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Tanisaki witness relations

for harmonic differential forms

Joshua P. Swanson

ABSTRACT Inspired by a series of conjectures and formulas related to higher coinvariant alge-
bras, we present two families of relations involving harmonic differential forms of the symmetric
group. Our relations, together with a novel bijection, are sufficient to give a filtration of the
1-forms suggested by work of Haglund—Rhoades—Shimozono with composition factors given by
Tanisaki quotients. These are “almost all” of the necessary relations in a certain asymptotic
sense we make precise.

1. INTRODUCTION

1.1. OVERVIEW OF RESULTS. We present a large family of relations between harmonic
differential forms of the symmetric group. These relations are involved in a series of
conjectures and results concerning higher coinvariant algebras. Combining a recent
conjecture of Zabrocki [23] on super diagonal coinvariant algebras with results of
Haglund—-Rhoades—Shimozono [10] on generalized coinvariant algebras related to the
Delta Conjecture of Haglund-Remmel-Wilson [9] suggests the existence of a filtration
of the harmonic differential forms of the symmetric group whose successive quotients
are cohomology rings of Springer fibers; see Question 1.3. These cohomology rings were
given a well-known presentation by Tanisaki [22]. Separately, a recent conjecture of
Wallach and the author [21]") gives an explicit description of the harmonic differential
forms in terms of certain differential operators from [20] applied to the Vandermonde
determinant.

Our main results are two families of “Tanisaki witness relations” between these
explicit harmonic differential forms, Theorem 1.10 and Theorem 1.14. Together with
a novel bijection, Theorem 1.6, our relations are sufficient to prove the hoped-for
filtration for 1-forms, Corollary 1.13. They also provide “almost all” of the neces-
sary relations in a certain asymptotic sense, see Remark 1.12. Qur arguments are
combinatorial and effectively construct certain intricate sign-reversing involutions.

Our results provide further evidence for the above conjectures and precisely iden-
tify some of the remarkably rich structure underlying them. We hope they will spur
additional research on this topic, especially from topological, homological, algebraic,
or geometric perspectives.

The rest of this introduction describes these developments and their context in de-
tail and states our main results. We introduce the classical coinvariants, the Tanisaki
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ideals, the generalized coinvariant algebras, the Delta Conjecture and higher coin-
variant algebras, classical harmonics, harmonic differential forms, the flip action, the
potential filtration which motivated this work, Tanisaki witness relations, our first
family of relations which we call the Generic Pieri Rule, our result for 1-forms, and
our second family of relations.

1.2. CLASSICAL COINVARIANTS. The coinvariant algebra of the symmetric group &,
is the quotient

Qlz1, ..., x4
(er(n) 17 € [n])’
where the generators are the elementary symmetric polynomials

er(n) = e (x1,...,2,) = Z Xy o T

1< < <ir<n

(1) Rn =

The classical coinvariant algebra is very well understood from topological, geometric,
and combinatorial perspectives [2, 6, 8, 14, 18]. As one example, Borel [4] showed that
R, is a presentation for the cohomology ring of the complete flag variety.

1.3. TANISAKI IDEALS. A series of authors (see [7, p.83]) more generally considered
the cohomology ring of the Springer fiber X,, consisting of complete flags in C" fixed
by the unipotent matrix with Jordan blocks of size pq > - -+ > p,, = 0 for a partition
g F n. The complete flag variety is the case u = (1,...,1), corresponding to the
identity matrix.

Tanisaki [22] gave a presentation of the cohomology rings H*(X,,),

(2) Ry = W
where
) L= (er(S) : |S] = djs () <7 <[5, 5 C [n])

is a Tanisaki ideal, with dy () = g, 4 piy,_y + -+ ph,_;, and

(4) er(S) = D i@,

{i1< <5 }CS

Here p' is the transpose of p. We give a more compact, diagrammatic description of
the Tanisaki ideals in Section 2.

The cohomology rings H*(X),) carry a non-obvious [14] graded &,-module struc-
ture, which is compatible with the natural action of &, on R,. The graded Frobe-
nius series encoding the graded &,-module decomposition of R, is the dual Hall-

Littlewood symmetric function up to a twist,

(5) GrFrob(R,; q) = ¢""Q),(x;q7") = rev, Q) (x: q),

where b(u) == Y_,;(i — 1)p; and rev, F(q) == q%¢F F(q~1') is the g-reversal operator.
See [7]. (The rev, in (5) was inadvertently neglected in [10, (7.1)].)

1.4. GENERALIZED COINVARIANT ALGEBRAS. In a different direction, Haglund—
Rhoades—Shimozono [10] introduced the generalized coinvariant algebras

Qlz1, .-, xy]

<xlf7 cey ‘rﬁv en(ﬂ)v enfl(ﬂ)v S 7€n7k+1(ﬂ)>

Rn,k =
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while studying the Delta Conjecture of Haglund—-Remmel-Wilson [9], which we will
discuss shortly. They gave the following compact description of the graded Frobenius
series of Ry, [10, Thm. 6.14] generalizing (5) when k = n,

(6)

koo, k
GrFrob(R,, k; q) = rev qzizl(l_l)(’”_l) ( ) Q) (x;q
( b ) ? Z m1(ﬂ)7~--,mn(ﬂ) q ,U«( )

pEn
)=k

where () = #{j = uy # O}, ma) = #4 = i}, ond (,,, ¥, ) s e
multinomial coefficient.

Haglund-Rhoades-Shimozono ask whether a filtration of R, ; could be found to
prove (6) directly using (5), with successive quotients R, up to g¢-shifts [10, Prob-
lem 7.1]. A geometric description of R,, ; was later given by Rhoades—Pawlowski [14],
though an appropriate filtration has been elusive. Pursuing such a filtration has been
the primary motivation of the present work.

1.5. THE DELTA CONJECTURE AND HIGHER COINVARIANT ALGEBRAS. The Delta
Conjecture of Haglund—Remmel-Wilson [9] hypothesizes a certain symmetric function
identity,

(7) AL (en) = Crr(x;q,t), 0<k<n-1

€k—1
where A’; is a certain modified Macdonald eigenoperator and Cy, x(x; g, t) is either of

two explicit combinatorial expressions). See [9, §3] for details.
The main result of Haglund-Rhoades—Shimozono is [10, Thm. 6.11],

(8) GrFrob(Ry, k; q) = revywCh (%3¢, 0),

where w: sy + sy is the usual involution on symmetric functions. Representation-
theoretically, w corresponds to tensoring with the sgn representation. Consequently,
Ry, provides a representation-theoretic model for the right-hand side of the ¢ = 0
specialization of the Delta Conjecture, up to a twist.

Zabrocki [23] recently introduced the super-diagonal coinvariant algebra SDR,,
and conjectured that it gives a representation-theoretic model for the left-hand side
of the full Delta Conjecture in the sense that

€n—k—1

n—1
(9) GrFrob(SDR,,; q,t,2) = Z ZFA! (en)-
k=0

The ¢t = 0 specialization of Zabrocki’s model differs from the generalized coinvariant
algebras R, 1 and is instead the super coinvariant algebra

@[$17...,$n,01,...79n}

A )
where 7, is the ideal generated by the bi-homogeneous non-constant &,,-invariants.
Here the z; commute, the 6; anti-commute, and &,, acts simultaneously on x and

(10) SDRli—o = SRy, =

¢ variables. That is, x;x; = xjz, x:0; = 0524, 0:0; = —0;0;, 0 - ¥; = 24(;), and
o - 0; = 0,3 We may think of 6;, ---0;, as the differential k-form dwz;, A--- A dx,,
and more generally Q[z1, ..., 2y, 01,...,0,] is the ring of differential forms on V = Q"

with polynomial coefficients.

(2)The “rise” version has been independently proven by D’Adderio—Mellit [5] and Blasiak—
Haiman—Morse-Pun—Seelinger [3].
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The ideal J,, can be given a very explicit description. Let d be the exterior deriv-

ative defined by
df :Zn:ﬁdx = Zn:a 0; ) f
' = 0z l i=1 )T
Solomon showed [17]
(].1) jn - <€T(ﬂ),d€r(ﬂ) T E [n]>

REMARK 1.1. After this work was submitted, Rhoades—Wilson [16] proved the Hilbert
series specialization of the ¢ = 0 case of Zabrocki’s conjecture (9). Consequently, the p}
component of the formula (16) below motivating this work has been entirely proven.
Our results continue to provide additional evidence for (16) and therefore for the full
t = 0 case of Zabrocki’s conjecture.

1.6. CLASSICAL HARMONICS. The coinvariant algebra R, has a distinguished set of
coset representatives called the harmonics,

Ho ={f € Qlx1,...,2] : O, (n)f = 0 for all r € [n]}.

Here 0, is the polynomial differential operator defined by replacing each x; with 0.
The natural projection H,, — R, is an isomorphism of graded &,,-modules, so for
many purposes we may replace R,, with H,. See [21] for details.

The alternating component of H,,

Ht™ = {f € Ho Y0 € S0 = sn(o) ).

is spanned by the classical Vandermonde determinant,

A, = H (x; — m;).

1<i<jsn
Steinberg [19, Thm. 1.3(c)] showed that
(12) Hp = Q[0s,,...,05,]An.

Intuitively, we think of A,, as a “tent pole” which the remaining elements of H,, “hang
off”

1.7. HARMONIC DIFFERENTIAL FORMS. Likewise, the super coinvariant algebras SR,
may be replaced with the harmonic differential forms,

Sty ={weQlx1,...,2n,01,...,0n] : O (myw = 0 = Oge,(myw, " € [n]}.

Here 8y, is an interior product. See [21] for details. Let SH” denote the k-form com-
ponent of SH,,.

In [20], Wallach and the author gave the following basis of size 2"~ ! for the alter-
nating component of SH,,,

SH®E" :={w e SH, 0 -w=sgn(o)w for all 0 € &,,}
(13) = Spang{d;, ---d;, Ap 1 1< iy < < <n— 1},

Here
di =Y 0, 0;
j=1

is a generalized exterior derivative which lowers z-degree by ¢ and raises 6-degree by
1. For brevity, we write
d[ = dil . 'dik

where I = {i; < --- < iy} C [n—1]. We sometimes abbreviate {iy,..., i} as iy - - ig.
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In [21], Wallach and the author conjectured the following generalization of Stein-
berg’s equation (12),

(14) SHp = Qdsy, .05 [{drAn 1 C [n— 1]}

Among the evidence for (14) provided in [21], we showed that the bi-graded support
of SH,, is precisely that predicted by (14), supporting the notion that the elements
drA,, are the “tent poles” of SH,,. Rhoades—Wilson [16] have since completely proven
(14).

REMARK 1.2. Rhoades—Wilson [15] have defined variations on the harmonics SH,, by
introducing “superspace Vandermondes,” which are alternants coming from particular
terms in certain d;A,’s. They construct modules by closing these superspace Van-
dermondes under partial derivatives which provably satisfy the appropriate analogue
of (16) below. It is an open problem to connect their modules to the harmonics SH,,.

1.8. THE FLIP ACTION. Since SH, is closed under partial differentiation, we may
consider it as a Q[z1, ..., z,]-module under the flip action

g w = 0gw

for w € SH,,. Since e4(n) -w = O, (nyw = 0 by definition, SH,, is an R,,-module under
the flip action. Note that the flip action lowers x-degree.
Given I C [n — 1], define a component SH; of SH,, from (14) by

(15) SHi = Q[0s,,...,0z, [drA,.
Let AnnSH; be the annihilator of d;A, under the flip action, so that SH; =
Qlz1,...,zy])/Ann SHy as Q[z1, ..., z,]-modules.

Suppose for the sake of illustration that AnnSH; = Z, is a Tanisaki ideal and
b(p) +i1 + -+ i = (g) Since d;, ---d;, A, transforms by sgn and has z-degree
(72‘) — 14y — -+ — i, and since the flip action lowers z-degree, we have

n

GrFrob(SH;;q) = wq(2)_i1_'"_i’“ GrFrob(Q[zy, . .., x| /Ann SHy; ¢ h)
= wrevy GrFrob(Qlxy, ..., 2,]/Zy; q)
= wQ),(x;q).
Consequently, using the super harmonics SH,, and considering the flip action can

entirely account for the twists in (8). We are thus led to the study of the Q[x1, ..., z,]-
module structure of SH,,.

1.9. A POTENTIAL FILTRATION. Combining (14), the ¢ = 0 case of Zabrocki’s con-
jecture (9), the ¢ = 0 case of the Delta Conjecture (7), and Haglund-Rhoades—
Shimozono’s @),-expansion formula (6) gives

GrFrob Z SHrq, 2
(16) IC[’I’L*H

= Z Z?L—f(u)quiul)(i—l)(pi—l) ( K(M)
pubn ml(u),...,mn(lu

The left-hand side of (16) is indexed by subsets of [n — 1]. Expanding the multino-
mial coefficients, we may consider the right-hand side to be indexed by strong com-
positions of n, namely sequences o = (aq,...,qr) with ; > 1and oy +---+ap =n,
which are well-known to be in bijection with 2(*~1. Combining all of these observa-
tions, we are led to the following question, which has motivated the present work.
Here 7, '= 1, if p is the weakly decreasing rearrangement of a.

)> quL(X; q)-
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QUESTION 1.3. Is there a total order I, < Iy < --- on 201 gnd a bijection ®,,
from 21"~ to the set of strong compositions « E n for which the successive filtration
quotients

ngm SHIJ‘

Zj<m SHi;

are annihilated precisely by the Tanisaki ideal g, (1, acting as partial differential
operators?

Additional motivation for considering Question 1.3 comes from a desire to find
explicit bases for the super coinvariant algebras SR,,. Garsia—Procesi [7] gave explicit
monomial bases {z®} for the Tanisaki ideals Z,,. Hence given a total order and bijec-
tion satisfying Question 1.3, we have an explicit basis for SH,, of the form {9,-d;A,}.

We also have a purely enumerative consequence of Question 1.3. In this situation,

(17) GrFrob | 30 SHpgz|= 3 Mgl -sum@-u@yqr 1 (x;q),
IC[n—1] IC[n—1]
where sum(/) =}, 4, b(a) = b(p), and Q,(x; q) = Q},(x; q) where y is the weakly
decreasing rearrangement of the strong composition . Define the coinversion number
of a En by
coinv(a) = #{1 <i < j <l(a): o < aj}.

7 geenvia) — (ml(u)’f(ﬂ) >q,

Recall that

o (p)
where the sum is over all rearrangements « of p F n. Combining (16) and (17) then
gives

(18) Z zn—l(a)q2b(a)—(Z(Qa))+coinv(oc) — Z Z|I\q<g)—sum(1)7
akn 1C[n-1]

where we have used the fact that w@’, (x; q)|sgn = qv,

The classic “stars and bars” bijection from 2"~ to {a & n} does not satisfy (18).
In Section 3, we define a new bijection which does respect (18). It is more convenient
to describe the inverse map W,,, which we do now. See Example 1.5.

DEFINITION 1.4. Given a strong composition « of n, create a left-justified diagram of
cells, where the ith row from the top has «; cells. Let m; denote the number of cells
in columns 1,2, ..., 4. First fill the cells of the second column from top to bottom with
numbers my,mi1 —1,mqy —2,..., skipping missing cells in that column. Now delete the
first column and any empty rows and repeat this procedure on the new second column
using a maximum of ma, and continue in this fashion. Afterwards, ¥, («) is the set
of numbers filling the columns 2,3, ... of a.

EXAMPLE 1.5. When a = (1,3,2,1,3,1) E 11, the procedure gives

9]

)
4

2[7]

Here m; = 6 and my = 9. In the first phase, we fill the second column with numbers
6,5,4,3,2,1, skipping the missing cells 6,3,1. In the second phase, we remove the
first, fourth, and sixth rows and fill the remaining cells of the third column with
9,8,7, skipping the missing cell 8. In all, ¥,(1,3,2,1,3,1) = {2,4,5,7,9}.
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THEOREM 1.6. The bijection W,,: {a E n} — 2"~ satisfies

n - €(a) = |1]
2b(ar) — (“?) + coinv(a) = (;‘) — sum(I)

whenever U, (a) = I. Consequently,

Z Zn—f(a)q2b(a)_(€(2cx))+coirw(oz) — Z Z|I\q(g)—sum(1).

aFn IC[n—1]
REMARK 1.7. The condition (18) does not uniquely determine the bijection ®,,. For
instance, one could replace coinv with inv or maj using a number of well-known
bijections. As we show below, the bijection ®,, from Theorem 1.6 is sufficient to answer

Question 1.3 for 1-forms. However, computational evidence suggests a different order
may be required in general. See Section 8 for further discussion.

1.10. TANISAKI WITNESS RELATIONS. Given a total order and bijection satisfying
Question 1.3, for each generator e,(S) of the Tanisaki ideal Zp (), Wwe must have a
relation of the form

(19) Oc, ()1, An = Y 0 dr A, where  f; € Qlay,. .., ),
j<m
which we call a Tanisaki witness relation. By homogeneity, we may restrict the terms

in the Tanisaki witness relations to k-forms where |I;| = k is fixed.

EXAMPLE 1.8. When n = 3,k = 1, we have o € {(2,1),(1,2)} with I € {{1},{2}}.
The Tanisaki ideal Z( 1) has the same generators as the classical coinvariant ideal
Z(1ny together with eg (2) and its images under &3. We find relations

Oes(2)d(23 A3 = 0

Oe(2)d(1} A3 = e, (2)d(2) A3-
Hence Z(5 1) annihilates both SH s C SHj and (SHi1y + SHyoy)/SHyay, so the
composition factors are both quotients of Z(5 ;). By counting dimensions, there are no

further relations, so the composition factors are precisely Z(, 1), answering Question
1.3 in the affirmative in this case using the order {2} < {1}.

EXAMPLE 1.9. The relations between 0, (m)drA, are generally quite complicated. For
instance, at n = 7,k = 2, we have

0 = 50e;(5)d16A7 — 40, (5)d26 A7 + 30c,(5)d36 A7 — 20, (5)da6 A7 + Oe, (5)d56 A7
+ 30e5(5)d25 A7 — 20c,(5)d35 A7 + Oy (5)das A7
+ ey (5)d34A7.
and at n = 8,k = 3 we have
0 = 40c4(6)d356 A8 — 80, (6)d357A8 + 40, (6)d367A8
— 30e5(6)da56As + 60c, (6)da57A8 — 30,,(6)da67As-
The first of these is explained by our results below, though the second is not.

1.11. THE GENERIC PI1ERI RULE. All Tanisaki ideals Z,, with () = n — k for p #
(1™) contain the generator e,_x(n — 1). The following provides all necessary Tanisaki
witness relations for this “generic” generator, and is one of our main results.
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THEOREM 1.10 (“Generic Pieri Rule”). Suppose I = {i1 < -+ <y} C [n —1]. Then

Z(_l)daenfk—d(ni—l)djl--<jkAn — 0,
where the sum is over all subsets J = {j1 < --- < ji} C [n— 1] for which
1<iy <1 <ig<jo<izg<jg<--- <ig <jp <,

where
d:= (j1 —i1) + -+ (Jr — ix)-

REMARK 1.11. Our terminology in Theorem 1.10 arises from the fact that the clas-
sical Pieri rule is a multiplicity-free expansion of the product of a Schur function
by an elementary symmetric polynomial, together with the fact that the generator
en—k(n — 1) is generic in the sense above.

REMARK 1.12. The generator e,_(n — 1), together with its images under &, is the
only generator in Z,, for u = (2¥,1"72%) when n > 2k, aside from the generators
of Z(yny. The fraction of a F n with ¢(a) = n — k where « is a rearrangement of
p = (2F,1772k) tends to 1 for each fixed k as n — oo. In this asymptotic sense, the
Generic Pieri Rule gives “almost all” of the necessary Tanisaki witness relations.

The Generic Pieri Rule answers the 1-form case of Question 1.3 in the affirmative.
More explicitly, we prove the following special case of (17).

COROLLARY 1.13. The order {n —1} < {n —2} < --- < {1} gives a filtration of SH,,
by SHyiy’s where the composition factors are annihilated precisely by the Tanisaki
ideal Z(31n~2y. In particular,

(20) GrFrob (SHy;q) = [n — 1gwQlg 1n—2)(X; q)-

1.12. EXTREME HOOK RELATIONS. In contrast to Theorem 1.10, which applies to
any I C [n — 1], we also have Tanisaki witness relations corresponding to the least
generic shapes in the following sense. Let @ be the result of removing the first column
of a and removing empty rows, or equivalently subtracting 1 from each entry and
removing 0’s. For a F n with ¢(a) = n — k, consider 8 := @ F k. As noted above,
for fixed k, the probability that 3 = (1*) tends to 1 as n — oo. By contrast, the
proportion of such a with 5 = (k) is the smallest possible among all 3 F k.

Slightly more generally, we consider o F n with £(a) =n — k and @ = (s,1%7%) for
some 1 < s < k. The Tanisaki ideal Z,, is generated by

en—k(n _ 1)7 en—s(n — 2)7 LRI en—s(u)

together with their images under &,, and the generators of the classical coinvariant
ideal Z(1»y. The following result gives Tanisaki witness relations for each of these
generators.

THEOREM 1.14. Suppose I = {iy < --- < iy} C [n—1] is such that for some 1 < s < k
we have

iy lh—sp1 SN —k
lh—st+2=n—5+1
lh—st3="N—85+2

ik:n—l.
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Pick 0 <u<s. Then

(21) Z<—1>dAs<jk_s+l,...,jk>(

where the sum is over all subsets J = {j1 < -+ < ji} C [n — 1] for which

d+u

u >8eﬂ,_s_d(ns+u)dJAn = 07

jl:il?"'?.jk—s:ik—s
d:= (jk—s—l—l - ik—s+1)+ B (]k - Zk) > 0.

REMARK 1.15. The condition on I in Theorem 1.14 is equivalent to ®,,(I) = a where
akEn, l(a)=n—k,and @ = (s,1%7%) for some 1 < s < k.

1.13. PAPER ORGANIZATION. The rest of the paper is organized as follows. In Section
2, we describe a set of “essential” Tanisaki ideal generators. In Section 3, we give the
inverse to the bijection ¥,, from Definition 1.4 and prove Theorem 1.6. In Section 4,
we introduce a combinatorial model for the terms in our main identities. In Section
5, we prove the Generic Pieri Rule, Theorem 1.10, and the 1-form result, Corollary
1.13. In Section 6, we introduce some symmetric group actions and give a shifted
Vandermonde identity, Corollary 6.4. In Section 7, we use the results of the previous
sections to prove our second family of Tanisaki witness relations, Theorem 1.14. In
Section 8, we discuss further directions.

2. ESSENTIAL TANISAKI GENERATORS

We now describe a small subset of the Tanisaki ideal generators which in fact suffice
to generate Z,,. See Example 2.2 for a simple graphical interpretation of this set of
“essential” generators.

LEMMA 2.1. Given p b n, compute dy, . ... d, 4 iteratively by dy =1 and
di=d; 1 + (g — 1)
Then

(22) 1,=6,- <eé1 (n— 1),642(71 —-2),.. .,egurl(n —p1+1),e1(n),...,en(n)).

Proof. First recall from (4) that the Tanisaki ideal associated to u F n is by definition
7, = (1)
where
Ty = {er(S) 1S = djsy(n) <7 < 15],5 C [n]}
with dy () = py, + pin, 1 + -+ + pl,_j41- Here i is padded with 0’s if necessary so
that it has n entries.
We have n—d,(u) =0, so e,(n) € T), for 1 < r < n. We similarly have ey (n — i) €
Tyfor1<i<pg —1if
(TL — ’L) —dy_; < di?
or equivalently if
(=) = py =+ = By S P+ oo+ g —
Equality holds in this last expression, so in fact (n — i) —d,—; = d; — 1. Write Z}, for
the right-hand side of (22). We have just shown that 7], is contained in Z,,.
Conversely, we show e,.(5) € Z,, for [S| — d|s(n) <7 < |S], S C [n] by downward
induction on |S|. By &,-symmetry, we may suppose S = {1,2,...,n—i}. In the base
case i = 0, e,(n) € Z,,. Next suppose 0 < i < u;. We further induct on 7. In the base
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case, r = (n — i) — dp—i() + 1 = d; and e,(n — i) € T, by assumption. For r > d,,
we have the simple identity

er(n—i+1)=e(n—1) + