Suppose that k is a commutative Noetherian
ring and C has a generic shift functor X. If reg(¥M(s)) < s for all s = 0, then
reg(V) < oo for every finitely generated C-module V.

‘H satisfies all the necessary properties outlined by Gan and Li in [8, §1.2], so we
may apply their results in our setting. We can use Corollary 8.1 in combination with
Lemma 7.1 to conclude,

THEOREM 8.2. Every finitely generated H-module V' has finite regularity.

Proof. We established that H has a generic shift functor X as defined in Section 7.
Lemma 7.1 implies that reg(XM (s)) = reg(M(s) ® M (s —1)) < s. Corollary 8.1 then
immediately implies every finitely generated H-module V has finite regularity. O

REMARK 8.3. We want to thank an anonymous referee for pointing out that we can use
the shift functor to directly prove finite regularity. One can also immediately deduce
local noetherianity of H from the existence of this shift functor in combination with
Lemma 7.1 as seen in [8]. We use the methods developed by Sam and Snowden in [38]
to prove Theorem 2.13 because it requires less setup at the start and because we make
use of the explicit connection between OI and H.

9. DEGREE d POLYNOMIALS IN 1 VARIABLES

The first example we consider is probably the simplest. Consider the H-module V
with V,, = Kk[x1,...,2,]4, that is degree d polynomials in n variables. There is a
H,(0) action on V,, via Demazure operations, in particular the element 7; of H,(0)
acts by the operator 7; where
mi(f) = 0i(wif) = M,
Ti — Tit1

where 9; is the divided difference operator and s; is the transposition (i,7 4 1) acting
on indices.

Given a map f € homy([n], [m]), we can factor f as a series of 7; in H,,(0) followed
by the injection of variables ¢, ., followed by a series of m; in H,,,(0). f acts as the
Demazure operators corresponding to the m; followed by the injection of variables
tn,m then the other Demazure operators corresponding to the remaining 7; in H,,(0).

For example, consider the map in homy ([3], [5]) corresponding to the diagram

X QN

we can factor this as the map m; followed by ¢35 followed by m3. When we apply this
to the element 7 in the case where d = 1 we get x1 + x2 because 71(x1) = x1 + X2
and m3(x1 + x2) = 21 + T2.

We can use our Criterion 2.9 to verify this is a H-module. In this case the natural
inclusion map will be an inclusion of variables. We just have to verify that for the
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natural inclusion of variables k[z1,...,2,] — k[z1,..., 2] the Demazure operators
Tn+1s---5Tm—1 act by 1. This is clearly the case since
x7;+1f(:z:1,...,a:n,0,...70) 7Ii+2f(l’1,... ,zn,O,...,O) _ f
LTi41 — Ti42
for all i =n,...,m — 1. Notice that V is finitely generated as a H-module in degrees

< d. This is because once we have d variables, we can get every composition of d,
so we have all unique exponent vectors of monomials. We then have to inject to
higher degrees to get all other monomials. Theorem 6.1 implies we should be able
to decompose V in the Grothendieck group G(Modg ). We will show how to do this
explicitly in the case that d =1 and d = 2.

When d = 1 we have V; = Spang(z1), Vo = Spang(x1,z2) etc. We will now
explicitly decompose these V; in the Grothendieck group. We will do this for i =
2 because it illustrates the process in general. V5 has a one dimensional subspace
spanned by xp where 7 (22) = 0. This corresponds to C(; ;). When we quotient by
this space m1(21) = 21 so in the quotient z; spans a subspace isomorphic to Cy).
Hence we have

[vh:E}+[I].

If we continue to decompose in a similar fashion we find

[V]lzl:la [Vb_l:‘:l"i-Ha

[ ] | | [ ]
V=L 40T +LL 1T w=L11 4] +0 LT

It is actually not hard to see that V' = M ((J). According to Theorem 6.1, in G(Mody)
we have uniquely that,

[Val = [M(L)n].

When d = 2, we have V; = Spang(z?), Vo = Spang (22,23, 2112), etc. The H action
is described by injecting variables z; — x; and applying the corresponding Demazure
operators. For example take f € homy([2],[3]),

[ ] ]

[ ] [ ] [ ]
The corresponding map f.(2?) = 2% because it will correspond to m(z?) because
the map f factors as mata3. fiu(23) = m2(23) = 23 + xox3 + 3. Finally f.(z122) =
122+ x1x3. From this example it is not hard to see this H module is finitely generated
in degree 2. It is not generated in degree 1 because the images of 2% are only z% and

22 + x129 + x3. This is also expected from an easy dimension count.
If we carry out the decomposition in the Grothendieck group, we find that

|
v =01, [m2=2EI]+E} WVis=2L [ Jool | 4ol [ T],

| [ ]
WV]s=2L1 [ J+3] +2l ] 42 +L
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One can then check that in the Grothendieck group G(Mody) we get the decomposi-
tion,

[V] = [M )] + [M ()]
so when n > 3 all of these modules are nonzero in that degree and we have

It is easy to see that this captures all of the diagrams that can occur. We will now
describe this decomposition in some detail because this is one of the few cases where
we can completely work it out. In general it is very hard to determine.

The first submodule F; will be exactly the submodule spanned by the elements
x;x;. It is clear that injections between degrees preserve these elements that the De-
mazure operators also respect these elements. One can check that the sub-H-module
spanned by these elements is isomorphic to M (C1]).

The quotient V/F} is spanned by 2 in each degree. It is not hard to check explicitly
that this quotient module is isomorphic to M ().

This is a particularly nice example because V' is actually isomorphic to a direct
sum of M («), but in general this will not be the case.

10. CoHOMOLOGY OF BOREL GROUPS

In the following example, we assume some knowledge of group cohomology. We refer
the reader to [33, 22] for a rigorous treatment of the background in relation to this
example. Let G be a group and let M be a left G-module. Thus M is a representation
of G. Then we can describe the cohomology of G with coefficients in M using either
homogeneous or nonhomogeneous cochains. In this section, we will only consider ho-
mogeneous cochains. We denote the i-th cohomology group of G with coefficients in
M is given by H (G, M).

We will now discuss how the 0-Hecke algebra H,,(0) acts on H*(B(n,q),F,) where
B(n,q) C GL,(F,) is the group of upper-triangular matrices over F,. We will then
show that one can upgrade the sequence of 0-Hecke algebra representations [n] —
H(B(n,q),F,) to a H-module.

There is a much broader theory for the following, but we will restrict to the case
that matters to us. For a more rigorous treatment, including proofs that everything
is well defined we again refer the reader to [33, 22].

DEFINITION 10.1. Let G be a group. Two subgroups I' and I are said to be commen-
surable if

[:TNI'| < oo, I:TNT'] < oo,
that is, if T N T has finite index in both T and T".

It is not hard to show that this defines an equivalence relation on subgroups of G.
With this in mind we can define the commensurator of a subgroup I' in G as follows

I'={ae@|a 'Ta~T}

Let A be a sub-semigroup of the group G and let C(A) denote the set of mutually
commensurable subgroups I' of G such that

FCACT.

Given someI' € C(A) and R a commutative ring with identity, we denote by Hr(I'; A)
the free R module generated by the double cosets I'al’ with a € A and call this the
Hecke algebra associated to I' and A over R. So every element can be written as

Z colal.

aEA
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where ¢, € R are zero except for a finite number of «.

The Hecke algebra H (T f) acts on the cohomology H'(T", A) where I' is a subgroup
of a group G and A is a unitary left Z[G]-module. If we take G = GL(n,q), I = B,
the Borel subgroup and A = Fg, then I' = GL(n,q) and H(B,; GL(n,q)) = Hna(q).
If we restrict scalars to a field of characteristic ¢ then we recover the 0-Hecke algebra.
To see this explicitly we refer the reader to [13, Pages 6-7]

The action is defined in the following way. Given a homogeneous cochain ¢: ritt —
M and a double coset I'al’ with a € I', we define a k-linear map

T(a): €T, M) — &1(T, M)
by

d
(T(@Y) (0, 7) = D g (& () & (1)
j=1

where I'al’ = U1<j<d Fa; and a;ye = &(r)au(y,)- This gives a well defined action
of #(I'; T) on the cohomology H'(T', A) for any i as seen in [33, 22].

As mentioned above H(B(n,q),GL(n,q)) = H,(0), where T(F; ;11) is identified
with the generator 7;, E; ;+1 being the permutation matrix swapping ¢ and i+ 1 [13].
So the above gives a well defined action of H,(0) on H*(B(n,q),F,) for any choice
of ¢ > 0. The main theorem we will prove in this section is:

THEOREM 10.2. For any fized i > 0, the assignment [n] — H*(B(n,q),F,) is a H-
module.

Before we are ready to prove this theorem, we need a few lemmas. First we will
explicitly define the embeddings from H*(B(n,q)) — H!(B(n+1,q)). Notice there is
a group homomorphism 7,11 ,,: B(n+1,q) — B(n,q) given by restricting to the first
n rows and n columns of any matrix in B(n + 1, ¢). It is not hard to check that this
is indeed a group homomorphism. It is well known that such a group homomorphism
induces a map on cohomology

®,: H'(B(n,q)) = H' (B(n+1,q))

where the indexing is swapped because cohomology is contravariant. Explicitly this
map on the level of cochains is defined by

q)n(ﬁb)(’YOv ce »'Yz') = ¢(Tn+1,n(70)7 cee 7Tn+1,n(%'))7

where ¢ € €(I',,,F,) and v; € B(n + 1,q). We ultimately wish to show that these
maps in combination with the above H, (0)-action combine to define a H-module
structure. We will prove this in stages, ultimately working towards invoking Theo-
rem 2.9. First we must prove some structure theorems about the cosets that appear
in our decomposition.

LEMMA 10.3. For a fized permutation matriz F; ;11, if we consider the decomposition
I'yEiip1l'yn = Wiy there are exactly q cosets independent of n and we can take as
coset representatives matrices M with M1 ;401 =, M40 = Mg, =1, M;; =1
forj #i,i+1 and M;; = 0 else including j = k = i, where x ranges over all elements
of Fyg.

Proof. If we were to take left cosets instead of right this coset decomposition would
correspond to finding all distinct complete flags that are equivalent to the complete
flag corresponding to E; ;111" up to a left action of I',,. This is precisely because I'y, is
the stabilizer of the right GL(n, ¢)-action on complete flags of an n-dimensional vector
space, so left cosets correspond to distinct complete flags. If we act on the left instead
of the right B(n,q) acts by upward row operations instead of column operations. So
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we can once again view cosets as complete flags if we identify the bottom row with
the first spanning vector, the (n —1)st row with the second spanning vector etc. Then
the left B(n,q) action stabilizes these complete flags.
So we must now find all complete flags equivalent to the complete flag corresponding
to I'n B i4+1 up to a right action of I',. The complete flag corresponding to I'y, E; ;41
is exactly
VoCcViC--- Cvn—(i—i-l) CVpi C---CVp_q

with
Vj = Spang,_(€n, ..., €n—j) j=0,...,n—(i+2)
V= SpanFq(en,...,eHQ,ei) j=n—-(+1)
V; = SpanFy(en, ..., €it2, €, €i41) j=n-—1
Vi = SpanFq(en,...,en,j,ei,eiﬂ,ei,l,‘..,en,j) j=n—i+1,...,n—1.

All of these equivalent distinct flags are exactly in correspondence with the M,
described above. That is Mi+1,i+1 =T, Mi,z’+1 = Mi+1,i = 1, Mfm‘ = 0 and all other
entries are zero, where x ranges over all elements of Fy. This is clear because the only
difference in flags is what multiple of the vector e;;1 we add to e; to get V,,_(iy1) =
Spang (en;...,€i+2,€; +xe;r1) and Vi,—; = Spang_(en,...,€it2,€; + Teit1,€i41) in
the complete flag

Vb C-- 'Vn—(i+1) C ani c---C Vn71~
There are precisely ¢ such distinct choices. O

LEMMA 10.4. The map ®,,: H'(B(n,q)) — H'(B(n+1,q)) is H,(0)-equivariant where
H,,(0) acts via the natural embedding into H,1(0) on H'(B(n +1,q)).

Proof. The action is defined on the level of cochains, so we can prove equivari-
ance there and it will imply equivariance on cohomology. Given a cochain map ¢ €
(', F,) and any m; € H,(0) acting by T(F; ;11) we wish to show ®,T(E; ;11)¢ =
T(E;i41) P . If we compute the left hand side we get,

a
T(Eiir1)Pnd(Y0,--%) = D My ' (rni1n(§(30))s s i1 (65())s
j=1
where here we are using the explicit definition of the map T(E;;+1) along with
Lemma 10.3, so each M, is the (n + 1) x (n 4 1) matrix described there. If we
compute the right hand side,

q
q)n‘z<Ei,i+1)¢ = Z(ij);iLnJrlqb(fj (Tn+1,n(70))7 o &G (Tn+1,n(’yi)))a
=1

where in this case the coset representatives we get are exactly the n x n minors of
M,; where we delete the last row and column, this is (Mg, )n41,n+1. This is only true
because we are considering T(E; ;41) fori=1,...,n— 1.

First notice that each of these matrices acts trivially because we take coefficients
in the ground field. To prove these two are equal, it suffices to show &;(7n41,n(7k)) =

Trt1,n (85 (k)
By definition &;(rn+1,n(7x)) is the matrix determined by

(3) (Mmj)n+1,n+17”n+1,n(7k) = gj(rnﬂ,n('Vk))(Mxm)n+1,n+1
and &; (k) is determined by
(4) Moy = &() M, -

In Equation (3) on the left hand side, we are multiplying minors, so one can see that
this is precisely the multiplication that occurs in Equation (4) on the left hand side

Algebraic Combinatorics, Vol. 4 #4 (2021) 647



ROBERT P. LAUDONE

if you remove the last row and column of each matrix since restriction is a group
homomorphism. This implies that the right hand sides must be equal as well if we
restrict the right hand side of Equation (4) to only consider the n x n minors where we
delete the last row and column, i.e. & (rn+1,n(7k)) = Tnt1,n(&j(7%)). From the above
this implies equivariance. O

LEMMA 10.5. If we take any element in the image of ®pn .y = Py ®Ppp1-- Py,
T(E;i41) will act by 0 on this element fori=n+1,...,m

Proof. Once again we can work at the level of cochains. Given a cochain map ¢ €
(T, Fy) we will show that T(E; ;41)®,, m¢ = 0. To do this, we can explicitly compute
this map,

q

T<Ei,i+1)¢n,m¢<70a cee 7%) = Z Mx_jl(b(Tm,n(gj ('70))7 ceey Tm,n(fj (%)))’

Jj=1

where once again M, is the m X m matrix described in Lemma 10.3. This detail will
actually not matter for this proof, the important fact here is that there are exactly
q cosets. Since each M;J_l acts trivially as we take coefficients in the ground field, we
can simplify this equation,

q
(Eiit1)Prm @ (Yo, - - - Vi) Z¢ Tmn(&(70)), - s Tmon(§5(7i)))-
Jj=1

Again recall that &;(vy) is defined by

ij Ve = Ej ('Vk)Mx

where each of the M,, have (My,)it1,i41 = e, (Mg,)iit1 = (Mg, )iv1,, = 1 and
Mg = 0 else. In particular if we consider the n x n minor where we delete the last
m — n rows and columns we get the identity matrix since i > n + 1. As a result, if
we apply this restriction map r, ,, to both sides of the above equation because it is
a group homomorphism we find

Trman (Vk) = Tmon (€5 (k)

where notice this does not depend on j. As a result,

q
S(Ei,i—&-l)q)n,m(b('ma ce- a'Yz Z ¢ Tm,n 'YO 3 Tmn ('Yi))
=1

= q(b(rm,n(WO)a o 7Tm,n(7i)) =0. g
We are now ready to prove our main theorem.

THEOREM 10.6. For any fized i > 0, if we let m; € H,(0) act by T(E; j+1) +1id and
we take as our transition maps the ®,: H'(B(n,q),F,) — H(B(n + 1,q),F,) then
the assignment [n] — H*(B(n,q),F,) is a H-module.

Proof. According to Theorem 2.9 it suffices to show that the transition maps ®,, are
H,,(0)-equivariant and that the T(E; ;1) + id act via the identity on the image of
®,, m for j =n+1,...,m. The first statement is exactly what we show in Lemma 10.4
and the second statement follows immediately from Lemma 10.5. O

REMARK 10.7. We believe this is a finitely generated H module, but have not been
able to prove it yet.
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11. HOMOLOGY OF BOREL GROUPS

In [29] the authors study the group homology of the unipotent group and prove in
particular that the assignment [n] — H;(U,,F,) is a finitely generated OI-module
for any fixed ¢ > 0. Although being an OI-module does provide some insight into
the behavior of these homology groups, it is natural to ask if there is a more rigid
categorical structure present. In this section we will discuss how this OI-module
structure can be extended to a H-module structure. We then use [29] to show that
the H-module is also finitely generated. This then implies we have representation
stability.

Our ultimate goal is to gain a deeper understanding of the homology H;(B(n,q),F,),
but it is equivalent to the homology of H;(U(n, q),F,) the unipotent subgroup, so we
will study this. To see why this is the case notice we have a short exact sequence

0 — Diag(n,q) — B(n,q) = U(n,q) = 0

where Diag(n, ¢) are the diagonal matrices. From the Hochschild—Serre spectral se-
quence we have

H;(U(n,q), Hj(Diag(n, q), Fy)) = Hiy;(B(n,q),Fy).

Since the order of Diag(n,q) is prime to ¢, the input vanishes when j > 0, so the
spectral sequence immediately degenerates and gives

Hl(U(n7 (]), HU(Diag(na q)7 Fq)) = HZ(B(nv q)v Fq)

Diag(n, q) acts trivially on Fy, so the left side is H;(U(n, q),F,).

We will define a 0-Hecke action on U(n, q), this action will then induce an action
on homology. We will then show this action is finitely generated via the arguments
in [29].

Given an element M € U(n,q) we will define the action of m; € H,(0) for i =

1,...,n— 1. m; will act on M by replaces the entry in columns 7 4+ 1 with the entry
in column ¢ for rows 1,...,¢— 1, it will set M; ;41 = 0 and it will replace the entry in
row ¢ + 1 with the entry in row ¢ for columns i + 2,...,n.

PROPOSITION 11.1. The action defined above is a well defined H,,(0) action on U(n,q).

Proof. We first check that the 7; satisfy the necessary axioms. First we can see m;m; =
mjm; for |i —j| > 1. We may assume ¢ < j. In this case the only interaction between ;
and 7; is in the four entries (¢,7), (4,5 +1), (i +1,7), (¢ + 1,5+ 1) where we would be
adding rows ¢ and i+ 1 as well as the columns j and j + 1. However, if we labeled the
entries as (i,7) =a, (i,j+1)=0b, (i+1,j) =cand (i + 1,5 + 1) = d then regardless
of the order of composition, (i + 1,7 + 1) = a and all the other entries becomes zero.

Next we must check that m;m; 17 = mjp1mmip1 fori =1,...,n—2. If we fix some
row j with 1 < j <4 — 1 the three entries affected in that row are columns 4,7+ 1 and
i+ 2. Let entry (j,7) = a, (j,1 + 1) = b and (j,7 + 2) = c. Regardless of the order of
composition we have entry (j,4) = (4,i+1) = (j,i+2) = a. The only other part of the
matrix we need to check is entries (k,¢) with k < Land k = i,i+1,i+2, ¢ = i,i+1,i+2.
However in this case we always have entries (i,i+ 1) = (i,i +2) = (i+ 1,i+2) =0
and (4,7) = (1 + 1,7+ 1) = 1 regardless of the order of composition. Checking the
columns is similar.

Finally we verify that 72 = m; for i = 1,...,n — 1. This is not hard to see from
definition.

Next we need to verify that m;(AB)

= mi(A)m(B). Fixarow 1 < j <i—1and
consider the entries in columns ¢ and ¢+ 1. (

B)ji=>p_1AjrBriand (AB)j 11 =
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ZZ:l Aj,kBk,i+1~ SO Wi(AB)j’i = ZZ:l Aj,kBk,i = (WZ(A)ﬂ](B))]J and

Ti(AB)j i1 = AjrBri = (mi(A)mi(B))jin1
k=1
Checking the appropriate columns is similar. O

The above action then induces an action on homology by considering the action
on homogeneous chains m;[g1, . .., gk] = [Tig1,- - ., migr]. This action is well defined by
Proposition 11.1. Furthermore, this action commutes with the differential, once again
by Proposition 11.1, so it induces an action on homology.

Furthermore, there is a natural embedding of groups ¢y, n1+1: U(n,q) < U(n+1,q)
where we add a new row and column to the bottom of any matrix in U(n,q) with a 1
on the diagonal. This induces a map on homology ®,,: H'(U(n,q),F,) — H'(U(n +
1,9),F,). Explicitly on the level of chains, we embed the element [g1,...,9x] —
[¢n,n+l(91)| e |¢n,n+1(gk)]'

We will now argue that the above action and ®, endow the homology of the
unipotent group with a finitely generated H-module structure.

LEMMA 11.2. The map ®,: H;(B(n,q),F,) — H;(B(n + 1,q),F,) is H,(0)-
equivariant where H,(0) acts via the natural embedding into Hy,41(0) on H;(B(n +
17Q)an)'

Proof. We verify this on the level of chains, this will then imply the result for ho-
mology. Fix some 7; € H,(0), so j = 1,...,n — 1 and some chain [g1,...,g;] with
ge € U(n,q). Consider

(I)n(ﬂj([gh cee 7gi]) = q)n([ﬂj(gl)a cee 77Tj(gi)]) = [¢n,n+17rj(gl)7 ceey ¢n,n+17rj(gi)].

Notice that ¢y, n417;(g¢) = TjOn.nt1(ge) because in ¢y, 5, +1(g¢) we only add a column
of zeroes in rows 1, ..., n, so this will not affect the action of 7r; since 1 < j <n—-1. O

To show that the assignment [n] — H,;(B(n,q), F,) with transition maps given by
®,, is a H-module it remains to show the following

LEMMA 11.3. If we take any element in the image of ®p m = P Pr—1--- Py, m; will
act by the identity on this element for j=n+1,...,m.

Proof. Once again we verify this on the level of chains. Fix some m; € H,,(0) for
n+1 < j < m and some chain [g1,...,g;] for g¢ € U(n, q). Notice that the embedded
chain element ®,, ,,,([g1, - . ., gi]) has each g; with only nonzero entries on the diagonal
below row n and they are all equal to 1. Hence when we apply 7; it can only act by
the identity because n +1 < 7 < m. O

THEOREM 11.4. For any fized i > 0, if we let m; € H,(0) act as described above and
we take as our transition maps the ®,: H;(B(n,q),F,) — H;(B(n+1,q),F,) then
the assignment [n] — H,;(B(n,q),Fg) is a H-module.

Proof. According to Theorem 2.9 it suffices to show that the transition maps @,
are H,(0)-equivariant and that the m; act via the identity on the image of ®,, ., for
j=n+1,...,m. The first statement is exactly what we show in Lemma 11.2 and the
second statement follows immediately from Lemma 11.3. O

In [29] the authors study [n] — H;(U(n,q),F,) as an OI-module. They ultimately
show that it is a finitely generated OI-module. We will now show that when we
restrict our H-action it agrees with their OI-module action. Their finite generation
result then implies that we have finite generation as a H-module and so the homology
of the Unipotent subgroup in defining characteristic is representation stable.
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We will first describe their action explicitly. For their purposes, they did not need
an explicit description, so it is not in their paper, but they do describe one implicitly.
Given an order preserving injection ¢: [n] < [m] we describe the OI-action on the
level of chains. Suppose {a1,...,am—n}t = [Mm] \ t([n]), then for g € U(n,q), t.g is
the matrix where g; j = (¢49).(3),.(j)> (t+9)a;,a; = 1 and all other entries are zero.

We can see this is the action the authors define in [29, §4.4]. We will now argue
that it agrees with our H-module action. The key is to realize that we still have an
induced OI-group structure given by U,, = U(n, ¢) and maps given by the H-module
structure described above. Let U’ = X(U). It is still the case that U(n + 1,q) is
the semi-direct product U, x Fy and most importantly that this description is still
functorial.

To verify this, let E be the OI-group given by E,, = Fy as described in [29]. We
then have homomorphisms of OI-groups i: U — U’ and p: U’ — U with pi = id
and ker(p) = E. Where 4 is given by the natural embedding and p forgets the final
column. This functorial decomposition is the only place where the specific OI-module
structure is used in the proof of finite generation in [29].

LEMMA 11.5. The restriction of the H-module structure on [n] — Hy(U(n,q),Fq) to
Ol is a finitely generated OI-module.

Proof. This follows formally from the proof of Theorem 1.4 in [29, §6] by the remarks
in the previous two paragraphs. The key step being that we still have the same
functorial decomposition as described above, so Proposition 6.3 from [29] holds. O

See the following example to illuminate this proof.

EXAMPLE 11.6. Consider the order preserving injection ¢(1) = 1, ¢(i) = i + 1 for
i = 2,3. This corresponds to the map mams®3 4. The action described in [29] sends
the matrix

10abd

lab
M=101lc]|+— 0100
001 001c
0001

So the action on the final column is the embedding of the entries from the third
column into positions 1 and 3. Comparing this to our action,

labd laab
Olce 010c¢
m3P3 4 (M) = 0010 Tom3®Ps 4 (M) = 001 ¢
0001 0001

Chains are determined up to a left action of U,(g). So each matrix in our chain will
be of this form, and we can apply the element

10 0 0 la a b
01-10 to get 01-10
0010 001 ¢
00 01 00 01

Checking for other maps is similar. So it is not hard to see that the action on chains
is equivalent in the final column, which is precisely the kernel of the map p, called E
in [29].

THEOREM 11.7. The H-module [n] — H;(U(n,q),F,) with transition maps described
in Theorem 11.4 is finitely generated as a H-module.
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Proof. Lemma 11.5 in combination with [29, Theorem 1.4] imply this H-module is
finitely generated with respect to the OI-substructure. We already showed there is
functor ®: OI — H satisfying property (F) in Theorem 2.13, so being finitely gen-
erated with respect to the restriction to OI is equivalent to being finitely generated
with respect to the full H-action. d

COROLLARY 11.8. For any fized i > 0 sequence of Hy,,(0)-modules {H;(U(n,q),Fy) tn>0
s representation stable.

Proof. This follows immediately from Theorems 11.7 and 6.1. U

COROLLARY 11.9. For any fized i > 0 sequence of Hy,(0)-modules { H;(B(n,q), Fy) }n>0
is representation stable.

Proof. This follows formally from the introduction to this section. Since
HZ(U(na Q)7 Fq) = Hl(B(na Q)7 Fq)7
Corollary 11.8 implies this result. O

12. GRADED COMPONENTS OF STANLEY REISNER RINGS

We first recall some necessary definitions. An abstract simplicial complex A on a
vertex set V' is a collection of finite subsets of V', called faces, such that any subset of
a face is also a face. The dimension of a face F' is |F|—1, so that one vertex faces have
dimension zero. The dimension of a simplicial complex is the maximum dimension
of its faces. We say that a (d — 1)-dimensional simplicial complex is balanced if there
exists a coloring map r: V' — [d] such that every face consists of vertices of distinct
colors. The reason we call this coloring map r is because we call the rank set of a face
F, denoted by r(F'), all the colors of all of its vertices.
The Stanley—Reisner ring F[A] of a simplicial complex A over a field F is

F[A] :==F[y, | v e V]/Ia,

where Ia = (yuyu | u,v € V, {u,v} € A). So a monomial y,, -y, is nonzero if
and only if v1,...,v4 all belong to the same face of A. This ideal does not equate
monomials, it just makes some of them zero, so we can see that all nonzero monomials
form a F-basis for F[A].

If A is balanced then its Stanley—Reisner ring F[A] is multigraded, that is any
nonzero monomial m = y,, -+ Yy, has a rank multiset r(m)

12.1. STANLEY REISNER RING OF THE BOOLEAN ALGEBRA. The Boolean algebra
B,, is the ranked poset of all subsets of [n] ordered by inclusion with minimum element
@ and maximum element [n]. The rank of an element is defined as the cardinality of
the corresponding set, where clearly || = 0. Following the definition of the Stanley—
Reisner ring above, if we take B,, as our simplicial complex where the vertices are
subsets of [n] and the faces are chains of subsets, we see that F[B,] = Flya | A C
[n]]/Ia. In this case
In = (yayp | A, B incomparable),

in other words A is not a subset of B and B is not a subset of A. For example if we
take A = {1,3,4} and B = {2,4,5}. So the nonzero monomials are exactly given by
weakly increasing chains of subsets, sometimes called multichains. This means that
we have an F-basis {yps} indexed by multichains M in B,,. This basis is multigraded
by the rank multisets (M) of the multichains M. For example the multichain {2} C
{2} c {1,2,4} C [5] has r(M) = {1,1,3,5}.

There is a natural way of encoding multichains, which [14] uses to construct a
H,(0) action on F[B,] which we recall now. For more details we refer the reader
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o [14]. Let M = (A; C Ay C --- C Ay) be an arbitrary multichain of length k in B,
set Ag = @ and Agy1 = [n] by convention. For any such multichain M of length k
in B, let p;(M) = min{j € [k+ 1] | i € A;}, this records the first position where i
occurs in M. By definition it must appear in every position after this, so the collection
p(M) = (p1(M),...,pn(M)) encodes the multichain M. The map M — p(M) gives
a bijection between the set of multichains of length & in B,, and the set [k + 1]™ of all
words of length n on the alphabet [k + 1] for any fixed integer k > 0.

In Section 9 we saw how H,(0) can act on the polynomial ring via Demazure
operators using the generating set ;. In this example, it is easier to use the generating
set 77, once again we recall that m; = 7;+1. Let M = (A; C --- C Ag) be a multichain
in B,,, then Huang defined

—Ym, pZ(M) > pi+1(M)a

mi(ym) = 40, pi(M) = piy1(M),
si(ym), pi(M) < pip1 (M),
for ¢ = 1,...,n — 1. Huang shows this is a well defined action that respects the
multigrading. We can use this to see how the 7; should act,
0, pi(M) > pit1(M),
mi(ym) = { Y, pi(M) = pit1(M),

si(yar) +yne, pi(M) < pig1(M).

We will now define a % module where [n] — F[B,,] and the inclusion map ¢, p4+1 acts
by sending a multichain M = (A; C --- C Ay) to the multichain with Ax; = [n+1]
instead of [n]. The crossings act by the m; we just defined on multichains, not the
7;. It is clear that the inclusion maps are H,(0)-equivariant. From Theorem 2.9 it
remains to check that if we apply (tn,m )« that mp41,..., Tm act by 1, or equivalently
that 7p41,..., 7T, act by 0.

By definition of our embedding, elements in the image of (¢ )« will be a poly-
nomial in y4 where every set A is a subset of [n], i.e. it will consist of monomials
ym in By, where the multichain M has A; C [n] and Agy1 = [m]. This implies that
pi(M)=k+1=p;1(M) for every i =n+1,...,m — 1. As a result, m(yn) = yum
for every i =n+1,...,m — 1 so Theorem 2.9 implies the following:

THEOREM 12.1. The assignment [n] — F[B,,], the Stanley—Reisner ring of the Boolean
algebra, with transition maps as defined above is a H-module.

This module cannot possibly be finitely generated because it does not grow like a
polynomial. However, there is a multigrading present, where we say that a multichain
M has multigrading g = (r1,...,rg) if the multichain is of the form 4; C --- C A
where |A4;| = r;. The H,(0) action respects the multigrading [14], so we can consider
the H-submodule given by restricting to homogeneous polynomials whose monomials
correspond to multichains of a fixed length k that correspond to a fixed composition
(a1,...,qp), that is the set sizes remain fixed as well. When we apply the transfer
map 7: F[B,] = F[X] defined by

T(ym) = H H Ly,
1<i<k jEA,

for all multichains M = (A; C --- C Ag) in B, these correspond exactly to degree
r1(M)+- - -+7r,(M) monomials. This map is not a ring homomorphism, but it restricts
to an isomorphism 7: F[B] = F[X] of H,(0)-modules. For more details we refer the
reader to [14, §3.4].

Algebraic Combinatorics, Vol. 4 #4 (2021) 653



ROBERT P. LAUDONE

THEOREM 12.2. If we fix any multigrading g, the assignment [n] — F[B,], defines a
homogeneous multigraded H-module that is finitely generated.

Proof. First, because the action as defined above respects the multigrading and so do
our embedding maps (tn,m )« Theorem 12.1 implies that this is a H-module.

To see that it is finitely generated, notice from the discussion above that if we have
fixed multigrading (M) = (a1, ..., ax) the monomial corresponding to the multichain

la1] C [as] € -+ C [ax],

in lowest degree aj will generate all other monomials because after we embed to a
higher degree we can apply permutations to get any multichain. In terms of monomi-
als, this multichain corresponds to

;1(M)x£2(M) . xr"k(M)

X “dLay

where 7;(M) is the number of times ¢ occurs in the multichain M. We can also encode
this monomial using its exponent vector as

(Tl(M)aTQ(M)v""Tak(M)) = ('Yl,-”a’)/ak)-

In a higher degree, in order for us to stay in the same multigrading, the corresponding
monomial must have exponent vector corresponding to the above vector where we can
insert Os and permute the ~; since this is equivalent to the multiset sizes remaining
the same. The action of the 0-Hecke algebra elements 7; on these exponent vectors
is via sorting. If we have an exponent vector (as,...,ay), 7; will swap a; and a; if
a; > aj, it will be zero if a; = a; and it will act by —1 is a; < a;. By construction our
original multichain corresponds to the exponent vector with v1 > v > - -+ > vx.

Given any other exponent vector 5 = (f1,...,084) in a higher degree d of
the same multigrading, we can first inject (7y1,...,7.,) into that degree to get
(Y1 -+ +%ar+0,...,0) where there are d — ay, zeroes. Let (8, .., ,Biak) be the nonzero
entries of the exponent vector 8. Use the 7; to sort the ~; into the order in which the
nonzero [3;; appear. Algorithmically do this by looking at the first entry, if 8;, = 1
move on to 3;,, if not this means §;, = 7; < 1. Since this is the case, we can move ;
to the first position as it will be smaller than everything to its left. We then consider
Biy, if Bi, =1 we move on to f;,, otherwise we perform the same procedure to place
the correct 7; into the second spot. We continue in this way until the 7; are in the
correct order.

We can then use the 7; to sort the 7; into the nonzero entries of the exponent
vector (B1,...,04), we can do this because all the other entries will be zero so we can
shift any nonzero entries to the right as much as we want. This shows that we can
generate any monomial with the fixed multigrading g, which completes the proof. [

COROLLARY 12.3. For a fized multigrading g, and n a sufficiently large positive integer,
F[B,)4 is representation stable. That is, there is a finite list of compositions o; paired
with finitely many integers k; € Zx_1 such that

[F[Bn]g] = EB Ca;,k; [M(O‘iv kj)}
i,
where the non-negative integer integers ca, k, are independent of n.
Proof. This follows directly from Theorem 6.1 in combination with Theorem 12.2. [

Another way to state this theorem is that for any fixed multigrading g and for
n sufficiently large, there is a finite list {(«;, k;)} of compositions paired with inte-
gers k; € Z>_, that completely control the simple H,,(0)-modules that can occur in
F[B,]g-
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13. QUASISYMMETRIC SCHUR MODULES

In this section, we pursue an example of a H-module that is not a FI-module. These
modules arise in a natural way. Through the Frobenius characteristic map, we get an
isomorphism between the irreducible representations of the symmetric group up to
isomorphism and the ring of symmetric functions. In this setting, the Specht modules
V\ map to sy the Schur polynomial.

There is a similar picture for representations of the 0-Hecke algebra. As we have dis-
cussed, there is a noncommutative and quasisymmetric characteristic map. The qua-
sisymmetric characteristic map provides an isomorphism between the Grothendieck
group of finitely generated H,(0)-modules for all n and the ring of quasisymmetric
functions. This map sends the irreducible module C, to the fundamental quasisym-
metric function F,,. For many years, these were thought of as the analogue of Schur
functions in QSym. Although they do have a multiplication rule as we have seen and
studied above, they do not naturally lift many of the well known properties of Schur
functions to the ring of quasisymmetric functions (expression in terms of monomial
symmetric functions, Pieri rule, etc. ).

In [12], the authors discovered and defined this appropriate analogue which they
aptly named quasisymmetric Schur functions. For more details on why these functions
are a natural refinement of Schur functions in the quasisymmetric setting we refer the
reader to [12]. It then became a natural question to ask if there were representations
of H,(0) that realize these quasisymmetric Schur functions under the quasisymmetric
characteristic map. Recently, in [41], the authors define a collection of H,,(0) modules
for varying n and prove their image is exactly the quasisymmetric Schur functions. We
will now define these modules and show how it is possible to put a H-module structure
on suitable collections of them. The construction of these modules also illustrates the
type of symmetry that H preserves, namely an upward symmetry, as opposed to FI
which can only act when the corresponding objects have complete symmetry.

We begin by making the necessary definitions. Given a composition o =
(a1,...,ar) of n, we define its reverse composition diagram which we will de-
note by « as an array of left-justified boxes with «; boxes in row ¢ from the top.
Notice, this is very different from the ribbon tableau representation of a composition
a. The reverse composition diagram is more akin to Young diagrams. We say that a
box is in position (4, 7) if it is ¢ rows down from the top and j columns in from left
to right. We are now ready to make a key definition,

DEFINITION 13.1. Given a composition o« & n, we can define a standard reverse com-
position tableau, abbreviated SRCT T of shape a and size n to be a bijective filling
T:a = {1,...,n} of the cells (i,7) of the reverse composition diagram o subject to
the conditions

(1) The entries in each row must be decreasing when read from left to right,

(2) The entries in the first column must be increasing when read from top to
bottom,

(3) The filling must satisfy the triple rule, namely, if i <j and 7(i, k) > 7(j, k+1),
then 7(i,k + 1) exists and 7(i,k+1) > 7(4,k + 1).

We denote the set of all SRCTs by SRCT(«) maintaining the notation in [41]. For
more information on the triple rule, and the definitions and constructions we refer
the reader to [41].
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EXAMPLE 13.2. Let @ = (2,1, 4) be a composition of 7, then an example of an element
of SRCT(«) is

2[1]

3

7[6]5[4],
A nonexample is

6/1]

3

7]5]4]2]

because this does not satisfy the triple rule and the first column is not increasing. In
particular, we see that 7(1,1) > 7(3,2), but 7(1,2) =1 < 7(3,2) = 5.

Given a SRCT 7 there is a notion of a corresponding descent set
Des(7) = {i | i + 1 appears weakly right of i} C [n — 1].

From this we can construct a descent composition of 7, comp(r) = comp(Des(7)).
The collection of standard reverse composition tableaux is important because it is
used to define the quasisymmetric Schur function S,. Namely,

DEFINITION 13.3. Let a E n be a composition. Then the quasisymmetric Schur func-
tion S, s defined by Sz =1 and

Sa = Z Fcomp('r)
TESRCT (v)

where comp(T) was defined above.

Now we are almost ready to define a H,(0) action on SRCTs, we just need the
notion of attacking blocks.

DEFINITION 13.4. Given 7 € SRCT(a) for a composition o E n, and any positive
integer i with 1 < ¢ < n —1 we say that ¢ and i + 1 are attacking if one of the
following is true

(1) i and i+ 1 are in the same column of T, or
(2) i and i+ 1 are in adjacent columns of T, with i + 1 positioned strictly down
and to the right of i.

Given 7 € SRCT(«) for some « F n, and a positive integer 1 < i < n—1, let s;(7)
denote the filling obtained by interchanging the positions of entries ¢ and ¢+ 1 in 7.
Now we are ready to define a 0-Hecke action on SRCT(«) as follows, for 1 <i < n—1
let

—7 i ¢ Des(7)
Ti(T) =40 i € Des(7), i and i + 1 attacking
s;(1) i € Des(7), i and 7 + 1 non-attacking.

The action that the authors in [41] describe differs from ours by a sign, we will denote
their generators by 7;. We choose to introduce the sign because this action is more
amenable to an H-module structure and is more in line with usual 0-Hecke actions. It
is also not hard to check that this is still a well defined action and that the partial order
described below is the same as the one in [41]. We will, however, do this explicitly.
We omit some details that overlap with the proofs in [41]. For all of the following,
will denote some SRCT of size n.

LEMMA 13.5. For 1 < i< n —1 we have f? = —T7;.
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Proof. 1f i ¢ Des(7), then 7;(7) = —7. So we see that 72(7) = 7 = —7;(7).
If i € Des(7) then this is roughly the same proof as in [41]. O

LEMMA 13.6. For 1 <i,j <n—1 with |[i — j| > 2, we have T;7; = T;T;.

Proof. If neither ¢ nor j belong to Des(7) then 7;(7) = 7;(7) = —7 and so T;7; (1) =
T = ﬁjfi (7')

Suppose that ¢ € Des(7). If i and i+ 1 are attacking, then this is the same proof as
in [41]. Otherwise we can assume ¢ and ¢ + 1 are non-attacking. This means 7;(7) =
si(7). If j & Des(7) then because |i — j| > 2 we also have j & Des(s;(7)). As a
result 7,7, (1) = T (s:(7)) = —si(7) = T7;(7). If j € Des(7) our generators agree
with [41]. O

LEMMA 13.7. For 1 <i<n— 2, we have TiMi41 T = M1 T 41 -

Proof. We will proceed in cases. The first case is if ¢,i + 1 ¢ Des(7). This means
T;(7) = Ti+1(7) = —7 so the desired identity clearly holds.

If i & Des(7) but ¢ + 1 € Des(7) we have 7;(7) = —7. If i + 1 and i + 2 are
attacking, then 7,11 (7) = 0. This implies that 7, 7;417;(7) = Tip1Timir1(7) = 0. As
a result we may assume that ¢ + 1 and ¢ + 2 are non-attacking, or equivalently that
Ti+1(7) = 8i41(7). We then have three possibilities

(1) If 4 € Des(si_H (7’)) then fifi+1(T) e —SZ‘+1(T), SO T4 1T i1 = _%i+1ﬁi+1(7—) =
$i+1(7) by Lemma 13.5. By assumption 7;(7) = —7 s0 T;7;+17i(7) = $i11(7)
as well.

(2) If i € Des(si4+1(7)) with ¢ and ¢+ 1 attacking in s;41(7) then T 17741 (7) =
0 =7Tip174(T).

(3) Finally if ¢ € Des(s;+1(7)) with ¢ and ¢ + 1 non-attacking in s;41(7)
then 7,7 41(7) = $;8;417. As in [41] ¢ + 1 is not a descent in s;8;41 S0
Tip1TiTit1(T) = —8;8;41(7). This is precisely 7;7;+17;(7) since 7;(1) = —7.

The next case to consider is if ¢ € Des(7) and i + 1 ¢ Des(7). In this case we have
Ti+1(7) = —7. For the exact same reason as above we may assume that ¢ and i+ 1 are
non-attacking otherwise both identities vanish. This means 7;7;+1 = —s;(7). Again
we have three possibilities

(1) If ¢ + 1 ¢ Des(s;(r)) then T;11(s;(7)) = —s;(7). This implies that
ﬁi+1ﬁiﬁi+1 = 81(7') = ﬁiﬁi+1ﬁi(7) since ﬁiﬁiJrlﬁi(T) = —ﬁi(si(T)) =
—72(7) = 54(7).

(2) If i + 1 € Des(s;(7)) with ¢ 4+ 1, ¢ + 2 attacking in s;(7) we have T, 17;(7) =
Ti+1(si(7)) = 0. This implies that both identities are zero.

(3) Finally, if i + 1 € Des(s;(7)) with ¢ + 1 and ¢ + 2 non-attacking in s;(7)

this means T;117;(7) = $;4+15:(7). Again notice i ¢ Des(s;1+15:(7)) so
TiTi1Ti(T) = —8i415:(7). Now T 1 TiTir1(T) = —8i+18:(7) as well because
ﬁi_;,_l(T) = —T.

For the final case, suppose 7,7+ 1 € Des(7). In this case, the proof in [41] applies to
our case because there is never a point where an element is not in a descent set. [

The above proves that our definition of the 7; defines a H,,(0) action on SRCT(«)
with a F n. When defining our H-module, we prefer to use the generators m;, which
we describe explicitly in this case,

0 i & Des(T)
mi(t) =<7 i € Des(7), i and i + 1 attacking
s;(t)+ 7 i€ Des(7), i and ¢ + 1 non-attacking.
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In [41] the authors then place a partial order on elements of SRCT () called <, where
T1 = T2 if and only if there exists an element n, € H,(0) such that 7,(71) = 0.
Notice, this would not be possible for FI. An important part of establishing that
partial order is well defined, i.e. the anti-symmetry, follows from the fact that H,(0)
preserves upward symmetry.

They then arbitrarily extend this partial order to a total order <!, and define new
modules V;, for some SRCT 7; € SRCT () with

V., = Span{r; | i <! 7;} for 1 <i<m.

One can think of this as the poset ideal generated by 7;. They prove that for any
choice of 7;, V;, is a H,(0)-module. Once again, we note that there is no natural %,
action on these modules, or on SRCTs in general. The reason for studying these V.,
is that if we take 7 as the minimal element of SRCT(a) with respect to <! then
Ch(V;) = S, the quasisymmetric Schur function.

We want to note that changing m; does not affect V;, as defined in [41]. This follows
immediately from the observation that we only get a new nonzero SRCT if we fall
into the third case where 7 € Des(7) with ¢ and ¢ + 1 non-attacking. So suppose we
have

7o (T1) = T2

then 7, (71) = 72 + >, 7o, (71) where o; is the first ¢ generators in . By definition
this tail will be in V;, and so 72 € V,,. Conversely suppose we have 7,(71) = 72, then
To(T1) = T2 — >, Mo, (T1) so the definition of V. does not change if we change the
H,(0) action as above.

Now with our definition of V, we claim there is a natural H,(0) equivariant em-
bedding ®,,: SRCT(a) — SRCT(e') for o F n and o/ F n+ 1 where o = o+ (1)
given by filling in o’ with the elements of o and placing n+1 in the new square. First,
notice this is H,(0) equivariant because the descent set does not change and we do
not shift the elements of « so 7, ..., 7,1 act in the same way.

Now define a H-module H(V;) with 7 F n via the assignment [i] — V.| (1i-ny for
i =2 n and [i] = 0 for i < n. And define the map from degree i to degree i + 1 via the
map in the previous paragraph.

THEOREM 13.8. For a composition T F n, the assignment [i] = V;qi-n) fori =n
and [i] — 0 fori < n, with the order preserving injection t; ;11 from degree i to degree
i+ 1 defined via ®; is a H-module.

Proof. By Theorem 2.9 it remains to check in degree m > n that mp41,...,Tm-1
act by the identity on the image of the above map. Notice that any SRCT in the
image has n + 1,...,m — 1 descending in the first column. This implies that they
are all in the descent set and attacking, so by definition 7; acts by the identity for
t=n+1,...,m—1. ]

ExAMPLE 13.9. In practice, consider the example

2[1]
2[1] 3
3 2% [5]4]
5/4] 6]
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If we wish to embed to a higher degree, say 8 we get
1]

4]

We can view these modules H(V;) as analogues of LfD in [37], but in this case

rather than growth in the first row we have growth in the first column.

PROPOSITION 13.10. The H-module H(V;) is finitely generated for any choice of com-
position T.

Proof. Tt is not hard to see that the images of the embeddings from the lowest degree
generate the entire H-module. This is because in any SRCT of shape (7,1¢) we must
fill the 1¢ section with the d largest natural numbers in [|7| + d], so the number of
SRCTs of shape (7,19) is actually the same as the number of SRCTs of shape 7. [

COROLLARY 13.11. For any n > 0 and fized composition T E n, the sequence of H;(0)-
modules {V; 1 (1i-n)}isn satisfies representation stability.

Proof. This follows immediately from Proposition 13.10 and Theorem 6.1. 0

REMARK 13.12. It is important to remember here that we follow the notation in [41,
12] where they encode compositions as standard reverse composition tableau. This
should not be confused with the above encoding of compositions as ribbon tableau.
The above states that for any ¢ > 0, there is a finite fixed list of compositions
{(a?, k;)} that completely encodes all the irreducible representations that will appear
in Voyqi-ny.

14. FURTHER QUESTIONS

This work was largely motivated by Sections 10, 11 and the work in [11, 29]. In
particular, the sequence of modules H*(B(n, q), F,) are a natural object to study, but
they do not have any natural FI-module structure. This is largely due to the fact
that there is no apparent complete symmetry, only an upward symmetry. There are
other sequences of modules with this same property such as the quasisymmetric Schur
modules seen in Section 13 that have received a large amount of attention recently.
Heuristically one can think of such modules as the quasisymmetric functions that are
not symmetric. We believe there are many more natural examples of such modules and
are already investigating a few. Some immediate further questions are summarized as
follows,

1) Is the H-module [n] — H*(B(n,q),F,) studied in Section 10 finite generated as a
‘H-module? We believe it is, but have not been able to prove it.

2) What other properties of FI-module are also satisfied by H-modules? We have a
notion of representation stability and finite regularity, is there a notion of depth
or weight?

3) Is there any hope of bounding the regularity? We suspect this is impossible because
it seems like the ability to do this depends on the Gabriel-Krull dimension being
finite, which it is not for H-modules.

4) TIs there a refined version of representation stability if we only consider sequences
of projective H,,(0)-modules?
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Is there a more concrete connection between H and the ring of quasisymmetric
functions? The Grothendieck group of FI-modules is isomorphic to two copies of
the ring of symmetric functions [36]; is there some analogue for G(Mody)? We
suspect there might be an infinite analogue.

Symmetric function theory suggests a deeper connection between FI and H. In
particular, every symmetric function is quasisymmetric, and every space with com-
plete symmetry also has partial symmetry. It then becomes natural to ask, does
every FI-module has a natural H-module structure?

To make this more concrete, there is another category FI,, the g-deformation
of FI, over the ring C[q], where the ¢ = 1 fiber gives FI and the ¢ = 0 fiber
recovers H. In this way, we get a correspondence between Grothendieck groups
K(Modpr) - K(Modpy,) — K(Mody ). Evidence suggests the first functor, taking
the fiber at ¢ = 1, is close to an equivalence if one considers flat FI,-modules. This
would then give a map in the desired direction.

What can one say about the extensions of H-modules?
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