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Abstract

We consider the symmetric group Sp,-module of the polynomial ring with m
sets of n commuting variables and m’ sets of n anti-commuting variables and show
that the multiplicity of an irreducible indexed by the partition A (a partition of n)
is the number of multiset tableaux of shape A satisfying certain column and row
strict conditions. We also present a finite generating set for the ring of 5,, invariant
polynomials of this ring.
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1 Introduction

Let m and n be positive integers. The multivariate polynomial ring of m sets of n commut-
ing variables is a GL,, X G L,,-module that is familiar in the combinatorial representation
theory literature. Denote this module by

ClXpxm) ==Clzy; : 1 <i<n, 1 < j<m
then it is well known (e.g. [GW] Theorem 5.6.7) that the space decomposes as

ClXpum) = P W, @ W),
A

where the direct sum is over all partitions with length less than or equal to min(m, n) and
W2 is a polynomial irreducible G L,-module indexed by the partition A\. More precisely,
as a G L,-module, the multiplicity of the irreducible module W is equal to the dimension
of W2 . This dimension is equal to the number of column strict tableaux of shape A and
content in the entries {1,2,...,m}. The actions of GL, and GL,, commute with each
other and this decomposition is a consequence of the double centralizer theorem.

For a sequence (ai,as,...,a,) of non-negative integers the span of the monomials
such that, for each ¢ between 1 and m, the degree in the variables xy;, x9;, ..., T, iS
equal to a; is a GL, submodule of C[X,,x,,]. This homogeneous submodule has charac-
ter hg, [Xn|hay[Xn] - - ha,, [Xn] where the h,[X,] are the complete homogenous symmetric
functions.

The symmetric group 5, realized as permutation matrices, is a subgroup of GL,
and so this subspace is also a S,,-module. The multiplicity of the irreducible .S,,-module
indexed by the partition A in this module can be expressed in terms of plethysm [Lit, ST]
of symmetric functions,

<halha2"'ham>5/\[1+h1+h2+"']> : (1)

While there are no general techniques for computing plethysm multiplicities, it is possible
to give a combinatorial interpretation for this particular expression (e.g. [LR, Theorem
10], [LW]).

We extend the module under consideration by looking at polynomial rings in m sets
of commuting variables and m’ sets of anticommuting variables. That is, let

C[anm;@nxm’] = C[xijaeij’ 1 < l < n, 1 < ] < m, 1 < j/ < m/]

where the variables z;; commute and commute with the 8;;; variables and 0;;0,, = —04,0;;
if either ¢ # a or j # b, and 9% = 0. There is a GL,, x GL,, X GL,, action on this space;
however, in this paper we concentrate on the restriction of the GL,, action to the subgroup
of permutation matrices. This copy of the symmetric group acts on the first indices of
the variables. We are particularly interested in the decomposition of the subspaces of

fixed homogeneous degree. In this case, it is also possible to give an interpretation for
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the multiplicity of an irreducible module in terms of plethysm. However, in this case,
we are not aware of general techniques for finding a combinatorial interpretation for this
multiplicity. The main goal of this paper is to give a combinatorial interpretation for this
multiplicity in terms of tableaux.

In Section 2, we give definitions and introduce the notation used in this paper. Then,
in Section 3 and Section 4 we present the two main results:

e A combinatorial interpretation for the multiplicity of an irreducible symmetric group
representation in a homogeneous component of C[X,,xm; Opnxm| in terms of certain
multiset tableaux (see Theorem 3).

e A finite set of algebraic generators for the S,, invariants of C[X,,xm; Onxm] (see
Theorem 17).

An interesting consequence of the combinatorial interpretation is that it shows that
the symmetric group submodule of fixed homogeneous degree is representation stable in
the sense defined in [CF, CEF].

An important application of the main theorem of this paper and the double central-
izer theorem [CR, GW] is to give an interpretation to the dimensions of the irreducible

representations of the centralizer of CS,, when it acts on multivariate polynomial rings
(see [NPS, OZ3]).

