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Abstract
Combinatorics of Bosonic-Fermionic Coinvariant Rings
by
John Lentfer
Doctor of Philosophy in Mathematics
University of California, Berkeley
Professor Mark D. Haiman, Chair

Professor Sylvie Corteel, Co-chair

The (k, j)-bosonic-fermionic coinvariant ring R , defined for k sets of commuting variables
and 7 sets of anticommuting variables, generalizes many previously-studied coinvariant rings.
As special cases, R includes the classical coinvariant ring Rg’o), the diagonal coinvariant
ring RSLQ’O) studied by Haiman, the superspace coinvariant ring Rg’l), Zabrocki’s module
for the Delta conjecture Rg’l), and the diagonal fermionic coinvariant ring R In this
dissertation, we prove results on R for specific small values of £, j, along with structural
results for all £, j.

We give the first conjectural construction of a monomial basis for the coinvariant ring Rg’z),
for the symmetric group &,, acting on one set of commuting and two sets of anticommutin
variables. Our construction interpolates between the modified Motzkin path basis for RY?
of Kim—Rhoades (2022) and the super-Artin basis for RV conjectured by Sagan—Swanson
(2024) and proven by Angarone et al. (2025). We prove that our proposed basis has cardinality
2"~1Ipl  aligning with a conjecture of Zabrocki (2020) on the dimension of R and show
how it gives a combinatorial expression for the Hilbert series.

We also conjecture a Frobenius series for RS’Q). We show that these proposed Hilbert

and Frobenius series on Ry are equivalent to conjectures of Iraci, Nadeau, and Vanden
Wyngaerd (2024) in terms of segmented Smirnov words, by exhibiting a weight-preserving
bijection between our proposed basis and their segmented permutations. We extend some
of their results on the sign character to hook characters, and give a formula for the m,,
coefficients of the conjectural Frobenius series.

We conjecture a monomial basis for Rgf), the analogous ring for the hyperoctahedral group
9%3,,, and show that it has cardinality 4"n!.



We determine the trigraded multiplicity of the sign character of the triagonal fermionic
coinvariant ring R As a corollary, this proves a conjecture of Bergeron (2020) that the

multiplicity of the sign character of R isn2 —n+1.

We also give an explicit formula for double hook characters in the diagonal fermionic

coinvariant ring R%O’Q), and discuss methods towards calculating the sign character of RY.

We give a multigraded refinement of a conjecture of Bergeron (2020) that the multiplicity of
the sign character of the (1, 3)-bosonic-fermionic coinvariant ring Rg’?’) is %an, where F), is

the n-th Fibonacci number.

For finite groups G, we show that bosonic-fermionic coinvariant rings have a natural
U(gl(k|7)) ® C[G]-module structure. In particular, we show that their character series
are sums of super Schur functions s,(q/u) times irreducible characters of G with universal
coefficients (independent of k, 7). In the case where G is the symmetric group with diagonal
action, this proves the “Diagonal Supersymmetry” conjecture of Bergeron (2020).

Alfano (1994) determined a monomial basis, bigraded Hilbert series, and bigraded Frobenius
series for the ring of diagonal dihedral group coinvariants Rgzz,(oyz)' Using diagonal supersym-
metry, we determine a universal multigraded character series, universal multigraded Hilbert
series, and monomial basis for the generalization to any k sets of bosonic variables and j sets
of fermionic variables Rg’:(jg)

We determine that the standard character of all (k, j)-bosonic-fermionic coinvariant rings
R has multigraded multiplicity sy(a/u) + se(q/u) + - -+ sp-1)(q/u).

We note a conjectural relationship between multichains in the Tamari lattice and the multi-
plicity of the sign character in multivariate coinvariant rings RO,

We extend the operator conjecture of Haiman (1994) to bosonic-fermionic coinvariant rings
Rglkvj).
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Chapter 1

Introduction

This dissertation is on algebraic combinatorics, which is the field that explores the deep
connections between algebraic and combinatorial structures. Many problems in geometry
and representation theory can be translated into a combinatorial language, revealing further
structure and enabling explicit computations. A central object in algebraic combinatorics is
the classical coinvariant algebra

RS’O) :C[xh_..7%]/(@[;51,...,3:”]?"), (1.1)

the quotient of a polynomial ring by symmetric functions without constant term. The
symmetric group &,, permutes the variables and gives R o graded &,,-module structure,
where the grading is by total degree. Borel [22] showed that R is the cohomology ring of
the flag variety. As an &,-module, it affords the regular representation, and Stanley [91] gave
a formula for the graded structure of R in terms of statistics on standard Young tableaux.

This dissertation investigates a generalization of coinvariant algebras, called the bosonic-
fermionic coinvariant algebra R;k’j), which involves k sets of commuting and j sets of
anticommuting variables (defined in equation (1.2)). Studying RED g extremely challenging
for general k and j, but we prove one of the first structural results for all k£ and j (Theorem 1.0.5
below).

A well-known example is the diagonal coinvariant algebra an,o)’ studied in seminal work
of Haiman [57,59], which is related to his proof of the Macdonald positivity conjecture [58].
The diagonal coinvariant algebra is isomorphic to the diagonal harmonic space, which is a
solution to a system of partial differential equations. The diagonal coinvariant algebra has
been involved in several breakthroughs in algebraic combinatorics, including the proofs of the
longstanding Shuffle Conjecture [20,51,81] and the Loehr—Warrington Conjecture [18,77]. Tt
is connected to the elliptic Hall algebra [21,26,46], to link homology [48,49,83,100], and to
theoretical physics [10,68].

The study of the coinvariant ring with one set of commuting variables and one set of
anticommuting variables R was initiated around 2018. Eventually, the multiplicity of the
sign character of RY"" [96], its dimension and Hilbert series [88], a monomial basis [3,90]
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and its Frobenius series [84] were all determined. Zabrocki [101] introduced a module with

two sets of commuting variables and one set of anticommuting variables, R,(f’l), which he
conjecturally related to the Delta Theorem [19,39,53].

Extending coinvariant algebras beyond the well-studied cases where k 4 j < 2 introduces
dramatic new complexity but also reveals intriguing patterns. A general understanding of
RY9 remains elusive, especially once k + 7 > 3. In fact, our result on the sign character of

03 (Theorem 1.0.4) is the first to be established for any k + j > 3. Recent conjectures of
Zabrocki and Bergeron [10,11,102] suggest that these algebras possess rich behavior across
broader values of k and j; see Figure 1.1 for known and conjectural dimensions in small
cases. Among these conjectures, Bergeron’s diagonal supersymmetry conjecture plays a
central role by identifying a deep relationship between the commutative and anticommutative
variables. We prove Bergeron’s diagonal supersymmetry conjecture (Theorem 1.0.5) using the
representation theory of gl(k|j) and Howe duality [74], establishing one of the first structural
results across all RV

Building on this, much current research aims to study more of these algebras R
systematically by determining their dimensions, monomial bases, Hilbert series, and Frobenius

series.

Problem 1.0.1. Give a monomial basis, dimension formula, multigraded Hilbert series, and
multigraded Frobenius series for RV,

J
I 0 1 2
0 1 o1 )
1 n! o ilS(n, 1) 2nInl*
2 (n+1)"! Z?:Jrol (n?) 2(rri:1)*
3 2" (n +1)"2" - -

Figure 1.1: Known or conjectured” dimension formulas for R,

Fix k,j as nonnegative integers or infinity. Denote k sets of n commuting (bosonic)
variables by ™, ..., z® where ¥ = {xgi), . ,x,(f)}, and j sets of n anticommuting
(fermionic) variables by 80, ..., 89), where 8@ = {6\ ... 65}, Define the (k, j)-bosonic-
fermionic coinvariant ring by

n

RED = Clz™, ... ;2™ oW .. 09/ (ClzW,...,2® oW .. . 8V (1.2)

where Clz®, ... x® 01 . 00U)]$" denotes polynomials without constant term, which
are invariant under the diagonal action of the symmetric group on each set of variables
(see [9-11,102]).

R ig a symmetric group module, so it decomposes into a sum of simple modules. The
Frobenius characteristic map associates to a symmetric group module a symmetric function,
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such that each simple module corresponds to a Schur function s,. This correspondence
allows us to translate between symmetric group modules and the combinatorics of symmetric
functions.

The multlgraded S,,-module structure is encoded by the multigraded Frobenius series,
denoted by Frob(R ), Q- Qe U, - - -, uj). It is obtained by applying the Frobenius char-
acteristic map to each multigraded component of R, Let qa = {q,...,q} denote the
gradings for the commuting variables and u = {uy,...,u;} denote the gradings for the anti-
commuting variables. In symmetric function theory, a symmetric function can be superized.
In particular, the superization of a Schur function is a super Schur function, denoted by
sx(a/u).

The main results and organization of this dissertation follow. Background is discussed in
Chapter 2.

Chapter 3: The (1,2)-bosonic-fermionic coinvariant ring

In [73], We give the first conjectural construction of a monomial basis BS" for the coinvariant
ring Rn . Our construction interpolates between the modified Motzkin path basis I1(n)<q
of Kim—Rhoades [69] for R and the super-Artin basis for R conjectured by Sagan—

Swanson [90] and proven by Angarone et al. [3]. We prove that the proposed basis B

has
cardinality 2"~ 'n!, aligning with a conjecture of Zabrocki [102] on the dimension of R,

Showing that the conjectural basis for R is indeed a basis would imply the following
formula for the Hilbert series, which is a multigraded version of the dimension.

Conjecture 1.0.2 (Lentfer [73]). Forn > 1,

Hilb(R?; ¢; u, v) Z 80 (™) 48 (™) gtair, (7). (1.3)

mell(n)>o

n

Here we set ¢ := q1, u := uy, v := uy, and stair,(7) is a certain polynomial in N[g]. In
particular, this conjecture would imply that d1m R(l ) = gn—lp),

We also conjecture a Frobenius series for R in terms of fundamental quasisymmetric
functions Qg and a statistic Asc(b) on B,

Conjecture 1.0.3 (Lentfer [73]).

Frob(RM2): ¢: u, v) Z udeso )y dege () gdeea0) 9y Ly (1.4)

peB(H?

We show in [73] that these proposed Hilbert and Frobenius series imply conjectures of

Iraci, Nadeau, and Vanden Wyngaerd [65] on the Hilbert and Frobenius series of R in
terms of segmented Smirnov words.
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Chapter 4: The sign character of the triagonal fermionic
coinvariant ring

In [75], we determine the trigraded multiplicity of the sign character in the triagonal fermionic

coinvariant ring R, Note that sy is the Schur function corresponding to the sign
character in the Frobenius series.

Theorem 1.0.4 (Lentfer [75]). The trigraded multiplicity of the sign character of R,
denoted by (Frob(R(03 Uy, Uz, U3), S(1ny), @S

(Frob(RﬁlO"g); Uy, Ug, Ug), S(1m)) = S(n—1) (U1, U2, Ug) + S(n—2,1,1) (U1, Uz, U3). (1.5)

As a corollary, this proves a conjecture of Bergeron [10] that the multiplicity of the sign
character of RY® isn? —n+ 1. In [75], we also give an explicit formula for double hook
characters in the diagonal fermionic coinvariant ring R

In [75], we give a multigraded refinement of a conjecture of Bergeron [10] that the

multiplicity of the sign character of R s —an, where F}, is the n-th Fibonacci number.

Chapter 5: Diagonal supersymmetry for coinvariant rings

We show that bosonic-fermionic coinvariant rings have a natural U(gl(k|j)) ® C[S,]-module
structure, where U(gl(k|j)) is the universal enveloping algebra of the Lie superalgebra
gl(k|7). As a consequence, we prove the following “diagonal supersymmetry” conjecture of
Bergeron [10].

Theorem 1.0.5 (Lentfer [74]). Fiz a positive integer n. For partitions X\ with {(\) < n, and
partitions = n, there exist nonnegative integer coefficients c,, such that for any (k, j), the

multigraded Frobenius series of R

Frob(R¥9): q; ) ZZC,\NS,\ q/u)s, (1.6)

A pbn

Chapter 6: Universal series for dihedral group coinvariant rings

In fact, a more general version of Theorem 1.0.5 holds for all finite groups G C GL(n) in place
of G,,. In the case of the symmetric group, it is computationally very difficult to determine
the coefficients c, , for general A and p. For example, having a combinatorial description
of just ¢y 1n) where £(A\) < 2 would give us enough information to solve a well-known open
problem of Haglund: find a combinatorial proof of the ¢, t-symmetry of the ¢, t-Catalan
numbers via Dyck paths [54]. However, for the dihedral and cyclic groups, we determine a
monomial basis, universal multigraded Hilbert series, and universal multigraded character
series for all k, j [76], which is the subject of this chapter.
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Chapter 7: Further directions

As previously mentioned, it is quite challenging to determine the coefficients c, , for general
A and p. The trivial character is known to have multiplicity 1 for all R¥ED We are able to
show that the multiplicity of the standard character, that is, the character indexed by the
partition u = (n —1,1), is sq)y(q/u) + s@)(a/u) + - - - + sp-1)(q/u) for all n > 2.

We also explain the connection between the Tamari lattice and R,(f”o), and include a
conjecture on the multiplicity of the sign character of RN,

Finally, we conjecture an extension of Haiman’s operator conjecture to RED,



Chapter 2

Background

In this chapter, we briefly overview some of the background material from algebraic combina-
torics, symmetric function theory, and representation theory. We also give an introduction to
the (k, j)-bosonic-fermionic coinvariant ring R and briefly summarize some of the results
on the classical coinvariant ring R and the diagonal coinvariant ring RZY,

The reader who is familiar with the basic tenets of combinatorics and representation
theory but not familiar with coinvariant algebras should skip ahead to Section 2.4. The
reader who is also familiar with coinvariant algebras may skip this chapter entirely, as each

of Chapters 3, 4, 5, and 6 begins with an introduction specific to that chapter.

2.1 Combinatorial basics

Most of the information in this section can be found in [8].

Partitions and tableaux

A partition X\ of a nonnegative integer n is a weakly decreasing sequence of positive integers
(A1, Agy ..., Ag) such that Ay > Ay > ... > A\g > 0and A\ + Ay + - -+ A\, = n. Each ); is called
a part of A, and the number of parts, ¢ = ¢()), is called the length of the partition. We call
n = |A| the size of the partition.

A Ferrers diagram® is an arrangement of left-justified square boxes such that the top row
has A; boxes, the second row has A\, boxes, etc. For example, the Ferrers diagram for the
partition (5, 3,2) of 10 is

(2.1)

!This is drawn in English notation. French notation would result from flipping each diagram over a
horizontal line.
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The transpose of a partition, denoted by X, is the partition obtained from flipping the
partition’s Ferrers diagram across a line of slope —1 starting from the upper left corner. For
example, if A = (5,3,2), then \' = (3,3,2,1,1), with Ferrers diagram

(2.2)

A standard Young tableau is a Ferrers diagram in which each box is filled with an integer
in {1,...,n} exactly once, where n is the size of the partition according to the following
rules:

e the numbers increase to the right along each row;
e the numbers increase down each column.

For example, all standard Young tableaux of the partition (3, 1) are

1237 124’ 134_ (2.3)

4 3 2

A semistandard Young tableau is a Ferrers diagram in which each box is filled with a
positive integer according to the following rules:

e the numbers weakly increase to the right along each row;
e the numbers strictly increase down each column.

Now, there are infinitely many semistandard Young tableaux of any (nonempty) shape. For
example, some semistandard Young tableaux of the partition (3,1) are

23’ 111’ 568. (2.4)
6

4 3

A skew shape \/p is defined for two partitions A, p1, when the Ferrers diagram of A contains
the Ferrers diagram of p. Then the boxes of the Ferrers diagram of A\/u are those which
are in A\, but not in p. For example, (5,3,2) contains (4,1), so we have the skew shape
(5,3,2)/(4,1):

(2.5)

Standard and semistandard tableaux can be similarly defined for skew shapes.
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g-analogues

A g-analogue of a combinatorial expression O is an expression in terms of a parameter g,
which we call O(q), such that upon setting ¢ = 1 (or taking a limit as ¢ — 1), we recover O.
That is to say,

lim O(q) = O. (2.6)

q—1

This definition does not prescribe what the g-analogue of O must be, in fact, there can

be multiple g-analogues of the same thing. In combinatorics, we typically desire to have a

g-analogue generalize some desirable combinatorial properties of the original expression.
Define the g-integer [n], by

lg=1+q+---+¢" " (2.7)
Define the g-factorial number [n],! by
[n]q! = [nlg[n —1]g - - [2]4[1q, (2.8)

and set [0],! = 1.
Define the q-binomial coefficients by

n [n],!
= — (2.9)
[kl q [Kg!n — K],!
Just like the binomial coefficients, the ¢g-binomial coefficients satisfy many identities including
Pascal’s rule: . .
n|  g(n- n—
I g e 20
q q q
and . .
n n— k| —
= +4q { ] : (2.11)
B R

We also have a combinatorial interpretation (see for example [93, Chapter 1.7])

Z) g = mq (2.12)

AC(n—k)k

where (n — k)¥ denotes the rectangular partition with & parts each of size n — k.

2.2 Symmetric functions

Invariant theory

The material in this section can be found in [8].
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Consider the polynomial ring C[xy,...,z,]. The degree of a polynomial f(zq,...,x,) is
the maximum degree of all of its monomials. A ring R is graded with respect to degree if

R=DRy (2.13)

d>0

such that RyR; C Rgq.;, where R; denotes the C-span of all degree d monomials. Note that
Clx1, ..., z,) is graded by total degree.
We define the Hilbert series of a graded ring R by

Hilb(R; q) = ) _ dime(Rq)q™. (2.14)

d>0

Note that the dimension of R as a vector space over C is recovered by setting ¢ = 1 (if R is
finite-dimensional).

Next we describe how groups act on polynomials. Let G be a finite group which is a
subgroup of the group of orthogonal matrices O, (C). For g € G, we say that

g flxy, ... xn) = f((z1,...,2,)9), (2.15)

where (x1,...,2,)g is the product of the vector (xy,...,z,) with the n x n matrix g.

We say that a polynomial f(z1,...,2,) € R = Clzy,...,z,] is G-invariant if g -
flxy,...,2,) = f(z1,...,2,) for all g € G. Let R® denote the subspace of all G-invariant
polynomials in R. For groups GG generated by reflections, it is well-known that there exist sets
of n algebraically independent elements fi,..., f,, with degrees di, ..., d,, which generate
RC.

For G = &,, the symmetric group, we can take f; = p;(z1,...,x,), where

pi(wy, .- w) = > (2.16)
j=1

is the ¢-th power sum symmetric polynomial.
One can then show that we have the Hilbert series

n

Hilb(R% q) = [ |

i=1

1

a—— 2.17

See [64] for more on the topic.
A symmetric polynomial is a polynomial f(zy,...,z,) € R which is &,-invariant. That
is, for each permutation o € G,,, we have that

f(:co(l), . ,:L‘U(n)) = f(:lj‘l, e ,a:n). (2.18)

The power sum symmetric polynomials are examples of symmetric polynomials.
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Ring of symmetric functions

The material in this section can be found in [92, Chapter 7] or in [78].

A weak composition of a nonnegative integer n is a countably infinite sequence a =
(v, (g, . . .) of nonnegative integers «y; such that the sum of the finitely-many nonzero entries
is n.

Let © = (x1,x9,...) be an infinite set of indeterminates. A symmetric function which is
homogeneous of degree n over a commutative unital ring R is the formal power series

fl) =) car®, (2.19)

where the sum ranges over all weak compositions « = (ay, g, . ..) of n, the ¢, are some coeffi-
cients in the ring R, the notation x* means " 25 - - -, and importantly, f(2,1), Zo(2),-.-) =
f(x1, 29, ...) for every permutation o in G = J;5; &;.

A note on terminology: symmetric functions are not really functions, but they are formal
power series. Sometimes, symmetric polynomial is used when the set of indeterminates x is
finite.

The ring of symmetric functions Ag consists of all symmetric functions over R. This
is graded by homogeneous degree. That is, let A, consist of all symmetric functions over
R of homogeneous degree n. Then it is easy to check that if f,g € A%, and a,b € R, then
af +bg € A, so it has the structure of an R-module. Also, if f € A}, and if g € AR}, then
fg € A% and if R contains Q, then Ay is an R-algebra. Let Ag = A and A% = A™ for
short.

Define the monomial symmetric function by
my =Yy a° (2.20)
e

where the sum ranges over all distinct permutations o = (aj,as,...) of the partition
A= (A1, Ay, Ag).

Define the elementary symmetric function by

€n = M(1n) = Z Ty v Ty, (2.21)

1<) <--<in
for n > 1, by eg = 1, and for a partition A = (A1, Ag, ..., A¢), by
€N = EN €Nyttt (222)

Define the complete homogeneous symmetric function by

h, = ZmA = Z Ty v Ty, (2.23)

AFn 1<ip <<y
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for n > 1, by hg = 1, and for a partition A = (A1, Aa, ..., A¢), by
ha = Bl - - (2.24)

Define the power sum symmetric function by

Pn=mn =Y a} (2.25)

for n > 1, by po = 1, and for a partition A = (Aq, Ag,..., A¢), by

DA = DPxPr " - (2.26)

The fundamental theorem of symmetric functions says that {my| A F n}, {ex| A\ F n},
{hx| A F n}, and {pr| A F n} are all bases for A”. Note that the power sum symmetric
functions are not a basis over the ring Z, but the others are.

Schur functions

Denote the set of all semistandard Young tableaux of shape A/ by SSYT(A/u). For a
semistandard Young tableaux T' € SSYT(\/u), by z7, we mean 2252 - - - | where q; is the
number of times that ¢ appears in the filling of the tableau 7.

Define the Schur function by

Sx/p = Z ot (2.27)

TESSYT(\ /1)

The Schur functions are symmetric functions, and {sy | A - n} is also a basis for A™.

We have already defined Schur functions in an alphabet of infinitely many indeterminates
x = (21,23, ...). Upon specializing to finitely many indeterminates, the Schur functions may
also be defined as the ratio of two alternating polynomials, that is,

a
Sa(@1,. .. ) = =2, (2.28)
as
where a5 = det(x?ﬁn*j)zj:l and as = det(x?_j)?’j:l = [li<icj<n(®i — ;) is the Vander-

monde determinant.

Omega involution and Hall inner product

The following all define the same algebra endomorphism w : A — A:
® w(ex) = h)\;

[} w(h,\) = €);
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e w(p)) = e\py, where ) = (—1)|/\\*@(>\);

o Wsi/u) = sy

The endomorphism w is an involution, that is, w? = id.
The Hall inner product may be defined by any of:

L <m>\a hu> = 5)\,u;

o (Dr,Pu) = 220xp, Where 2y = 1™1my12™2my! - - - where m; is the number of parts of size
7in A;

o (Sx,Su) =0\

The Hall inner product is symmetric and positive definite. The omega involution w is an
isometry, that is (wf,wg) = (f,g) for all f,g € A.

2.3 Representation theory

The basic information in this section can be found in [92, Chapter 7] or [42].

Representation theory of the symmetric group

The symmetric group &,, is the group of all permutations of n elements.

A representation of the symmetric group &,, is a group homomorphism ¢ : &,, — GL(V),
where V is a finite-dimensional complex vector space. A subrepresentation is a subspace
W C V that is invariant under the group action of &,,. An irreducible representation is a
representation which has only the 0 vector space and itself as subrepresentations.

By Maschke’s theorem, every representation of the symmetric group &,, over C is a direct
sum of irreducible representations. The irreducible representations of the symmetric group &,,
are indexed by the set of partitions {\ F n}. Furthermore, G,, representations are equivalent
to C[&,]-modules. A concrete realization of these irreducible representations is given by the
Specht module S*, an irreducible C[&,]-module (see [42] for details of the construction).

A class function is a function which is constant on conjugacy classes in the symmetric
group. Let CF" denote the set of all class functions f : &, — Q. There is a natural scalar
product on CF" given by

(F.ghern = 3 Flw)g(w). (229)

’ wEGn

The character of a representation ¢ : &,, — GL(V') is defined by

X7 (w) = tr(p(w)), (2.30)

where tr denotes the trace of the matrix in GL(V).
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The Frobenius characteristic map is a linear function F': CF" — A" defined by

PP = 3 Fwna = Y S0, (231

weS, pukn K

where p(w) is the partition obtained from rearranging the cycle type of w, and f(u) is f(w)
for any w such that p(w) = p.

The Frobenius characteristic map is an isometry, that is, (f, g)cr» = (F/(f), F'(g))an.

Two operations governing the relationship between the symmetric group &,, and its
subgroups are restriction, which takes a representation of &,, back to a subgroup, and
induction, which builds a representation of G,, from one defined on a subgroup.

The natural subgroups in this context are the Young subgroups. Given a composition
= (1, fa, - - ., pig) of n (a sequence of positive integers summing to n), the corresponding
Young subgroup is

S, =6, xB,, x - xG,, (2.32)

embedded in &,, as the subgroup of permutations that separately permute the blocks of
consecutive integers {1,..., 1}, {p1 + 1,..., 1 + po}, ete.

Using the language of the group algebra, given a C[G&,,]-module V| its restriction to &, is
the module RengV, which has the same underlying vector space as V' but with the action
restricted to the subgroup &, C &,,. In the reverse direction, given a C[S,]-module W, its
induction is

Indg"W := C[6,] @cs, W, (2.33)

the C[&,]-module formed by extending scalars from C[G,] to C[&,,].
These two operations are adjoint by Frobenius reciprocity:

Home, (Indgzw, v) ~ Home, (W, ResSZV). (2.34)

Finally, let R™ denote the set of all virtual characters of the symmetric group &,,, which
consists of all Z-linear combinations of the irreducible characters of &,,. Then it follows that
F : R — A} is a ring isomorphism. Furthermore, the image of the irreducible symmetric
group character x* under the Frobenius characteristic map is the Schur function sy, that is,

F(x") = s. (2.35)

This is important because it allows us to translate between problems on symmetric group
representations and on symmetric functions. In particular, because the multiplicity of an
irreducible representation in any representation must be a nonnegative integer, we can show
that a symmetric function is Schur-positive (expands nonnegatively in the Schur basis) by
exhibiting a symmetric group module that it is the Frobenius image of.
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Representation theory of the general linear group

The general linear group GL,(C) is the set of all n x n invertible matrices, with the group
operation of matrix multiplication.

A finite-dimensional continuous representation of GL,(C) is a group homomorphism
p: GL,(C) = GL(V), where V is a finite-dimensional complex vector space. We will focus
on rational or polynomial representations, wherein the matrix entries of p(g) are respectively
rational functions or polynomials in the matrix entries of GL,(C).

The category of finite-dimensional rational representations of GL,,(C) is semisimple, so
any such representation exhibits complete reducibility, uniquely decomposing into a direct
sum of irreducible subrepresentations up to isomorphism.

The classification of these irreducible polynomial modules is governed by the theory
of highest weights. Every irreducible polynomial representation of GL,(C) is uniquely
parameterized by a dominant integral weight, which corresponds to an integer partition
A= (A, Ao, ..., Ay) such that Ay > Ay > --- > A\, > 0. The algebraic structure of finite-
dimensional rational representations is completely encoded by their characters. Here, the
corresponding character is the Schur function sy(z1,...,x,). Notice that a Schur function
sx(x1,...,2,) is 0 if A has more than n parts. Thus the Schur functions sy(z1,...,z,) for
partitions of length at most n form an orthonormal basis for the ring of symmetric functions
in the variables (z,...,x,). Hence the decomposition of any GL,(C) representation into
irreducible components is equivalent to expanding its character as a nonnegative linear
combination of Schur functions.

Schur—Weyl duality connects the representation theory of the group GL,(C) and the
symmetric group &, via their natural commuting actions on the k-fold tensor product space
V® Tt states that under the joint action of GL,,(C) x &y, this tensor space decomposes as
a multiplicity-free direct sum:

Vet~ (B @ S, (2.36)
A

where the sum runs over partitions A of k£ (with at most n parts), V) is an irreducible
GL,(C)-module, and S* is the corresponding irreducible G-module.

The general linear Lie superalgebra

The information in this section can be found in [32].

A wvector superspace V' is a vector space with a Z, grading, that is, V = V& V;. Elements
in Vj are called even and elements in V] are called odd. The dimension of V' is (dim V| dim V;).
By C* we mean the superspace with even subspace C* and odd subspace C7 of dimension
(K1)

A superalgebra A is a vector superspace A = Ay® A; whose bilinear multiplication satisfies
AgAy C Ag, AgAy C Ay, A1Ap C Ay, and A1 A; C Ag. Modules, subalgebras, and ideals are
all Zo-graded.
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A Lie superalgebra g is a superalgebra g = go @ g1 with bilinear multiplication [-, -] which
satisfies, for all homogeneous elements a, b, c € g:

e skew-supersymmetry: [a,b] = —(—1)l"*![p, a];
e the super Jacobi identity: [a, [b, ] = [[a, b], c] + (—1)laI*l[b, [a, c]].

Our only use of Lie superalgebras will be the general linear Lie superalgebra, denoted
gl(k|j). This consists of all linear endomorphisms of the superspace CH7 = V| that is,
gl(k[j) = End(V).

Choose a basis for Vj and for 1}, parametrizing the basis for V by theset {1,... k, 1, ... 5"}
=: I(k|j). The elementary matrices may be denoted by E}; where h,i € I(k|j). Then
gl(k|7) = End(V) can be realized as all (k+ j) x (k+ 7) matrices with entries in C, with a

block form of 4
B
A o

where A is a k x k matrix, B is a k x j matrix, C' is a j X k matrix, and D is a j X j
matrix. Then the even subalgebra gl(k|j)o is comprised of all matrices with B and C
blocks of all 0’s. In other words, gl(k|j)o = gl(k) @ gl(j). On the other hand, the odd
subalgebra gl(k|j); is comprised of all matrices with A and D blocks of all 0’s. Then
al(klj)1 =& (C* @ C*) @ (CF* ® C7), where C/* denotes the dual space of C7.

The theory of characters and highest weight theory have extensions to the Lie superalgebra
setting. In general, a gl(k|j)-module is not semisimple. However, there exist certain irreducible
gl(k|7)-modules, which have character s)(q/u), a super Schur function. Define a super Schur
function by

sa(@/u) =) sy(@)syy(u (2.38)

vCA

where v C X\ means that the Ferrers diagram of v is contained in that of A. Super Schur
functions may also be defined in terms of super tableaux (see [85, Chapter 12.3]). The super
Schur functions s)(q/u) are characters of the simple gl(k|j)-modules U, l;\l ; which appear in
the decomposition of Sym(CFV ® V) via Howe duality (see [61,62]). This will be discussed
more in Chapter 5.

Super Schur functions are uniquely characterized by the following four properties (see 78,
1.3 Example 23] but with a different sign convention):

e Homogeneity: The polynomial sx(g1, ..., qk/u, ..., u;) is homogeneous of degree |A|;

e Factorization: If Ay > j > A4y so that A = (5% + 7) Un, then

ko J
S)\(q17"'7qk/u17"'7uj) :ST(q17"'7Qk>SW Uy, ..., U HH(Qh+ul)7 (239)

h=1i=1
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e Cancellation:
SA(QLy - Qs QU U1, UG ) =gy = SA(QL, - Qe /U, - ur); (2.40)
e Restriction:
Sx @y Qo1 QU - UG) | gm0 = Sa (@1, - - Qo1 /U, - ), (2.41)

salqu, - qr/u, o o1, Ug) =0 = Sa(qus - - Qr/ua, - u1). (2.42)

2.4 Bosonic-fermionic coinvariant rings

For a complex vector space V' = C", let Sym C" denote the symmetric algebra and AC"
denote the exterior algebra. For nonnegative integers k, j, define the (k, j)-bosonic-fermionic
coinvariant ring for a finite group G C GL(n) by

R = ((Sym € @ (AC")) /{((Sym T @ (AC)™)), (2.43)

where I(Gk’j) = (((Sym C™)®F ® (AC™)®7)¢) is generated by the G-invariants for the simulta-
neous action of k + j copies of G on (Sym C")®* @ (AC™)®7, without constant term.

By placing coordinates, we can identify this with the quotlent of a polgfnomial ring in
both commutative and anticommutative variables. Let () = } be a set of n
commutative (bosonic) variables, and let ) = {9§“, . ,GS)} be a set of n anticommutative
(fermionic) variables. Commutative variables commute with all variables, while anticom-
mutative variables antlcommute only w1th all anticommutative variables. This means that
2\ D2® = 202 ang 2960 = g2\ while 6 = —" o'

(2
Then we may write that

RED = Clz®,... x® W . 09)/(ClzD, ... a® 6V .. D5, (2.44)
where Clz™ ... x®) oM . ,O(j)]f denotes the polynomials without constant term, which

are invariant under the diagonal action of G on each set of variables. In the case where G is
the symmetric group &, actmg dlagonally by permuting the indices of the variables within
each set, we denote this by R '

To define RG where k or j is mﬁmte take the direct limit of the RG as k or j goes to
infinity.

Consider the ring Clz™,... £® 8 . .  0U)]. We may arrange these variables into a
pair M of a k x n matrix and a j X n matrix:

In
Mo= | & & 0 M= (2.45)

xgl) xgl) ¢ oM g 9511)
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For each pair A of a k x k invertible matrix Ay in GL; and a j x j invertible matrix A; in
GL; multiply M on the left by A to obtain the product A- M = (Ag - My, Ay - M;). Then, in
any polynomial f € Clz™,... ® 61 . . 6U)] replace each variable by the corresponding
entry of A- M. This defines a left GL; x GL;-action on Clz®, ... ® oW .  9U)].

The ring Clz®, ..., 2® W . . . V)] is naturally multigraded by q = {q1, ..., qx} where
q; is the degree of the variables in the set (¥ and by u = {uy, ..., u;} where u; is the degree
of the variables in the set ).

Denote by (Clz®™,...,a® W .. 6D]), . . . the homogeneous component of
multidegree g1, ..., qk; U1, ..., u;. Since GLj x GL; acts by linear combinations of the k and j
rows (separately), the GLy x GL;-action preserves the total degree d = rq+- - -+rp+s1+- - -+s5;.
Hence each total degree d component

&y (Clz™,...., 2™ 0W .. 89]), . . . (2.46)
riee g tsi s =d

is GLy x GLj-invariant.
Each permutation ¢ € &,, may be associated to a permutation matrix P,, defined by
(P,)i; = 1ifi = o(j) and 0 otherwise. Then the right multiplication M - P, = (My-P,, M;-P,)

has the effect on M of letting o act on the indices of all variables: xﬁf) > :Ef:()h) and

fo) — 9((;(),1). Then, in any polynomial f € Clz™, ..., &® W . . 8] replace each
variable by the corresponding entry of the pair M - P,. This defines a right &,-action on
Cla®, .. 2, 90, .. U],

Because left multiplication by A and right multiplication by P, commute, these GL; x GL;
and &,-actions commute, so C[zV, ... 2® W ... 0U)]is a GL; x GL; x&,-module. By
replacing the matrices for the symmetric group &,, with another group G which is a matrix
subgroup of GL,,, we may generalize this module structure.

Furthermore, by combining both the commuting and anticommuting variables into one
matrix, instead of using a pair of matrices, we can act with gl(k|j) to put on a gl(k|j)-module
structure. This is discussed in Chapter 5, where we propose that a natural setting for studying
R%7) s as a U(gl(k|j)) ® C[G]-module.

The coinvariant ring R(Cf ) decomposes as a direct sum of multihomogeneous components,
which are G-modules:

k,j k,j
REV = @D (REDrsros (2.47)

PlyeeThsS1yeee385 20
We denote the multigraded Hilbert series by
Hilb(Rgf’j); Qs Qs Uty - n s Uy)
= > dim ((BE ) s, ) 07

T1 ey ThyS1500985 20
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Denote the multigraded G-character series by

k,j
Char(R(G ]); Qs Qs Uy, Uj)
k .
= Z Char ((R( ) )7‘ ..... rk,sl,...,8j> q71"1 ’ q;kui‘;l cee u;ja

T1,esTk 81,004,850

where Char denotes the G-character. Since Rg 9 is a GLj; x GL; xG-module its multigraded
character series is a sum of products of two Schur functions, which are irreducible characters
of polynomial representations of GL; and GL;, along with a G-character.

In the special case of the symmetric group &,,, we may further apply the Frobenius
characteristic map, yielding the multigraded Frobenius series:

Frob (R ,ql,...,qk;ul,...,uj)
= Z F Char ((Rﬁf’ﬂ))m rests; ) A1 QR Ut cuy

T1y0eyTk»S15000,8; 20

where F' denotes the Frobenius characteristic map and Char denotes the character. We often
omit the word “graded” or “multigraded” when the gradings are clear from the notation or
context.

For simplicity, if £ < 2, we will use ¢, for ¢;,¢q, and if j < 3, we will use u,v,w for
Uy, Ug, Us.

Recall that <Frob(R£Lk’j); Qs Qi U, .., ), W) = Hilb(RgC’j); Qseeos Qs U, .., Uj), L,
the Hilbert series can be recovered from the Frobenius series.

Harmonic spaces

Recall the definition of derivative of anticommuting variables is (see for example [97, Section

1.5)):

;" ' 0 otherwise.

o —1)g) gl =
8 w0 .. glor) = {( > ’ Y et (2.48)

Then we have that the partial derivatives with respect to commutative variables commute
with all partial derivatives, while the partial derivative with respect to anticommutative
variables anticommute only with all the partial derivatives of anticommutative variables. This
means that 0 (a)a (b) =0 (b)& (a) and 0 <a)8 ’Eb) = 891@ 836;:1), while 89}(1@)391@) = — egb)aeiay

Write S = C[ ), w(’“) L0 ,9 7] for short. Define the space of (k, j)-bosonic-
fermionic harmonics by

k J
{f €S Z@“m 0% ...aj{j>f =0forall Y a;+» b> o} . (2.49)
R ‘ i=1 i=1
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(k.7)

Looking at the infinitesimal action of the Lie algebra sl x sl; on H, " allows us to study

H,(lk’j) as a GLj x GLj-module. Similarly to [57, Section 3.1], we define polarization operators.
For1<a<b<kand1l<c<d<j, wehave

n n
Ea,b - Z x;a)axéb) ) Ec’,d’ = Z 952)89;‘1) 3 (250)
p=1 p=1

and for 1 <b<a<kand1l<d<c<j, we have

ab = Zx(a 0 (b / d = Ze;c)aez()d). (251)
p=1

Along with H operators given by taking the commutators of the E and F operators, these
generate the Lie algebra sl x sl;.

Furthermore HY is a GL, x GL; x6,-module. One can show that H, ki) o Rk 5g
GLj x GL; x&,,-modules. This was Shown in the seemingly special case of (k,j) = (1,1)
in [96, Section 3] and [97, Section 4.1].

HD may also be described as the orthogonal complement to 1859 with respect to a
certain form. We leave the details to [95], where the case of (k,7) = (1,1) is worked out in
great detail, but the general case is essentially the same.

Therein, they show that for certain finite groups G, R (LD o H (Y We wish to show
that R (k9) o ~ H (+3) Without loss of generality, say k > j and then this would follow from
RG = H, %) Rewrite the known isomorphism as Rg b o H (L.1) , where

G=Gx---xG (2.52)
k
acts on sets of n variables, where n = nk. Thus R (koK) o~ = H, ®E) tollows.

To get a gl(k|j) action, we describe the action of gl(k| j) by superderivations. Notably,
these include operators that switch between the commutative and anticommutative variables.
For1 <a,b<kand1<c¢d<j, we have

Eop=) x}()a)ggcéb), EDY x}()a)@(;éd), Eop=)Y 91(7@8369, EDY 9;@89;@, (2.53)
p=1 p=1 p=1 p=1

which realize the action of gl(k|j) on Clz™,... z® W .  00)] [32) Lemma 5.13].
A polynomial p € Clz®, ... z® o® 9(3)] is called antisymmetric if o(p) = sgn(o)p

(kJ))

for all 0 € &,,, where o acts by amultaneously permuting the variables. Let (Hn denote

the antisymmetric subspace of JZ A% , which consists of all elements p € H) which are
antisymmetric. This corresponds to the multigraded multiplicity of the sign character in
Rl{“’j’, that is,

Hilb((H*))¢; q;u) = (Frob(R%): q; u), S(1m))- (2.54)
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2.5 The classical coinvariant ring

This section serves to summarize some of what is known about RS’O), especially to see the
contrast with the more challenging cases of R4, This material is found in [57] and [60].

Although we have already seen the following more generally for Rk ), it is repeated here
for RS for clarity and concreteness. Let @ = (z1,...,z,) and consider the polynomial ring
Clx1,...,z,). The symmetric group S,, acts on Clx] = C|xy,...,z,] by permuting variables.
The classical coinvariant algebra is the quotient ring
RYD = Clay, ..., 2,/ I, (2.55)

n

where I is the ideal generated by all &,-invariant polynomials in C[zy, ..., x,] of strictly
positive degree. Equivalently, 19 is generated by the elementary symmetric polynomials
er(x), ..., e (x), or by the power sum symmetric polynomials p;(x),...,p,(x). This is a
homogeneous ideal, so R inherits a grading RO = &P d>0(R§}’O )d-

The harmonics perspective is quite useful. The space of &,,-harmonics is HMO = (]y(Ll’O))l,

)

the orthogonal complement of 1Y with respect to the apolar form

<fag>:f(amv"'aaa:n)'g(l‘lv"'vmn){ (256)

1y, =0"

The spaces RS’O) and H,SLO) are isomorphic as graded &,,-modules, with an explicit isomor-
phism given from H,SLO’ — R7(11,0) by a+— o + Inl’o).
The space of harmonics HT(LI’O) contains the Vandermonde determinant

Ax)= [ (@i—ay). (2.57)

1<i<j<n

HM s precisely the C-span of A(x) and all of its partial derivatives 0,,,...,0;,. In

particular, A(x) lies in the top degree component (Hfll’o))(n), which is one-dimensional and
2

affords the sign representation of &,,.

Dimension and Hilbert series

Classical work of Chevalley, Shephard-Todd, and Steinberg asserts that C[x]| is free of rank
n! as a module over C[x]|®", so
dime RM = ). (2.58)

Moreover, RS’O) is isomorphic to the regular representation of &, as an &,-module, which is
obtained when &,, acts on itself on the left. The Hilbert series of RS’O) is

Hilb(RMY: ¢) = [n],!. (2.59)
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Frobenius series

The Frobenius series of RS}’” encodes its graded &,,-character. One has

Frob(R™q) =Y (1= )1 —=¢*) - (1= ¢") - sx(L,q,4°,..)) 5. (2.60)

This is equal to Stanley’s formula [91]:

>y qm"”(T) Sx, (2.61)

AFn TeSYT(A

where the inner sum runs over standard Young tableaux of shape A and maj(7’) is the major
index statistic.

2.6 The diagonal coinvariant ring

Let Clz,y] = Clz1,...,Zn,y1,...,Yn)]. The symmetric group &,, acts diagonally: o(x;) =
To(i), 0(Yi) = Yo(s)- Let 129 ¢ Clx, y] be the ideal generated by all &,-invariant polynomials
of strictly positive degree. The diagonal coinvariant ring is

RZ0 = Clx, y]/I*Y. (2.62)

n

By a theorem of Weyl [99], 119 is generated by the polarized power sums Prs(x,y) =D, 2hys
for 1 <r+s < n. Since I"” is bihomogeneous, RY? = @h,po(RT(E’O))h,i is a bigraded
S,,-module. N

The space of diagonal harmonics is HZO = (IT(Lz’O))L with respect to the apolar form

extended to two sets of variables. We have that H*” is isomorphic to R as a bigraded

S,,-module. Furthermore, R,(LZ’O) contains a copy of Ry(ll’o) in x-degree 0 and also in y-degree
0.
Dimension

The “(n + 1)"~! conjecture” was conjectured by Haiman in 1994 [57] and proved by Haiman
in 2002 [59] via the geometry of the Hilbert scheme of points. It states that

dime R = (n+1)"L. (2.63)

This conjecture attracted attention in part because of the appearance of the delightful
combinatorially-meaningful number (n+1)""!. For example (n+1)""! is the number of rooted
labeled forests on vertex set {1,...,n}, or equivalently the number of labeled rooted trees
on {0,1,...,n}. It also equals the number of parking functions f:{1,...,n} = {1,...,n}
(functions satisfying [{i : f(i) < k}| > k for all k) [70]. It turns out that the module structure
of parking functions is also connected with the diagonal coinvariants, as we shall see shortly.
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The conjecture was also more difficult to prove than it might appear at a first glance.
Some of the key techniques which worked on RS’O), such as Grobner basis theory, were
not successfully extended to this setting. Specifically, the polarized power sums are not
algebraically independent when there are two or more sets of variables.

The Frobenius series
The ungraded module structure is given by the following.

Theorem 2.6.1 ([59]). As an &,,-module, RV =~ =@ V,, where V,, is the permutation
representation of &,, on Zy.,/Zyi1, and € is the sign representation.

There is a natural action of the symmetric group &,, on the set of parking functions for a
given n, giving it the structure of an &,-module. Furthermore, it is graded according to the
weight, where the weight wt(f) of a parking function f is

win=("3")- > 10 (2.60)

The generating function for wt(f) over all parking functions f is the inversion enumerator
for trees [71].
The singly graded structure, in either the @ or in the y variables, is given by the following.

Theorem 2.6.2 ([59]). As a graded S,,-module, RPY =~ e®V,, where V,, is the module of
parking functions, graded by the weight wt, and € is the sign representation.

In order to give the bigraded Frobenius series of Rg’o), we need a few more definitions.
Previously we have discussed symmetric functions over the base ring Q. Extending to
the ring Q(g,t), the modified Macdonald polynomials H) form a basis for Ag, (see [60]
for their definition). The nabla operator V [12] acts on symmetric functions in Agg,e) by
V]:Ll = t"(“)q"(“/)]:j#, where n(p) =>".(1 — 1) .

Now we can state Haiman’s theorem.

Theorem 2.6.3 ([59]). For any positive integer n,
Frob(R?*Y: ¢, t) = Ve,. (2.65)

Regarding using this theorem computationally, one must first expand e,, into the Mac-
donald basis H,, then apply nabla, before converting to the basis of choice for the answer.
Since this is the bigraded Frobenius series of a symmetric group module, we know that when
expanded in the Schur basis, the coefficients of each sy will be polynomials in Z[q, t| with
nonnegative coefficients.

It follows that the Hilbert series of RZ? is given by

Hilb(RZ*; q,t) = (hany, Vey). (2.66)

n

More recently, the resolution of the Shuffle conjecture [51] by [28] gives further combina-
torial formulas for the Frobenius and Hilbert series of R
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Catalan numbers

The multiplicity of the sign representation ¢ in R%Y is the Catalan number

1 2n
= . 2.
o n+1(n> (2.67)

Cn(Qa t) = <S(1")a FrOb(Rr(f,O); q, t)) (268)

A bivariate ¢, t-Catalan number

refines C,,, and satisfies C,,(q,t) = C,(t,q). See [54] for more on the g, t-Catalan numbers,
and for various combinatorial formulas.
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Chapter 3

A conjectural basis for the
(1,2)-bosonic-fermionic coinvariant ring

We give the first conjectural construction of a monomial basis for the coinvariant ring RS’Q),
for the symmetric group &, acting on one set of bosonic (commuting) and two sets of
fermionic (anticommuting) variables. Our construction interpolates between the modified
Motzkin path basis for R of Kim-Rhoades (2022) and the super-Artin basis for RV
conjectured by Sagan—Swanson (2024) and proven by Angarone et al. (2025). We prove that
our proposed basis has cardinality 2" 'n! aligning with a conjecture of Zabrocki (2020) on
the dimension of R7(1172)7 and show how it gives a combinatorial expression for the Hilbert
series.

We also conjecture a Frobenius series for R, We show that these proposed Hilbert and
Frobenius series are equivalent to conjectures of Iraci, Nadeau, and Vanden Wyngaerd (2024)
on RY? in terms of segmented Smirnov words, by exhibiting a weight-preserving bijection
between our proposed basis and their segmented permutations. We extend some of their
results on the sign character to hook characters, and give a formula for the m, coefficients of
the conjectural Frobenius series.

Finally, we conjecture a monomial basis for the analogous ring in type B, and show that
it has cardinality 4"n!.

This chapter appears in [73].

3.1 Introduction

The classical coinvariant ring RS" = C[z,]/(C[x,]S") is the quotient ring of a polynomial
ring in n variables @, = {x1,...,2,} by &,-invariant polynomials with no constant term. Tt

is well-known (see for example [57, Section 1.5]) to have dimension n!, Hilbert series [n],!,

and Frobenius series
DID DIVEL
)

AFn TESYT(A
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An important basis of the classical coinvariant ring is the Artin basis {z{*x§? - 2% |0 <
a; <i—1}.
In 1994, Haiman [57] introduced the diagonal coinvariant ring RV = Clzn, ynl/

(C[z,, y,]S™), which extends the classical coinvariant ring to two sets of n variables. Here and
throughout, &,, acts diagonally by permuting the indices of the variables. Given a polynomial
ring R, the notation (R$") denotes the ideal generated by all polynomials in R which are
invariant under the diagonal action of &,,, with no constant term. In 2002, Haiman [59]
proved that RY® has dimension (n + 1), Hilbert series (Ve,, h}), and Frobenius series
Ve,, using several deep results in algebraic geometry. A combinatorial formula for its Hilbert
series was conjectured by Haglund and Loehr [52], and eventually was proven as a consequence
of the more general shuffle theorem, conjectured by Haglund, Haiman, Loehr, Remmel, and
Ulyanov [51] and proven by Carlsson and Mellit [28], which gives a combinatorial formula for
Ve,. A monomial basis was given by Carlsson and Oblomkov [29].

Recently, there has been interest (see [6, 10, 11,102]) in extending the setting to in-

clude coinvariant rings with k sets of n commuting variables x,,y,, z,,... and j sets of n
anticommuting variables 0,,,&,,, pn, - ... We denote this by
R'Elk7]) :C[?n?yn7zn7'"7\0nﬂsn7pn7"J/<C[\mn7yn7 zn)" 0n’€n7 pn?“ ‘—’7")‘ (3.1)
* g * J

Commuting variables commute with all variables. Anticommuting variables anticommute
with all anticommuting variables, that is, 6,6, = —6;6;, which also implies that 67 = 0.

We briefly overview some recent results on the special cases of R(k’j ) for which there
has been significant progress. Kim and Rhoades [69] showed that the fermionic diagonal

coinvariant rmg R = C[8,,£.)/(C[6,, €,]$") has dimension (*"'), confirming a conjecture
of Zabrocki [102]. They gave a combinatorial formula for its Hilbert series:
Hilb(R;o’Q); u,v) = Z de8e (), dege (™) (3.2)
well(n)>o

where TI(n)<o denotes the set of modified Motzkin paths' of length n. They also gave a
monomial basis for R{®, and found its Frobenius series (69, Theorem 6.1]:

FYOb(RELOQ); u,v) = Z Uin(S(n—i,li) ¥ S(n—j,19) — S(nit1,1-1) * S(n_j1,19-1)), (3.3)
i+i<n
where * denotes the Kronecker product and s(,41,1-1) is interpreted as 0.

The superspace coinvariant ring is RS = Clz,, 6,,]/(Clz,, 6,)$"). Sagan and Swanson
[90] conjectured, and Rhoades and Wilson [88] proved, that its Hilbert series is

Hilb(RMY; g; ) Zu" *1k],! Stiry(n, k), (3.4)

IThis and other undefined terms which are needed will be defined in the subsequent sections.
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where the ¢-Stirling number Stir,(n, k) is defined by the recurrence relation Stir,(n, k) =
k], Stirg(n — 1, k) 4 Stir,(n — 1,k — 1) with initial conditions Stir,(0, k) = 5. This implies
that the dimension of RS’I) is the ordered Bell number, which counts the number of ordered
set partitions of {1,...,n}. Sagan and Swanson [90] conjectured and Angarone, Commins,
Karn, Murai, and Rhoades [3] proved that a certain super-Artin set is a basis for RV A
Frobenius series has been conjectured for R{™ [6, Equation 5.2[:

Frob(RD: ¢ ) ZZ Z e qmai(T) e des(T) )+(%) {des}{ET)} qS’\' (3.5)

k=0 AFn TeSYT(A

In general, much less is known about RY” when k + j > 3. In 1994, Haiman [57]
conjectured that the dimension of RV is given by 2"(n + 1)"2, which is still open. A
partially-graded Frobenius series has been conjectured by Bergeron and Préville-Ratelle
(originally [14]; phrased as in [6]):

Frob(R®Y): ¢, t,1) Z gstefL (3.6)

a=xp

where o < 3 are pairs of elements (Dyck paths) of the Tamari lattice, dist(«, ) is the length
of the longest chain from « to f, and Lg(¢) denotes the LLT polynomial associated to the
Dyck path 5.
There is no conjecture for the dimension of Ry,
Zabrocki [101] conjectured the following Frobenius series for R

(03)

Frob(Rf’l); q,t;u) = A/En_ﬁuen_ﬁmﬂnfl(€n), (3.7)

where A, is a Macdonald eigenoperator defined by A’ H,[X;q,t] = f[Bu(g,t)— 1]]% (X q,t].2

n+1 (n+1) k™

Finally, 1ts dimension is conjectured by Zabrocki [102] to be given by % o () e (see

OEIS sequence A201595 [86]). Haglund, Rhoades, and Shimozono showed that this implies
the conjecture in equation (3.5) [55].

D’Adderio, Iraci, and Vanden Wyngaerd [37] introduced certain symmetric function
operators Oy, called Theta operators, where f is any symmetric function, in order to extend
Zabrocki’s conjecture on the Frobenius series of R t0 a conjectural Frobenius series for
R, They conjectured that

Flrob(R(22 1q,tu,v) Z ukve@ek@eZVen et (3.8)
k00,
k+€<n

which is known as the Theta conjecture. Since they showed that A/ _, e, = O, Ve, ,
Zabrocki’s conjecture is recovered by setting v = 0 (equivalently, ¢ = 0).

2For definitions of the terms in this expression, see [53].


https://oeis.org/A201595
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The ring R = = Clxy, 0,,&,]/(Clz,, 0, €,]S") is the main object of study in this paper.
Zabrocki [102] conjectured that the dimension of R is 27~!n!, and an ungraded Frobenius
series was conjectured by Bergeron [10]:

1 _ ((p)
Frob R;l’Q);q;u,v =] = — 2L (—1)m f(u)( )p , 3.9
( loumams = 5 2 2(-1) dy(p), - dn(p)) " (39)

pukn

where /(1) denotes the length of the partition p and d;(u) denotes the number of parts of
size i in p. Another formulation of the conjecture was given in [6]:

Frob(R: ¢; 4, )| g—umpe1 = ZeHZal 200 — 1) -+ (204(0) — 1), (3.10)

pkn anpL

where the second sum is over all compositions o whose parts rearrange to the partition .

The Theta conjecture specialized at ¢t = 0 immediately gives a conjectural Frobenius
series for R4 , however, the specialization can only be done after applying both of the
Theta operators, so the resulting formula does not easily simplify. Recently, Iraci, Nadeau,
and Vanden Wyngaerd [65] have given a conjectural Hilbert series (equation (3.17)) and
conjectural Frobenius series (equation (3.16) and Proposition 3.5.4) using the combinatorics
of segmented Smirnov words. However, they did not propose a monomial basis. Their results
which will be used in this paper are surveyed in Section 3.5.

Our first main contribution is a combinatorial construction of a set of monomials, denoted
by B{"? (Definition 3.3.1), which we conjecture to give a basis of R (Conjecture 3.3.2). If
the conjecture holds, it implies the following combinatorial Hilbert series (Proposition 3.3.6):

Hilb(RM): g; u,v) = Z udess(Mydeee(™) seair, (7). (3.11)

well(n)>o

In support of this conjecture, we show that the cardinality of B s 2n1p) (Theorem 3.3.7).
By establishing a weight-preserving bijection between B and the set of segmented per-
mutations SW(1") (Theorem 3.6.2), we are able to show that our conjectural Hilbert series
is equivalent to the conjectural Hilbert series of Iraci, Nadeau, and Vanden Wyngaerd [65]
(Corollary 3.6.4).

Our second main contribution is a simple combinatorial formula for the conjectural
Frobenius series of R (Conjecture 3.4.1):

Frob(RM2): q: u, v) Z e t)ydese V) gdeas O\ oy, (3.12)

beBH?

where ()g,, denotes the fundamental quasisymmetric function. We show that this is equivalent
to the conjectural Frobenius series of Iraci, Nadeau, and Vanden Wyngaerd (Theorem 3.6.6).

A benefit of using B instead of segmented permutations is that determining Asc(b) and
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deg, (b) for b € B{"® is typically more direct than determining Split(c) and sminv(o) for
o € SW(1™), which fulfill analogous roles.

In Section 3.7, we give a formula for the m,, coefficient of our conjectural Frobenius series.
In Section 3.8, we extend some results of Iraci, Nadeau, and Vanden Wyngaerd on the sign
character to hook shapes. Specifically, we give two formulas, one in terms of the proposed
basis (Theorem 3.8.1) and one in terms of ¢-binomial coefficients (Theorem 3.8.4):

(Frob(R{"; g; u,v), S(d+1,1n-d-1))

n—d—k— —1—-d n—1-—k n—1—€
-t T,
Z f q d q k q

k+l<n
In Section 3.9, we consider some of the same questions in type B. Let

Rg,’:]) = CI:?TL? yn? zn) * 'J‘) gna STL? pn? * 'J/(C[\mnv yn? zn? * '1'7 gnv Sna p'fH * ‘)]f">’ (3'13)

k J k J

where ‘B,, denotes the Weyl group of type B and rank n acting diagonally, that is, by
permuting variables with sign.
The Hilbert series for Rgf) is well-known to be [2n],!!, and unknown in general for Rgf),

although Gordon [47] constructed a notable singly-graded 2B,,-quotient module of Rg;o) with
dimension (2n + 1)", as conjectured by Haiman [57]. Gordon’s construction shows that

dim Rgf) > (2n + 1)™. Equality holds only for n = 2,3; for n > 4, Haiman [57] conjectured
and Ajila and Griffeth [1] proved that dim Rg;o) > (2n 4+ 1)

The Hilbert series for Rg)f) was found by Kim and Rhoades (in fact, their results were
type-independent). The Hilbert series for Rg;l) was conjectured by Sagan and Swanson [90]
to be: .

Hilb(R " q;u) = > u"*[2k] 11 Stix (n, k), (3.14)
k=1

where the type B ¢-Stirling number Stir? (n, k) is defined by the recurrence relation Stir? (n, k) =

2k + 1], StirB( —1,k)+ StirB( — 1,k — 1) with initial conditions Stlr (0, k) = k0.
We interpolate between the work of Kim—-Rhoades and Sa§;an Swanson to give a combi-
natorial construction of a set of monomials, denoted by B (Definition 3.9.5), which we

conjecture to be a basis of R(%n (Conjecture 3.9.6). If the conJecture holds, this implies the
following combinatorial Hilbert series:

Hilb(Rgf);q;u): Z 1480 (™)qdese (m) stairf(ﬂ). (3.15)

w€ll>o(n)

12)

We also conjecture that dlmR = 4"n! (Conjecture 3.9.8), and conclude by showing

that the cardinality of B%n agrees Wlth this conjecture (Theorem 3.9.10).
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3.2 Background

In this section, we describe the Kim-Rhoades basis for RY? [69] and the super-Artin basis

for RYY conjectured by Sagan—Swanson [90] and proven by Angarone, Commins, Karn,
Murai, and Rhoades [3].

Define the set of modified Motzkin paths of length n, I1(n)sq, to be the set of all paths
7= (p1,...,pn) in Z? such that each step p; is one of:

(
(

a) an up-step (1,1),

b) a horizontal step (1,0) with decoration 6;,
(c) a horizontal step (1,0) with decoration &;,
(d) or a down-step (1, —1) with decoration 6;¢;,

where the first step must be an up-step, and subsequently, the path never goes below the
horizontal line y = 1.3

Define the weight wt(p;) of a step p; of a modified Motzkin path to be its decoration, or 1
if it does not have a decoration. Then define the weight wt(m) of a modified Motzkin path
7 € II(n)so to be the product of the weights of each step p;, that is,

wt(m) = H wt(p;).

Pi€(P1yesPn) =T

Definition 3.2.1 ([69]). The Kim—-Rhoades basis BY"® is the set of all weights of the modified
Motzkin paths 7 € TI(n)~o, that is,

B .= {wt(r) |7 € I(n)se}.

For an example, see Figure 3.1. We are justified in calling it a basis because of the
following result of Kim and Rhoades.

Theorem 3.2.2 ([69]). The Kim-Rhoades basis B is a basis for R,

Next, we recall the super-Artin basis, defined by Sagan and Swanson. Let x(P) be 1 if the
proposition P is true, and 0 if the proposition P is false. Let 67 denote the ordered product
Oy, - -0y, for any subset T = {t; < --- <t} C{1,...,n}. Forany T C {2,...,n}, define
the a-sequence a(T) = (a1 (T), ..., a,(T)) recursively by the initial condition o4 (7") = 0 and
for 2 <i <n,

0(T) = ;1 (T) + (i € 7).

Let z* denote z{* - - -z~ for a sequence o = (aq, ..., qy).

3Kim and Rhoades defined the modified Motzkin paths in a slightly different manner, where there are no
decorations on the down-steps, but they still contribute ;£; to the weight. Furthermore, they defined the
decorations to be just 6 or £ instead of ; and &;. Converting between these conventions is straightforward.
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03 53 9363
93 53

1 &3 0
&2 0y 03 02 &3 & O3 & &3
S 0203 0263 §205 §283

Figure 3.1: The basis BéO’Q). Each modified Motzkin path is labeled with its corresponding
monomial.

Definition 3.2.3 ([90]). The super-Artin set is
BUY = {290, | T C {2,...,n} and o < o(T) componentwise}.
See Figure 3.2 for an example. The following result was conjectured by Sagan and
Swanson, and was proven by Angarone, Commins, Karn, Murai, and Rhoades.
Theorem 3.2.4 ([3]). The super-Artin set BS"" is a basis for R\,

In this paper, we assume familiarity with the basics of symmetric function theory (see for
example [78, Chapter I} or [92, Chapter 7]). Let my, ey, hy, px, and s, denote respectively the
monomial, elementary, complete homogeneous, power-sum, and Schur symmetric functions in
infinitely many variables.

Finally, we record the definitions of the multigraded Hilbert and Frobenius series of
RN (see for example [10]). Fix integers k,j > 0. R decomposes as a direct sum of
multihomogenous components, which are G,,-modules:

R,&k’j): @ (R%k’j)%’l ,,,,, ThkyS1e555 "

T15esT»S150,85 20

We denote the multigraded Hilbert series by
Hilb(Rff’j); Qs Qs Uty -y Uy)
= Z dim ((ng))m ----- ThyS1yeey Sj) qqln1 T QZ’“U? e 'ujja

T1yeesTk 815,85 20
and the multigraded Frobenius series by

Frob(R%: g1, ... quiug, . .. ,Uj)
= Z F Char ((RSLICJ))H ----- ThyS1y-n Sj) qgl U qzkuil U u??

T1ys k815,85 20
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2
1 T3 T2 ToT3 T3

0 N 0 I 0

2
TaLy 03 x305 T3 Tow3ls

S I

02 1303 0205

Figure 3.2: The basis B?()l’l). The a-sequence is shown as the outline of all boxes, and those
x; used for a particular basis element are shaded in gray.

where I’ denotes the Frobenius characteristic map and Char denotes the character. For
simplicity, if k£ < 2, we will use ¢, for q;, g2 and if j < 2, we will use u, v for uy, up. Recall
that (Frob(RY™ g1, ..., gy, wy), hy) = HIb(RY g, . g, ).

3.3 The conjectural monomial basis

The goal of this section is to interpolate between the Kim—Rhoades basis and the super-Artin
basis to construct a new set BS" , which we conjecture to be a basis for R,

We generalize the a-sequence as follows. Let £s denote the ordered product &, - -- &,
for any subset S = {s; < --- < s} € {1,...,n}. For any 7,5 C {2,...,n}, define the
generalized a-sequence o(T, S) = (a1 (T, S), ..., a,(T,S)) recursively by the initial condition
a1(T,S) =0 and for 2 < i < n,

(T, S) = a1 (T, S) — 1+ x(i € T) + (i € 9).
Definition 3.3.1. We let
B = {2%0r&g | 0pés € BO? and 0 < oy < oy(T, S) for all i € {1,...,n}}.
See Figure 3.3 for an example of B at n = 3.
Conjecture 3.3.2. The set B s a basis for R

Remark 3.3.3. The conjecture has been verified for n < 4.
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é 3 03&3 19353
1283 Tow383 053 w0383
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Figure 3.3: The basis B§1’2). Below each modified Motzkin path is the outline of the

32

generalized a-sequence, and those x; used for a particular basis element are shaded in gray.
Note that the outline of the generalized a-sequence can be determined by the following rule:
in each position 4, the column of boxes extends up until its right side is one unit below the

path above it.



CHAPTER 3. THE (1,2)-BOSONIC-FERMIONIC COINVARIANT RING 33

Remark 3.3.4. B{"? specializes to the super-Artin basis B by setting all £, = 0. Then
the Kim—Rhoades basis elements permitted in the definition will always have S = &, so that
condition becomes just 7' C {2,...,n}. Thus (7T, 5) = a(T,2) = (7).

Remark 3.3.5. B{"? specializes to the Kim-Rhoades basis B2 by setting all x; = 0.

Next, we consider the implications of Conjecture 3.3.2 on the Hilbert series of R, To
do so, define

stair,(7) :== H [k + 1],

kea(T(w),5(r))
where T'(7) and S(7) are determined by which elements in {2,...,n} appear as indices for 6;
and &; respectively in the weight of the modified Motzkin path .
For a modified Motzkin path 7, let degy(m) = |T'()| and let deg,(m) = [S(7)|.

Proposition 3.3.6. Assuming Conjecture 3.5.2, it follows that the Hilbert series of R s

Hilb(RM): g; u,v) = Z udess(Mydeee(™) seair, (7).

well(n)>o

Proof. The number of #; weights contributes to the u-degree and the number of &; weights
contributes to the v-degree. Then regarding the g-degree, for each index i € {1,...,n}, let
k = «a;(T,S). Then there will be k + 1 choices for the exponent of z; in the monomial, from
0 to k. So the contribution of x; to the Hilbert series is [k + 1],, and across all indices i, it
contributes stair, (7). Summing over the contributions of all elements 7 € II(n)-( gives the
result. O

Finally, we show that the proposed basis B has Zabrocki’s conjectured dimension.
Theorem 3.3.7. The cardinality of B is 2n—1nl.

Proof. Let P(n,r) denote the subset of elements of B2 corresponding to modified Motzkin
paths 7 € II(n)-o which end at height 7. We claim that p(n,r) := [P(n,r)| = n!(""), which
we show by induction on n. The base cases consist of

1 ifr=n,
p(oﬂ”):{

0 otherwise.

Assume the claim holds for arbitrary, fixed n — 1 (for all r), and we wish to show it holds
for n (for all 7). Note that p(n,r) = 0 whenever r < 0 or r > n.

If the final step of 7 is an up-step, then for each element in P(n — 1,7 — 1), we can
multiply it by one of the r + 1 choices 1, x,,z2,..., 2" to get such an element in P(n,r).

If the final step of 7 is a horizontal step, then for each element in P(n — 1,7), we can
multiply it by one of the r + 1 choices 1,x,,22,..., 2", and by one of the two weights 0, &,,

depending on the decoration, to get such an element in P(n,r).
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If the final step of 7 is a down-step, then for each element in P(n — 1,7 + 1), we can
multiply it by one of the r+1 choices 1, z,,, 22, ..., 2", along with 6,,, to get such an element
in P(n,r).

Thus

pn,r)=(r+1pn—-1Lr—-1)+2(r+ Dpn—1,7)+(r+1)pn—1,r+1)

=(r+1) ((n—l)!(z:f) +2(n—1)!(n;2) +(n—1)!(7;;f)>

:(7’+1)(n—1)!< " )

r+1
| n—1
=nl
T )

where we used the inductive hypothesis and some binomial coefficient identities. Finally, sum
over all possible heights r to get that |B7(11’2)| =3, nl(" 1) =2""nl, as desired. O

Remark 3.3.8. The argument in this enumeration is adapted from a similar argument of
Corteel-Nunge [35, Lemma 17] on marked Laguerre histories, which also are enumerated by
2n—Ipl,

3.4 A conjectural Frobenius series

The goal of this section is to demonstrate how the conjectural basis can be used to propose a
Frobenius series for RS,
Recall that the fundamental quasisymmetric function ()s,, is defined by

QS,n - E ZayRas " Rans

a1<a2<--<ap,
a;<a;y1 if 1€S

for any subset S C {1,...,n — 1}. Note that the fundamental quasisymmetric function can
also be indexed by a composition « F n, which we denote by F,,. To convert between the two, if
S ={s) < sy < <8k}, thenuseco(S) := (s1,82—51,83—$2,...,Sk—Sk_1,n—Sg) for a. For
the other direction, if & = (a1, g, . . ., ), then use Set(a) := (g, a1+ g, ..., 004+ 1)
for S (see for example [92, Chapter 7.19]).

We will also need the following definitions, which are motivated by related definitions
of Iraci, Nadeau, and Vanden Wyngaerd on segmented permutations. We will recall their
definitions in Section 3.5 and see the relationship between their definitions and the present

ones in Proposition 3.6.5. For any b € B7(11,2)7 we may write

n
b=+ Jar0] ¢,

i=1
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for some exponents «; € Z>o and f;,v; € {0,1}. Since this is an ordered product, reordering
the factors may change the sign, however, for our purposes the sign does not matter. Then
define 7 to be an ascent of b if and only if one of the following occurs:

o 3 < Biv1;

o B3 =Bip1=1and a; > a1 + Viy1; Or

e (= fFir1 =0and o < i1 + Vigr-
For b € qul’Q), we say that

Asc(b) :={i e {1,...,n—1} | i is an ascent of b}.

Now we can state a conjectural Frobenius series for R,(Ll’Q) in terms of the set 37(11,2)'

Conjecture 3.4.1.

Frob(R(M ;g v) = 3 By Ogte0Q, 0.

beBLH?)

This conjecture has been verified for n < 6. We will see further evidence for this conjecture
with Theorem 3.6.6.

3.5 Background on segmented Smirnov words

The goal of this section is to provide the necessary background on the theory of segmented
Smirnov words, recently advanced by Iraci, Nadeau, and Vanden Wyngaerd [65], so that we
can discuss the relationship between their work and the present work in Section 3.6.

We recall the following definitions from [65, Section 1]. A Smirnov word of length n is a
word w € Z%, such that w; # w;y; for all i € {1,...,n —1}. A segmented Smirnov word of
shape a = (v, ..., as) Fnisaword w € Z%, such that w = w - .- is a concatenation of
s Smirnov words, where each subword w®, called a block, is a Smirnov word of length «;. We
write segmented Smirnov words with a vertical bar between each block. For example, 121|13
is a segmented Smirnov word of shape (3,2). Let SW(n) denote the set of segmented Smirnov
words of length n. Let p Fo n denote that u is a weak composition of n, i.e., u = (1, fi2, - - .),
where p; € Z>o and ZZEZ>0 w; = n. Given p Fo n, let SW(u) denote the set of segmented
Smirnov words with content p, i.e., there are p; many 1’s, s many 2’s, etc.

An ascent* of a Smirnov word w is an index i such that w; < w;4; and a descent of a
Smirnov word w is an index ¢ such that w; > w;,1. For segmented Smirnov words, ascents
and descents are those that occur strictly within its blocks. Let SW(n, k, ¢) denote the set

41t should be clear from the context whether we are referring to the ascents of a (segmented) Smirnov

)

word, or the ascents of an element b € B,(Ll’2 , which are different.
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of segmented Smirnov words of length n with exactly k ascents and ¢ descents. Since each
index i € {1,...,n} is exactly one of: the index of an ascent, the index of a descent, or the
last index in a block, we have that the number of blocks is n — k — £. Finally, for u Fq n, let
SW(p, k,0) := SW(u) NSW(n, k, ).

Definition 3.5.1 ([65, Definition 1.7]). For a segmented Smirnov word w, the ordered pair
(¢,7) with 1 <@ < j < nis a sminversion (short for Smirnov inversion) if w; > w; and one of
the following conditions holds:

1) wj is the first letter of its block;

3 —1, wj_; = w;, and w;_; is the first letter of its block; or

(1)
(2) Wj—1 > W,
(3) i
(4)

4) 1 #j—1and wj_o > wj_ = wj.

Denote SF(n, k, £) := (O, O, Ven_k—¢)|i=0.” Define the statistic sminv(w) on a segmented
Smirnov word to be the number of sminversions of w. Denote

SW..,(n, k,0) = Z g
weSW (n,k,l)

Now we can state one of the main results of [65].

Theorem 3.5.2 ([65, Theorem 3.1]). For any 0 < k+ ¢ <mn,

SF(n, k,0) = SW,.4(n, k., 0).
By summing over all possible &, ¢, we get their conjectural Frobenius series for Rr?

Z ukvf(@ek@qun_k_g)h:o = Z uFot Z i), (3.16)

k+l<n k+l<n weSW(n,k,0)

By taking the inner product of this conjectural Frobenius series with A7, Iraci, Nadeau,
and Vanden Wyngaerd are able to derive the following recursive formula for the conjectural
Hilbert series of B>, When p = (1"), we call the corresponding segmented Smirnov words
segmented permutations, since they have each of {1,...,n} appearing exactly once. They
also note that when we restrict to the case of segmented permutations, only conditions (1)
and (2) in the definition of sminversion (Definition 3.5.1) will apply. Let

qu(ﬂ7 k. E) — Z qsminv(w)‘
weSW (u,k,0)

°In [65], SF(n, k, ) is first defined by (@ek@e[ﬂn,k,gﬂt:o, where H,,_j_, is the modified Macdonald
polynomial. These two definitions are equivalent by [66, Lemma 3.6].
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Proposition 3.5.3 ([65, Proposition 3.2]). For any k+{ < n, the polynomials SW,(1", k, () €
Z|q|] satisfy the recursion

SW,(1", k,0) = [n — k — () (SWo(1" " k, ) + SW, (1" k, £ — 1)
+SW, (1" 1k —1,0) + SW, (1" k= 1,0 — 1)),
with initial conditions SW (D, k,£) = 0x,0000. Furthermore, (SF(n,k, ), ht) = SW (1", k, ().

To obtain a conjectural Hilbert series of RT(}’Q), take the sum

> (SF(n,k,0), hyufv = Y SW, (17, k, Oubo. (3.17)

k4+L<n k+l<n

We recall some additional definitions from [65, Section 5]. Given a segmented Smirnov
word w, for each index i € {1,...,n}, we say:

e i is thick if ¢ is initial (in a block) or w;_; > w;;
e ¢ is thin if 7 is not initial and w;_; < w;.

Note that 7 is thick is equivalent to ¢ is initial or ¢ is the end of a descent. Also ¢ is thin is
equivalent to ¢ is not initial and ¢ is the end of an ascent. Let o be a segmented permutation
of length n, 0; < n, and let j be defined by o; = 0; + 1. If any of the following hold, we say
that o; is splitting for o

(a) 7 is thick and j is thin;
(b) ¢ and j are both thin and i < j;
(c) ¢ and j are both thick and j < i.

Define Split(o) = {m € {1,...,n— 1} | m is splitting for o}. Then Split can be used to give
the following quasisymmetric expansion.

Proposition 3.5.4 ([65, Proposition 5.3]).

SWZ;Q (n7 k, 6) = Z qsminv(a)QSplit(U),n-
ceSW (17 ,k,0)

3.6 The proposed basis and segmented permutations

In this section, we establish a bijection between our proposed basis B and the set
of segmented permutations SW(1") which is ¢, u, v-weight preserving. This implies the

equivalence of two conjectural Hilbert series for R (equations (3.11) and (3.17)).
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Define a map 9 : B SW(1™) as follows. For any b € B,S“’, we can write it as

n
N e

i=1

for some «; € Z>o and §;,7; € {0,1}. Each b € B,(Il’Q) is associated with a modified Motzkin
path 7w. Each 7 starts with an up-step: this implies that ay = g1 = 71 = 0, so we start by
writing the corresponding segmented permutation as 1. Then, as ¢ ranges from 2 up through
n, do exactly one of the following for each ¢:

«©

(a) if B; = ; = 0 (this corresponds to an up-step): insert “|7” or “i|” in such a way as to
create a new block consisting of only ¢ at position «; + 1 from the rightmost block in the
permutation (indexing starting at 1);

(b) if B; =1 and ~; = 0 (this corresponds to a horizontal step with decoration #;): insert i as
the last element of an existing block, at position «; + 1 from the rightmost block in the
permutation;

c) if B;=0and v; = is corresponds to a horizontal step with decoration &;): insert 7 as

if 0 and v; = 1 (thi ds to a horizontal st ith d ti insert ¢
the first element of an existing block, at position a; + 1 from the rightmost block in the
permutation;

(d) if B; = ~; =1 (this corresponds to a down-step with decoration 6;;): insert ¢ to replace
a “” and thus merge two adjacent blocks into one block, which is now at position «a; + 1
from the rightmost block in the permutation.

Upon completion of this process, observe that the output is some segmented permutation o
in SW(1"). Also, note that the height of the path is equal to the number of blocks in the
corresponding segmented permutation.

Example 3.6.1. Consider b = x3030,£,¢5 € B . We rewrite this as b = + HZ 1 xo”QBZ A
with (a1, B1,71) = (0,0,0), (az, B2,72) = (0,0, 0) (0é3,53,73) (1,1,0), (a4, Ba, va) = (0, 1,1),
(a5, Bs,7v5) = (0,0,1). We start building the segmented permutation by writing 1. Then, for
i =2, we are in case (a) and insert |2 to get 1|2 so that the new block is in position 1 from
the right. Next, for i = 3, we are in case (b) and insert 3 as the last element in the existing
block in position 2 from the right, yielding 13|2. Next, for i = 4, we are in case (d) and insert
4 to replace the “|” to merge the two blocks to create just one block in position 1 from the
right, yielding 1342. Finally, for ¢ = 5, we are in case (c¢) and insert 5 as the first element in
the existing block in position 1 from the right, yielding 51342.

For more examples, see the tables in Appendix 3.10.

Theorem 3.6.2. The map ) : B SW(1") is a q,u,v-weight preserving bijection.
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Proof. First, we can check that 1 is an injection by exhibiting a left inverse. In other
words, we will show that BY? is in bijection with a subset of SW(1™). Consider any
o€ ¢(B£L1’2)) C SW(1™). We will algorithmically construct a b € B such that »(b) =o.
Initialize the value of b at 1. Each iteration of the algorithm will update the values of ¢ and
b; the values of b and o which satisfy 1(b) = o will be the initial value of ¢ and the final
value of b. Take i to be the highest number present in the segmented word o (i will first be n
and then decrease by 1 for each iteration of the algorithm). We determine how ¢ must have
been inserted when o was constructed from an element of B,(ll’Z):
(a) if i occurs alone in a block, then 3; = 7; = 0, and «; is determined by the block which
consists of i being «; + 1 from the rightmost block in the permutation (indexing starting
at 1);

(b) if i occurs as the last element of a block with at least two elements, then 5; = 1, v; = 0,
and «; is determined by the block which contains ¢ being a; 4+ 1 from the rightmost block
in the permutation;

(c) if i occurs as the first element of a block with at least two elements, then 5; =0, 7, = 1,
and «; is determined by the block which contains ¢ being a; 4+ 1 from the rightmost block
in the permutation;

(d) if ¢ occurs within a block with at least one element to the right and to the left, then
Bi = v; = 1, and q; is determined by the block which contains ¢ being a; + 1 from the
rightmost block in the permutation.

Having found the values of oy, 3;, 7;, multiply the current value of b by xf‘lﬁf ¢, updating it

with the new value. Then update ¢ by undoing the insertion of ¢ according to the same cases:
(a) delete 7 and if two | become adjacent, delete one of them;

(b) delete i;

(c) delete i;

(d) replace i with a |.

Then the highest value in ¢ is now ¢ — 1. Repeat this process until the segmented word o
becomes 1, and then b is fully constructed.

By Theorem 3.3.7, the cardinality of B is 2n-1pl. To enumerate the segmented
permutations o € SW(1"™), consider that there are n! permutations and n — 1 binary choices
for whether or not there is a vertical bar between any two adjacent letters. Thus the
cardinality of SW(1") is also 2" n!, and ® is a bijection, and the left inverse just described
is an inverse function.

It only remains to check that v is weight-preserving. We show that the #-degree and
the ¢-degree is preserved. Consider the four cases used in the construction of a segmented

permutation under v from b € B,
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(a) no ascents or descents are created, so the #-degree and the ¢-degree are unchanged;

(b) one ascent is created (which ends with ¢) and no descents are created, so the #-degree
increases by 1 and the {-degree is unchanged;

(c) no ascents are created and one descent is created (which begins with i), so the 6-degree
is unchanged and the £-degree increases by 1;

(d) one ascent is created and one descent is created (the ascent ends with ¢ and the descent
begins with ¢, as 7 is the highest number in the segmented permutation at this point), so
the O-degree increases by 1 and the {-degree increases by 1.

In each case, the number of ascents remains the same as the 6-degree and the number of
descents remains the same as the {-degree. Regarding the x-degree, when 7 is inserted in the
construction, it creates a sminversion with exactly all initial elements of blocks to its right,
which corresponds exactly to the increase in a-degree by «; (cf. [37, proof of Proposition
3.2]). O

We record an important consequence of this bijection, which follows since g-weights are
preserved.

Corollary 3.6.3. Let b € B{"?. Then deg,(b) = sminv(w(b)).

As another consequence of this bijection, we are able to conclude that the conjectural
Hilbert series of Iraci, Nadeau, and Vanden Wyngaerd is equal to ours.

Corollary 3.6.4.

Z uk,UK Z qsminv(w) _ Z udegg (m) Udegé () Stail"q (71‘) )

k+l<n weSW(17,k,0) mell(n)>o

This result can also be shown directly, by showing that

Z udeeo (™48 (™ gtair, (17)
w€ell(n)>o

satisfies the recurrence relation given in Proposition 3.5.3.
With the bijection 9 : B SW(1™) in hand, the following result relates Asc(b) with
Split(o).

Proposition 3.6.5. For any b € B7(11’2),

Asc(b) = Split(¢(b)).
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Proof. We wish to relate Asc(b) for elements b € BS"? with Split(o) for 1(b) = o € SW(1").
Both definitions reduce to determining which indices m are ascents of b or splitting for o,
respectively. For o, this depends on whether indices are thick or thin, so we wish to determine
the analogous conditions on b. Consider each of the four ways to insert m into a segmented
permutation in SW (1™ 1) to yield one in SW(1™), and how each affects the modified Motzkin
path used to construct the proposed basis elements:

(a) (“/m” or “m|” is inserted to create a new block +— append up-step): this will be thick
since it is the beginning of a block;

(b) (m is inserted as the last element of an existing block «— append horizontal step with
decoration 6,,): this will be thin since it is preceded by a smaller number;

(c) (m is inserted as the first element of an existing block <— append horizontal step with
decoration &,,): this will be thick since it is the beginning of a block (and note that the
next index remains thick since it was previously the first element in a block and is now
the end of a descent);

(d) (m is inserted to replace a “|” <— append down-step with decoration 6,,,,): this will
be thin, as it is the end of an ascent, as the number which precedes it must be smaller
(and note that the next index remains thick since it was previously the first element in a
block and is now the end of a descent).

From this discussion, we conclude that thin indices m in a segmented permutation o correspond
exactly to the weights ,, which appear as factors in b € B

Now we desire a specific classification for when m = o; is splitting. Let j be defined by
oj = 0; + 1. We have that:

e if 0, & b (i thick) and 6,,,1 € b (j thin), then m is splitting for o;
e if 0,,,0,,.1 €0 (i,7 thin) and i < j, then m is splitting for o;
o if 0,,,0,,.1 &b (3,7 thick) and i > 7, then m is splitting for o;

and otherwise, m is not splitting for . However, we have not yet described what ¢ and j are
without appealing to the segmented permutation. But we only need the relative position of ¢

and j for this purpose, which we can deduce directly from b € BS’Q), which we write as

b=+ H alm@Pmgam

for some oy, € Z>o and By, ym € {0,1}.

Each «,, indicates that when building up the corresponding segmented permutation, just
after m has been inserted, it is in block a,, +1 from the right. If step m in the path associated
to b is:
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(a) an up-step: if a,;, > a1, then i < j, else i > j;
(b) a horizontal step with decoration 6,,: if o, > @41, then ¢ < j, else ¢ > j;
(c) a horizontal step with decoration &,,: if ay;, > @y, then i < j, else i > j;
(d) a down-step with decoration 6,,&,: if a,, > i, then i < j, else i > j.

We determined whether the condition oy, > ay,41 or @y, > a1 is used in each case
depending on how the insertion affects the relative order of m and m + 1.

Recall that for b € B{"?, Asc(b) = {m € {1,...,n — 1} | m is an ascent of b}. At this
point, we have that m is splitting for ¢ if and only if one of the following occurs:

o if 0, tband 0,,.1 | b;
e if 0,,,0,,+1 | b and

— if b has an up-step or horizontal step with decoration 6,, in position m, we have
am Z 41, OT

— if b has a horizontal step with decoration &, or a down-step with decoration 6,,£,,
in position m, we have a,, > ay,y1;

o if 0,001 1 b and

— if b has an up-step or horizontal step with decoration 6,,, we have «,,, < 11, or

— if b has a horizontal step with decoration &, or a down-step with decoration 6,,&,,,
we have o, < -

Finally, we can convert this to a criteria on only the exponents of b. That is, m is splitting
for ¢ if and only if one of the following occurs:

® B < Bmti;
® B = Bmi1 =1 and o, > Qi1 + Y1) OF
® [ = Pm+1 =0 and oy < amy1 + Vi1,
which is exactly the definition of when m is an ascent of b, as desired. ]

Now, we are able to establish the equivalence of our conjectural Frobenius series (Conjec-
ture 3.4.1) with that of Iraci, Nadeau, and Vanden Wyngaerd (equation (3.16)).

Theorem 3.6.6.
Z udege(b)Udegg(b)qdegz(b)QASC(b),n = Z uFot Z qsminV(o)QSplit(U)m-

beB(H? k+e<n TESW (17,k,0)
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Proof. This follows from Theorem 3.6.2, establishing that ¢ : BS"? — SW(1") is a bijection,
along with Corollary 3.6.3 and Proposition 3.6.5, which state, respectively, that if ¢(b) =
then deg,(b) = sminv(c) and Asc(b) = Split(o). O

We conclude this section with the discussion of some specializations. Iraci, Rhoades, and
Romero [66, Theorem 1.3] showed that

FI‘Ob(Rg]Q); U, U) = Z ukvegek(aezven—k—flq:tzo-
k+l<n

As discussed in [65, Section 6.3], the conjectural Frobenius for R in equation (3.16)
recovers the Frobenius series for R\ (equation (3.3)) by further specialization of the Theta
conjecture at ¢ = 0. This nng)hes by Theorem 3.6.6 that Conjecture 3.4.1 also specializes to
the Frobenius series for R

The conjecture in equation (3.5) can be recovered from Conjecture 3.4.1. The Theta con-
jecture (equation (3.8)) can be specialized at v = 0 to Zabrocki’s conjecture (equation (3.7)),
which can be further specialized at t = 0 to equation (3.5). That is,

Z ukvg@ek@eEVen_k_Av:g,t:O (318)
k+L<n
n—1
ZZ Z b e —des(T)(5) {deSkET)} 5.
=0 AFn TeSYT(A q

On the other hand, starting with the Theta conjecture and specializing at ¢ = 0 gives
Conjecture 3.4.1; upon further specialization at v = 0, since the order of specialization
commutes, implies that equation (3.18) is also equal to

Z dego(®)ydege () deg, (b) () Ase(®)nlo—o = Z s (b) gdes, (b) () Asc(b)n]v=01

beB? peBbY
where Asc(b) for b € B is determined in the same way as for b € B2
It would be interesting to see if the conjectures in equations (3.9) or (3.10), can be recovered
by specializing from either form of the conjectural Frobenius series given in Theorem 3.6.6.
It would also be interesting to have direct combinatorial proofs of the two specializations just
discussed.

3.7 Refining the fundamental quasisymmetric function

In this section, we establish a formula for (SF(n, k, ), h,) = [m,] SF(n,k,¢). Recall from
Section 3.4 that Set(u) = {1, p1 + o, .-, 11 + -+ - + pug(uy—1}, where (1) is the length of the
partition p.
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Theorem 3.7.1. Let = n. For any fixed k, ¢, we have that

(SF(n,k,0),h) = > g0,

be By,

deg@ (b):k7

dege (b)=,
Asc(b)CSet(u)

We make use of the following lemma, which is a modification of [54, Lemma 6.14], a
similar result on (non-segmented) permutations, and is proven in the same manner.

Lemma 3.7.2. Let utn. If f is a symmetric function, then for any family of constants
c(b), and any set B such that elements b € B have a function Asc: B — {1,...,n — 1},

f - Z C(b)QASC(b),n (319)

beB

if and only if
AP SO (3.20)

beB,
Asc(b)CSet(u)

Proof of Theorem 3.7.1. Fix k and £. Let ¢(b) = ¢%8=(*). Then we can use

f - Z QAsc(b) n

beBM?,
degy (b)=k,
degg (b)=¢

in Lemma 3.7.2. It follows that

(fohyy = > g

beBL?,
degy (b)=k,
deg{ (b) :e7
Asc(b)CSet(p)

Proposition 3.5.4 and Theorem 3.5.2 imply SF(n,k, () = Zaesw(ln,k,é) qsminv(")QSpht(a),n.

We can restrict the bijection ¢ from Theorem 3.6.2 to one on {b € B2 | degy(b) =
k and deg,(b) = ¢} and SW(1", k, £) since it is g, u, v-weight preserving. Corollary 3.6.3 tells
us that deg,(b) = sminv(¢ (b)) and Proposition 3.6.5 tells us that Asc(b) = Split(¢(b)), so
f =SF(n,k,?), and the claim follows. ]

In the special case where p = (d+ 1,1""%"1) is a hook shape, we have the following result.
Denote by By(ll’z) ](d+1)_up the subset of b € B7(11,2) where the corresponding modified Motzkin
path begins with d 4+ 1 up-steps, with no z-degree contribution from those steps. Equivalently,
if b =£J["_, 2% @Pm&m then au, = B = Ym = 0 forall m € {1,...,d + 1}.

m=1“"m
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Corollary 3.7.3.

(SF(n,k,£), higsq n—d-1y) = Z giee®)

bEB’SlLQ) |(d+1)—up’
degy (b)=k,
degg (b)=¢.

Proof. From Theorem 3.7.1 specialized to hook shapes, we have that

<SF(n7 k» €)7 h(d+1,1"*d*1)> - Z qdegz(b)‘

be B2,
dege (b):kz
deg§ (b):£7
Asc(b)C{d+1,...,n—1}

It only remains to show that for any b € 37(11,2)7 the condition b € 37(11,2)’
to Asc(b) C{d+1,...,n—1}.

First suppose that Asc(b) C {d + 1,...,n — 1}, so then m is not an ascent of b for all
m € {1,...,d}. Every modified Motzkin path must start with an up-step, soa; = f; = = 0.
Then for 1 to not be an ascent, s # 1, so S = 0. Furthermore, since 5 = 5 = 0, then
for 1 to not be an ascent, we must have oy > ay + 5. Since aw, v, are both nonnegative,
this implies that ay = 5 = 0. This means that the second step must be an up-step with no
x-degree contribution. Repeating this argument proves this direction.

On the other hand, suppose that b € B,gl’2)|(d+1)_up. Then it follows that a,, = (,, =
Ym =0 forallme {1,...,d+ 1}, so Asc(b) C{d+1,...,n—1}. O

(d+1)—up 18 equivalent

3.8 Characters for hook shapes

In this section, we derive a formula for (SF(n, k, £), s5), when A is a hook shape (d+1,1"7471) |-
nfor0<d<n-—1.

First, we prove the following proposition, which extends [65, Proposition 5.7] for column
shapes (at d = 0) to hook shapes.

Theorem 3.8.1.

<SF("a k7€>’ 3(d+1,1n*d*1)> = Z qsmm(a) - Z qdegZ(b)'
UGSW(I”,/{I!), bEB,(’Ll’Q),
Split(o)={d+1,....n—1} degg (b)=k,
dege (b)=¢,

Asc(b)={d+1,...,n—1}

Proof. Since SF(n, k, ¢) is a symmetric function, its expansion into fundamental quasisymmet-
ric functions SF(n, k, ) =) ., coF, determines its Schur expansion SF(n,k,¢) = > . CaSa
(see for example [44,45]). Note that the Schur function s, is indexed by a composition, and
it may be simplified to a Schur function indexed by a partition or 0, using the “slinky rule”
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(see [40]), which we describe briefly here. Draw a compositional Young diagram for « in
French notation, and fix all left endpoints of each row, so they can never move. Then let
each row fall down as far as possible, such that each row remains a ribbon (hence the term
“slinky”). If this forms a partition Young diagram A, then s, = +s,, but if not, then s, = 0.
(See Figure 3.4 for examples.)

Since S = Split(c) = {d+1,...,n— 1}, then a = (d + 1,1"%"1). We claim that the only
composition a such that sq = £5(4411n-a-1) is a = (d + 1, 141, Indexing the positions of
the boxes in the compositional Young diagram with Cartesian coordinates starting from (0, 0)
in the lower left corner. When applying the slinky rule to any other o with a row longer than
1 except for the bottom row would fall in such a way that a box would be either created in
position (1, 1), and A would not be a hook shape, or would not fall all the way to (1,1), and
not be a partition Young diagram so the resulting Schur function would be 0.

Consider the coefficient of s(4y 1 1n-a-1) in SF(n, k, £). We write:

aFn

<Z CaSa;, 5(d+1,1"d1)>

(SE(n, k, £), 8(gs1,1n-d-1)) = <Z CaFomS(d+1,1”—d—1)>

aFn

= C(d-i—l,l”_d_l) .

Let [F,]X denote the coefficient of F, in X. From the discussion on the slinky rule, we have
that

C(d+171n—d—1) = [F(d—i-l,l"*d*l)] SF(TZ, k‘, f)
- I:F(d+1,1"7d71)j| SWZ;q(n, k, g)

= [Q{d—i—l,...,n—l},n} Z qsminv(a) QSplit(a),n

ceSW(1,k,0)

_ Z qsminv(a) :

c€SW(1™,k,L),
Split(o)={d+1,...,n—1}
where we used Theorem 3.5.2 and Proposition 3.5.4.
Finally, to convert into the formula in terms of BT(11,2)7 we can restrict the bijection ¢ from
Theorem 3.6.2 to one on {b € B | degy(b) = k and deg,(b) = £} and SW(1", k, () since it
is q, u, v-weight preserving. Then the result follows from Proposition 3.6.5. O]

We can characterize when Asc(b) = {d + 1,...,n — 1}. Via the weight-preserving

bijection between B and SW(1™), this generalizes a characterization in the special case of
d = 0 [65, Proposition 5.8].
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X

1
1
1 X
1
|

(a) 8(5,1,1,4) = T8(2,2,34)-

X

A

(b) s(3,1,1,4) = 0.
Figure 3.4: Examples of applying the slinky rule.

Proposition 3.8.2. An clement b € B satisfies Asc(b) ={d+1,...,n— 1} if and only
if when b is written as

b+ H 2o,

for some oy, € Z>o and By, vm € {0, 1}, we have that for some a € {d+1,...,n},
(a) Q= B =Ym =0 forallme {1,...,d+ 1};

(b) B =0 and a1 < Qy + Y for allm € {d+2,...,a};

(¢c) Bo =0 and for1 = 1; and

(d) Bm =1 and a1 > apm + Ym for allm € {a+2,...,n}.

Note that if a = d+ 1, then criterion (b) is skipped. If @ = n, then criterion (c) is skipped.
If a=n —1 or a =n, then criterion (d) is skipped.

Proof. First, observe that if b satisfies all of the given criteria, then Asc(b) = {d+1,...,n—1},
by applying the definition of an ascent of b.

On the other hand, suppose that Asc(b) = {d+1,...,n — 1}. From the characterization
of Asc(b) C {d+1,...,n—1} given in the proof of Corollary 3.7.3, criterion (a) is satisfied for
allm e {1,...,d+1}. Next, since d+ 1 is an ascent, either S, = 0 with agy1 < agro+ Va2
(satisfying criterion (b) for m = d+2), or B442 = 1 (satisfying criterion (c) for a = d+1). In
the former case, we can continue satisfying criterion (b) for m in an interval {d+1,...,a}.
Eventually, if we have not reached the end already, we will hit criterion (c¢) when some
Bar1 = 1. At no point once we have reached any 3; = 1 will we be able to return to any
B; = 0 for j > 7, as an immediate consequence of the definition of an ascent of . This implies
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that if we have not reached the end, since we continue to have ascents, we will continue to
have f3,, = 1 and a;;,—1 > @y, + Yy, for the remaining m, satisfying criterion (d). O

As a consequence of [38, Theorem 8.2], the following explicit formula was given by Iraci,
Nadeau, and Vanden Wyngaerd for A = (1), which indexes the sign character.

Theorem 3.8.3 ([65, Theorem 5.6]).

e k0,500 =o)L

Using the characterization given in Proposition 3.8.2, we give the following generalization
to hook shapes.

Theorem 3.8.4. For0 <d<n—1,

n-d—k-ty[n—1—d| [n—1—-k| [n—1-/
(SE(n. k. 0). s@as1an-s) = ol W ( L{ d L{ k };

To prove the theorem, we will make use of the following lemma, which is an immediate
consequence of the g-Chu-Vandermonde identity.

Lemma 3.8.5. For any positive integer n and nonnegative integers k,{ < n —d,

O] S h

Proof. Recall the ¢-Chu-Vandermonde identity (see for example [65, Proposition 2.4] or [93,
Chapter 1, Solution to Exercise 100]):

J :Zq(rﬂ')(af@) o
P — tgla—il,

Substituting ¢ — f,a— ¢, j—n—d—1,and r—n—d—1— k gives

n—d—q : W%A%#W#{n—d—l—ﬂ {k}
= q ’
{ ¢ q ; f qg_fq

and the result follows from ("_d;k_f) + (é;f) — ("_d;k_z) ={l—-—fin—d-1—-k—f). O

Proof of Theorem 3.8.4. By Theorem 3.8.1, it remains to show that

n—d—k-0yn—1—d| [n—1—k| [n—1—14
e N IR
q q q

beBy?,
deg@ (b):k7
dege (b)=",
Asc(b)={d+1,....,n—1}
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Tl T2

0
1 2 Gién

£ '
: 2 013&13
014814

d+1 n—d—1—k k
Region 0 Region 1 Region 2

Figure 3.5: A diagram showing the three regions for some b with Asc(b) ={d+1,...,n—1}.
The boxes shaded in crosshatch indicate where there is a minimal structure of boxes which
must be filled in, and then above the minimal structure, boxes may be filled in, subject to
certain increasing/decreasing conditions.

Recall the characterization of when Asc(b) = {d + 1,...,n — 1} from Proposition 3.8.2.
Throughout the proof, we refer to Figure 3.5 for a guiding example of what such a b will
look like. We record some facts on such a b. Region 0 will consist of only up-steps with no
contribution to the z-degree. This corresponds to condition (a) of Proposition 3.8.2. Region
0 cannot be empty, as d +1 > 1.

At line T3, we change to Region 1. This corresponds to condition (b) of Proposition 3.8.2.
The path in this region can be any sequence of up-steps or horizontal steps with decoration
&. Region 1 may be empty. Throughout Region 1, when there is a horizontal step with
decoration &;, the part of the staircase that is filled in must weakly increase, and when there is
an up-step, it must strictly increase. This implies that there exists some part of the staircase
that must always be filled in, which we call the minimal structure for Region 1 and encode
as a vector of column heights: MS(1) = (MS(1)y,...,MS(1),—4-1-%). We determine MS(1)
recursively: for 1 <i<n—d—1-—k,

MS(1);—1 +1 if pgi14; is an up-step,

s, - {

MS(1);-1 if pg1 14 is a horizontal step with decoration 4,14,

where we use the initial condition MS(1)y = 0, although that is not considered part of the
minimal structure. Recall that py.14; denotes the (d + 1 4 i)-th step in the path, which is
the i-th step in Region 1.

Changing from Region 1 to Region 2 at line T, corresponds to condition (c) of Proposi-
tion 3.8.2, and then the rest of Region 2 corresponds to condition (d). The path in this region
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can be any sequence of horizontal steps with decoration 8; or down-steps with decoration
0;&;. Region 2 may be empty. Throughout Region 2, when there is a horizontal step with
decoration 6;, the part of the staircase that is filled must weakly decrease, and when there is a
down-step with decoration 6;&;, it must strictly decrease. Again, this implies that there exists
some part of the staircase that must always be filled in, which we call the minimal structure
for Region 2 and encode as a vector of column heights: MS(2) = (MS(2)4, ..., MS(2)x). We
determine MS(2) recursively: for k —1 >i > 1,

MS(2);41 if p,_r4; is a horizontal step with decoration &, .,

MS(2); = {MS(2)H—1 +1 if py_gys is a down-step with decoration 6,1 ;&n—g1i,
with initial condition MS(2), = 0. Recall that p,_j.; denotes the (n — k + i)-th step in the
path, which is the i-th step in Region 2.

Now we are ready to prove the claimed g-enumeration. First, note that since k, ¢, d,n
are all fixed, the location of the lines 77 and T,, and thus the regions, are fixed. It only
remains to count the possible paths and fillings in Regions 1 and 2. Let f denote the number
of horizontal steps with decoration &;, all of which occur in Region 1. Note that there are

(”_d?_k) ways to pick which of the steps in Region 1 will be horizontal steps with decoration

Consider MS(1): there is a classical staircase shape with heights (1,2,3,...,n—d —1—
k — f) (corresponding to the up-steps) which is interleaved with f additional components

(corresponding to the horizontal steps with decoration ;) which are equal in height to
n—d—k—
whatever immediately precedes them. So the contribution to the g-enumeration is q( 2"7)

by the classical staircase and ["*d;kk]q by the additional interleaving components. See

Figure 3.6 for an example.

Similarly, consider MS(2): there is a reversed classical staircase shape with heights
(l—f—1,...,2,1,0) (corresponding to the down-steps with decoration 6;¢;) which is interleaved
with ¢ — f additional components (corresponding to the horizontal steps with decoration 6;)
which are equal in height to whatever immediately precedes them (or height ¢ — f if nothing

. . . . . . . e f .
in Region 2 precedes it). So the contribution to the g-enumeration is q( 2’) by the classical
staircase and [z L f} by the additional interleaving components.

q

By Lemma 3.8.5, by summing over all possible values for f, we get that the contribution

of the minimal structures MS(1) and MS(2) to the g-enumeration is q(n_dgk_é) ["_j_l}q.

All that remains is to consider how we can fill in the region above the minimal structure.
First, observe that by construction, the boxes for which we have choice to fill in are equinu-
merous within each column in Region 1 (there are d boxes) and within Region 2 (there are
n —k — ¢ —1). There is one more choice for filling a column than the number of boxes, since

it is possible to leave all empty. In Region 1, the criteria that:

e when there is a horizontal step with decoration &;, the part of the staircase that is filled
must weakly increase, and when there is an up-step, it must strictly increase
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Figure 3.6: All possible paths for Region 1, when d+1 =5 and n —d — 1 — k = 4, along with
1

each path’s minimal structure shaded in crosshatch. The contribution of f =4 is ¢\2 j 0 1,

of f=3isqW[}] =q+@+g*+q" of f=2isqB)[}] =¢*+q" +20° +¢° +7, of f=1

isq3 4q:qﬁ—1—(17—!—(]8—1-619,amdoff:Oisqg 3q:q10.
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€8

€6

Figure 3.7: A demonstration of deleting the minimal structure from the maximal staircase,
and letting the remaining boxes fall by gravity. This will always result in a rectangular shape.

upon deletion of the minimal structure MS(1), and letting the remaining boxes fall by gravity
becomes:

e the part of the staircase that is filled must weakly increase.

See Figure 3.7. Then this is counted by the number of length n — d — 1 — k sequences on
d + 1 letters, which is ((nfflﬂfk)) = (”_Cll_k).G Keeping track of the effect of the fillings on
the ¢-weights gives ["_Cll_k]q.

Following similar analysis for Region 2, where we delete the minimal structure MS(2), we
find what we need to count is the number of length k& sequences on n — k — ¢ letters, which is

((n—]l;:—ﬁ)) = (”_g_f). Keeping track of the effect of the fillings on the g-weights gives ["_;_qq.

Finally, multiplying q(nid;kie) ["_zl_l]q by ["_Cll_k]q and ["‘;_Z]q proves the theorem. [

3.9 The conjectural basis in type B

In this section, we describe analogous results and conjectures where the Weyl group of type
B, replaces the symmetric group &,,. We denote the ring in question by Rgf). We describe

the Kim—Rhoades basis for R&?f) and Sagan—Swanson’s conjectural super-Artin basis for

(1,1)
Ry
Define the set of (type B) modified Motzkin paths of length n, II(n)so,” to be the set of
all paths m = (p1,...,p,) in Z? such that each step p; is one of:

(a) an up-step (1, 1),

(b) a horizontal step (1,0) with decoration 6,

6(()) denotes the multiset coefficient (see for example [93, Chapter 1.2]).

"Note the difference in notation between this and in Section 2. The difference between the definitions is
that paths either must not go below y = 0 in II(n)>¢, or y = 1 after the first step in II(n)so.
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(c) a horizontal step (1,0) with decoration &;,
(d) or a down-step (1, —1) with decoration 6,&;,

where the path never goes below the horizontal line y = 0. The weight of 7 € II(n)>q is
defined in the same way as in Section 3.2.

Definition 3.9.1 ([69]). The type B Kim—Rhoades basis Bg)f) is the set of all weights of the
modified Motzkin paths 7 € II(n)>o, that is,

BY? = {wt(r) |7 € I(n)s0}.

We are justified in calling it a basis because of the following result, which is a special case
of a more general, type-independent result of Kim and Rhoades.

Theorem 3.9.2 ([69]). The type B Kim—Rhoades basis Bgf) s a basis for R(%?f).

Next, we recall the conjectural type B super-Artin basis, due to Sagan and Swanson.
Recall that x(P) is 1 if the proposition P is true, and 0 if the proposition P is false. For any
T C{1,...,n}, define the B-sequence 5(T) = (61(T),...,Bn(T)) recursively by the initial
condition 31(T) = x(1 ¢ T) and for 2 <1i < n,

Bi(T)=Bia(T)+x(i¢T)+x(i—1¢T).
Definition 3.9.3 ([90]). The type B super-Artin set is
Bg;l) = {2P0p|T C {1,...,n} and # < B(T) componentwise}.

Conjecture 3.9.4 ([90]). The type B super-Artin set Bg;l) is a basis for Rg;l).

We generalize the -sequence as follows. For any T,S C {1,...,n}, define the gener-
alized [-sequence by B(T,S) = (B1(T,S5), ..., B.(T,S)) recursively by the initial condition
(T, S)=—-14+x(1¢T)+ x(1 €595) and for 2 <i < n,

Bi(T,S) =Bia(T,S) =2+ x(igT)+x( —1€T)+x(i ¢ S)+x(i—1¢89).
Definition 3.9.5. We let
By = {2%0r¢s | Orés € BY? and 0 < §; < B,(T, S) for all i € {1,...,n}}.

For example, consider Bgf). To construct this set, we start with Bg)éz). One such element

in Bg)f) is O0¢3.418(3,6y = 030438 We compute the generalized 3-sequence ({3, 4}, {3,6}) =
(1,3,3,2,3,4). Then to construct the elements in B(%}G’Q) associated to 030,&3&, multiply by
2P, where 3 satisfies 0 < 8; < 3;({3,4},{3,6}). See Figure 3.8 for one of the 2-4-4-3-4-5,
elements associated to the modified Motzkin path, and observe that in type B, the maximal
staircase given by (T, S) in general does not fit underneath the modified Motzkin path.



CHAPTER 3. THE (1,2)-BOSONIC-FERMIONIC COINVARIANT RING 54

9383
04

)

Figure 3.8: An element x1x§x§x69304§3§6 in Bgﬁ
path and partially filled-in staircase.

, represented by a type B modified Motzkin

Conjecture 3.9.6. The set Bgf) s a basis for R%f).

Define
stair, () := H [k +1],,
keB(T'(m),5(m))
where T'(7) and S(7) are determined by which elements in {1,...,n} appear as indices for 6;

and &; respectively in the weight of the modified Motzkin path m. As before, deg,(m) = |T'(7)|
and degg () = |S(m)|. The following result follows from a similar argument as that used to
show Proposition 3.3.6.

Proposition 3.9.7. Assuming Conjecture 3.9.6, it follows that the Hilbert series of R%f) 18

Z dege (M) ydege (m) stairqB (7).

WGHZ()(TL)

Based on computations for n < 5, we make the following conjecture on the dimension of
(1,2) . .
Ry, which to our knowledge, has not previously appeared.

Conjecture 3.9.8. The dimension of Rgf) is 4™n!.

Remark 3.9.9. Note that the conjectural dimension of R and Rgf) are both given by
2"|W|, where r is the rank of W. It would be interesting to know for which finite Coxeter
groups this holds, and for which it fails. Type-independent work in the case of one set of
bosonic and one set of fermionic variables has been advanced by Swanson and Wallach [96,97].

Theorem 3.9.10. The cardinality of Bgf) is 4"n!.
Proof. Let Pg(n,r) denote the subset of elements of Bgf) which have maximal staircase
ending at height r.8

Since in type B, both the current step and the previous step in 7 affect the shape of the
maximal staircase at the current position, it will be convenient to introduce the following

8Unlike in the case of Br(Ll’Q), as in the proof of Theorem 3.3.7, here the height of the modified Motzkin
path does not in general correspond to the height of the maximal staircase.
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notation. Let Pg(n,r) denote the subset of Pg(n,r) whose current step (that is, step n)
of the corresponding path is a horizontal step. Let Py(n,r) denote the subset of Pg(n,r)
whose current step is an up-step. Let Pp(n,r) denote the subset of Pg(n,r) whose current
step is a down-step. It follows that Pg(n,r) = Pr(n,r) U Py(n,r) U Pp(n,r). Also denote
pB(nv T) = ‘PB(na T)‘? pE(”a T) = |PE(n7 T)|7 pU<n7 T) = |PU(n7 T)|7 andpD(na T) = |PD(n7 T)|
Thus pg(n,r) = pr(n,r) + py(n,r) + pp(n,r).

Consider m € Pg(n,r): since step n is a horizontal step, it does not affect the height
of the maximal staircase. But whether step n — 1 in 7 is either a horizontal step, an up-
step, or a down-step does affect the height of the maximal staircase: specifically, we get
pe(n—1,7)+py(n—1,r=1)+pp(n—1,r+ 1) as the possibilities, and then we multiply by
2(r 4+ 1) to account for the two choices of weight on n, either 6,, or &,, along with the r 4 1
choices for the exponent of x,,. This implies that

pe(n,r)=2(r+1)(pe(n—1,7)+puv(n—1,r—1)+pp(n—1,r+1)).
Similarly, we find that
pu(n,r)=(r+1)(pe(n—1,r—1)+py(n—1,r—=2)+pp(n—1,r)),

and
pp(n,r)=(r+1)(peg(n—1,r+1)+puv(n—1,7)+pp(n—1,7r4+2)).

The initial conditions are given by: pg(0,7) = do., pr(0,7) = 0, and pp(0,7) = 0. It follows
that pg(n,2r +1) =0, py(n,2r) =0, and pp(n,2r) = 0 for any nonnegative integers r.
Next, we claim that for n > 1,

pe(n,2r) = (n — 1)12" (” . 1) (2r +1),

pu(n,2r +1) = (n — 1)12 (” . 1> (r+1),

pp(n,2r +1) = (n — )12 <” ; 1> (n—r—1).

We show these by induction on n. For the base case of n =1,

2 ifr=0,

0 otherwise,

pe(l,2r) = {

since there are two elements in B with maximal staircase of height 0: 6; and &;, and none
with maximal staircase of height greater than 0. Similarly, we check that

(1,2)
By

2 ifr=0,

0 otherwise,

po(1,2r +1) = {
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since there are two elements in Bgf), 1 and x1, each with maximal staircase of height 1, and

none with maximal staircase of height greater than 1. Finally, py(1,2r 4+ 1) = 0, as there are
no paths which begin with a down-step.

Now assume that the claim holds for fixed n > 1. Using the previously established
recurrence relations, we have that

pe(n+1,2r)

_9(2r+1) [(n— )l2n ((”;1)(2r+1>+ (7;:1)” (n;l)("_r_l))]
= 2+ 1)(n - 2" [”(nﬁl) o ((nzl) " <n:i))]

= plon! (") (2r +1).

r

Similarly, we have

pu(n+1,2r+1)

—2(r +1) [m— 1)12" ((";1><2r+1>+ cj)” (n;1>(”_r_ 1))1
= (r+1)(n —1)t2"" {"<n?1> i ((n;1> ! C“L:D)}

— plonl (Z) (r+1),

and

po(n+1,2r +1)
=2(r+1)

. [(n—l)!Q" ((Z:)@HSH (n;1>(r+1)+ (Z;i)(n_r—z)ﬂ
“cvmmone () e () ()]

n
= nl2"t! (r n 1) (r+1)

— plont! (jf) (n—7).

This completes our induction.
Considering pg(n, s), depending on the parity of s, we get that

pe(n,2r) = pg(n,2r) = (n—1)12" (n ; 1) (2r 4+ 1),
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and

n—1
pe(n,2r+1) =py(n,2r +1) + pp(n,2r+1) = n!2”< . )

Putting everything together, we have that

2n+1

; ps(n,s) = ng(n, 2r) + Tizopg(n,% +1)
B e ()

n

= (n— 1)!2”2 (”;1>(2r+ 1 +n)
= 4™,

where the last line follows from the identity n2" = > ("~")(2r + 1 + n), which can be

r=0 r
shown by induction. O

3.10 The bases B\"” and SW(1") for n=1,2,3

This appendix consists of tables which show the bijection between segmented permutations
o € SW(1™) and basis elements b € B7(11’2) . In each segmented permutation, the thin indices
are underlined.

Segmented Basis Path | k(o) = | {(0) = | sminv(o) = o | Split(o) =
Permutation o | Element b | Model | deg,(b) | deg,(b) deg, (b) Asc(b)

1 1 4 0 0 0 0 %)

Table 3.1: Conversion between B§1’2) and SW(1) with statistics.

sdinv (o)

9We do not define sdinv in this paper because we do not otherwise use it. It is equidistributed with sminv
and is defined in [65, Section 4.3].
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Segmented Basis Path | k(o) = | {(0) = | sminv(o) = dinv(o) Split(o) =
Permutation o | Element b | Model | degy(b) | deg,(b) deg, (b) SHIVLe Asc(b)
12 0, b 1 0 0 0 {1}
21 & &2 0 | 0 0 (1}
12 1 /]4 0 0 0 0 @
21 s 0 0 1 1 (1}

f

Table 3.2: Conversion between B£1’2) and SW(1?) with statistics.
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Segmented Basis Path k(o) = | £(o) = | sminv(c) = dinv(o) Split(o) =
Permutation o | Element b Model degy(b) | deg,(b) deg, (D) SHIVAT Asc(b)
123 0,05 b2 05 2 0 0 0 (1,2}
93&3
132 0565 /ﬁ 1 1 0 0 {2}
213 €205 S s 1 1 0 0 (1,2}
9383
231 290585 /ﬁ\ 1 1 1 1 {1,2}
312 0,65 b2 & 1 1 0 0 {1}
321 28 &2 & 0 2 0 0 {1,2}
3
123 0 % 1 0 0 1 {2}
&3
1)32 & % 0 1 0 0 {2}
03
2[13 2505 % 1 0 1 2 {1,2}
&
312 30, r%ﬁ 1 0 1 1 (1
321 236 /5_2%‘ 0 1 1 1 (1,2}

Table 3.3: Conversion between B§1’2) and SW(13) with statistics (first half).
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Segmented Basis Path k(o) = | {(0) = | sminv(o) = sdinv(o) Split(o) =
Permutation ¢ | Element b | Model | degy(b) | dege(b) deg, () Asc(b)
123 0, 02 1 0 0 0 {1}

an

b3

132 30 % 1 0 1 0 {2}

213 & &2 0 1 0 0 1

/1]

03

&3

31[2 383 % 0 1 1 1 {2}

&3

/

1)2/3 1 0 0 0 0 @
/|

1)3]2 3 0 0 1 1 {2}
/

2/1|3 T 0 0 1 1 {1}
/]

2|31 T3 4 0 0 2 2 {1}
/

3(12 a2 0 0 2 2 {2}
/

31211 T2 0 0 3 3 {1,2}
/]

Table 3.4: Conversion between B§1’2) and SW(13) with statistics (second half).




CHAPTER 3. THE (1,2)-BOSONIC-FERMIONIC COINVARIANT RING

3.11 Examples of Frobenius and Hilbert series

Frob(R(1 2), q;u,v) = 81

Hllb(R ,q,u v) =1

Frob(R ) qu ,0) = (g +u+v)s11 + $2
Hllb(R ,q,uv)—q+u+v+1

Frob(R{"; q;u, v) = <q3 + (@ + Qu+ (¢ + q)v +u* + (¢ + Vuv + v2)3111

+ (@ + @)+ g+ Dut (g + v+ uv)sy; + 55

Hilb(RS"™; g;u,v) = (¢* + 2% + 2¢+ 1) + (¢* + 3¢ + 2u + (¢* + 3¢ + 2)v + v?
+ (g + 3)uv + v?

Frob(R{™?: ¢;u,v) = (q6 + (@ + "+ Pu+ (@ + ¢ + )+ (¢ + ¢ + gu?
+ (¢ +2¢° +2¢° + Quv + (¢* + @ + Q)v* + (¢* + ¢ + DuPv
-+ (q2 -+ q + 1)’&?)2 -+ U3 —+ U3> S1111

+ ((q5 + ¢+ ) + (" +2¢% +2¢° + Qu + (¢* + 2¢° + 24 + q)v

+ (@ + g+ D+ (¢* + 3¢ + 3¢+ Duw + (¢* + ¢ + 1)o7
+ (¢ + Do + (¢ + 1)uv2) So11
+ ((q4 + )+ (P Qut (@ + @+ Qv+ (¢ + 20+ D
+ qu2 + qu +u?v + uv2> S99
+ (@ + @+ ) + (@ +a+Dut g+ Duv+ (@ +q+ 1)) sy
+ S4

61
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Hilb(R(™; ¢ u, v) = (¢° + 3¢° + 5¢" + 6¢° + 5¢° + 3¢ + 1)
+(¢° +4¢" + 9¢° + 11¢* + 8¢ + 3)u
+ (¢° +4¢" + 9¢° + 11¢° + 8¢ + 3)v + (¢* + 4¢° + 6¢ + 3)u?
+ (¢* +5¢° +13¢> + 17q + 8)uv + (¢* + 4¢° + 6q + 3)v?
+ (¢ + 4q + 6)u*v + (¢* + 4q + 6)uv® + u® + v

62
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Chapter 4

The sign character of the triagonal
fermionic coinvariant ring

We determine the trigraded multiplicity of the sign character of the triagonal fermionic
coinvariant ring R Asa corollary, this proves a conjecture of Bergeron (2020) that the
multiplicity of the sign character of RO s n2 —n+1.

We also give an explicit formula for double hook characters in the diagonal fermionic
coinvariant ring RS)’Q), and discuss methods towards calculating the sign character of RV,

Finally, we give a multigraded refinement of a conjecture of Bergeron (2020) that the
multiplicity of the sign character of the (1, 3)-bosonic-fermionic coinvariant ring R s %an,
where F,, is a Fibonacci number.

This chapter appears in [75].

4.1 Introduction

The diagonal coinvariant ring

R,(f’o) =Q[r1, -y Ty Y1, U] Qe o T, Y1, - ,yn]$”> (4.1)

was introduced by Haiman in 1994 [57], and since then has been studied extensively. Its
defining ideal is generated by all polynomials in Q[z1, ..., Z,, 1, ..., Y|, with no constant
term, which are invariant under the diagonal action of G,,:

- P(X1, e Ty Y1y -y Yn) = P(To(1), - - s To(n), Yo(1)s - - - » Yo(n))- (4.2)

Haiman found the dimension, bigraded Hilbert series, and bigraded Frobenius series of
RV [59].

There has been much recent interest (see [6,10,11,102]) in studying a more general class
of coinvariant rings R with k sets of n commuting (bosonic) variables @, := {z1,...,2,},
Yn = {y1,-- s Un}, 2Zn == {21,..., 2.}, etc., and j sets of n anticommuting (fermionic)
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variables 0, := {01,...,0,}, & = {&,..., &}, pn = {p1,---,pn}, etc. We define the

(k, j)-bosonic-fermionic coinvariant ring by

= Q[gjna Yn, Zn, - ) gnu €n7 Pn; - ,]/<@[£B”’ Yn, Zn, - % gnv €TL7 Pn, - 'J+n>7 (43)

k j k J

where its defining ideal is generated by all polynomials in Q[gjn, Yns Zny ooy 00, &Eny Py - - J,

Y .
without constant term, which are invariant under the diagonal action of the symmetrijc group
S,,, given by permuting the indices of the variables. Commuting variables commute with all
variables. Anticommuting variables anticommute with all anticommuting variables. That
is, 0;0; = —0,0; for all 4, j, and mixed products between different sets of fermionic variables
likewise anticommute. Note that this implies that 62 = 0.

Note that RY?) also can be defined in terms of symmetric and exterior algebras:
R = ((SymQ")®* @ (AQ")™)/(((SymQ")** @ (AQ")*)$"). (4.4)

We recall the definitions of the multigraded Hilbert and Frobenius series of R (see for

example [10]). For fixed integers k, j > 0, RED decomposes as a direct sum of multihomoge-
neous components, which are &,,-modules:

RFD = B (BRI s, (4.5)

T1yesT»S154,85 20

We denote the multigraded Hilbert series by

Hilb(R*D; 1, qry s - - - 5 uy)
=S dim (R ) € g (4.6)

T1yeeesTk,81 500,85 20
and the multigraded Frobenius series by

Frob(RED: g, ... qriu, . . . ,Uy)
= > FChar (R, s )0 GFust - o (4.7)

] Y
T1yeeyTksS15000,85 20

where F' denotes the Frobenius characteristic map and Char denotes the character. For
simplicity, if k£ < 2, we Wﬂl use q,t for q1,qo and if j < 4, we will use u, v, w, z for uy, us,
us, uy. Recall that (Frob(Rn Degr e, . u;), ) = Hilb(Ry, kD) g, ).
Furthermore, R¥7 is a GLj; x GL; xGn—module (see [10, Section 2]), so its multigraded
Frobenius character is a sum of products of three Schur functions, which are irreducible
characters of polynomial representations of GL; and GL;, along with a Frobenius character.
The main focus of this paper is on the case (k,j) = (0, 3).
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Observe that the Schur function sy_g)(u,v,w) is a u,v,w-analogue of the binomial
coefficient (5), denote it by

14
(2) 1= S(—2)(u, v, w). (4.8)

Recall the notation [n],, := u" ' +u" 20+ +uv" 2 +0" L. Tt follows that as a polynomial
in w with coefficients in u and v we have

¢
<2> = [ — Vup + [€ = 2w + [€ = 3Jupw?® + -+ + [yow 2, (4.9)

and there are two similar expressions for (é)u 0 &S @ polynomial in u or in v.
Our main result is the following.

Theorem 4.1.1.

(Frob(RPY; u,v,w), s0m) = 8(u-1) (1, 0, w) + 802,11 (1, v, )

(n+1 N n—1 (4.10)
a 2 u,v,w o 2 ’U/'U’LU.

The theorem immediately implies the following corollary, which was conjectured by
Bergeron [10, Table 3].

Corollary 4.1.2.

(Frob(R"3:1,1,1), s4m) = n* —n + 1. (4.11)

Proof. Recall that (é) u’v7w|u:1,:w:1 = (5) By evaluating Theorem 4.1.1 at u = v = w = 1,
the multiplicity is ("5') + (";') =n*—n+ 1. O
(0,3)

The organization of the paper is as follows. In Section 4.2, we detail the setting of Ry,
from the perspective of both coinvariants and harmonics. In Section 4.3, we recall some results
of Haglund—Sergel [56] and Kim—Rhoades [69], along with proving some preliminary results.
In Section 4.4, building on the work of Haglund—Sergel and Kim-Rhoades, we give an upper
bound on the multiplicity of the sign character of RO (Corollary 4.4.2). In Section 4.5, we
construct two elements in the ring of triagonal fermionic harmonics 7,, (Proposition 4.5.4),
and study the GLs-representations that they generate (Proposition 4.5.6), which constructs
enough elements in 7T}, to show that the upper bound on the multiplicity of the sign character
is achieved with equality, proving the main theorem.

In Section 4.6, we derive a formula for double hook characters of R\? (Theorem 4.6.2).

In Section 4.7, we discuss methods to analyze the sign character of R n Section 4.8, we
provide a ¢, u, v, w-refinement of a conjecture of Bergeron [10] on the sign character of R

(Conjecture 4.8.6).
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4.2 Coinvariants and harmonics

We now describe the setting in more detail, from the perspective of both coinvariants and,
isomorphically, harmonics.

Specialize to R = Q[6,, &, pu)/(Q[0,, &, pr)i™), which we call the triagonal fermionic
coinvariant ring. Tts defining ideal (Q[0,, &,, pn]f") is the ideal generated by polynomials in
Q[6,., &, prn], without constant term, invariant under the diagonal action of &,,. A generating
set for the ideal (Q[0,,&,, p,|S") is given by all the nonzero monomial symmetric functions

in any of the three sets of variables:
O+ + 00,8+ + &y pr o+ oy 161+ + 00y,
elpl + -+ enpn7 Slpl + -+ fnpm elglpl + -+ Qngnpn}

Consider the ring Q[6,,&,, p,] in three sets of n anticommuting variables, which we
arrange into the 3 X n matrix

(4.12)

91 92 ce Qn
Pr P2 " Pn

For each 3 x 3 invertible matrix A in GL3, multiply M on the left by A to obtain the product
A - M. Then, in any polynomial f € Q[0,,&,, p,], replace each variable 0;,&;, p; by the
corresponding entry of the matrix A - M. This defines a left GLs-action on Q[6,,, &, p]-

The ring Q[0 &,,, pn] is naturally trigraded. Denote by (Q[6,,, &, Pn))ap. the homoge-
neous component spanned by all monomials that contain exactly a variables in 6,,, b variables
in &,, and ¢ variables in p,,. Since GL3 acts by linear combinations of the three rows, the
GLs-action preserves the total degree d = a + b+ c. Hence each total degree d component
Dot e—a(QOn; &ny Pu])ap.c is GLz-invariant.

Each permutation o € &,, corresponds to a permutation matrix P,, defined by (F,);; =1
if i = 0(j) and 0 otherwise. Then the right multiplication M - P, has the effect on M of
letting o act on the indices of all variables: 0; — 0,), & > &), and p; = po(;). Then, in
any polynomial f € Q[0,,&,, p.], replace each variable 6;,;, p; by the corresponding entry
of the matrix M - P,. This defines a right &,-action on Q[0,, &,, pn]-

Because left multiplication by A and right multiplication by P, commute, these GL3 and
S,-actions commute, so Q[6,,, &, pn] is a GL3 x&,,-module.

Recall the definition of derivative of anticommuting variables (where here each 6; could be
from any of the three sets of anticommuting variables) is (see for example [97, Section 1.5]):

—1)10, -0, -+ 0;  if § =1y,
Do, -0y = 4 DT b b 1= (4.14)
! 0 otherwise.

Define the space of triagonal fermionic harmonics by

Tn = {f € Q[Ona Sny pn]

=1

> 0poEdl f =0 for allh+k+€>0}. (4.15)
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Since any 67 = 0, we need not check any second derivatives, hence

> 05080, f=0forall h+k+¢>0andhk (€{0,1} .

i=1

Tn = {f € Q[emémpn]

(4.16)
Looking at the infinitesimal action of the Lie algebra sl3 on 7T;, allows us to study 7,, as a
GLs-module.! Similarly to [57, Section 3.1], we define the operators

F=¢ .= Z&@gi, and F&7° = Zpicf)&, (4.17)
i=1 i=1
and . .
B’ = 0,0, and ES7F := Y 0, (4.18)
i=1 i=1

Along with two H operators given by taking the commutators of the £ and F operators,
these generate the Lie algebra sls.

Furthermore 7), is a GL3 X &,,-module. Write a trigraded component of 7;, as (7},)qp, and

(03) as (R%O’S))mbjc. Then we have that T,, = R as trigraded &,,-modules. Working with
harmonics was advocated by Garsia: a benefit of working with harmonics over coinvariants is
that one works with polynomials instead of equivalence classes.

A polynomial p € Q[0,, €, pn] is called antisymmetric if o(p) = sgn(o)p for all 0 € &,,,
where o acts diagonally by permuting the variables. Let (7;,)¢ denote the antisymmetric sub-
space? of T},, which consists of all elements p € T}, which are antisymmetric. This corresponds
to the u, v, w-graded multiplicity of the sign character in Rq(@o’g), that is, Hilb((7},)%; u, v, w) =
(Frob(RSLO’g'); U, V, W), S(1n))-

4.3 Preliminary results

In this section, we recall or prove some preliminary results. Haglund and Sergel gave a formula

for the graded Frobenius series of the fermionic coinvariants R := Q[6,]/(Q[6,]5").

Lemma 4.3.1 ([56, Lemma 4.10]). Forn > 1,

n—1
Frob(R"V: w) = Zwks(n_k,lk). (4.19)
k=0

Kim and Rhoades gave a formula for the bigraded Frobenius series of the diagonal
fermionic coinvariants R := Q[6,, £,]/(Q[6,, €5,

1See for example [43, Section 15.5] for more on the relationship between SL3 and GL3-representations.
2This is sometimes called the alternating subspace.
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Theorem 4.3.2 ([69, Theorem 6.1]). Forn > 1,
FTOb(Ry(LO’z); u,v) = Z u'v’ <S(nﬂ',1i) * S(n—j,19) T S(n—i+1,1-1) * S(nfj+1,1j—1)) , (4.20)
0<itj<n
where * denotes the Kronecker product and s(,41,1-1) 1s interpreted as 0.

In particular, they found bigraded multiplicities for the trivial, sign, and hook characters.

Proposition 4.3.3 ([69, Proposition 6.2]). In R%O’Q), the multiplicity of the trivial character
18
(Frob(R?; u,v), s(ny) = 1, (4.21)

the bigraded multiplicity of the sign character is

(Frob(R?); u,v), s(ny) = [0, (4.22)

n

and for 0 < k <n — 1, the bigraded multiplicity of a hook character is
(Frob(R®;u,v), su_g1v)) = [k + L + 0[k]uo. (4.23)
As a consequence of their result on the sign character, we conclude the following.
Corollary 4.3.4.

1. If a nonzero harmonic polynomial in T, N Q|O,] is antisymmetric, then it must be of
degree exactly n — 1.

2. If a nonzero harmonic polynomial in T, N Q[0,, &,] is antisymmetric, then it must be
of degree exactly n — 1.

Proof. The first claim is implied by the second. To show the second, notice that Proposi-
tion 4.3.3 shows that the multiplicity of each component of the sign character is n — 1. [

There is a useful condition for when antisymmetrizing a polynomial results in zero.

Lemma 4.3.5. Let p be a polynomial in Q[6,,,&,, p,]. If there exists a transposition s € &,
such that s(p) = p, then

> sgu(o)a(p) = 0. (4.24)

€S,

Proof. Consider the symmetric group &,, as a set, and partition it 6,, = &/, U & into two
equal-sized subsets such that for each ¢’ € &/ | we have that ¢’ - s = ¢”, for some ¢” € & .
Since sgn(s) = —1, then

> sen(0)o(p) = Y sen(o’)a’(p) + Y —sen(o’)o’(p) = 0. (4.25)

oeGy o’'e6y, o’'e6y,

]
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As a consequence, we establish that an antisymmetric polynomial must use enough distinct
indices of variables to be nonzero.

Lemma 4.3.6. If a polynomial in Q[60,,,&,, p,] is antisymmetric, and for the variables that
appear, at most n — 2 unique indices are used, then the polynomial is identically 0.

Proof. Call the polynomial in question r. Without loss of generality, say that the indices
used in r are {1,2,...,n — 2}. Since r is antisymmetric, it can be obtained by applying
an antisymmetrizing operator ) . sgn(o)o to some polynomial p € Q[6), 2, &2, Pn—2].
Then p is invariant under the action of s,_1. Apply Lemma 4.3.5 to conclude that r = 0. [

4.4 An upper bound on degree

In this section, we prove an upper bound on the trigraded degree of the sign character.
The following result is inspired by a similar result of Haglund—Sergel (on a different ring,

R&z’l)) [56, Theorem 4.11].
Proposition 4.4.1. Forn > 1,

1 -1
(Frob(R? @ ROV u v, w), s(1m)) = (n—2|— ) —|—uvw(n ) ) +uv[n — 1]y, (4.26)

Proof. As noted in [56, equation (4.9)], following from [16], for any &,-modules A and B
tensored under the diagonal action of G,,, we have that

Frob(A ® B) Z Sy Z (Frob(A), sx)(Frob(B), s,)(sx * s,, Su), (4.27)
vkn A ubn
where (sy * 5, s,) = g(A, p, v) are the Kronecker coefficients. In our case, we are interested in

(Frob(R™ @ ROV u,v,w), s(1m))

n

Z (Frob(R"; u, v), sy) (Frob(ROV: w), 5, g(\, p, 1)
(4.28)

= (Frob(R;O’ 21, 0), sy ) (Frob(ROY: w), s,),
AFn

since g(A, pt, 1") = 6, v. By Lemma 4.3.1, which states that only hook Schur functions appear
. (0,1),
in Frob(Ry"";w), we reduce to

(Frob(R®? @ ROV 4, v, w) Zw (Frob(R"Y:u,v), s 8 (1, 1n—k-1Y)
=0 (4.29)
= Zwk([n — kluy +uvin —k —1]4,),
k=0

where we applied Proposition 4.3.3. After a bit of algebra, we obtain the claimed formula. [
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Now the following result gives us an upper bound on the occurrences of the sign character
in R™. For multivariate polynomials A and B, the notation A < B means that B — A is a
sum of monomials with only nonnegative coefficients.

Corollary 4.4.2. Forn > 1,

(Frob(RO%); u, v, w), (1)) < (n;r 1) + wvw (n ) 1) . (4.30)
Proof. First note that any occurrence of the sign character in R is predicated on it
occurring in R g Rilo’l), since R is a quotient of R & ROV under the diagonal action
of &,, (see [56]).
By permuting which sets of variables out of 8,,, &, p,, are assigned to R and to R®Y in
Proposition 4.4.1, we conclude that a sign character in R must have trigraded multiplicity
bounded above by

1 -1
(n _2|— ) + wvw (n 5 ) +uvin — 1y, (4.31)

1 -1
<n —2|_ > + wow (n 9 ) + uwn — 1y, (4.32)

and . .
(n ; ) + wow (n ; ) +vw[n — 1], - (4.33)

Note that if a polynomial A > 0 satisfies A < wv[n — 1]y, A < ww[n — 1]y, and A <
vw[n — 1], ., then A = 0. Hence by taking the bounds given by equations (4.31-4.33) together,
we conclude that the sign character in R must have trigraded multiplicity bounded above

by
1 1
(n; >uvw+ww<n2 )uvw. (4.34)

]

4.5 Construction of basis elements

Now we will work towards the proof of the main theorem, by constructing two explicit elements
in T},, which are highest weight vectors for certain GL3-representations. We ultimately show
that the upper bound given in Corollary 4.4.2 is obtained with equality.

Definition 4.5.1. For n > 1, define the primary theta-seed by

A(8,) = sgu(o)a(016y -0, s). (4.35)

e,
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Definition 4.5.2. For n > 3, define the secondary theta-seed by
Ay (0,) = Z sgn(0)o((01€2p2 + 02€1p2 + 026201)0304 - - - O 1). (4.36)

oeG,

When n =1 or 3 in the definitions of the primary and secondary theta-seed, respectively,
the empty product of 6;’s is interpreted as 1.
We now prove a technical lemma.

Lemma 4.5.3.

1. The antisymmetrization operator ) sgn(o)o commutes with the differential operator

n h Qk ¢
Zz‘:l 891' a& 8[%‘ :

0’€6n

2. The antisymmetrization operator » sgn(o)o commutes with the operators F'=¢,

Féor BOE and ESP.
Proof. First we show (1). Let f € Q[0,, ., pn]. Observe that for any o € &,,,

Zae 0F o' Za 00O enOhion (4.37)

since addition is commutative. Thus,

zaaazai<zsgn<o>a<f>) 5 vanle) 3= 0h0£0% 011

ceS, ceS,

Ueen

=) sgn(o Zah O )05 o (0 (£)) (4.38)

ceG,

= ) sgn(o) (Z%% )

UEGn

so the operators commute as claimed.
Next we show (2). For any 0 € &,

> &0, = 0(8)Dn,), (4.39)
=1

since addition is commutative. Thus for F'7¢ = Y7 &0,

D&, <Z sgn(a)o(f)) =D sen(0) ) _&dhol(f)

geBy, ceB,
n

= 3" sgn(0) > 0 (€00 (f) (4.40)

oeGy, i=1

=) sen(o <Z &0, f)

O'GGTL
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and similarly for the other operators. O]
Now we show that A;(6,,) and Ay(6,,) are harmonic.

Proposition 4.5.4.
1. The primary theta-seed Aq1(8,,) is in (T,)°.
2. The secondary theta-seed Ao (8,,) is in (T,)°.

Proof. We show (1). Consider the primary theta-seed

A1(6,) = ) sgn(o)o (616 0,-1). (4.41)
0'6671
By equation (4.16), to show it is in T}, we only need to show that Y | 95 9¢ 8% A1(6,,) = 0 for
(h,k,0) € {(1,0,0),(0,1,0),(0,0,1), (1,1,0),(1,0,1),(0,1,1),(1,1,1) }. Since only 6; variables
appear in A(6,), it only remains to check (1,0,0). Consider 6, - - - 6,1, which is what we
will antisymmetrize to get the primary theta-seed. By Lemma 4.5.3, the differential operator
commutes with the antisymmetrization operator. We write
D g1 O =) (1) 000, (4.42)
i=1 i=1
where each monomial on the right hand side is in only n — 2 variables. By Lemma 4.3.6, this
becomes 0 upon antisymmetrization. This shows A;(8,,) is in T,,, and since it is constructed
via an antisymmetrization operator, it is in (7},)¢.
We show (2). For n > 3, consider the secondary theta-seed

Ay(0,) = Z sgn(0)o((01&2p2 + 028102 + 026201)0304 - - 0,—1). (4.43)
oeBy,
We must check that Ay(6,) is in T,,. We only need to show that Y , df g@ﬁiAg(On) =0
for the following seven choices of (h, k,{):
{(17 07 O)’ (O’ 17 0)7 (07 0’ ]')7 (17 17 0)7 (1’ 07 1)7 (07 ]" ]')’ (17 17 1)} (444)
Case 1: (h,k,¢) = (1,0,0). Let f = (61&2p2 + 02&1p2 + 02&2p1)0304 - - - 0,1, which is what

we will antisymmetrize to get the secondary theta-seed. For concision, write H?_gl 6; for the

ordered product 6360, ---6,_;. We write that -

n n—1
> 00 f =0 f + 00 f + D Ou.f
i=1 =3

n—1 n—1
= §apo H 0; + (&1p2 + E2p1) H 0; (4.45)
i=3 =3

n—1
+ Z(—l)i(91§2p2 + 058102 + 0262p1)03 - - 0; -+ - Oy 1.
i—3
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Then upon antisymmetrization, both of the terms &py [[1y 6; and .17 (—1)/(016apa +
02812 + 0262p1)03 - - - éz -+ 6,_1 will be 0 due to Lemma 4.3.6, since they only contain n — 2
indices for variables. Since the simple transposition s; leaves the term (&;p2 + &2p1) HZ; ;
invariant, by Lemma 4.3.5, it becomes 0 upon antisymmetrization.

Case 2: (h,k,¢) = (0,1,0). Before antisymmetrization, we write that

Z@gif:8§1f+8§2f
i=1

. I (4.46)
= —03p2 H 0; — (O1p2 + 62p1) H 0;.
i=3 i=3

By Lemma 4.3.6, 62p- H;:Sl 0; becomes 0 upon antisymmetrization. By Lemma 4.3.5, (61p2 +
Osp1) H;:; f; becomes 0 upon antisymmetrization, since it is invariant under s;.

Case 3: (h,k,¢) =(0,0,1). The same argument as in Case 2 applies.

Case 4: (h,k,0) = (1,1,0). Before antisymmetrization, we write that

n n—1
> 00,0c.f = 09,0, f + 00,00, f + > 06,06, f
=1 =3
. (4.47)
=0-p []6:+0,
=3

which becomes 0 upon antisymmetrization by Lemma 4.3.6.
Case 5: (h,k,¢) = (1,0,1). The same argument as in Case 4 applies.
Case 6: (h,k,0) =(0,1,1). The same argument as in Case 4 applies.
Case 7: (h,k,0) = (1,1,1). Before antisymmetrization, we write that

Y

n n—1
Z 691‘0& apzf = 691 a& aplf + 892 a&z apzf + Z 3910@ aplf
=1 i=3

1=

(4.48)
=0,

which remains 0 upon antisymmetrization.
This completes the proof that Ay(6,) is in T),, and since it is constructed via an antisym-

metrization operator, it is in (7,,)". O

A priori, a harmonic polynomial in 7}, could equal zero if certain term cancellations occur.
However, the following result demonstrates that this does not happen for A;(6,,) and Ay(6,,).

Proposition 4.5.5.

1. The primary theta-seed Aq(8,,) is nonzero in T,,.
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2. The secondary theta-seed Ay(0,,) is nonzero in T,,.

Proof. We show (1). Consider in T,,,

A1(0,) = sgu(o)a(b16 -0, ). (4.49)

0'6671
When the antisymmetrization operator ) s sgn(o)o is applied to 616, - - -0, 1, consider
which ¢ will output the monomial 6:65---6,_;. Such a ¢ must fix n, but 1,...,n — 1
can be permuted. For any o in the symmetric group on letters 1,...,n — 1, we have

that sgn(o)o(010s---0,_1) = 6105---60,,_1 (see for example [23, Chapter III, Section 7.3,
Proposition 5]). Hence antisymmetrization produces (n — 1)! copies of 6165 - - - 0,,_1, so Ay(6,,)
is nonzero in T,,, as desired.

Next we show (2). Consider in T,,,

Ay(0,) = Z sgn(o)o (618202 + 028102 + 028201)0304 - - - 0 1). (4.50)

O'EGTL

When the operator Zaegn sgn(o)o is applied to (61&2p2+02€1 po+02€2p1)0304 - - - 0,1, consider
which ¢ will include the monomial 615020360, - - - 6,1 in its output. Since the & and p; have
the same index, it must come from an antisymmetrization of 6152030, - - - 6,,_1 (and not of
028102030y - - - 0,1 n0OT 0285010504 + - - 0,,_1). Thus such a o must fix 2 and n, but 1,3,4, ..., n—1
can be permuted. For any ¢ in the symmetric group on letters 1,3,4,...,n—1, it follows that
sgn(o)o (010304 ---0,_1) = 01050, ---0,,_1. This implies that sgn(o)o(01&2p20304 - 0,—1) =
01£2p20504 - - - 0,,_1. Hence antisymmetrization produces (n — 2)! copies of 01£509030, -+ 0,1,
so Ay(8,,) is nonzero in T,,, as desired. O

Starting with A;(6,) and Ay(8,), the operators defined in equation (4.17) F?~¢ and
F&7 create representations of GLs.

Proposition 4.5.6.

1. The primary theta-seed A1(6,,) is the highest weight vector for the representation of
GLg with character sg,—1)(u, v, w).

2. The secondary theta-seed Ay(0,,) is the highest weight vector for the representation of
GL3 with character sgm—21,1)(u, v, w).

Proof. We show (1). Start with the primary theta-seed

A(6,) = ) sgn(o)o (616 0,-1). (4.51)

0'6671

By Proposition 4.5.4, it is in (7,)¢, and by Proposition 4.5.5, it is nonzero. Observe that
E%¢ and E* both kill A;(0,,). Thus A;(8,) is a highest weight vector for the irreducible
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GLgs-representation with highest weight (n — 1,0,0), where the weight of any p € T,, is given
by (degy p, degg p, deg, p) (see for example [43, Section 14-15] for a reference on the Lie theory

used). This GLg-representation is in (7},)¢ since Lemma 4.5.3 implies that (7},)¢ is closed
under F7¢ and F*7?. The GLz-character of this representation is s¢,—1)(u, v, w).
We show (2). Consider the secondary theta-seed
As(0,) = Z sgn(0)o((012p2 + 028102 + 028201)0304 - - On1). (4.52)

0'6677,

This is antisymmetric, as it is constructed using an antisymmetrization operator. By
Corollary 4.3.4, there are no antisymmetric elements of degree n solely in any one or two
sets of variables. This implies that E<¢ and E~* both kill Ay(,,). By Proposition 4.5.4,
it is in (7},)¢, and by Proposition 4.5.5, it is nonzero. Thus Ay(6,,) is a highest weight
vector for the irreducible GL3-representation with highest weight (n — 2,1,1). Again, this
GLgs-representation is in (75,)¢ by Lemma 4.5.3. The GLj-character of this representation is
S(n—2,1,1)(u, v, W). O

Now we can prove the main theorem.
Theorem 4.1.1.

(Frob(R3); u, v, w), sany) = S(n_1y(, v,0) + S(n_2.1.1)(u, v, w)

n+1 n—1 (4.53)
= —+ uovw .
2 u,v,w 2 u,v,w

Proof. The representations constructed in Proposition 4.5.6 are sufficient to force the bound
in Corollary 4.4.2 to be achieved with equality. A bit of algebra verifies that the formulation
in terms of Schur functions is equivalent to the formulation in terms of wu, v, w-binomial
coefficients. O

Remark 4.5.7. While it is not necessarily true in general that the Lie algebra operators
F and F will correspond to crystal operators, in the present case, it is true since every
weight space for the representations studied in Proposition 4.5.6 is one-dimensional. The
representation with highest weight (n —1,0,0) has crystal structure isomorphic to a crystal of
tableaux B(,_1) and the representation with highest weight (n —2,1,1) has crystal structure
isomorphic to a crystal of tableaux B(,_21,1) (see for example [25, Chapter 3]).

4.6 Double hook characters of the diagonal fermionic
coinvariant ring

With Proposition 4.3.3, Kim and Rhoades gave explicit formulas for the trivial, sign, and
hook characters of R?. In this section, we extend the analysis to give an explicit formula for
double hook characters of R;O’Q), where a double hook is a partition A = (A > Ay > A3 > --+)
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such that A3 < 2 and Ay > 2. All characters of R%OQ) indexed by shapes not contained in a
double hook have multiplicity 0.

Rosas gave a combinatorial formula for the Kronecker coefficients g(\, (n—e, 1¢), (n—f, 17)),
for any shape A. These Kronecker coefficients are only nonzero if X is contained in a double
hook shape. Here, we recall her formulas for double hook shapes, rows, and hook shapes.

Theorem 4.6.1 ([89, Theorem 3]). Let (n — e, 1¢) and (n — f,17) be hook shapes.
1. If X is not contained in a double hook, then g(\, (n —e,1°),(n — f,17)) = 0.
2. Let A = (\g, Mo, 26, 17727222 yhere \| > Ay > 2 be a double hook. Then
g(A, (n =€, 1%, (n = f,17))
= x(Np — 1 < GHmEuBhe <A Yy (|f —e] <n—20— A — \o) (4.54)
+x(Ag < SHEMEREREL < )y ([f —e| Sn—20— M\ — A+ 1),

where x(P) is 1 if the proposition P is true and 0 if it is false.
3. If \ = (n), then g(\, (n —e,1°),(n — f,17)) = x(e = f).
4. If X is a hook shape (n — d,1%), then
g (n—e 19, (n—f.17)) =x(le— fl<d)-x(d<e+ f<2n—d—2). (455)
This implies that these coefficients are in {0, 1,2} [89, Corollary 4]. We are ready to prove
the following result, establishing a formula for double hook characters in R,

Theorem 4.6.2. Let A\ = n be a double hook, that is, A\ = (A1, X, 26, 177 27M722) yhere
M >N >2 Letm:=n—20— X — X+ 2. Then if A\ = Ay, we have that

(Frob(R©2): u, v), sy) = (uv) ™2 Huv[m — 2w + [Muw + [ — uw). (4.56)
If Ay > X\, we have that
(Frob(R?;u,v), sy) = (uv) 227 (wvim — 1y +uv[m — 2y + [Muw + [m — 1uo). (4.57)
Proof. Recall from Theorem 4.3.2 that

FTOb(Réo’Q)Q u,v) = Z u'v? (S(n—z‘,v') * S(n—j,19) — S(n—it1,1i-1) * S(n—j+1,11*1)) . (4.58)
0<itj<n
Thus
(Frob(RY;u,v), 5,)

= Z U’ivj (g()‘7 (n_l712)7(n_ja ]-J))_g(/\v (TL-Z—l—1,11_1>,(n—j+17lj_1)))
0<itj<n

(4.59)
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Since A = (A, g, 26, 1"726-M1722) is a double hook, by Theorem 4.6.1,

g(/\a (TL - 'L.a ]-Z)v (7’L - ja 1])) - g()‘7 (7’L -1+ ]-7 1i_1)7 (n - j + 1a 1j_1))
:(X(A2_1§wS)\l)_X()Q_lSWS)\I))
x(|g =i <m—=20—X — \) (4.60)
+ (X(/\Q < i+j*n+;\1+/\2+1 < )\1) . X(/\2 < i+j*n+;\1+)\2*1 < /\1))
x(g =i <n—=20—-X — X+ 1).
Define d := A1 — A\o. We analyze a component of equation (4.60):
X(Ag — 1 < BEEAEA < \)) — (g — 1 < B2 <), (4.61)

which is equivalent to

X(li+7— (= 1] S d+ 1) = x4+~ (n+ 1) < d+ 1) (1.62)
Since the bigraded component (R&“’Z))i’j = 0 whenever ¢ + j > n, we exclude these cases
from our analysis. Thus |[i +j — (n —1)] < d + 1 is satisfied if i + j =n — 1 or n — 2 (if
d>0),ifi+j=n—-3@Gfd>1),ifi+j=n—4(if d > 2), etc. On the other hand,
li+j—(n+1)] <d+1lissatisfiedifi+j=n—-1({d>1),ifi+j=n—2(if d > 2), etc.
Putting these together, we get that equation (4.62) is 1 wheni+je{n—1—d,n—2—d}
and 0 otherwise.

We analyze when condition x (|7 —i| <n—20— X — \y) is satisfied. At i+j=n—1—d,
the condition is true exactly for integers j which satisfy

(+X<j<n—d—0—X—1. (4.63)
Summing up v ~'~% 99 over such j gives
()2 — d — 20 — 2X\9] - (4.64)
At i+ j =n — 2 —d, the condition is true exactly for integers j which satisfy
(4+X—1<j<n—-d—0—)X—1 (4.65)
Summing up u" 2979 over such j gives
(uwv) 2 — d — 20— 2)y + 1]y (4.66)
Next we analyze another component of equation (4.60):
X(Ap < HEHRERE <) — (N < R <), (4.67)
which is equivalent to

X(litj—m=1]<d)=x(li+j—(n+1)]<d), (4.68)
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We have that |i +j — (n — 1)| < d is satisfied if i+ j=n—1 (if d > 0),if i + j =n — 2 (if
d>1),ifi+j=n—3(if d > 2), etc. On the other hand, |i +j — (n+ 1)| < d is satisfied if
i+j=n—1(ifd>2),ifi+j=n—2(if d > 3), etc. Putting these together, when d = 0,
we get that equation (4.68) is 1 when i + 7 = n — 1 and 0 otherwise. When d > 1, we get
that equation (4.68) is 1 when i+ j € {n —d,n — 1 — d} and 0 otherwise.

We analyze when condition x(|j—i] < n—20—X; —Xy+1) is satisfied. Ati+j=n—1—d,
the condition is true exactly for integers j which satisfy

(4+X—1<j<n—d—{0— ). (4.69)
Summing up u"~1~47JvJ over such j gives
()27 n — d — 20 — 209 + 2]y (4.70)
When d > 1, at ¢ + 5 = n — d, the condition is true exactly for integers j which satisfy
C+X<j<n—d—10—X\. (4.71)
Summing up u"~4Jv7 over such j gives
(uv)2[n — d — 20 — 2o + 1]y, (4.72)

For concision, we use m :=n—20 — A\ — A +2=n—d—20 —2)y+2. When d =0, i.e.,

A1 = Ao, summing equations (4.64), (4.66), and (4.70) proves equation (4.56). When d > 1,
i.e., A7 > Ay, summing equations (4.64), (4.66), (4.70), and (4.72) proves equation (4.57).

[

4.7 Four sets of fermions

A natural further question is to determine (Frob(Ry(lO’j); U, ..., u;),5an)) for j >4, of which

the simplest next case is (Frob( 5?’4); u, v, w, 2), sany). If the hook characters in R are all
known, then a similar process as in Proposition 4.4.1 using Frob(R,(IO’B) ® R,(Io’l); u, v, w, z) can

be attempted. Using Theorem 4.6.1, we can first bound <Frob(R§LO’3); U, V, W), S(n_q,14))-

Example 4.7.1. Let n = 3. Suppose we want to calculate (Frob(RéO’g);u,v,w),s(271)>.

Consider that any s 1) in Frob(RéO’B'); u,v,w) must appear in Frob(RéO’Q) ® Réo’l); U, v, W).

We compute that

(Frob(RY? @ ROV u,v,w), 5(2.1))

2
= Z Z(Frob(Réo’z); u,v), s,Q(Frob(R:gO’l); w), Si3_a10))9(N, (3 —d, 19),(2,1)).
AF3 d=0
(4.73)
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Using Rosas’ formula for Kronecker coefficients of two hooks, we determine that the only pairs
of A and (3 — d, 1%) which do not have multiplicity of 0 are (3), (2,1); (2,1),(3); (2,1),(2,1);
(2,1),(13); and (1%),(2,1), which all have multiplicity of 1. Using Proposition 4.3.3 and
Lemma 4.3.1, we obtain

W+ ([2]up + ) + ([2]uw + u0)w + ([2uw + w0)w? + [3]y,w. (4.74)
By permuting which sets of variables are assigned to R;O’Q) and R;O’l), we can similarly obtain
v+ ([2]uw + v0) + ([2uw + 2w)v + ([2uw + ww)v? + [3]yw0, (4.75)
U+ (2w + w0) + ([2)ww + w0t + ([2w + w0)u? + [3]you. (4.76)

Summing the monomials which appear in all three equations, we obtain
U+ v+ w+uv + uw + vw + 2uvw. (4.77)

Now a computer calculation finds that

<Frob(R§0’3); U, V, W), 5(2,1)) = U+ v+ w + uv + vw + vw, (4.78)

which shows that the bound is not tight in this case due to the monomial 2uvw. It will
require additional work to determine how to cut out the extra monomials in general.

Example 4.7.2. Let n = 3. Suppose we know all of the hook characters in Réo’?’); in this
case Frob(RY: u, v, w) = (uvw + w2 + uv + v2 + uw + vw + w?)sa3y + (uv + vw + vw + u +

v+ w)s(2,1) + 5(3). Consider that any sign character in R§0’4) must appear in Réo’g) ® Réo’l).
We compute that

(Frob(RéO’g) ® Réo’l); U, v, W, 2), S(13)) = Z(Frob(RéO’?’); u, v, W), 8/\/><F1”0b(R§30’1); 2), Sx)
A3

2
= Z(Frob(RéO’?’); UV, W), S(gr112-4)) 27,
d=0
(4.79)
using Lemma 4.3.1. This simplifies to

u? + 0?4+ w? + 22w+ uw 4 uz + vw + vz + wz + uw + uwwz + uwz +vwz,  (4.80)

which is unchanged under changing which sets of variables are assigned to R and R™Y. In
this example, equation (4.80) is equal to (Frob(RéoA); u,v,w, 2), S13y) determined by computer
calculation.

Example 4.7.3. The previous example also gives tight bounds for n = 4, with graded
multiplicity s)(u, v, w, 2) + s@.11)(u, v, w, 2) + S@11,1)(u,v,w,2), and for n = 5, with
graded multiplicity s (u, v, w, 2)+5.1,1) (4, v, W, 2)+531.1,1) (U, v, W, 2) +S2.21.1) (¢, v, W, 2)+
S(2,2,2,1) (U, v, W, 2).
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Another approach is to use Frob(R%O’z) ® R;OQ); u, v, w, z) to bound the sign character in

Frob(RfloA); u,v,w, z) directly. As Kim and Rhoades note, only Schur functions of shapes

contained within double hooks occur in Frob(R%OQ); u,v), so the shapes which index sign
characters are limited.

Example 4.7.4. Let n = 3. Consider that any sign character in R§0’4) must appear in

R§0’2) ® RéO’Q). We compute that
(Frob(RéO’z) ® Réo’z); U, v, W, 2), 513)) = Z(Frob(Rém);u,v), sA/)(Frob(Réo’z); W, Z), Sx)-
AF3

(4.81)

In this case, there are only three partitions of 3: (13), (2, 1), (3). Using Proposition 4.3.3, we
get

(Frob(RéO’Q); u, ), 5(3)) (Frob(R§0’2); w, 2),513)) = (3w, (4.82)
(Frob(R%™; u, v), 5(2,1))(Frob(R§0’2); w, 2),5:2,1)) = ([2up + ) ([2]w,: +w2), (4.83)

(Frob(RéO’Q); u,v), 5(13)) (Frob(RéO’z); w, 2),53)) = [Bluw- (4.84)
Putting these together, we obtain
[Blw.z + ([2]up + vw0)([2)w,: + w2) + [3]up- (4.85)
By changing which sets of variables are assigned to each R%OQ), we can similarly obtain
[Blv.z + ([2luw + vw)([2]v: + v2) + [3luw, (4.86)

3]z + ([2Jwe + wv)([2]uz + uz) + [3we- (4.87)

In this case, all three are equal to each other, and expand to give
UVWz + uw + uvz + uwz + vwz + u® + uv + v° + uw + vw + w? + uz + vz +wz + 2°. (4.88)
Now a computer calculation finds that

(Frob(RéOA); U, v, W, 2), 5(13))
:uvw+uvz+uwz+vwz+u2+uv+vz+uw+vw+w2+uz+vz+wz—|—z2,
(4.89)
which shows that the bound is not tight in this case due to the monomial uvvwz. It will
require additional work to determine how to cut out the extra monomials in general.
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4.8 One set of bosons and three sets of fermions

In this section, we study the sign character in Rﬁ}’?’), the (1, 3)-bosonic-fermionic coinvariant
ring. We first recall the “Theta conjecture” of D’Adderio, Iraci, and Vanden Wyngaerd,
which expresses the multigraded Frobenius series of R£L2’2) in terms of certain Theta operators
and the nabla operator.

Conjecture 4.8.1 ([37, Conjecture 8.2]). For alln > 1,

Frob(RSLQ’?);q,t;u, v) = Z ukve@ek@eeVen_k_g. (4.90)

k+i<n
The Theta conjecture specialized at t = 0 is the following.

Conjecture 4.8.2 (D’Adderio, Iraci, and Vanden Wyngaerd). For alln > 1,

FrOb(Rv(v,LQ); q;u, U) = Z ukvé (@ek ®ezven—k—f) |t:0' (491>

k+L<n

We recall the following result on the conjectural hook characters in R,

Theorem 4.8.3 ([73, Theorem 8.4]). If the Theta conjecture specialized at t =0 (Conjec-
ture 4.8.2) is true, then

(Frob(Rgg); Q3 U, V), S(g1,1m—d-1))

S ) [n - z - d] | [n - C1l - k;L [n —; - E] ; (4.92)

k+4<n
Now we compute an example.

Example 4.8.4. Let n = 3. Consider that any sign character in Rél’?’) must appear in
Rél’z) ® Réo’l). We compute that

(Frob(R§"™ @ R g;u, v, w), 513))
= " (Frob(R{"; g5 u, v), sx) (Frob(RY™; w), 1)

A3
2
- Z(Frob(Rgl’Q); 5 U, V), S(ap1,12-4) ) W
d=0
= (@ + vg[2y + a2y + wol2]y +0* + ) + (w0 + g2y + 0[2]; + uf2g)w + .

(4.93)
In this example, this is equal to <Frob(Ré1’3); ¢;u,v,w), 5(13)) determined by computer calcu-
lation.
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Proposition 4.8.5. If the Theta conjecture specialized at t = 0 (Conjecture 4.8.2) is true,
then we have the following upper-bound:

(Frob(RM™): q; u, v, w), S(1ny)
n—d—k— —1—-d] [n—1-k] [n—1—1¢ (4.94)
< k0 d( d2k e)n .
< Zuqu / q J . 3 q

Proof. Any sign character in R%l’?’) must appear in R,(Ll’z) ®R,(ZO’1). Assume the Theta conjecture
specialized at t = 0 (Conjecture 4.8.2) is true. By Theorem 4.8.3, we compute that

(Frob(R(™ @ ROV: g5 u, v, w), s(ny)
= Z (Frob(R): q;u, v), 53 ) (Frob(ROD: ), 5,)

AFn
—Zw (Frob(RY?; g: u, v), S(d41,1m—d-1))
(4.95)
ra n—1—d| [n—1—k| [n—1-—/
S 3wl P
k-+l<n ¢ q d q k q
k,0,d>0 q q q

where the last line follows by considering when the g-binomial coefficients must be 0 (specifi-
cally, one could take k + ¢ <n, {+d <n, and d+ k < n). ]

Based on data for n < 5, we propose the following conjecture.
Conjecture 4.8.6.
(Frob(RM; g; u, v, w), 5(1m))

Z ukvgwdq n d;k—lﬁ) {n —1—- d} {n —1- k] {n —1- ﬂ (4.96)
k,£,d>0 ¢ q d q k q

Notice that upon specializing ¢, u,v,w all to 1, the conjecture becomes

1 1 -

k,6,d>0

Let F, be the nth Fibonacci number, defined by the initial conditions Fy = 0, F; =1,
and recurrence F,, = F,,_1 + F,_5 for all n > 2. Inspired by a conjecture of Zabrocki
on Frob(RéQ’l);q,t;u) [101], Bergeron made a general conjecture on how the Frobenius
series of bosonic-fermionic coinvariant rings could be derived from the Frobenius series of
purely bosonic coinvariant rings [10, Conjecture 1]. While collecting computational evidence,
Bergeron conjectured the following.
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Conjecture 4.8.7 ([10, Table 3]). For alln > 1,

1
(Frob(R);151,1,1), s(1my) = > Fon- (4.98)
Beginning at n = 1, the sequence %an is 1,4,17,72,305,1292,5473,23184, ... (see [86,
Sequence A001076]). The two proposed enumerations are connected by the following result.

Proposition 4.8.8 ([27]; see [5] for a bijective proof). Formn > 1,

3 (”_é_d)("_;_k)(”_;_g)—%an. (4.99)

k,0,d>0

Remark 4.8.9. If the Theta conjecture specialized at ¢ = 0 (Conjecture 4.8.2) is true, and
the conjecture of Bergeron (Conjecture 4.8.7) that (Frob(R"3);1;1,1,1), Samy) = %an is
true, then by Proposition 4.8.8, the sign character has multiplicity large enough to force
equality in the upper bound given in Proposition 4.8.5. This would prove Conjecture 4.8.6.


https://oeis.org/A001076
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Chapter 5

Diagonal supersymmetry for
coinvariant rings

For finite groups G, we show that bosonic-fermionic coinvariant rings have a natural
U(gl(k|7)) ® C[G]-module structure. In particular, we show that their character series
are a sum of super Schur functions sy(q/u) times irreducible characters of G with universal
coefficients, which do not depend on k, 7. In the case where G is the symmetric group with
diagonal action, this proves the “Diagonal Supersymmetry” conjecture of Bergeron (2020).

This chapter appears in [74].

The diagonal coinvariant ring RY? = Clz, y]/(C[x, y]$") was introduced by Haiman in
1994 [57], and has played a central role in contemporary algebraic combinatorics (see for
example [19,20,28,39,53,81]). Here  and y denote two sets of variables {z1,...,z,} and
{y1,...,yn}, respectively. The defining ideal (C[x,y]$") is generated by all polynomials in
Clx, y] without constant term, which are invariant under the diagonal action of the symmetric

group &,,. Haiman conjectured [57] and then later proved [59] formulas for the dimension,

bigraded Hilbert series, and Frobenius series of REY using novel results on the Hilbert scheme
of points in C2.

There has been previous work on coinvariant rings R with k sets of commuting
variables [9,11], however a proof of just the dimension for R§L3’0), the case with three sets of
variables, has been elusive [14].

The study of the coinvariant ring with one set of commuting variables and one set of
anticommuting variables R was initiated by N. Bergeron, Colmenarejo, Li, Machacek,
Sulzgruber, and Zabrocki in a working seminar in algebraic combinatorics at the Fields
Institute in 2018. Eventually, the multiplicity of the sign character of RrEY [96], its dimension
and Hilbert series [88], a monomial basis [3,90] and its Frobenius series [84] were all determined.
Zabrocki introduced a coinvariant ring with two sets of commuting variables and one set
of anticommuting variables [101], which is conjecturally related to a symmetric function

appearing in the Delta conjecture of Haglund, Remmel, and Wilson [53].! Then D’Adderio,

1One version of the Delta conjecture has been proven by [39] and [19], but the connection between that
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Iraci, and Vanden Wyngaerd [37] considered a coinvariant ring with two sets of commuting
variables and two sets of anticommuting variables, related to their work on Theta operators.

All of these are instances of coinvariant rings R™) with k sets of n commuting (bosonic,
even) variables M, 2®, ... x® where () = {3311), o ,xff)}, and j sets of n anticommuting
(fermionic, odd) variables 81,0 ... 0U) where 8¢) = {952'), . ,97@}, for k, j nonnegative
integers (see equation (5.1) for the complete definition). It has been proposed to study
coinvariant rings in this more general setting (see [6,10,11,102]).

We first describe the construction of the polynomial ring C[z™), ... z® @ ,0U)].
Let G € GL(V) = GL(n) be a finite group acting on V' = C". Let (CkU denote the Complex
superspace of even dimension & and odd dimension j. Then Sym(CH/ @ V') = (Sym(V))®* @
(A(V))®7, and upon choosing a basis of V', we number the coordinates so that they correspond
to the tensor factors. That is, M, ..., &® correspond to coordinates on k copies of the
symmetric algebra Sym(V) and 8%, ... 8U) correspond to coordinates on j copies of the
exterior algebra A (V). Thus we write Sym(C* @ V) = Clz®,... 2® W . . 0U)] where
commuting variables commute with all variables; anticommuting variables anticommute with
all anticommuting variables. That is, «97?6)9;:”) = —9};”)9( ), which implies that (0(5)) =0.

We now define the (k, j)-bosonic-fermionic coinvariant ring for a finite group G C GL(n)
b

' RED = Clz®, ... 2® 60 .. 09/ (Cla®, ... x® 6D . gDF), (5.1)

where Clz™, ... x®) oM ,O(j)]f denotes the polynomials without constant term, which
are invariant under the diagonal action of G on each set of variables. In the case where G is
the symmetric group &, actmg dlagonally by permuting the indices of the variables within
each set, we denote this by R

In this paper, we propose that a natural setting for studying R is as a U(gl(k|j)) © C[G]-
module, where U(gl(k|7)) is the universal enveloping algebra of the Lie superalgebra gl(k|j).
Recall that a G-representation G — GL(V') is equivalent to a C|G]-module [24, §21.1]. In
general, given any Lie superalgebra g, a g-module is equivalent to a U(g)-module, where U(g)
is the universal enveloping algebra of g [31, Chapter 1.5.1]. We will frequently utilize these
equivalences.

We describe the relevant actions on Sym(CH7 @ V). First, gl(k|j) acts on C*7 as the
defining representation. Since gl(k|j) acts trivially on V = C", then gl(k|j) acts on C*I @ V.
As C" @ V is the degree 1 (in total degree) part of Sym(Ck/ ® V), then the action of
al(k|7) extends to the whole ring Sym(C*¥ @ V') by left superderivations (see equation (5.20)).
Next, since G C GL(V), then G acts in a natural way on V, in addition to trivially on C*l7.
Combining these, G acts on CFV @ V, which extends to Sym(C*’ @ V). The actions of gl(k|j)
and G commute with each other (cf. [32, Section 5 2.1)).

With this action in hand, we then show that R "3) is a quotient module of Sym(C*7 @ V).

Since gl(k|j) is not semisimple, we are not a priori guaranteed that Rg 9 will decompose into
simple U(gl(k|j))-modules. Our first main result is that the desired U(gl(k|j)) ® C[G]-module

and Zabrocki’s coinvariant ring remains conjectural.
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structure exists for R k.d) , and we describe how it decomposes into simple modules. Denote

the set of partitions A Wlth length ¢(\) < n which satisfy Ayy1 < j by P(k,j,n). Let u index
the irreducible characters of G. Let s)y(q/u) denote a super Schur function (see Section 5.1
for definitions), where q denotes (g1, ..., qx), and u denotes (ug,...,u;).

Theorem 5.0.1. Fiz a positive integer n and a finite group G C GL(n). There is an
isomorphism of U(gl(k|7)) ® C[G]-modules:

() o GB @ U, ® N# @CW’ (5.2)

AeP(kjn) 1

where the U,i“j are simple U(gl(k|7))-modules with character sx(q/u) and the N* are simple
C[G]-modules, for some nonnegative integer coefficients cy,,.

Let IrrChar(G) denote the set of irreducible characters of G. From the module structure
in Theorem 5.0.1, taking gl(k|j) and G-characters yields a character series in terms of super
Schur functions and G-characters. A priori, for fixed G C GL(V), these coefficients are
functions of (k, j). However, in our second main result we show that they are independent of

(K, J)-

Theorem 5.0.2. Fiz a positive integer n and a finite group G C GL(n). For partitions
A with £(X) < n, and indices p of irreducible G-characters, there exist nonnegatz’ve integer

coefficients cy,, such that for any (k,j), the multigraded character series ofR ka) 4

Char(R , ‘q;u Z Z cpsa(a/u)x”. (5.3)

AeP(k,j,n) x*€lrrChar(G)

When G is the symmetric group acting by permuting variables, we may apply the Frobenius
characteristic map to the symmetric group characters, which are indexed by partitions of
n. Let z be an (infinite) auxiliary set of variables for the Frobenius characters. Then the
following result is an immediate consequence of Theorem 5.0.2. Thus we prove a conjecture
of Bergeron.

Corollary 5.0.3 (Diagonal Supersymmetry [10, Conjecture 1]). Fiz a positive integer n. For
partitions X with £{(\) < n, and p = n, there exist nonnegative integer coefficients cy,, such

that for any (k,j), the multigraded Frobenius series of RED s

Frob(R*9): q; u Z Zc,\us,\(q/u)su(z). (5.4)

AEP(k,j,n) pkn

Remark 5.0.4. Given fixed n,k, j, it is important to note that equation (5.4) does not
determine cy, for all partitions A of length at most n, but only for those which satisfy

A1 < J
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Previously, Bergeron showed [10, equation (2.1)] that R s a GL(k) x GL(j) x &,-
module, without taking advantage of the relationship between the even and odd parts, which
in the present setting comes from the Lie superalgebra structure. In this case, the irreducible
characters of polynomial representations of GL(k) are Schur functions sy where £(\) < k (see
for example [78, I.A.8]). Taking GL(k) x GL(j) characters and Frobenius characters, one
obtains a series which is a product of Schur functions in three sets of variables. That is, for
partitions A with ¢(\) < n, and p = n, there exist nonnegative integers cy,,, such that for any

(k,7)
Frob(R%9: q;u) = Z D cnusa(a)sy(w)s,(z). (5.5)

,ul—n
e(,\)<k; )<
Since a super Schur function s)(q/u) can always be written as a sum of products of Schur
functions s,(q)s,(u), but the converse does not hold, equation (5.4) implies equation (5.5),
but equation (5 5) does not imply equation (5.4).

Define R as the dlrect hmlt of the modules R over the directed set N x N ordered
componentwise. The limit R has an N x N® multlgradlng, where N°° denotes the set
of nonnegative integer sequences with finitely many nonzero terms. Let A(z) denote the ring
of symmetric functions in the variables z. For any N> x N* multigraded &,,-module V', one
can define a multigraded Frobenius series

Frob(V;q;u) = Z q*u’ Frob(V,. ) € Z[[q, u]] ® A(z). (5.6)

(a,B) €N xNo°

Here q = (q1, ¢a,...) and u = (uq, uy, .. .) are infinite formal alphabets, and q®u” records the
multidegree of the component V(, ). This formula recovers the standard definition of the
multigraded Frobenius series in the finite case.

v = @V(k’j) for some finite-dimensional, N* x N/ multigraded modules {V*7)} with
graded transition maps, then

Frob(V;q;u) = LFrob(V ,ql,...,qk;ul,...,uj), (5.7)

where the inverse limit is taken with respect to the standard projections.
Bergeron showed [10] that there is a well-defined universal series

Frob(RY™) qiu) = > Y~ eausa(@)s,(u)s,(z), (5.8)

v oubn

which determines all ¢),,, which could appear in the expansion in equation (5.5) for any (k, j).
We strengthen equation (5.8) by showing that there is a well-defined universal series in
terms of super Schur functions.
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Proposition 5.0.5. Fiz a positive integer n. There is a well-defined universal series

Frob(R ). q:u Z Zc,\us,\ q/u)s,(z) (5.9)

A, L(N)<n pkFn
which determines all cy, which could appear in the expansion in equation (5.4) for any (k,j).

In general, cy, may be zero or nonzero. For some finite k£ or j in the expansion of
Frob(RﬁLk’j ) q; u) (equation (5.4)), not all nonzero ¢a, from the universal series (equation (5.9))
need to appear, since they are multiplied by s)(q/u), which equals 0 when £ or j is too small.

This raises the question of when there are enough nonzero coefficients ¢y, determined
by the multigraded Frobenius series of R to determine the multigraded Frobenius series
of R(k/’j ) By Proposition 5.0.5, the multigraded Frobenius series of R determines the
multigraded Frobenius series of R ) \whenever &' < k and 5’ < j. In Proposition 5.3.2,
we show that neither of the graded Frobenius series of R and R™ determines enough
nonzero cy, to determine the other; similarly none of the bigraded Frobenius series of RO ,
szl ) , and Rno ) determine enough nonzero ¢y, to determine another.

The outline of the paper is as follows. After reviewing the background in Section 5.1, we
prove Theorems 5.0.1 and 5.0.2 in Section 5.2. In Section 5.3, we study the universal series
for the symmetric group, where we prove Propositions 5.0.5 and 5.3.2. In Section 5.4, we
conclude by discussing further combinatorial consequences of cancellation on the Hilbert and
Frobenius series of certain R\

5.1 Background

We assume basic familiarity with symmetric functions (see [92, Chapter 7] or [78, Chapter
I]), and representation theory of finite groups and Lie algebras (see [24]). Assume all tensor
products are taken over C. If a ring R decomposes as a direct sum of multihomogenous
C[G]-modules, for G a finite group:

R = @ (R)Tl,n-,’f'k,sl,...,sj'; (510)

T1yeeesTheyS150985 20

then its multigraded character series is

Char(R; q; U—) = Z ch <<R>T17 ThyS1ye0y8 ) ql ) ql:kuil T ujja (511)

T1yeeesTk 81,000,820

where ch(S) denotes the character of a G-module S.

Recall that the Frobenius characteristic map F' is an isomorphism between the ring of
virtual &,,-characters and the ring of symmetric functions Az, given by F(x*) = s,(z), where
x* is the irreducible &,,-character indexed by 1, and s,,(z) is a Schur function (see [92, Chapter



CHAPTER 5. DIAGONAL SUPERSYMMETRY FOR COINVARIANT RINGS 89

7.18]). In the special case where G is the symmetric group &,,, such as when R = R,(f’j ), we

can apply the Frobenius characteristic map F' to the character of each multigraded component,
and obtain the multigraded Frobenius series:

Frob(R;k’j); qu) = Z Fch ((Rff’j))rl 77777 — Sj) @t qrult - ujj (5.12)

T1yee3Tk 815,85 20

We often will use q,t for ¢;,go and u, v for uy,us when k,j < 2.

We have that Sym(C*V ® V) has a multigrading with respect to q and u. That is, each
variable in ® has ¢;-degree of 1 and each variable in 8@ has u;-degree of 1. Furthermore,
Sym(C*7 ® V) is graded by total degree, where each variable has degree 1. That is,

Sym(C* @ V) = @ Sym*(C* @ V), (5.13)

d>0

where Sym?(C*¥ @ V) is the dth symmetric power.
Define a super Schur function® (see [32, Appendix A.2.2]) by

sa(@/u) = s, (q)syy (). (5.14)

vCA

Super Schur functions can also be defined in terms of super tableaux (see [85, Chapter 12.3]).
While we will not otherwise use it, we note that in [10] the plethystic notation sy[q — eu] is
used. Since (see for example [10, Section 2])

sy\lq —eu] = Zsy(q)s,\//ul(u), (5.15)

vCA

then s)(q/u) = sx[q — eu]. We will exclusively use s)(q/u).
Super Schur functions satisfy the following key properties [78, 1.3 Example 23]:

e Cancellation:
Sx(q1y o 1, Qi /U, - - ,uj_l,uj)|uj:_qk =5x(q1y- -y Qo—1/U1,s -, Uj—1), (5.16)
e Restriction:
S @1y - Qo1 Qe /U - ) gm0 = Sa(qr, - oy Qee1 /U, - Uuy), (5.17)

salqu, - qr/uns w1, U =0 = Sx(qus - - e/, - UG1). (5.18)

The super Schur functions s)(q/u) are characters of the simple gl(k|j)-modules U ,?| ; which

appear in the decomposition of Sym(C*’ ® V) via Howe duality (see [61,62]). The following
result is due to Howe [61] (see also [32, Theorem 5.19; Chapter 5: Notes]).

2Also called a hook Schur function-not to be confused with a Schur function of a hook shaped partition.
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Theorem 5.1.1 ((gl(k|j), GL(n))-Howe Duality). For all d > 0, we have that
symiCeVv)> P U)oU), (5.19)

AEP(k,j,n)
A-d

where for each A\ € P(k,j,n), Uli“j is a simple gl(k|j)-module with character the super Schur
function s\(q/u), and U} is a simple GL(n)-module with character the Schur function sy.

We note that taking characters of both sides of (gl(k|j), GL(n))-Howe Duality gives
a super Cauchy identity, which can also be used to compute the super Schur functions
(see [32, Chapter 5.2.2]).

We describe the action of gl(k[j) by superderivations. For 1 < a,b <k and 1 <¢,d < j,
we have

a + a c — c
E(j,b = Z 1}1(0 )8#), Ea,d = Z JII() )891(;1), E;Fb = Z 61(0 )(9:69, Ec,d = Z 915) )891(;1), (5.20)
p=1 p=1 p=1 p=1

which realize the action of gl(k|j) on Sym(C*7 @ V) [32, Lemma 5.13]. In the special case of
(k,7) = (1,1), see also [96, Section 3] and [97, Section 4.1]. Note that the action of gl(k|j)
by superderivations preserves each degree d component (with respect to the total degree)
Sym(CH7 @ V).

We also have that GL(V) acts by matrix multiplication on V and trivially on C*7. This
action also preserves Sym?(C*7 @ V). Since G' € GL(V), G acts by matrix multiplication on
V and trivially on C*7, and the action preserves Sym?(C* @ V).

We conclude this section with a consequence of the Jordan-Holder theorem, on the

multiplicities of simple modules occurring in a composition series of a quotient module
(see [24, §11.3]).

Lemma 5.1.2. Let A be an associative algebra over C. Let M be a finite-dimensional
A-module, and let N be an A-submodule of M. Then for any simple A-module S in a
composition series of M /N, its multiplicity in M /N s less than or equal to its multiplicity in
M.

5.2 Proofs of the main results

We prove the first main theorem from the introduction.

Proof of Theorem 5.0.1. We continue with the setup from the introduction, where V= C"
and

Cla®,...,a®™, 00, ... 09] = (Sym(V))® @ (/\(V))*
= Sym(CHV @ V).
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Our strategy is to first study Sym(C*7 ® V') and then consider the quotient R(Gk 9 We will
work with Sym?(C*7 @ V), the part of homogeneous total degree d.

Consider the simple GL(n)-modules U? which occur in Howe duality (Theorem 5.1.1).
Since V' = C", GL(V) is GL(n), and we identify their modules. From GL(V') we may restrict
to any finite subgroup G of GL(V). Upon restricting the representations U2, since any
finite-dimensional G-representation is semisimple, we have that

ReSgL(V)(UT)L‘) _ @(Nu)eadxu, (5.22)

I

where the sum is over an indexing set for the simple G-representations N, and the d,, are
some nonnegative integers. In particular, the dy, are finite because U;) is finite-dimensional.

Since the actions preserve Sym®(CH/ @ V), it is a (gl(k|j), G)-module (equivalently,
a U(gl(kl7)) ® C[G]-module). By Howe duality (Theorem 5.1.1) and equation (5.22),
Sym®(C*"7 @ V) has decomposition:

AEP(k,j,n) Iz

AFd (5.23)

@ GB Uk\] ® (N¥) S

AeP(k,j,n)
A-d

1%

Let Sym(C*7 @ V)§ denote the total degree d polynomials in Sym(C*7 @ V). Since the
gl(k|j)-action is degree-preserving and the gl(k|j) and G-actions commute, Sym(C*7 @ V)¢
is a U(gl(k|j)) ® C|G]-submodule of Sym(C*¥ @ V). Then

Sym(C* @ V)¢ = (P Sym(CV @ V){ (5.24)
d>1
is a U(gl(klj)) @ C[G]- Submodule of Sym(CHi @ V).
We turn our attention to RG . From its definition, we have that

R%? = Sym(CH @ V) /(Sym(CH & V)S). (5.25)

Consider the multiplication map m : Sym(C*’ ® V) ® Sym(C*7 @ V) — Sym(CH/ @ V).
Restrict to the map m’ : Sym(C*V @ V) ® Sym(C* @ V)¢ — Sym(CH’ @ V). The image of
m/, which is (Sym(C*’ @ V)¥), is a U(gl(k|j)) ® C[G]-submodule of Sym(C*7 ® V). Thus
R%7) is a quotient module of Sym(CH7 @ V).

Since U, ,§‘| ; 1s a finite-dimensional simple U(gl(k|j))-module and N* is a finite-dimensional
simple C[G]-module, then U,ﬁ“ ; ® N is a finite-dimensional simple U(gl(k|j)) ® C[G]-module,
by [24, §12.1 Theorem 1(a)]. This implies that

symC e V)= P EB U, ® N#) (5.26)

AeP(k,j,n)
A-d
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is a decomposition into simple U(gl(k|j)) ® C[G]-modules, and is semisimple. Then (Rgf J ))d,
the homogeneous part of total degree d of Rgf J ), is semisimple, by [24, §4.1 Corollary 3]. In
the decomposition in equation (5.26), there are finitely many A indexing the sum and the
decomposition in equation (5.22) is into finitely many simple modules. Thus Sym?(CH’ @ V)
has a direct sum decomposition into finitely many simple modules, so it is of finite length.
Then by Lemma 5.1.2,

reMa= @ DUy eN)™. (527)

XeP(k,jn) p
A-d

for some integers 0 < ¢y, < d,. By summing over all d, we get that

RS = P P U enN)". (5.28)

AeP(kjn) 1

Next, we prove our second main theorem.

Proof of Theorem 5.0.2. Given the decomposition in Theorem 5.0.1, take the U(gl(k|j)) ®
C|G] character to conclude that

Char(R ) q;u Z Z caesa(a/u)x”. (5.29)

AeP(k,j,n) x*€lrrChar(G)

It remains to show that as long as ¢y, appears in a Frobenius series expansion, it does not
depend on the choice of (&, 7).

Note that there is a canonical isomorphism between the quotient ring Sym((CkU ®
V)/{(x®) = Sym(C*" @ V)|,m—o and the subring of Sym(CH’ ® V) consisting of poly-
nomials with zero gi-degree.

For any G-invariant polynomial p, since G acts diagonally on each set of variables, every
monomial in p has the same g;-degree. Thus

Claz®,....a® 00 . 0DC| w_y=Clz®,. .zt o0 oo (5.30)

Restrict the image of the multiplication map m’ (from the proof of Theorem 5.0.1) to the
subring Clz™, ... z®*=D 1) . 9] Observe that a polynomial which has zero g;-degree
in the image of m’ must have zero g,-degree in both tensor factors in the preimage. We
conclude that

(Clz®, ... x® 00 0D = (ClzD,... x*D o0 . gDI%).  (5.31)

kl])

It follows that R (Cff’j)|w<k):0. Since only the variables in x®) contribute to the

qr-degree,
Char(R 2P A T u) = Char(Rgf’j); Qs Qom1, G5 Q) | g—o- (5.32)
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On the one hand, suppose we are given equation (5.29); then by equation (5.32),

Char(R(Gk_Lj); Q- Qr-151) = Z Z EuSA(Gs -+ Q15 G /W) [ g=0 - X"

AeP(k,j,n) x*€lrrChar(G)

= Z Z C)\,us)\(qla ey Qi—1, O/u)XM’

XeP(k—1,j,n) x*€IrrChar(G)

(5.33)

where the last equality follows because when ¢, = 0, the restriction on which super Schur
functions are nonzero changes from Az, 1 < 7 to A\p < J.
On the other hand, we can compute directly that for some nonnegative integer coefficients

Cps

k—1,5 -
Char(R(G 1J);ql,...,qk_l;u) = Z Z ExuSA(qrs -5 qeor /u) XM
AeP(k—1,j,n) x*€IrrChar(G)

= Z Z EaaSA(q, -+ @1, 0 /1) X",

AeP(k—1,j,n) x*€IrrChar(G)

(5.34)

where we applied restriction (equation (5.17)). Thus we conclude that ¢, = ¢y, for all
A € P(k—1,7,n), i.e., which appear in both expansions (equations (5.33) and (5.34)).
Checking the character series for Rgf 971 g analogous, and we conclude that the ¢y, do not
depend on (k, 7). ]

For the symmetric group &,,, once k, j have been fixed, in the special case that n < k + j,
then the purely bosonic case or the purely fermionic case completely determines the mixed
bosonic-fermionic case. For the general situation, see Proposition 5.3.2.

Corollary 5.2.1. For fivred n < k + j, the multigraded Frobenius series of RS may be
calculated from the multigraded Frobenius series of R;kﬂ’o) or Rq(lo’kﬂ). In particular, the

coefficients cy,, in equation (5.4) are determined by

Frob(RT(fH’o); Qs Q) = Z Z cnuSAqLy - Qrrg)su(2), (5.35)

AeP(k+37,0,n) pFn

or by
Frob(RUH )y, gy ) = Z Z CapsSn (U, -, Ut j)Su(2). (5.36)

XeP(0,k+j,n) pkn

Proof. By Corollary 5.0.3, it only remains to check that equation (5.35) or equation (5.36)
can be used to determine the ¢y, if n <k + j. By [9], the multigraded Frobenius series for
R%kﬂ ) is coefficient stable once k + j > n. Therefore all of the coefficients are determined

by equation (5.35). Using the other equation is analogous. O
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If we take the limit as k or j goes to infinity, we conclude the following result, which was
a motivation for [10]. Let RYY be the direct limit of the R%k’0)7 and let R be the direct
limit of the R, The result says that the mixed bosonic-fermionic case may be determined
from the exclusively bosonic or the exclusively fermionic case.

Corollary 5.2.2. For all n, the multigraded Frobenius series of R may be calculated
from the multigraded Frobenius series of R or R In particular, the coefficients cy,,
in equation (5.4) are determined by

Frob(R™Y: 1, s, . .. Z Z cauSa (1, @2, - - )su(2), (5.37)

A)<n pkn

or by

Frob(R%>): uy uy,...) = Z Z CapsSy (U, ug, .. )s,(2). (5.38)

A, £(A)<n pFn

5.3 Universal series for the symmetric group

Currently, combinatorial or algebraic formulas have been proven for the Frobenius series of
9 only in the cases of RS [33], RE? [59], RV 3 R [69], and RS [84]. All cases
where k + j > 3 are outstanding.

A natural question is if the graded Frobenius series for R or R ) determines the
other; similarly if the bigraded Frobenius series for RV R(1 D , OT R™ determines any of
the others. We will answer these in the negative in Proposmon 5.3.2.

More generally, fix k, 7 > 0 and consider the following. Suppose we know the following
multigraded Frobenius series expansion for fixed n:

Frob(R¥9): q;u) = Z ZcAus,\(q/u)su(z). (5.39)

AEP(k,j,n) pn

For any 0 < k' < k and 0 < j' < j, because of restriction (equations (5.17) and (5.18)),
this determines the cy, necessary to expand

Frob(R¥ ) qu, ... quyug, ... uy) = Z ZC,\MS)\(ql,...,qkz/ul,...7uj/)su(z).

AEP(K'j',n) pn
(5.40)
Now we can prove Proposition 5.0.5.

Proof of Proposition 5.0.5. The above discussion justifies calling

Frob(R™ i qgu) = Y ) eausaa/u)s,(z) (5.41)

A, L(A)<n pFn

3Gince R = Clb1,...,0,]/{01 4+ -+ 0,) =2 Clh,...,0,_1], this just reduces to an exterior algebra.
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the universal series, since this determines all ¢y, which could appear in such an expansion for
any finite or infinite k, j. O

For fixed k, 7, to show that it is not possible to determine multigraded Frobenius series
expansions for &', j" where at least one of &' >k or j* > j would follow from identifying some
specific A, i such that:

° C5, > 0,

° j\kq_l <4, and

° 5\k+1 > .

We make the following natural conjecture.

Conjecture 5.3.1. There are nonzero cy, in the expansion of the multigraded Frobenius series
of R (equation (5.40)) which are not determined by the expansion of the multigraded

Frobenius series of Ry (equation (5.39)) when (k,7) and (K', ') are incomparable in the
componentwise order.

Then we verify some small cases of this conjecture with the following result.

Proposition 5.3.2. There are nonzero cy, in the expansion of the multigraded Frobenius
series of R (equation (5.40) ) which are not determined by the expansion of the multigraded

Probenius series of Ry (equation (5.39)) when (k,j) and (K',j") are either permutation of
(1,0) and (0,1), or when (k,j) and (K', ') are any two distinct choices of (2,0), (1,1), and
(0,2).

Before proving Proposition 5.3.2, we will find formulas for certain cy, to use in the proof.
The following result classifies all ¢y, which we can determine from Frob(Pw(lO’z); U, ).

Proposition 5.3.3. For \ a partition where each part is at most 2, and p = n, the coefficients
e defined by

Frob(R=®iqiu) = > 3 eyusa(a/u)su(z) (5.42)

AEP(00,00,n) pkn
are 1 if:

(i) w=(n) and A = &;
(ii) p=(1") and A = (1"71);
(iii) p = (n—k,1%) and X = (1¥) or (2,1%71) fork e {1...,n —2};
(

(M}) = (1, o, 2£’ 1n72872,u1) where m Z 2 and \ = (2€+u1, 1n72£72u171)7 (2€+u1717 1n72572,u1+1))
or (2@+,u171’ 1n72672,u1)

)
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(v) = (p1, po, 26, 17~ 2m=12) where g > py > 2 and X = (2042 1020w - (Q+ne—l n=2t—m—pz+ly

(2€+,u2’ 1n72€ﬁu1ﬁu271)7 or (2[+,LL271’ 1n72£ﬁu1ﬁu2)’

and 0 otherwise.

Proof. Consider
Frob(R"): u, v) Z chs)\ 0/u,v)s,(z). (5.43)

AEP(0,2,n) pkn

Recall that sy(q/u) = sy(u/q). From [69, Proposition 6.2], we have that the coefficient
of sy (2z) is 1 = sg(u,v) = 55(0/u,v), the coeflicient of sn)(2) is [n]ue = Sm-1)(u,v) =
san-1y(0/u,v), and for any k € {1,...,n — 2}, the coefficient of s,_ 1x)(z) is [k + 1]y, +
uO[k]uw = ey (U, v) 8,1y (1, v) = 81x)(0/u, v)+82,15-1)(0/u, v). Similarly, from [75, Theorem
5.2] we determine (iv) and (v). O

Swanson—Wallach [96, Corollary 5.8] found the bigraded multiplicity of the sign character
in R{"", which can be expressed in the form (see [10, equation (3.14)]):

n—1
-1
(Frob(R): ¢; u q [n } u’. (5.44)
0 q

d=
We wish to write this in terms of super Schur functions s, (g/u).

Lemma 5.3.4. If X is (a,1°) for some a > 1 and b > 0, then sy(q/u) = q“u® + ¢* *u’**. If
A is &, then sy(q/u) = 1. If X is not contained in a hook shape, then s)(q/u) = 0.

Proof. Direct calculation. O

For a polynomial p € Clg], let {¢’)p denote the coefficient of ¢* in p. Define
i ("2 ~ d
Gian = (") p ={A\Fi: AC (n—2-d)%}, (5.45)
q

where (n — 2 — d)? is the rectangular shape of width n — 2 — d and height d.

Proposition 5.3.5. For alln > 1,

(Prob(RE: 5, s 21) = 3 3 2ty /). (5.46)

d=0 >0
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Proof. By Lemma 5.3.4, we write

Zzg’d” "5 1) +i1d) (q/u) = ZZ( i +q( i1 d+1> <q>{n;2}

d=0 >0 d=0 >0

e

>0 1>0

_ % ulq("2") ({n ; 2} q + it [Z - ﬂ q)
_ Z g3 [” ; 1} :

(5.47)

where the last line is Pascal’s identity. Then apply equation (5.44). O

Corollary 5.3.6. For A\ a partition contained in a hook shape, the coefficients cy 1n) defined
by
Frob(Ry > iqsu) = Y D cxusa(a/u)s,(z) (5.48)

AEP(co0,00,n) pn

are given by:

(5.49)

) Gian if there exist i,d > 0 such that A = ((";d) +1,19),
Cx,(1n) = )
0 otherwise.

Proof of Proposition 5.3.2.

1. Ry - RY: By Proposition 5.3.3(ii), ¢5, = can-1),an) = 1. Foralln >3, A = (1)
satisfies 5\1 <1 and )\2 > 0.

2. ROV RO By Corollary 5.3.6, ¢5, = C((mpam = 1. Foralln > 3, \ = ((g))
2 b
satisfies 5\2 < (0 and 5\1 > 1.

3. R7(12,0) - R%O’Q): By Proposition 5.3.3(i1), Cip = Can-1),(1n) = 1. For alln > 4, A= (1n=1)
satisfies 5\1 < 2 and 5\3 > 0.

4. R . RZ9. By Corollary 5.3.6, Ga = Y(pam = 1. Foralln >3, \ = ()
2 b

satisfies 5\3 < (0 and 5\1 > 2.

= L. For all n > 4, \ =

5. R®Y ., RUD, By Corollary 5.3.6, Ga = C(("3?), 10
2 1 b

((";2), 1,1) satisfies Ay < 1 and N3 > 0.
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6. R®? . pY. By Corollary 5.3.6, ¢5, = ¢
satisfies 5\2 <1 and 5\1 > 2.

(2),am) = 1. Foralln > 3, A = ((g))

7. Rg’l) - RS””: By Proposition 5.3.3(iv), Cip = C2,2,1n9),(2,2,1n-4) = 1. For all n > 5,
A = (2,2,1"79) satisfies A\; < 3 and Ay > 1.

8. RV - RPY): Lee, Li, and Loehr [72, Appendix] determine the s[(2)-string structure for
the homogeneous components of the ¢, &-Catalan number C, (¢, ) = (Frob(RY: ¢, ), sy (2))
of total degree greater than or equal to (g) — 9. In particular, the homogeneous com-

ponent of total degree (g) — 2 is shown to be S((Z)f&l)(q’ t) + 3((3)74,2)(% t) for large

enough n. This implies that ¢;, = C((n)-a2),1m) = 1. For large enough n, A = ((g) —4,2)
2 14y
satisfies A3 < 0 and Ay > 1.

5.4 Cancellation and the Hilbert series for the
symmetric group

In this section, we discuss further applications of diagonal supersymmetry for the symmetric
group. In particular, we consider the Hilbert series, and obtain a diagonal supersymmetry
result for Hilbert series in Proposition 5.4.1. Super Schur functions satisfy a cancellation
property (equation (5.16)) which has no analogue for classical Schur functions. We are able to
leverage cancellation in Proposition 5.4.2 and then explain how several conjectures or results
on symmetric functions in the literature relate to conjectures or results on the Frobenius and
Hilbert series of coinvariant rings.
The multigraded Hilbert series is defined by

Hilb(R*9): q: u) = Z dim ((Rﬁf’j))m ..... restos; ) Q10 QR ust - ujj (5.50)

T1yes k815000585 20
Recall that we can recover the Hilbert series from the Frobenius series via:

(Frob(R; q; ), haan)(2)) = Hilb(R; g5 u). (5.51)

We give a Hilbert series version of Corollary 5.0.3.

Proposition 5.4.1. Fiz a positive integer n. For partitions X\ with ¢(\) < n, there exist
nonnegative integer coefficients cy such that for any (k,j), the multigraded Hilbert series of
R
Hilb(R:qiu) = ) asa(a/u). (5.52)
AEP(k,j,n)
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Proof. By Corollary 5.0.3,

Hilb(R{"); q; u) = (Frob(R{); q; 1), hin)(2))

:< > ZcAmm/u)Sﬂ(z)’h”")<z)> (5.53)

AeP(k,j,n) pkn

= > sa@/u)d enlsu(z), han(z))

AeP(k,j,n) ukn

and the formula follows upon setting ¢y := >~ ., exu(su(2), h1n)(2)), which is independent of
p. Since (s,(z), han)(z)) and ¢y, are both nonnegative integers and independent of (k, j),
the description of the ¢, follows. O

Now we show a general result on Frobenius and Hilbert series involving certain evaluations.

Proposition 5.4.2. For anyn > 1 and for any 0 < m < min(k, j),
(k—m,j—m
(Z) FI'Ob( 7qa )|l]k:—uj' ..... Qh—mt1=—Ujmmt1 FI'Ob(R 77 ); qiy- -5 4k—m, U1, - - - 7uj—m)7

; (k—
(11) Hilb(Ry J), QW) g =t ==ty g = Hllb(R g m), Qs s Qommms Wty -y Wiy

Proof. The first claim follows immediately from Corollary 5.0.3 and m applications of can-
cellation (equation (5.16)), along with restriction (equations (5.17) and (5.18)). The second
claim follows from the first after applying (—, hn)(2)). O

We now discuss some connections with other results and conjectures in the literature.
Sagan—Swanson conjectured [90] and Rhoades—Wilson proved [88] that

n

Hilb(R{D; g;u) = [d],! Stiry(n, d)u" (5.54)
d=0

where the g-number [d], is defined by 1+ ¢+ ¢*+ - - -+ ¢!, the g-factorial [d],! is defined by
[d],[d—1],---[2]4[1]4, and the ¢-Stirling number Stir,(n, d) is defined by the recurrence relation
Stir,(n,d) = [d], Stiry,(n — 1,d) + Stir,(n — 1,d — 1) with initial conditions Stir,(0, d) = da,.

We give a short proof of the following result, originally proven by Sagan—Swanson with
a sign-reversing involution.

Corollary 5.4.3 ([90, Theorem 5.5]). For n > 0, we have

n

> [d],! Stirg(n, d)(—g)"* = 1. (5.55)

d=0

Proof. By Proposition 5.4.2, Hilb(R"Y: ¢;u U)| g = Hilb(R"?) = 1. The result follows by
equation (5.54). O
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We briefly recall the Delta and nabla operators. The modified Macdonald polynomials
H, form a basis for Aq(q,t), the ring of symmetric function with coefficients in Q(q, ) (see [60]
for example). Let

B, =) % and T, = [ [ ¢, (5.56)
ceEN cEN
where the sum or product is taken over all boxes ¢ in the Ferrers diagram of the partition
p. The co-arm statistic ), (c) is the number of boxes strictly to the left of ¢ in y and the
co-leg statistic [},(c) is the number of boxes strictly below ¢ in p (in the French notation for
partitions: parts are left-justified with the largest part on the bottom).
Nabla V [12] is defined to be an eigenoperator on the Macdonald basis:

VH,=T,H, for all p. (5.57)

Let f be any symmetric function in Ag(,+. The more general Delta operators A, and
Q(g;t) f
A'; [13,53] are eigenoperators on the Macdonald basis defined by

A¢H, = f[B,)H, and A} H,, = f[B, — 1]H,, for all . (5.58)

Here, f[-] denotes plethystic substitution (see for example [60]).
Zabrocki conjectured [101] that

Frob(RY: ¢, t; u) ZudA’ en(z). (5.59)

€n—d—1

D’Adderio, Iraci, and Vanden Wyngaerd [36, Theorem 4.11] proved that

-1

3

6n d—1 ”(Z) = Ven(Z)’q:(), (560)
d:O

Haiman [59] showed that Frob(R )q, t) = Ve, (z). Combining this with Proposition 5.4.2,
we have
Frob(R®Y; ¢, t;u)|4=—u = Frob(RD:¢) = Ve, (2)]4—o- (5.61)
So if equation (5.59) is true, then equation (5.60) follows from equation (5.61).
Moving to the level of Hilbert series, Zabrocki’s conjecture implies that

—_

Hilb(R?Y; g, t;u) = > (u'A] , en(2), ham(2)). (5.62)

€n—d—1
0

3

.
Il

From equation (5.60), Corteel, Josuat-Verges, and Vanden Wyngaerd [34, equation (6)]

derived
n—1

D (WA, en(z), han(2))

d=0

= [n],). (5.63)

q:—l:—u
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From Proposition 5.4.2, we have
Hilb(R®V: ¢, t;u)| )= = Hilb(RM: ) = [n],!, (5.64)

where the second equality is due to Artin [4]. So if equation (5.62) is true, then equation (5.63)
follows from equation (5.64).

D’Adderio, Iraci, and Vanden Wyngaerd [37] introduced the Theta operators © ¢ : Ag(gs) —
Ag(q,t), which, like Ay, depend on a choice of a symmetric function f € Agy). Unlike Ay,
they are are not eigenoperators for the Macdonald polynomials H,. Corteel, Josuat-Verges,
and Vanden Wyngaerd [34, Section 6.4] conjectured that

<@6d@6even*d*f(z)v h(ln) (Z>> |CI=*1 (5'65)
is t-positive. D’Adderio, Iraci, and Vanden Wyngaerd [37] conjectured that

Frob(R ):q.t;u, v) Z udve@edG)eeVen a—e(2), (5.66)

d.£>0,
d+€<n

which implies that

Hilb(R®?): ¢, t;u,v) = g U (0,06, Ven—q-i(2), hny(2)). (5.67)
d,6>0,
d+4<n

From Proposition 5.4.2, we have
Hilb(R*?; ¢, t; 1, v)|ge 1= = Hilb(REV: £ ), (5.68)

which is clearly t-positive. Thus if equation (5.67) is true, then

Z ud<@ed@€£V6n,d,g(Z), h(ln)(Z)Hq:*l (5'69)

d,0>0,
d+b<n

is t-positive. By considering the components graded by u-degree, this would imply that
equation (5.65) is t-positive.
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Chapter 6

Universal series for dihedral group
coinvariant rings

In 1994, Alfano determined a monomial basis, bigraded Hilbert series, and bigraded Frobenius
series for the ring of diagonal dihedral group coinvariants R%(Og). Using diagonal supersym-
metry, we determine a universal multigraded character series, universal multigraded Hilbert
series, and monomial basis for the generalization to any k sets of bosonic variables and j sets
of fermionic variables Rg]:(Jn))

This chapter appears in [76].

6.1 Introduction

The diagonal coinvariant ring RS = Clz,y]/(Clz,y]$") was introduced by Haiman in
1994 [57], and has been of much interest in algebraic combinatorics since. Here  and y
respectively denote two sets of variables {z1,...,x,} and {y1,...,y,}. The defining ideal
(C[z, y]$) is generated by all polynomials in C[z, y] which are invariant under the diagonal
action of &,,, with no constant term. In 1994, Haiman conjectured the dimension, bigraded
Hilbert series, and Frobenius series of RS’O), however these resisted proof until 2002, where
he proved them using new results on the Hilbert scheme of points in the complex plane [59].

In the interim, Alfano [2] studied the related ring Rgi’(og) = Clzy, 22,91, 90)/
Ja(n)

(Clz1, x2, y1,92)37""), where Jy(n) denotes the dihedral group of order 2n. This ring is
easier to study than R%Y since every dihedral group is of rank 2, while the rank of the
symmetric group &,, grows with n. Alfano found the dimension, bigraded Hilbert series, and
bigraded character series of Rgz’(oz) using combinatorial constructions, linear algebra, and Lie
algebra operators, without any new results in algebraic geometry.

There has been recent interest (see [6,7,10,11,102]) in considering coinvariant rings with
k sets of commuting (bosonic) variables "), ... 2® and j sets of anticommuting (fermionic)
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variables 8 ..., 8U). We denote this by
RED = Clz®, ... 2® 60 . 09/ (Cla®,... x® 6D . gDF), (6.1)

where G C GL(n) is a finite group acting diagonally on all sets of variables. In the case
where G = G,, acts by permuting variables, we write RED = R(k] ) Commuting variables
commute with all variables. Antlcommutmg variables anticommute with all anticommut-
ing variables, that is, 91@ Oj(m = G(m 9Z , which implies that (92“))2 = 0. Note that
Clz®™,...,z® 91 .. 60)] comes from taking coordinates on (Sym C")®* @ (AC™)®7.

In [74], it was shown that Rgf’j) is a U(gl(k|j)) ® C[G]-module, where U(gl(k|j)) is the
universal enveloping algebra of the Lie superalgebra gl(k|j). As a consequence, for fixed n
and G C GL(n), the multigraded character series of R(G]C ) can be written in terms of universal
coefficients ¢, and super Schur functions as

Char(Rg7j); qu) = Z Z causa(g/u)x”, (6.2)

AeP(k,j,n) x*€lrrChar(G)

where P(k,j,n) denotes the set of partitions A with length ¢(\) < n which satisfy A\g11 < 7,
and IrrChar(G) denotes the set of irreducible characters x* of G. This is a general, but
abstract result, since there is no known explicit formula for all of these coefficients. In the
important case of G = &,, acting by permuting variables, the universal series is currently
known explicitly only for n <6 [11, Section 2.3].

The goal of this paper is to give explicit universal series coefficients and an explicit
monomial basis when G = Js(n). Our main object of study is

k,j 1 k k 1 1 2 j
RED, = el o o, 02, o, o, 00, 00,02, 0, 00,60 (63)
S, o) 2@ 2@, 2 o oD g P 6P | o) gPFE),

where, as before, the defining ideal is generated by all polynomials which are invariant under
the diagonal action of J3(n), with no constant term.

In Section 6.2, we review background. In the next three sections, we study Rgl:(% for
arbitrary non-negative integers (k,j), and prove our main results. In Section 6.3, using
diagonal supersymmetry and a theorem of Alfano, we derive an explicit multigraded character
series for R ) (see Section 6.2 for the definitions of the dihedral group characters y; and
X).

Theorem 6.1.1. Let q = (q1,...,q) and u = (uy,...,u;). The q,u-graded character series
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for Rgi(]z) s given by
L25]

Char(RS7):qu) = x1 + s (@/w)xz + sy (@/wxa + Y (s6)(a/u) + s (a/w)y’
=1

L5 y(@/u)(xs +xa) if n even,
0 if n odd.
(6.4)

In Section 6.4, as a consequence, we obtain an exphclt multigraded Hilbert series for Rj ")
(Theorem 6.4.1), and determine the dimension of R (Corollary 6.4.2). In Section 6.5, we

derive a monomial basis for RéQ n) (Theorem 6.5.2) usmg straightening relations.

Section 6.6 briefly remarks on the sign character and the connection with Catalan numbers
of type I. In Section 6.7, we discuss some numerological implications of these results for
specializations of (k, ) to certain small values. Appendix 6.8 contains analogous results for
the much simpler case of cyclic groups Z,.

6.2 Preliminaries

The dihedral group

The setting of the paper is G = Jy(n), the dihedral group of order 2n, and we require
that n > 2.1 J,(n) is the symmetry group of a regular n-gon in the real plane R?, and is
generated by the Euclidean transformations p, rotation by 27 /n radians counterclockwise,
and ¢, reflection about the x-axis. Matrices for these are given by:
2T t4 2T
cos == —sin == 1 0
P= {sin%7r cos%’r } and ¢ = {O —1} ’ (6.5)
Since these matrices are unitary matrices, we may take {xgl), :cgl)} to an orthonormal basis
for R2. The action of Jo(n) can be extended homomorphically to all R[z(]. Since we will
use the character theory of Jo(n), and its irreducible real characters are not necessarily all
irreducible over C, we will work with complex characters. So we complexify R? to C?, and
work over C throughout. We remark that we could work more minimally over Q(¢,), where
(,, is a primitive nth root of unity.
Let R(P) denote taking the real part of a complex polynomial P. As our fundamental
J,(n)-invariants, we use (z{")2 + (2{")? and from [2, equation (4.6)],
15] n
§R x(l) +Z:B(l) n — _1 m x(l) n—2m x(l) 2777,7 66
() 2) mz:OQm()(l) (z3") (6.6)

ISometimes the case where n = 2 is treated separately from n > 2 (for example, J5(2) & Gy x G, is
reducible).
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where here ¢ = /—1.

Dihedral group coinvariants

Fix V = C% Note that J5(n) C GL(V) = GL(2). Let Sym V denote the symmetric algebra
on V over C and let AV denote the exterior algebra on V' over C.
Here and throughout, let

Clz®W,...,z® oW . . 69)] (6.7)
denote the polynomial ring C[xgl), 2V, ,xgk), xék), 051), 951), . ,9@, ng)]. The diagonal ac-
tion (in k sets of bosonic variables and j sets of fermionic variables) of J(n) on C[z®, ... x®

O, ...,0U] is defined for any g € J(n) and polynomial P(:Egl),xél),...,xgk),xék)
o oM oW 609 € Cla®, ... 2™, 0, .. 6] by

9

1 1 k k 1 1 j j
gP(ZEg),Z‘g),,ZEg )71;%)7‘9% )705)776§J)70§]))

| | (6.8)
1 1 k k 1 1
=P(g-2M g2 g aP g a g0 g6 g 09 g 09,

Note that matrices for this action are generated by block diagonal matrices with k£ + j blocks
of the matrices for p and ¢ given in equation (6.5).

Dihedral group characters

We recall the dihedral group irreducible characters (see for example [67, Chapter 18.3]). We
use the group presentation Jy(n) = (p, ¢ | p" = ¢* = 1,¢ " 1pp = p~'). The 1-dimensional
irreducible characters are:

e X1 defined by x1(p) =1 and x1(¢) =1,
e X2 defined by x2(p) = —1 and x2(¢) = 1,
and if and only if n is even,
e X3 defined by x3(p) = 1 and x3(¢) = —1,
e 4 defined by x4(p) = —1 and y4(6) = —1.
The 2-dimensional irreducible characters are, for 1 < h < L”T’IJ
o X" defined by x"(p) = 2cos(2Z) and x"(¢) = 0.
These constitute the complete list of irreducible characters.

Remark 6.2.1. The definition of the 2-dimensional characters may be extended to for
1<h<n-1:
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o X" defined by x"(p) = 2cos(2Z) and x"(¢) = 0.
Then x* and x"* are isomorphic, and when n is even, the character xz is reducible with

X2 = X3+ X4

Dihedral group polarization operators

Define polarization operators for ¢ € {1,..., k — 1} by

2
Ep=Y" 29 ), (6.9)
. 1 ?
for k,
2
By =09 w, (6.10)
and for e {k+1,...,k+j— 1},
2
Ep=Y 9?"““)605@,@, (6.11)

i=1

which are all diagonal invariant under the action of Jy(n); this is shown for Ej in [2, Section
IV.C], and the same argument holds for the others.

The operators in equations (6.9-6.11) generate the Lie superalgebra sl(k[j) [32, Section
5.2.1].

Super Schur functions

A super Schur function s,(q/u) is defined by

sa(@/m) =) su(@)sy(u (6.12)

vCA

where )\ denotes the transpose of the partition A (see for example [32, Sections A.2.2 and
3.2]).
A special case that we use often is

smy(a/u) = Zs(n ) (u), (6.13)

where (0) means the empty partition &.
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Diagonal supersymmetry

We recall the “diagonal supersymmetry” theorem, which was previewed in equation (6.2).

Theorem 6.2.2 ([74, Theorem 1.2]). Fizx a positive integer n and a finite group G C
GL(n). For partitions A with £(\) < n, and indices p of irreducible G-characters, there exist
nonnegative integer coefficients cy,, such that for any (k,j), the multigraded character series

of R(kj
Char(Rg’j);q; u) = Z Z eapsa(a/u)xt. (6.14)

XeP(k,j,n) x#€lrrChar(G)

By specializing to dihedral groups, the multigraded character series of R;’Z(Q) is a sum of
super Schur functions times Jo(n)-characters.

Theorem 6.2.3. Fix an integer n > 2. For partitions X\ with {(\) < 2, and irreducible
Ja(n)-characters x*, there exist nonnegative integer coefficients cy,, such that for any (k,j),

the multigraded character series of Rglz(jg) 18

Char(RS7)) qiu) = > ST cusala/u)yt (6.15)

AEP(k,§,2) x#E€lrrChar(J2(n))

In particular, the condition A € P(k, j,2) means that £(\) < 2 and A\g41 < j.

6.3 The multigraded character series

In this section, we derive a multigraded character series for R . Alfano [2, equation (4.18)]

recorded the singly graded character of Rg2 (n) 85 the followmg graded version of the regular
representation:

n;lj n '

; PN +x4) if n even
Char R a 0) = + n + ) + n—i 7 + q? <X3 s 616
( Ja(n) 1) =x1+q"x2 ;:1 (¢"+q¢"")x 0 ol ( )

Alfano [2, Chapter IV.C] applied the polarization operators EY, El, ..., E} to any bigraded
component (Rg n )) o to generate an sl(2)-string of modules (R(Q’O) )i0s (Rgi n))z IRTER
(R§2 (0 )))0 ;- By looking at dimensions, the only bidegree not fully accounted for by this process

s (1,1). The extra basis element in bidegree (1,1) spans a 1-dimensional module with
bigraded character qty,. Thus Alfano concluded the following.
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Theorem 6.3.1 (]2, equation (4.19)]). The bigraded character of Rgz’(oi) is given by

LnlJi Lnlan

Char(R%(Orz q, )— X1+th2+zqn iy X2 + Z Zqz hthxz_,r_ Z an i— hth i

i=1 h=0 i=1 h=0

I 7;220 g2 ' (xs +xa) if n even,
0 if n odd.
(6.17)

We are ready to prove our first main result.
Theorem 6.1.1. Let q = (¢1,...,qx) and u = (uy,...,u;). The q,u-graded character series
for Rgl;’(]) s given by

n)

Char(RS77): qpu) = X1+ 51.1)(@/w)xa + sty (@/u)xe + Z o(a/u) + sy (a/u)x’

+ S(g)(q/u)(X3 +x4) if n even,
0 if n odd.

(6.18)

Remark 6.3.2. Using the notation from Remark 6.2.1, we can write the character series
more succinctly as

Char(RS77): qpu) = X1 + s (@/u)xa + ) Q/UX2+ZS (a/u)x (6.19)

Proof of Theorem 6.1.1. First observe that equation (6.17) can be rewritten in terms of Schur
functions (which are a special case of super Schur functions) as

L25]
Char (RS 0)) ¢, t) = x1+sa,(a: X2 + 5@ (¢ )x2 + Z (¢:t) + s(n-i)(q: 1)) X’
=1 (6.20)

+ (%)(qv t)(x3+ x4) if n even,
0 if n odd.

This determines the coefficients ¢, , in equation (6.15) for all A € P(2,0,2), i.e., for all A
which satisfy £(\) < 2, and for all x*. Recall that we require n > 2. Explicitly, for £(\) < 2
we have:

o if \ =@ and x* = x1, then ¢y, = 1;

o if \=(1,1) and x* = x2, then ¢, , = 1;
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o if A =(n) and x* = x2, then ¢, , = 1;

e if n is even, if A = () and x* = x3, then ¢y, = 1;

e if nis even, if A = (§) and x* = x4, then ¢y, = 1;

o if A=(i)forie{l,...,[%* ]} and x* = x*, then ¢, , = 1;

e if A\=(n—i)forie{l,...,[% ]} and x* = x*, then ¢, , = 1;
e otherwise ¢, = 0.

The question which remains is if we have found all of the coefficients ¢y , which appear in the
universal series in equation (6.15). The condition A € P(k, j,2) means A such that ¢(\) <2
and A\p41 < j, so since we already determined all ¢, for all A which satisfy £(\) < 2, there
are no additional coefficients left to determine. Hence expanding equation (6.15) with the
coefficients we have determined completes the proof. O]

6.4 The multigraded Hilbert series

In this section, we derive the Hilbert series of R(k(J )y The following theorem was first

shown by Alfano [2, equation (4.17)] for k = 2 and j = 0. It was then generalized by
Bergeron [9, Theorem 2.3 and equation (30)] to arbitrary k with j = 0.

Theorem 6.4.1. Let q = (q1,...,qx) and u = (u,...,u;). The q,u-graded Hilbert series
for Rg;’(]z) is given by

n—1

Hilb(R$?) qu) = 1+ s (q/u) + s (a/u) + 2 s (a/u). (6.21)

=1

Proof. This follows immediately from Theorem 6.1.1 and the fact that the characters
X1, X2, X3, X4 are 1-dimensional, and the characters x* are 2-dimensional. O

By specializing the Hilbert series at q1,...,qx, u1,...,u; = 1, we obtain a formula for the

dimension of ng (]Tz

Corollary 6.4.2. The dimension of Rglz(jg) s given by

o (SO )RR e
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Proof. Consider the Hilbert series given in Theorem 6.4.1. Recall the Schur function special-

izations L " .
+m —
st @t = () o0 s @l = ) e

m

Then we obtain the super Schur function specializations

k4l —1 j
s @l = 3 (7 (1) .

=0

S0 (AWl o :f()(f ) (6.25)

Specializing the Hilbert series at qi,...,qg, u1,...,u; = 1 proves the claim. O

and

6.5 A monomial basis

In this section, we derive a monomial basis for Rg];’(Q). In lieu of determining the Jy(n )—

invariants of the polynomial ring C[z™, ... =® M) . 0] we 11st some elements of ]3( )

which we will use as straightening relations in the quotient ring Rj2 )

Proposition 6.5.1. The following elements are in the ideal Ig;(Jn)) :
{2 x§)+x2 P11<h<i<kyu{zo + 2700 11 <h<k1<i<j}
U {66 + 6 9(Z|1<h<z<]} (6.26)

0 {2y’ > (D)) (0) o Byt By =),
where the a; are nonnegative integers and the B; are 0 or 1.

Proof. The set {(gcgl))2 + (xél))z, R(zy (4 m2 ) } is a minimal set of generators of Ié ((:L)).

Using equation (6.6), since (z")2 = — ()2 (mod I 1(23)) the invariant R(z{"” + iz{")" can

be replaced by (z{")". Thus {(z")2 + (xgl)) (z{")} is also a minimal set of generators for
(1,0) 2
Ijz(n)'
1

Applying all sequences of operators F, from equations (6.9-6.11) to (xgl))2 + (24
the sets

N2 gives

{22 4 Ml 11 < h<i < kY, (6.27)
{zMel) + xQ’”QQ 11<h<k1<i<j} (6.28)
{0869 1+ 6Mel) |1 < h < i < 4} (6.29)

2Here and throughout, whenever we are considering I (©, (jn) or R(jo (Jr)L), if we use I (1 &)) or R(j (n) in a proof,

we can first construct I (1 (373) or R( J) and then restrict to the desired ideal or ring.

2(n)
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Regarding equation (6.29), the operators must be applied in a certain order to avoid squaring
any fermionic variables. Specifically, apply Epi_1 - By to (z1")? + (252 to yield 2{"6% +
2005 Then apply Ejsp_r - By to yield 6870 + 6{M o,

Similarly, applying all sequences of operators E, to (azgl))” gives the set

{?)m e @)™ (@) (07)% [aue -+ art B+ 8 =, 0 € Zoo, B € {0, 1),
| (6.30)
Since (2{")2 + (2{")2 and (z{")" are in Iéf(fl)) and the operators Ey are Jy(n)-invariant,

the polynomials in equations (6.27-6.30) are in the ideal Ij(]:(]n)) O
Now we find a monomial basis for Rg’:(jg)
Theorem 6.5.2. A monomial basis B;’:(Q) for the coinvariant ring Rg];’éz) 15 given by:
(i) @) @) ) [0S ar oo+ Bt B S n— 1)

UU{(:US-Z'))OML...(xgk)>ak(9§-1)>ﬁl..,(9( ))'BJ:L’ 10<a;+ - +ap+ 5 +--+ 8, <n-— 1}

J
U O (07)05 [0 < Biy + - + B < — 1}

U{eMe0 1 <h<i<k}u{aof 11 <h<k1<i<j}u{dM6{’|1<h<i<j},
(6.31)
where the a; are nonnegative integers and the B; are 0 or 1.

Proof. The main idea of the proof is to describe straightening relations, which will allow us
to construct the desired spanning set. Then we show that the spanning set is a basis by
showing that it has the correct dimension.

The following identities are elements in the ideal I ), by Proposition 6.5.1:

2 ’(xé“sc%“ — a2y = 2l <x§‘>x§“ +2028)) — 2 (@2l + 22, (6.32)
9“(5 — 22y = 2V (072" + 00 2))) — 20 (02 + 0002, (6.33)
<;’”9“ xy"0y)) = “)(m&’e( +2205") = 09 (212" + 2y, (6.34)
04 (270 — M8y = 20 (9890 + 0P8Ny — (99 4+ 0P 26 (6.35)
z{’ <9;”91 —005)) = 05 (20" + 2065) — (2001 + 20050050, (6.36)
017 (050" — 005y = 08" (01701 + 057657) — (61765 + 6576565 (6.37)

We establish the following straightening rules:



CHAPTER 6. DIHEDRAL GROUP COINVARIANT RINGS 112

(A) {22l + 2§ x2|1<h<z<k}u{x<h9“ 201 < h < k1<i< U
{05" 91 Q(h ]1 < h<i<j}CI (k.3 ()) allows us to re-express any monomial
M ¢ ClzW, ... ,m(k),e(l), ...,8Y] modulo 15283) as a monomial of total degree no

greater than 1 in {xél), . ,;cgk), 951)’ o 7@&]’)}_

(B) {(a") - () (O7) - (0)% |- et Bt By o € Za €
{0, 1}}C k allowsustoreexpressanymonomlalMGC[ Do a® W 9]

modulo Iéz(]n) as a monomial of total degree no greater than n — 1 in {1:51), e ,xgk),

odulo I,
o, 00y,

(C) For any monomial M € Clz™,. F.0W . 0U)] which has as a factor xg )( (k) g))

for some é and h < i, then modulo I (Jn)) we can re-express that factor within M as

xg )( éh ), by equation (6.32). Similarly, for any monomial M which has as a factor

9? (x} (=) (l)) for some € and h < i, then modulo Ij ( )) we can re-express that factor
within M as «91 ( 2 1 ), by equation (6.33).

(D) For any monomial M € Clz®, ... z® 61 . 6] which has as a factor z\” (z{"65))

for some ¢, then modulo IS (J )) we can re-express that factor within M as x(e) ( (h )GY)),

by equation (6.34). Similarly, for any monomial M which has as a factor 0 ( (1h QS))

for some ¢, then modulo I ( (Q) we can re-express that factor within M as 9(5)( Mgy,

by equation (6.35).

(E) For any monomial M € Clz®, ..., &® 61 ... 8Y] which has as a factor 2\” (8{65)

for some ¢ and h < i, then modulo IS (Jn)) we can re-express that factor within M as

xl (92h)01 ), by equation (6.36). Similarly, for any monomial M which has as a factor
0@ (0§h)9§z)) for some ¢ and h < 7, then modulo Iéf(zl)) we can re-express that factor

within M as ng) (Héh)egi)), by equation (6.37).

(F) For any monomial M € Clz®, ... z® 61 . 6] which has as a factor 6.7 (8”65
for some ¢, then modulo [éf(?n)) we can re-express that factor within M as 09(9965@)),
by equation (6.37) specialized at h = i. On the other hand, 0@(090&”) = —99(6?0@)
by directly swapping the order of the anticommuting variables. Together, these imply

that 9?)(999@) must be 0 modulo [é’;( )) so M =0 modulo (k(Q)

First, note the spanning set should contain a monomial (x&“)al e (:vgk))o‘k (9§1))61 e (99))51'
for each choice of nonnegative integers ai,...,o4 and fy,...,5; € {0,1} such that 0 <
ar+---+ap+ 51+ -+ 5; <n—1 because of (B). While there might be no variables from

{xgl), e ,xgk), Oél), e ,Qg)} present, there could also be one, say xél), of degree 1, due to (A).
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Thus in the spanning set we include
{@yer o @y @M (095 0 < ay 4+ ap+ B+ 4B <n—1}, (6.38)
and
{(at) oo (@) (@) (0) s [0 S an oo+ B+ B S n— 1} (6.39)

In most circumstances, we will be able to swap for a different choice of the variable a:g)

(to lower i) due to (C), (D), and (E). The exceptions to (C) occur when xgh)xg) appears
alone, so we must also include these monomials in the spanning set:
M1 < h<i <k} (6.40)

The exceptions to (D) occur when xgh)ﬁéi) appears alone, so we must also include these
monomials in the spanning set:

(a0 11 < h <k1<i<j). (6.41)

The exceptions to (E) occur when Qih)ﬁgi) appears alone, so we must also include these
monomials in the spanning set:

(6" 11 < n<i<j}. (6.42)

Now we can reduce the problem repeatedly, as there are no more monomials needed left
with a variable xgl) or xgl). As we already took care of all monomials with no J;g) variables,

we are left to consider
{@)em - @) ) (07) 2 [0 < gt bkt 4 B < - 1)
{@Pyes @) @) (02 10 < g+ ap + B+ By <n— 1},

{(xgk))akwgl))ﬁl ... (ggj))ﬁjxék) | 0<ap+01+ -+ Bj <n-— 1}'
(6.43)
Now at this point, there are no more monomials needed left with a variable xﬁ” or $§z) for
any . We are left to consider monomials consisting of only fermionic variables which must
contain some variable Qg). By (F), when GY)QS) appears alone, we must also include these

monomials in the spanning set: o
{0960 |1 < i < j}. (6.44)

Going forwards, we cannot have 9%;” appearing in a monomial, as by (F) it will reduce to
0 or be one of the monomials we already included. Thus we are left to progressively consider

{02 (09)50) |0 < By + -+ B; <n— 1},

{05 . (0950 |0 < By + -+ B; <n— 1},

. (6.45)
{07509V 0 < B; <n—1},
{051,
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Taking the union of all of these sets in equations (6.38-6.45) shows that the claimed basis is
a spanning set.

We will show that the spanning set is a basis by showing that its cardinality matches the
dimension of R j from Corollary 6.4.2. We will show this by induction on n. For fixed &, j,

let P, denote the cardlnahty given in equation (6.22), and the induction hypothesis is that
the cardinality of the spanning set in equation (6.31) is equal to P,.

For the base case of n = 2, a direct computation shows that both P, and the cardinality
of the spanning set are

. . k k+1 ) 4+ 1
1+%+%+%H(Q+( 2>+@>+CQ>. (6.46)

For the inductive step, we calculate
2\ (k+n—h " i\ (k+n—h—1
P.1—P,= . 4
e 91 1A R K 91 ] (R A B

Let us label the constituent sets in equation (6.31) which depend on n:

A = {(@)r - @) @) (07510 < ar e ap B+ B <n—1) (6.48)

k
B, = U{(ﬁ))m .. (xgk))ozkwgl))ﬂl .. (Q(J))BJI 0<a;+-+ap+B+-- +B; <n-— 1}
=1
(6.49)
J
Cr = O (075050 10 < By + -+ B < — 1} (6.50)

=1

We compute the set differences between n 4 1 and n, finding that

A\ An = {(@)r - @) @) (09 g+ g+ B+ -+ B = n}, (6.51)

k
Bua \ Bu = @) @)™ 0)7 - (07) 03 [ -+ i+ B+ B = ),
(6.52)

J
Cost \ G = | JLOT)Pr - (09)505 | By + - + B = ). (6.53)

i=1

Counting with stars and bars arguments, their cardinalities are

Al =2 (1 (70N, (654

h=0
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el =3 (1) () (6.59)

i=1 h=0
which by reversing the order of summation and the hockey-stick identity simplifies to

1Byir \ Ba| = i (2) (itg:?) (6.56)

h=0

We compute that

Con\ G =3 =01 (6.57)

i=1
Note that equations (6.56) and (6.57) can be combined to give

:Z: (2) Ctz:}f) (6.58)

hence their sum with equation (6.54) equals equation (6.47). Thus the spanning set has
cardinality P, for all n > 2, and hence must be a basis. O]

Remark 6.5.3. It is possible to prove the main results without using diagonal supersymmetry;,
generalizing the method in [2, Chapter IV].

Using a certain form where multiplication is adjoint to differentiation, one can define a
space of diagonal harmonics in k sets of bosonic variables and j sets of fermionic variables
(see [96 Sectlon 2] and [97, Section 2]). This harmonic space is isomorphic to the coinvariant

ring R3 () 8s a multigraded J(n)-module.
First, derive the monomial basis for Rg’;({z) (Theorem 6.5.2) by constructing a spanning set,

and then construct enough linearly independent harmonics in the harmonic space isomorphic
to Réi’(‘ig). Second, enumerate each graded component of the basis to determine the explicit

multigraded Hilbert series for RSIZ(Q ) (Theorem 6.4.1). Finally, apply the polarization operators
E, to Alfano’s formula for the bigraded character series of Rgi’(og) in equation (6.17) to derive

the explicit multigraded character series for Rgz({z) (Theorem 6.1.1).

6.6 The sign character

The sign character, which is x, in our notation, is of particular interest, so we briefly record
its multigraded multiplicity in Rgﬁ{g) The dimension of the sign character of RE/IQ/’O) defines the
Catalan numbers of type W, for any finite Coxeter group W, and the ¢, t-graded dimension
of the sign character defines the ¢,t-Catalan numbers of type W. Denote the latter by
Cat(W;q,t). See [57, Section 7] and [94] for a discussion of what is conjectured and known
for different groups W.
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Define
g =q"" ¢ A gt (6.59)

From Alfano’s formula for the ¢, t-graded character series of Rgi’(og) [2], we can extract the
q, t-graded multiplicity of the sign character as

Cat(Jz(n);q,t) = [n+ 1gs + gt = sey(q:t) +sa1(q. 1), (6.60)

which is also given in [94, Corollary 3].

More generally, for arbitrary (k, j), denote the q, u-graded multiplicity of the sign character
of Rgf/‘j) by Cat(W;q;u),> where as usual, q = ¢i,...,q and u = uy,...,u;. Then from
Theorem 6.1.1, we immediately get that

Cat(Jz(n); q;u) = spy(a/u) + s¢1,1)(q/u). (6.61)

6.7 Numerology

In this section, we discuss various specializations of the dimension of R(Gk 7 o some small
values of (k, 7), using Corollary 6.4.2 to get formulas for the dimension of Rg;(ji) See Figure 6.1

for some values of dim(Rgi’(Q)).

There is interest in establishing formulas that are type-invariant (either for all types, or
for at least some types) depending on information on G. For example, it is a classical result
that dim(Rg ’0)) = |G| if and only if G is a finite reflection group. See Figure 6.2 for some
example dimension formulas, which are known or conjectured to hold for both types A and I.

Haiman [57] observed that dim(R%O)) > (h+1)", where h denotes the Coxeter number
and r denotes the rank for many finite Coxeter groups W. This inequality was proven by
Gordon [47] for all Weyl groups W. Alfano showed that equality holds for type I, where

dim(Rg’((z)) = (n+1)%2 When W = 9B,,, equality holds for n = 2,3, while for n > 4, Haiman

conjectured and Ajila-Griffeth [1] proved that dim(Rg;O)) > (2n + 1)". For W an irreducible
complex reflection group with order greater than 2 reflections, the lower bound was further
improved by Griffeth [50].

Zabrocki [102] observed that dim(R%,ll,’l)) is the order of X(W,5), the Coxeter complex
of W, for small n for W =&, W =9B,, W =9, and W = Jy(n). This was proven in
type A by Rhoades and Wilson [88] and in type B by Bhattacharya [17]. Rhoades and
Swanson calculated that this is not true for W = §,. Specializing Corollary 6.4.2, we find

that dim(R%(lg)) = 4n + 1, which is the order of the Coxeter complex of Jo(n).

It is not hard to see that dim(REAO,’l)) = 2"; for example, this was noted by Machacek
and Zabrocki [79] for type A. A type-independent proof follows as a corollary from the

3Note that Cat(W;q,t) is recovered, when k > 2, by setting all but two of the ¢; to zero and all of the u;
to zero. Specializing this with all variables to 1 is not in general a Catalan number of type W.
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h 1o 1 9
0 4 <10
1 2n 4dn + 1 8n
2 (n+ 1) 2(n? +n+2) 4n? +9
3 2n24+9n2+13n+18 2n34+6n2+7n+21 4n3+6n248n+36
4 n4+8n3—§23n2+28n+72 n4+6n3-3+14n2+15n+66 n4+4n3—?|)—8n2+8n+51
12 6 3

. aE 4

0 <21 <41

1 > 16n — 8 > 32n — 35

2 8n? — 8n + 20 < 16n2 — 32n + 50

3 8n3+16n+51 16n°3—24n2456n+48

4 2n4+43n3+10n2+8n+72 4n4+20n23+99

3 3

Figure 6.1: Some polynomial dimension formulas for Rg’:éz) for 0 < k,57<4. When j—k > 2,
the dimensions eventually stabilize to the listed values as n — oo. All formulas are obtained
by specializing Corollary 6.4.2.

J
o 0 1 2
0 2r (2T+1
1 W] (W, 8)| 2rw|
2 (h+1)

Figure 6.2: Known or conjectured dimension formulas for R%’j ) for types A and I together.
The entries for (1,0), (0,1), and (0,2) are type invariant for all finite Coxeter groups. The
entries for (2,0), (1,1), and (1,2) are known or expected to not necessarily hold for all types,
but are known or expected to hold for both types A and I.
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work of Kim and Rhoades [69] on Rg[),’Z), by setting one set of variables to zero. Specializing

Corollary 6.4.2, we find that dim(Rgg’(lz)) =4.

Kim and Rhoades [69] showed that dim(R%,(&’Q)) = (*"*1), for any irreducible complex
reflection group W. Since J5(2) is reducible, when n > 2, this agrees with specializing
Corollary 6.4.2, which says that dim(Rg:’(Q)) =10 = (g)

In [73], it was observed that for small n, dim(Rg,ll,’z)) = 2"|W| for W = &,, or B,, and
conjectural bases were constructed which give those enumerations. Specializing Corollary 6.4.2,
we find that dim(Rglg’(Qrz)) = 8n = 22|J5(n)|. Contrast with [87], where the Hilbert series of

the defining ideal Ij(i(i)) was found: since with multiple sets of variables Jo(n) does not act by

reflections, neither the Hilbert series of Rg’zn nor L dlrectly implies the other.

Haiman observed that for small n, dim(Ry, (3 0y = 2”(n—|— 1)"~2. Note that for W = J5(6) =

®,, the factorization dlm(Rgfz (06))

conjecture on Rﬁf”(” in a type-independent way.

) = 142 = 2- 71 does not seem to readily mesh with Haiman’s

6.8 Cyclic groups

In this appendix we concisely derive analogous results for the cyclic group. Let Z, denote
the cyclic group of order n. As this is a rank 1 complex reflection group, each set of
variables only has one variable, so we dispense with the superscrlpts and consider the ring
RZkJ =Clxy, ..., 2,01, ... ,Qj]/<C[x1, oy, 01, ..., 0;)%). The action of Z, on x; is given
by g -x; = (9x; and on 6; by g - 0; = (90, for g € Z,, = {0,1,...,n — 1}, where ¢, = >/"
is a primitive nth root of unity. The generators and relations for Z, may be written as
(a]a™ =1). The irreducible characters of Z, are:

e y; defined by x;(a‘) = ¢ for i € {0,...,n — 1}.
We determine the multigraded character series.

Theorem 6.8.1. Let q = (¢1,...,qx) and u = (uy,...,u;). The q,u-graded character series
for R(Z]:J) is given by

n—1

=0
Proof. 1t is straightforward to show that Rlo) = Clz1]/(2}), with monomial basis
{1,2,22,...,2%"'}. Then the singly graded character of R(erlo) is the following graded

version of the regular representation:

Char( R(1 O Z q"Xi- (6.63)
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Since each set of variables has only one variable in it, then diagonal supersymmetry
(Theorem 6.2.2) says that for partitions A with ¢(A) < 1, and indices u of irreducible Z,-
characters, there exist nonnegative integer coefficients c, , such that for any (k,7j), the

multigraded character series of R(Zlil’j Vs
Char(RE s qgu) = > cusala/uxt. (6.64)
XeP(k,j,1) x*€IrrChar(Zy)

Thus equation (6.63) determines all coefficients ¢y, where A € P(1,0,1), i.e., £()\) < 1.
Explicitly, for n > 1, and ¢(\) < 1 we have:

o if \=(i) forie{0,...,n—1} and x* = x;, then ¢, , = 1;
e otherwise ¢, = 0.

Thus we have determined c, , for any A € P(k,j,1). Hence expanding equation (6.64) with
the coefficients we have determined completes the proof. O]

We then conclude the following formula for the Hilbert series. This recovers a result of
Bergeron for the purely bosonic case (at j = 0) [9, Theorem 2.3].

Theorem 6.8.2. Let q = (¢1,...,qx) and u= (uy,...,u;). The q,u-graded Hilbert series
for R(ZIZ’J) is given by

Hilb(R (’i] ;q;u z:s(Z (q/u). (6.65)

Proof. This follows immediately from Theorem 6.8.1 since each character is 1-dimensional. [J

As a corollary, we obtain the dimension of R k3,

Corollary 6.8.3. The dimension of R(Z]i’j) 15 given by

HZIZ(’“M_l)(ZZg). (6.66)

1=0 (=
Proof. This follows from Theorem 6.8.2 specialized using equation (6.24). O

Finally, we determine a monomial basis for R(Z]i’] )
Theorem 6.8.4. A basis Bg:j ) for the coinvariant ring R(Zli’j ) is given by
{x?‘1~~x2‘k9f1~-95j |0§041+"'+Oék+51+"'+ﬂj Sn—l}, (667)

where B; € {0,1} for alli € {1,...,j}.
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Proof. Tt is not difficult to see that the invariant ideal (C[zy, ..., %, 01,...,0;]%") contains
all monomials 9" - - - 226" - ~~6fj where g + - +ap+ B +---+ f; =nand 3; € {0,1}
for all i € {1,...,j}. Furthermore, there are no non-constant invariants of lower total degree.

We can use these as straightening relations to show that the claimed basis is a spanning set.

To show that the spanning set is a basis, it suffices to show that its enumeration matches
that in Corollary 6.8.3. Let 2 = oy +- - -+ + 81 + - - - + 3; and use a stars and bars argument
to complete the proof. O
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Chapter 7

Further directions

7.1 The standard character

In general, it is quite difficult to compute the universal series coefficients of the Frobenius
series of a (k, j)-bosonic-fermionic coinvariant algebra.

In this section, we determine that the standard character of all (k, j)-bosonic-fermionic
coinvariant algebras has multigraded multiplicity sqy(q/u) + s (q/u) + - - + sg-1)(q/u),
where s)(q/u) is a super Schur function in grading variables q = {q1,...,q} and u =
{ur, ..., u;}.

Define the (k, j)-bosonic-fermionic coinvariant ring by

RED =ClzW, ... 2™ oW .. 09]/(Clz",...,® oV ... 6, (7.1)

where ClzW, ..., 2® W ... D] denotes the polynomials without constant term, which
are invariant under the diagonal action of the symmetric group &,, on each set of variables.

The standard character of the symmetric group &,, is the irreducible character indexed
by the partition (n — 1,1). The main theorem of this note is a formula for the multigraded

multiplicity of the standard character of Rg” ). This is the first character, aside from the
trivial character, to be determined for all R;k’] ).

Theorem 7.1.1. Fizn > 2. For any k,j nonnegative integers or infinity,

(Frob(R{™; q;u), su-11)(2)) = s@y(a/u) + s@y(a/u) + -+ sep(a/u).  (7.2)

We recall the following result from [74], which was conjectured in [10, Conjecture 1]. Let
z be an (infinite) auxiliary set of variables for the Frobenius characters.

Theorem 7.1.2 ([74]). Fiz a positive integer n. For partitions X with ((\) < n, and
p b n, there exist nonnegative integer coefficients cy,, such that for any (k, j), the multigraded

. . kj) -
Frobenius series of R% ) s

Frob(R qiu) = ) Y eausa(a/u)su(z). (73)

AEP(k,jn) pkn
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Define a super Schur function (see [32, Appendix A.2.2]) by

sx(a/u) = Z su(a) sy (1 (7.4)

vCA

The following is well-known, but we include a proof for completeness. It has essentially
the same proof as that of [57, Proposition 1.2.2].

Lemma 7.1.3. Fixn > 1. For any k,j nonnegative integers or infinity,
(Frob(R); q; ), 5(n)(2)) = 1. (7.5)

Proof. Let (Rgzk’j))rl ,,,,, ris1,..s; denote the homogeneous subspace of Rﬁf’j ) of multidegree
T1,...,Tk}S1,...,8;. Since (Rq(f’j))o 77777 0:0,..,0 is spanned by 1, an &,-invariant polynomial, it
affords the trivial representation. However, any &,,-invariant polynomial of any multidegree
(1, Tk} 815+ -+, 8;) not equal to (0,...,0;0,...,0) is in the defining ideal (Clz™), ... 2®)
oW, . .. ,0(j)]f"> and thus cannot be in ( (]”))T1 77777 RIS LS - O

We have that gl(k|j) acts by superderivations. For 1 < a,b < k and 1 < ¢,d < j, we have
polarization operators

By =Y 20 0, Bea =Y 20w, Eoy=Y 0700, Eva =Y 070w, (7.)
=1 =1 =1 =1

which realize the action of gl(k|j) on Sym(CFV ® V) [32, Lemma 5.13].
Since each polarization operator is a sum over all indices {1,...,n}, we have the following.

Lemma 7.1.4. The polarization operators from equation (7.6) commute with the action of
S,

We recall the following formula for the Frobenius series of R&Y,

Theorem 7.1.5 ([91]). For any positive integer n,

Frob(RMq) =Y " > ¢mi®) (7.7)

A-n TeSYT(X)

Proposition 7.1.6.

(Frob(R";q), s(n-1,1)(2)) = 501)(q) + 82)(@) + - + 8(a-1) (). (7.8)

Proof. We only consider standard Young tableaux of shape (n —1,1):

1

!
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Such a standard Young tableaux must have a 1 in the upper left corner, and then may have
any value i € {2,...,n} in the lower left corner. The choice of i then determines the rest of
the tableau. Then 7 is part of a descent with ¢ — 1, and this is the only descent in the tableau.
Recall that the major index statistic of a standard Young tableaux is the sum of all descents.
As a result, we write

(Frob(RIV5q), s-in(@) = Y ¢ P =g+ g+ k" (7.9)
TESYT((n—1,1))

by Theorem 7.1.5, which is equivalent to the claimed formula. O

Let the polarized power sum be defined by
Proven @D, @) = "otk (7.10)

Note that we added the subscript n to 2\ to record how many variables are in each set.
Proposition 7.1.7 ([99]). The defining ideal of RO,
(Clot, ... 2] (71

has as a generating set

—

{Proom (@), @) <y 4 < (7.12)
Now we are ready to prove Theorem 7.1.1.

Proof of Theorem 7.1.1. Fix n > 2. By Lemma 7.1.3, we have that

(Frob(R{™; q; ), 5(a-1)5(1)) = (Frob(R{™Y; q; ), 5611 + 5(m) (7.13)
= <Fr0b(R7(zk70)7 q; l_l), S(n—l,l)> + 1. (714)

Now since G,,_1 X 61 =2 G,,_1, we can write

S(n—1)5(1) = ]F‘rob(lndgz_lxgl(ILGW1 ®lg,)) = Frob(Indgz (Is, ,))s (7.15)

—1

where 1 denotes the trivial representation.
We have that

<Fr0b(R§Lk’0)), S(n-1)5(1)) = <R£Lk’0), Indg:_l(]lgn_l)) (7.16)
= (Resgr_ (R{FY), e, ), (7.17)

by Frobenius reciprocity.
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It remains to compute the multiplicity of the trivial representation lg inside of

Resg" | (ng,()) ).

But this is equivalent to determining (Frob(R%k’o)), S(n—1)S(1)), which is all &,,_;-invariants

n—1

inside RO,

Every &,,_;-invariant polynomial in C[mnl . :Izq(f)] can be written as g(x 1_)1, Slk)l)
f(a:le), . x%k)) where ¢ is an &,,_j-invariant polynomial in C[ n)l, . , ( 7,] and f is any
polynomial in just the nth variable from each set that is, (C[a:'n Sy 2 ]

By Proposition 7.1.7, the defining ideal of Rn 1mposes the relations {p,, (zc%l), cee wff)

=0|1<r; 4+ 71 <n}, equivalently

{Prr @y, al) = (@) @)L <y <) (7.18)

n

Hence the G,,_;-invariant polynomial g can be expressed as a function of just the variables
x%l), .. ng) in the quotient ring. Thus any &,,_;-invariant polynomial in (C[acg), . a:,(lk)]
can be expressed as a function of just the variables x(l) e ,xﬁﬁ) in the quotient ring.

Now from the k = 1 case, we can compute that (x,(@ ))" = 0in RS"”. This can be seen
because the elementary symmetric functions also form a generating set for the defining ideal of
RO specifically {e1(xn, )), . ,en(w,(ll))}. Consider the polynomial P(t) = H” (= w(l)) in
R 0)[ t]. Expanding gives P(t) = t" — eq (@\))t" - en (i) — - -+ (=1)"en (). In RYO[,
we have ei(wg)) =0 for alli > 1, so P(t) = t". Since 2V is a root of [T, (t — xl(l)) =",
then (337(11))" = 0.

By Lemma 7.1.4, the defining ideal 159 is invariant under the action of the operators

in equation 7.6 which only act on commutative variables. Thus if indices 4y, ..., satisfy
i1+ -+ ik = n, then B - Efz(xg))il (@i = (2 = 0, for some nonzero scalar
c. We conclude that all monomials in C[x,(ll), L | of total degree n vanish.

Thus the G,,_;-invariant subspace is isomorph1c as a vector space to a subspace of
Clal, e (D) - (@) i + -+ iy = ), (7.19)
which has a basis of

{@D)n e @)y [0 < i+ i <n— 1}, (7.20)

n

The basis has multigraded Hilbert series

1+ say(a) + s@(@) + -+ s@-n(q)- (7.21)

We claim that the &,,_j-invariant subspace is isomorphic exactly to equation (7.19). Suppose
not. Then at least one element will be missing from the basis in equation (7.20), say,

(:157(11))1'1 e (xq(@k))’k for some i, ..., % such that i; + --- + ¢ = d < n. Then use polarization
operators to push all variables into the first set, that is, Ei’“k > -Eig(wg))il e (x;k))’k



CHAPTER 7. FURTHER DIRECTIONS 125

c(xg))d, for some nonzero scalar c¢. However, since R¥Y contains R as a subring, this
contradicts that (x%l))d # 0 unless d > n.
Finally, take the limit as £ — oo. This shows that

(Frob(R{*Y;q), s(-1,1)(2)) = 501)(Q) + 5¢2)(@) + - + 5u-1)(@)- (7.22)

Then by [74], we conclude that

(Frob(R>*>); gy u), s(-11)(2)) = s0y(@/u) + s@)(a/u) + - + se-nla/u),  (7.23)

and all finite cases follow from this.
O

7.2 The Tamari lattice

The Tamari lattice Y,, is a partial order on the C, = #1(2:) Catalan objects of order n,

introduced by Tamari [98]. Tt may be defined by a covering relation on a set of Catalan
objects.

The Tamari lattice Y, is simple to describe in terms of binary trees (see [15] for the
following exposition). Binary trees can be defined recursively so that a binary tree is either
a leaf, or an ordered pair of binary trees B = (Bj, B2). The number of binary trees with
n internal nodes is C,. Next, we define the covering relations for the Tamari lattice. A
binary tree B which contains ((By, Bs), B3) as a subtree is covered by B’, which is obtained
from B by replacing the subtree ((By, By), Bs) with (By, (Bs, B3)). It follows that Y, can
also be succinctly described on non-associative parenthesizations. For other Catalan objects,
for example Dyck paths, to describe the Tamari lattice amounts to determining the right
characterization of the covering relations under some bijection with binary trees.

The fact that Y, is indeed a lattice was established in [41,63].

An interval in a lattice L is a pair x,y € L such that x < y in the partial order. The
number of intervals in the Tamari lattice was found by Chapoton [30] to be

2(4n+1)!
Bn+2)!(n+ 1)1

(7.24)
Now equation (7.24) is the conjectural multiplicity of the sign character of the triagonal
coinvariant ring, according to a conjecture of Haiman.

Conjecture 7.2.1 ([57, Fact 2.8.1)). For positive integers n,

2(4n +1)!
Bn+2)(n+ 1)1

(Frob(R*;1,1,1), s(1my) = (7.25)
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K 1 2 3 4 ) 6
n
1 11 1 1 1 1
2 1 2 3 4 ) 6
3 15 13 26 45 71
4 1 14 68 217 549 1196
) 1 42 399 2110 8067 25007

Table 7.1: The multiplicity (Frob(R%k’O); L...,1),sam).

Haiman proved that
(Frob(R*; 1, 1), s(1my) = O, (7.26)

using results on the Hilbert scheme of n points in C?, however, the framework does not
extend to C?, which would be needed to extend the proof methods to RV

Further work on the connection between the Tamari lattice and RS was advanced by
Bergeron and Préville-Ratelle [14], where they both generalized this story to the m-Tamari
lattice (which is related to the higher triagonal harmonics) and have a conjectural Frobenius
series for R*? with two out of the three gradings.

Define a length k multichain of a lattice L to be a sequence 1 < x5 < -+ =X 13 of
k elements x; € L which are weakly increasing in the partial order. Now we see that the
number of length 1 multichains of Y}, is (Frob(R 201, 1), s(1ny) and, conjecturally, the number

of length 2 multichains of Y, is <Frob(R )1, 1, 1), sany). One could then make the false

conjecture that the number of length k& — 1 multichains of Y, is (Frob(R;k’O); L. 1), 50m).
However, data shows that this starts to fail at k& = 4.
We compute that the sequence of the number of length 3 multichains of Y,, begins

{1,4,26,218,2141}. (7.27)
The sequence of the multiplicity of the sign character of RGO begins
{1,4,26,217,2110}. (7.28)

We summarize the experimental data for (Frob(RSLk’O); 1,...,1),50ny) in Table 7.1.

Contrast this with the experimental data for the number of length k£ — 1 multichains of
Y, in Table 7.2.

It is interesting to note how similar these tables are. The data suggests the following
conjecture.

Conjecture 7.2.2. (Frob(RﬁLk’O); 1,...,1),san)) is less than or equal to the number of length
k — 1 multichains of Y,,.

Furthermore, it would be interesting to establish a combinatorial condition to exclude
some k — 1 multichains of Y,, to make the conjecture tight.
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K 1 2 3 4 ) 6
n
1 1 1 1 1 1 1
2 1 2 3 4 ) 6
3 1 5 13 26 45 71
4 1 14 68 218 556 1224
5 1 42 399 2141 8401 26947

Table 7.2: The number of length £ — 1 multichains of Y,,.

A sequence
{Tus1 Yas1 = {1,4,26,217,2110, 22744, 264057, . . .} (7.29)

is introduced in [80]. T} is the number of degree d rational curves in CP? that satisfy an order
3d — 1 local tangency constraint (see OEIS sequence A364973 [86]). In [82], this sequence is
studied further and given a recursive formula. Furthermore, therein it is noted that ). Ren
found that this sequence may be computed as follows. Let F(z) =1+ > 07, T,z and let the
coefficient of % in (F(z))3? be (3d)!/(d!)®. Solve for Ty and then divide by 3d — 1 to obtain
Td.

Now this exactly matches the known data from equation (7.28) on the multiplicity of the
sign character of R Hence it would be interesting to investigate the following.

Conjecture 7.2.3. The multiplicity of the sign character of R g gwen by Ty ..

7.3 Higher operator conjecture

The harmonic space HY can be described as the space which consists of the Vandermonde
determinant [, i <n(®j — ;) and is closed under the action of the operators d,, for all
ie{l,...,n}.

Haiman conjectured the following [57, Conjecture 5.1.1], which was later proven as a

consequence of his work in [59]. Here let Hff’o) use r1,...,T, as the first set of variables and

Y1, ---,Yn as the second.
Theorem 7.3.1. The diagonal harmonic space Hy(f’o) 15 the smallest space which:
e contains the Vandermonde determinant [],.;_;<,(x; — xi);

e is closed under the action of the operators
E,=> yol, (7.30)
i=1

forallpe{l,...,n—1};


https://oeis.org/A364973
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e is closed under the action of the operators 0, for alli € {1,...,n}.

There is also an analogue for the super harmonic space HMY

by [97].

, which was conjectured

Theorem 7.3.2 ([88]). The harmonic space H"Y s the smallest space which:
e contains the Vandermonde determinant [],; i<, (x; — xi);

e is closed under the action of the operators d, which are defined by

a1 = Y (e (7.31)
i=1
forallpe{l,...,n—1};
e is closed under the action of the operators 0., for alli € {1,... ,n}.

For 1 < a,b < k and 1 < ¢,d < 7, define operators, which generalize those from
equation (7.6) by:

BEY) = Zx 0'3(,,), Epg = nga)%dn Eﬁ%j;:zg?)aig,,), Eua :ZQZ@(%@, (7.32)
=1 =1 =1

=1

Some of the operators are partial inverses to each other, or up to a scalar can be obtained
by composing operators, so consider a subset of them:

2 k
épl) = Zx( OIEARE E]E;I,)lz_l = Z x,E )ai)(k—l)7
i=1 ‘
B, = Z 0! ”ap(k (7.33)

E E ]
E2/71/ 0 89(1), .. ] 17 = 9 9(]71)'

It would be interesting to know for which choices of k, j the following holds.

Problem 7.3.3 (Higher operator conjecture). Let k& > 1 and j > 0. Determine if the
harmonic space HD is the smallest space which:

e contains the Vandermonde determinant [],,_,, (7; — 2;);

e is closed under the action of the operators given in equation (7.33) for allp € {1,...,n—

1};
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e is closed under the action of the operators 0, for all i € {1,...,n}.

We have checked that it holds for (k,j) = (k,0) for k£ <6 and n < 4. Generalizing in a
different direction, it is known that the analogue of the operator conjecture for type B is
slightly incorrect when (k, j) = (2,0) [57].
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