2 Notation and Preliminaries

Let XT(Li) represent a collection of commuting variables xq;, zo;, . . ., £,; on which the sym-
metric group S, acts by permutation of the first index. That is, o(z,;) = Zo(); for all
o € S,. The notation 0% will be used to represent a collection of anti-commuting vari-
ables (Grassmannian variables) 04,6, . . ., 0; (again, on which the symmetric group acts
on the first index). Now denote the polynomial ring in m sets of the commuting variables
and m’ sets of anti-commuting variables by

C[Xnxm: Onxnr] = C[XW, X2 xm o) g@ gm)]

n n

where the product satisfies the relations

0,055 = =050, if r #sori#j and Hfl- =0

LTrklsd = Lsdlrk and xrkesj = eijrk
forl<r,s<n, 1<i<j<mandl <k<d<m.
A monomial in C[X,,xm; Onxm] is said to be of degree a = (v, g, ..., ) in the
commuting variables and 5 = (51, B2, . .., Bm) in the Grassmannian variables if the total

degree in the variables Xr(bk) is o and the total degree of the monomial in the variables @Sf )
is B; for 1 <i < m’and 1 < k < m. The homogeneous subspace spanned by all monomials
of degree o« = (o, g, ..., qy,) in the commuting variables and g = (1, s, ..., Bw) in
the Grassmannian variables is an .S,, submodule of C[X},xm; ©pxm]-

THE ELECTRONIC JOURNAL OF COMBINATORICS 27(3) (2020), #P3.24 3



There is another notation for this symmetric group module that is worth mentioning
in terms of the symmetric tensor S”(V') and antisymmetric tensor A" (V). If V,, is a vector
space of dimension n with a basis {vq, vs,...,v,}. We note that as S,-modules,

C[anma ®n><m’] = @ Sr(vn & Vm) & /\r,(vn ® Vm’)

r,r’' >0

where the symmetric group S,, acts on the vector space V,, in this expression.

2.1 Combinatorial definitions

A partition of an integer n is a sequence of positive weakly decreasing integers whose
terms sum to n. The notation A F n denotes that A is a partition of n and ¢(\) denotes
the number of terms in the sequence. We use |\| to denote the sum of the terms of the
partition A. The cells of a partition A is the set of pairs {(i,7) : 1 < i < L(A\),1 < j < N}
In this paper, the cells will be graphically represented by displaying them in the first
quadrant using French notation with the largest row of the partition on the bottom.

A multiset is a collection of objects where the entries are allowed to repeat. Mul-
tisets will be indicated by enclosing the collection of elements with {,}} to indicate
that the structure keeps the multiplicity of the elements. When the multiset has en-
tries which are integers between 1 and m, the content vector of the multiset will be a
vector (aq,as, ..., a,) where a; > 0 is the number of times that i appears in the multiset.

A multiset partition is a multiset of multisets. That is, 7 = {51, S2,..., S, } where
each of the S; is a multiset. The entries in 7 are referred to as the parts of m and the
length of 7 is the number of (non-empty) parts of . The content of a multiset partition
7 is the disjoint union of the entries of 7, that is, Lﬂf(:”l) S;. The multiset partitions that
appear in this paper will be in two different alphabets. Fix two non-negative integers m
and m’. The multiset partitions that are considered here will have entries in [m] U [m/] :=
{1,2,...,m} U{1,2,...,m'} where barred entries are allowed to occur at most once in
each part of the multiset partition (but may occur in several parts of a given multiset
partition). The notation 7 H-S will be used to indicate that 7 is a multiset partition with
content S. The condition that barred entries are not allowed to occur twice in any given
part of a multiset partition is imposed by the algebraic relation that the Grassmannian
variables square to zero and that this data structure is used to encode these algebraic
objects. Throughout this paper it will be assumed that barred entries may not repeat
within a single multiset, a part of a multiset partition, or within a single cell of a tableau
or filling.

Multisets are, by definition, an unordered structure, but it will be necessary to specify
an order on multisets for constructing multiset tableaux. The results of this paper are
independent of the order we choose; however, the order chosen will need to be consistent
with the algebra. For instance, in the proof of 3 when multiplying monomials and in
Section 4 the basis elements will inherit a sign from the order. We assume that our
alphabet is totally ordered by 1 < 2 < --- < m <1 < 2 < --- < m/ In this paper,
the multisets will be ordered in reverse lexicographic order. For multisets S and S’, we
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say S < S" if maz(S) < max(S’), and if max(S) = max(S’) a comparison is made by
removing one instance of max(S) from each multiset. The empty multiset is considered
to be the smallest multiset in this order. (See Examples 1 and 11 for an illustration of
the use of this multiset order).

Let X be a partition and S be a multiset of entries from [m] U [m’]. A multiset tableau
of shape A and content S is a map, T', from the cells of A to multisets of entries of [m]U[m/]
satisfying the following conditions.

1. For each ¢ € A, T(c) is a multiset (which could be empty) in barred and unbarred
entries, [m] U [m/].

2. The cells are weakly increasing in both the rows and columns with respect to the
chosen order on multisets. That is, T'(¢1,¢2) < T(c1+1,¢2) and T'(c1, ¢2) < T(eq, o+
1) whenever both cells are in the partition.

3. If a multiset label contains an even number of barred entries, then no two cells
that are labelled with that multiset may occur in the same column (i.e. the cells
with the same multiset label that have an even number of barred entries form a
horizontal strip). That is, if S; is a multiset with an even number of barred entries
and (c1,¢2), (), ) are cells of A such that T'(¢y, ) = T(c), ¢y) = S;, then either

(c1,¢0) = (), ¢y) or ey # .

4. If a multiset contains an odd number of barred entries, then no two cells that are
labelled with that multiset may occur in the same row (i.e. the cells with the same
multiset label that have an odd number of barred entries form a vertical strip).
That is, if S; is a multiset with an odd number of barred entries and (cy, ¢3), (¢}, ¢5)
are cells of A such that T'(c1, o) = T(c},cy) = S;, then either (¢, c0) = (¢}, ) or

c # .
The content of a tableau is the multiset union of the content of the cells of the tableau.

Example 1. Let A = (7,3,2,2,1), then the following is an example of a multiset tableau
of content S = {{13,24,1°,2°} satisfying the conditions of the definition. Since {} <

{2} < {1, 1} < {2} < {1,2} .

—_

ﬁ — [—]—
2[2]2[1212

2.2 Symmetric Functions

The proof of the main result will require the use of well known identities and notation in
symmetric functions. We will mainly follow the notation which is common to references
in this area [Mac, Sag, Sta] with a single addition that we describe below. The ring of
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symmetric functions is the polynomial algebra in generators p; (the power sum generators)
for © > 1 where the degree p; is ©. That is,

A - Q[plap27p37 .. ] .

The elementary {e;}i=1 and homogeneous generators {h;};>1 are related to the power sum
generators by the equations

ne, = Z(—l)r_lpren_r and nh,, = Zprhn_r .
r=1 r=1
To allow for simpler notation, let h = ey =pg=1land h_, =e_, =p_,. =0 for r > 0.
For an integer vector a = (o, g, . . ., Q(ay), products of the generators will be represented
by the shorthand

Pa = poqpag o 'paga €a = 60416112 e 6042 and hoz = hoqh/ag e h/oq .

For a partition A of n, denote the irreducible character of the representation of the
symmetric group S,, indexed by the partition A by x* and the value of this character at
a permutation of cycle type p by x*(u). The Schur symmetric functions are defined as

p
=D X ()"
" 1

where z, = [[,o, mi(u)!i™® and m;(u) is the number of times that i occurs in the
partition u.
The Hall scalar product on symmetric functions is defined for the power sum basis as

ez A=
(p,\,p“> B {O otherwise

There is a combinatorial rule for multiplying an elementary or homogeneous generator
and a Schur function that is known as the Pier: rule. It says

h.s\x = ZS“ and = Z Sy (2)
K v

where the sum on the left is over partitions p such that A\; < p; and for all cells (cq, ¢2)
and (c}, ) in g which are not also in A, either (c1, ) = (¢, ¢y) or co # ¢,. The sum on
the right is over partitions v such that \; < ~; and for all cells (c1, o) and (¢}, ) in ~
which are not also in A, either (c1, ) = (¢}, &) or ¢; # ¢}.

Symmetric functions play a role both as generating functions for characters of the sym-
metric group, and also as polynomial characters of GL,, representations. The character of
a G L, representation is the trace of the representation when it is evaluated at a diagonal
matrix with eigenvalues 1, x»,...,z,. It will always be the case that this character, as
a function of the eigenvalues, will be equal to a symmetric function f € A where f is
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expanded in the power sum generators and py, is replaced by % + 2% + -+ + 2. Denote
this character by f[.X,,].

The symmetric group may be realized as the subgroup of permutation matrices inside
of GL,. For each permutation o, let A, represent the corresponding permutation matrix.
To compute the value of the character of an S,, representation with character equal to
f[X.], the variables of f[X,] are replaced by the eigenvalues of A,. Let u be a partition
of n and o a permutation of cycle structure . Up to reordering, the eigenvalues of A,
are dependent only on the cycle structure of the permutation o (that is, on the partition
1). We will denote the evaluation of f[X,] at the eigenvalues of a permutation matriz of
cycle structure p by f[=,] and this is a character value of the S, representation.

The reason that the computation of the character is important for this problem is
that the symmetric group character characterizes an S,, representation up to isomor-
phism. That is, let X be a GL,, representation with character f[X,] as a function of the
eigenvalues of a permutation matrix. The Frobenius image of the character [Mac, Ch 1.7,
equation (7.2)], [Sag, Ch 4.7] is the generating function

Of1Xa]) = Y SIENE (3)

ukn K

and the multiplicity of an irreducible S,, representaton indexed by the partition A in X is
equal to the coefficient of s, in ¢(f[X,]).

Example 2. Note that s3[X3] = 2?2 + 23 + 22 + 2125 + 21203 + 7273 is the character of
the symmetric group representation corresponding to the module S?(V3). To compute
the value of the character at the permutations of cycle type p = (1,1, 1) with eigenvalues
{1,1,1}, cycle type (2,1) with eigenvalues {1, —1, 1} and cycle type (3) with eigenvalues
{1,e%m/3 ¢4mi/3} . The character values are the evaluations:

s9[Za,1,1y] = 6, $2[Een] =2, and $2[Z@] = 0.

It follows that
(52 X3]) = 6]% + 2% + 0% = 283 + 2501.

This implies that S%(V3) decomposes into 4 irreducible S,, components.

3 A combinatorial model for the S,-decomposition of
C[anm; @nXm’]

One of the main results of this paper is the following combinatorial model for the decom-
position of the multivariate polynomial ring as an S,-module.

Theorem 3. The multiplicity of the symmetric group irreducible indexed by the partition
A nin the subspace of degree a = (aq, ag, . . ., ayy) in the commuting variables and degree
B = (B1,B2,.-., Bm) in the Grassmannian variables is equal to the number of multiset
tableauz (see the definition in Section 2.1) of content 11,22 ... ,m“m,Tﬁl, . ,Wﬁm'}
and of shape .
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We present an example of this theorem in Example 12 at the end of this section. All
of the hard combinatorial effort for proving this theorem appears in two recent references
of the authors [OZ, OZ2]. By referring the reader to the combinatorial interpretations
in those papers we can present a relatively short proof of this result, but there is a part
which is admittedly not completely self contained.

Remark 4. The case of m = 1 and m’ = 0 or m = 0 and m’ = 1 is a well known
result in the theory of symmetric functions due to A. C. Aitkin [Aitl, Ait2] (see [Sta]
p.474-5 exercises 7.72 and 7.73). The case of m > 0 and m’ = 0 follows from a result
of Littlewood [Lit, ST| and known techniques for calculating plethysm coefficients. The
multivariate version that we present here is a repeated tensor of Aitkin’s results. What
we hope to convey is the surprising fact that the decomposition of this symmetric group
module has a simple description in terms of ‘multiset tableaux’ and these combinatorial
objects specialize to several well known special cases.

The following lemmas and propositions involve finding combinatorial interpretations
for algebraic expressions. In particular, we use combinatorial objects to explain coeffi-
cients in expressions of symmetric functions. When we began extending our combinatorial
results to explain the decomposition of expressions that are no longer bases of the sym-
metric functions, the multiset tableaux that appear in Theorem 3 were a consequence.

Before we prove the theorem we state the following lemma which is a typical calculation
of a computation of a GL,, character.

Lemma 5. The GL, character of the subspace of degree a = (a1, g, ..., ) in the x;;
variables and degree 8 = (1, Pa, ..., Bm) in the Oy Grassmannian variables is equal to
ha[Xnles[Xn].

The proof will also require a combinatorial interpretation for the evaluation of this
character at eigenvalues of a permutation matrix of cycle structure p because we will
explicitly compute the Frobenius character. For this we need the following combinatorial
definitions.

Definition 6. (Definition 33 of [OZ]) Let 7., be the set of fillings of some of the cells
of the partition p with multisets such that the total content of the filling is {1°1,2%2 ...,
l(a)*} and any number of labels can go into the same cell but all cells in the same
row must have the same multiset of labels.

Definition 7. (Definition 5.13 of [0Z2]) For a non-negative integer vector 5 and a parti-
tion p1 let T 5, be the fillings of some of the cells of the diagram of the partition p with sub-
sets of {1,2,...,¢(8)} such that the total content of the filling is {{Tﬁl,552, . ,M’Bw)}}
and such that all cells in the same row have the same subset of entries. For I’ € ’7_‘5#, we
define the weight of F', wt(F), to be —1 to the power of the number of filled cells plus the
number of rows occupied by the sets of odd size.

These two combinatorial definitions are used to describe the following expressions for
symmetric group characters whose characters are given as homogeneous and elementary
symmetric functions.
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Proposition 8. (Proposition 27 and Theorem 37 of [OZ]; Proposition 5.6 and Lemma
5.15 of [0Z2]) For non-negative integer vectors o and 3 and any partition u,

ha[Zu] = |Ta.ul and g[S, )= ) wi(F). (4)

FE?,&H

Now a product of these expressions will have terms indexed by elements in 7, , X 7_-&#
and combining the objects into multiset fillings of x establishes that

he [Eu] € [Eu]

is equal to the sum over all fillings of the diagram for p with multisets of content
1or,202, L 0(a) ), T T2 0(B) "y

where the cells in any given row must have the same label, and there is a weight of the
filling equal to —1 to the power of the number of filled cells plus the number of rows
occupied by the multisets with an odd number of barred entries.

Our theorem follows from one final result that we pull from [OZ2] and state here
without proof.

Proposition 9. (Proposition 5.8 [0Z2]) For partitions A\, 7 and yu, let Fy _ be the fillings
of the diagram for the partition p with X; labels i and 1; labels j' such that all cells in a
row are filled with the same label. For F' € .7-"/‘\‘;, the weight of the filling, wt(F') is equal to
—1 raised to the number of cells filled with primed labels plus the number of rows occupied
by the primed labels, then

(hutep—prhaer, pu)y = > wt(F) . (5)

FeFy

This last proposition indicates that we should assign a ‘type’ to each filling described
above and group the fillings with the same type together.

Definition 10. Let F' be a filling of the diagram for p with multisets such that the
multiset union of all of the labels is of content

contas = {17,2°2, .. ()™= T2 15"} .

We associate the filling to a multiset partition, MSP(F"), which is equal to the multiset
collection of the non-empty labels of the cells.

For a given multiset partition, define m.(m) to be the partition whose entries are the
multiplicities of the parts of m that have an even number of barred entries and m, ()
be the partition whose entries are the multiplicities of the parts of m that have an odd
number of barred entries.

THE ELECTRONIC JOURNAL OF COMBINATORICS 27(3) (2020), #P3.24 9



Example 11. Let n =24 and p = (5,5,3,2,2,2,2,1,1,1) and consider the filling F,

113
2

(=
(SO ol T
= )

[a—
=l

13113]13|13|13

The content of this filling is {1, 23, 35,T8,§2}} and MSP(F) = {{1,1,2}, {2,2}, {1, 3},
f1,3% €1.3% 41,3, €133, 470 470 470 4Th £L.Th €119, 1,12}, {11,233
where (while a multiset is by definition an unordered structure) we have listed the entries
by increasing reverse lexicographic order to be consistent with the order that we will use
on tableaux. There are 6 cells which have labels with an odd number of barred entries
and they occupy 3 rows so the weight of this filling is —1. If we let 7 = MSP(F'), then
me(m) = (5,2,1,1) and m,(7) = (4,2).

Proof. (of Theorem 3.1) The G'L,, character of the subspace of degree v = (v, g, . .., Q)
in the z;; variables and degree 8 = (f1, (2, ..., Bn) in the 6 Grassmannian variables
is equal to h[X,]es[X,] by Lemma 5. We will use the evaluation of this character at
elements of the symmetric group as a subset of elements of GL,,.

With the GL,, character, we can compute the S,, character by evaluating h,[X,]es[X.,]
at the eigenvalues of a permutation matrix. Fix a partition pu of n and we will calculate,
using the combinatorial gadgets, the character of the subspace at a permutation matrix
of cycle structure p1. Proposition 8 implies that h,[=,]es[=,] is equal to a sum over fillings
of the diagram for p with multisets of content cont, s. We then group all fillings by the
associated multiset partition to the filling, MSP(F’), hence

ha[Z,]esE4] Z Z Wt(F>

T F:MSP(F)=

Qm

where the outer sum is over all multiset partitions 7 of such that wH-{1%1,2% ... m®m,
=61 5b2 — B
27 . ,m™ g

We next apply Proposition 9 and consider the labels of the filling of multisets where
the ‘primed’ entries of the filling are those with an odd number of barred entries and the
‘unprimed’ entries of the filling are those with an even number of barred entries. This
implies that

halZues[Ea] = D (Plut e (o)1l (r) P (o) € () P

™
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where again the sum is over all multiset partitions 7 of content cont, g.

Since we have computed the character of the subspace for each permutation of cycle
structure u, from Equation (3) we can compute the Frobenius image of the character of
the subspace as

> halEes[E, Z—“ 2D (e (mlto ) e () ) Pu>p

ukn T  ukn

= P ) ) P () e ) (6)

where the sum is over all multiset partitions m of content cont, s.

To conclude the proof of the theorem we need to establish that the multiplicity of
a Schur function indexed by a partition A in this expression agrees with the description
stated in the theorem. Here is where the order of the multisets in the tableau plays
a role in determining the combinatorial interpretation. Each of the generators in the
product Ny, (=)o ()| e () Ermo () Will Tepresent the cells in the multiset tableau which
are labeled by a fixed multiset. The generator hy,_ |, (x)|—|m.(r) Tepresents the blank cells,
and those with an even number of barred entries are represented by the generators in
the product Ay, (r), while those with an odd number of barred entries are represented by
the generators in the product ey, r). Since the multiplication in the ring of symmetric
functions is commutative, we can choose to order these terms with respect to the total
order that we have placed on these multisets.

To determine the multiplicity of the Schur function s) in this expression, we repeatedly
apply the Pieri rule. We use tableaux to keep track of the terms in the Schur expansion
of

P i () | = 20 ()| Pt () €12 ()

where the labels of the tableaux are the multisets represented by the h or e-generators.
The Pieri rule implies we will record 7 cells in a horizontal strip for each product of an h;
generator, while we will record 7 cells in a vertical strip for each e; generator.

We provide an example below to ensure that it is clear that the coefficient of a Schur
function sy in Ay |, (x) = i (m)| Porine (7) €0 () 1S €qual to the number of multiset tableaux
whose entries are the multisets of 7. By equation (6), the coefficient of s, in the Frobenius
image of the subspace has multiplicity equal to the total number of multiset tableaux of
shape A and content cont, g. O

Example 12. Let 7 = {{1,1,2}, {2,2}, {1,3}, {1,3}, {1,3}, {1,3}, {1,3}, {1},
{ay, {ay, g, {1,138, {1, 18, {1,1,2}, {1,1,2}} where we have m.(7) = (5,2,1,1)
and mo(m) = (4,2). This implies that hos—g_h(52,1,1)€(4,2) Will occur as a summand in
Equation (6).

For example, to compute the tableaux with entries in 7 and of shape A = (10, 8,5, 1),
we first order the generators with respect to the order on multisets mentioned in Section
2.1, {3 < 1,12} < {22} < {1.3} < {1} < {1,1} < {1,1,2}. The number of

multiset tableaux with these entries will be the coefficient of the Schur function in the
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symmetric function hghihihseseshs. The three tableaux with this filling are:

1 1 1

22| 1 |11 112112 13|13| 1 [11[112 13| 1 |11 112112
112/13] 13| 13|13 |13 | T [11 112[22(13| 13| 13| T [1T 112 112221313 13|13 | T |11

4 The ring of S,,-invariants of C[ X, xm; Onxm’]

Since the multiplicity of an irreducible representation indexed by a partition A in the
Sp-module of C[X,,xm; Onxmr] 18 equal to the number of multiset tableaux of shape A,
then the multiplicity of S,, invariants (the irreducible indexed by (n)) is equal to the
number of single row multiset tableaux. Single row multiset tableaux are in bijection
with multiset partitions as defined in Section 2 with one additional condition imposed by
the construction on tableau.

Say that 7 is a super multiset partition of [m] U [m/] if the parts with an odd number
of barred entries appear at most once in the multiset partition.

Corollary 13. A basis for the ring of S, invariants of C[X,xm; Onxm:] s indexed by
super multiset partitions of [m] U [m'] of length less than or equal to n.

The following special cases of these rings of invariants are examples that we are aware
of that are considered in the algebraic combinatorics literature.

o If m =1 and m’ = 0, then the ring of invariants of C[X,,| are known as symmetric
polynomials and are equal to the span of the polynomials Sym,, := @, {pr[Xn] :
Ak} . A basis for the ring of invariants in this case is indexed by partitions which
have length of A < n.

A well known result [C] states that as an S,-module,
C[X,] ~ Sym, ® C[X,]/I

where [ is the ideal (px[X,]:1 <k < n) and this is equal to the ideal generated
by symmetric polynomials with non-constant term. The quotient C[X,,]/I are often
referred to as the coinvariants and the inverse system corresponding to that quotient
are the harmonics.

e If m = 2 and m’ = 0, the quotient of C[X, 2] by the ideal generated by the
invariants of the ring was defined by Haiman and is known as the ring of diago-
nal coinvariants [Hai94]. A combinatorial formula for the monomial expansion of
the Frobenius characteristic of this S,,-module was known as the shuffie conjecture

[HHLRU, CM15].

e Form > 2 and m’ =0, F. Bergeron and L.-F. Préville-Ratelle [Ber, BPR] considered
quotients and harmonics in multivariate polynomial spaces and their general linear
group and symmetric group characters.
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e If m =2 and m’ = 1, then the second author [Zab19] recently proposed the quotient
C[Xnx2; O,] by the ideal generated by the invariants as a representation theoretic
model for a generalization of the shuffle conjecture known as the delta conjecture
[HRW].

e If m > 1 and m’ = 0, then the ring of invariants of C[X,,x,] is known as MacMahon
symmetric functions [Ges, Ros| (MacMahon [MacM] called these symmetric func-
tions in several systems of parameters). MacMahon indexed the basis of this space
of symmetric functions by vector partitions instead of multiset partitions.

e If m = 0 and m’ = 2, then Kim and Rhoades [KR] give the standard monomial
basis of the quotient of C[O,,x2]| by the ideal generated by the invariants of the ring.
They (indirectly) used the same set of generators we define in this section for this
special case.

e If m = 1 and m’ = 1, then the ring of invariants are known as symmetric func-
tions in superspace and was studied by Desrosiers, Lapointe and Mathieu [DLM].
There the invariants are indexed by objects called superpartitions, which are pairs
of the form (A% A®), where A® is a strict partition and A® is a partition. L.
Solomon [Sol] proved that if {fi, f2,..., fu} is a set of free generators for C[X,,],
then {f1, fa, .-, fn,d(f1),d(f2),...,d(f,)} is a set of free generators for the alge-
bra of invariants of C[X,;0,], where d : C[X,] — C[X,;0,] is an operator on
polynomials defined by d(f) = >, 0., f0:.

e If m =1 and m’ > 2, then the ring of invariants was studied by Alarie-Vézina,
Lapointe and Mathieu [ALM]. In that work, the invariants are indexed by general-
izations of superpartitions.

The ‘super’ prefix of the name super multiset partition was borrowed from the ref-
erences [DLM, ALM] mentioned above, The main result of the rest of this section is to
establish a finite list of algebraic generators for the ring of S, invariants of C[X,,xm; Onxm]
(the analogue of the power sums) in Theorem 17.

Analogues of the elementary and complete homogeneous generators exist and we will
hint, but not explicitly state, how to define them in terms of generating functions. The
generators of this ring are not ‘free’ because they will satisfy relations coming from the
Grassmannian variables.

Let m = {S1,5,...,Sem } be a multiset partition of length less than or equal to n
whose entries are in [m] U [m/]. Furthermore let us assume that the parts of the multisets
S; are ordered in weakly increasing order and S; = {1%1,2%2 ... m%™ 5y, Sio, ..., S, )}
The monomial symmetric polynomial indexed by 7 is denoted m, and it is defined as the
polynomial in C[X,,xm; Onxmy| that equals the sum of the distinct S,, orbits of

1Sie;

£(m)
. ™. ail .52 Aim () .
(X, @) T H Lip Tyg™ " Ly Q%Sﬂelsiz 0
=1
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where the product follows the order on the multiset partition 7 and the entries in the
multiset are in increasing order. Recall that S, acts on the first indices of the variables
x;; and ;5. If £(m) > n then the monomial symmetric polynomial is 0.

Looking carefully at this set of symmetric group invariants, we notice that if S; = S;,4
and /; is odd (there are an odd number of barred elements in S;), then o(i,i+1)(X;0©)" =
—o(X;0)", for ¢ € S,. As a consequence, m, = 0 whenever 7 contains two equal parts
with an odd number of barred entries. Therefore the indexing set for the monomial basis
are the super multiset partitions.

Let S be a multiset and let S = TUT where T = {19,292 ... m} is a multiset
with entries in [m], and T = {31, 3,, ..., 5} is a subset of [m/]. The power sum generators
are defined by

n
Ds = Z T Ty -+ Tpplrs Orsy -+ Orsy - (7)
r=1
For a multiset partition 7 = {S1, 52, ..., Sex) }, the power symmetric polynomials are

Pr = PsiPSy " PSya

where the product of the generators are in increasing order with respect to reverse lexi-
cographic order.

Example 14. Let 7 = {{1,1,1}, {1,1,2}, {1,2}, {1,2}}. Aslong as n > 4,

9 2
My = E 25100123, 0420010:2041 042

(a7b7c7d)

where the sum is over all sequences (a,b,c,d) of distinct entries with ¢ < d (since
0109041042 = 0410420.10.2). The following power sum generators are

Pty = Th0n + 25,00 + -+ 2,00
Ppiiay = 11612 + 25,000 + - - + 2710
pyrzy = b1z + 021022 + - - 4 00100

Some explicit expansion of the products of the power sum generators shows that

P{LLT}P@,LE}}P?{{Q}} = My 1T 40130 41204120 T Mgg1,1,1,1,1,2), 41,23, 41.2) ) -

Lemma 15. The power symmetric polynomials {p} are a basis for the ring of S, invari-
ants of C[Xpxm; Onxm| where the m run over all super multiset partitions with £(m) < n.

Proof. The ring of S, invariants of C[X},xm; ©nxms] are clearly spanned by the monomial
symmetric polynomials since they are the S,, orbits of a single monomial in the polynomial
ring. This basis is indexed by the super multiset partitions with length less than or equal
to n.

Consider the power sum symmetric function indexed by a super multiset partition and
order the monomials using reverse lexicographic order where the Grassmannian variables

THE ELECTRONIC JOURNAL OF COMBINATORICS 27(3) (2020), #P3.24 14



are larger than the commutative variables. It follows that p, = ¢, m, plus terms which
are smaller with respect to this order. Therefore the set {p,} with ¢(7) < n also spans
the same space and is linearly independent. O]

Let 9 = ¢1,q2,...,¢n be a commuting set of variables and z = 2, 25,..., 2, be
an anticommuting set of variables. Define the following generating functions for the
generators
n m m/

E(q,z) =] (1 +> qT Y Zj/%") and (8)
1 j=1 j'=1

1=

P(q,z) = - leog (1 - <Z1 q;ij + 21 Zj/@j’)) : (9)
1= Jj= Jj'=

These generating functions are related by F(q,z) = exp (—P(—q, —2z)).

The following lemma involves a standard calculation on the generating function using
the definitions in Equation (7) and the expansions of the expression in Equation (9). The
variables satisfy z]z, = 9%, = (0 and this imposes the condition that the barred entries may
not be repeated in the multiset. There is no sign introduced in the expression from the
0;; variables because it is cancelled by the sign from the z; variables.

Lemma 16. Let S =T UT where T = {17,292, ... m®} is a multiset with entries in

[m], and T = {51,39,...,3} is a subset of [m’]. The coefficient of ¢ q5%- - - ¢ 2g, 25y + * Zs
1 5|

151 a1,02,...,0n,

k

in P(q,z) is equal to 1+ ) Ps:

Using that expression, we can obtain the expansion of F(q,z) by calculating

E(qv Z) = EeXp (_P<_qa _Z))

§ 1 E :(_1)‘5‘4_1 S ai a a !
B n! ( S| ai, ao ! a. 1k Q1 Q2" Gy 2y Zsy 25 DS
. S b PEREECEEEEY moy

n=0
= Z q(lllqg2 e q;lnmzﬂzsz Tt By, Z (_1)|S|+Z(W)a7rp7r (10)
S TH-S
where the sum is over multisets S = {1,292 ... m® 5,...,5;} and the inner sum

is over all super multiset partitions 7 of content S. The reverse lexicographic order on
multiset partitions was chosen so that the parts of the multiset partition 7m will have the
same order as the entries s < s < --- < 8§ s0 as not to introduce an additional sign in
. . . . S
the equality at Equation (10). For a multiset of this form, let ¢(.S) = (a a |51 a 1k>.
1, 82y .-y Um,
If the multiset partition 7 is denoted with its multiplicities as ™ = {S7™, 552, ..., S},
then the coefficient

(S e(Sa)™ (S

- Sy [ [ Syl 2 < - | Sy - g lmal - -yl

ar
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The coefficients of a monomial ¢y"¢5* - - ¢ 25,25, - - - 25, In Equation (10) give the

expansion of the elementary generator in the power sum symmetric polynomial.

In the notation of the following theorem S = TUT and S’ = T" UT are two multisets
with T, T" are both multisets of [m] and T, T are both subsets of [m/].

Lemma 15 establishes that products of the power sum generators will span the space
of invariants. The next result states that we only need the power sum generators of degree
less than or equal to n to generate the space of invariants.

Theorem 17. The set {ps}, running over all possible multisets S and |S| < n, is a finite
generating set for the ring of invariants of C[X,xm; Onsxm]-

Proof. Observe that the generating function expression in Equation (8) is a polynomial,
so the coefficient from Equation (10) in E(q, z) is equal to 0 if ay +as+ -+ -+ a,, + k > n.
This implies that for all S = {1%1,2% ... m®* 3,..., S} with |[S| > n, then

ps=— Y (-1)Ha p. (11)
TH-S
{5}

This implies that any p, such that 7 contains a part S € 7 with |S| > n can be
expressed in terms of p, with all parts smaller than or equal to n by repeatedly applying
this relation. O]

These generators are not free however and also satisfy the relation
17|

psps = (—1) DPs'Ps

if S and S’ are not equal and p? = 0 if |T| is odd.
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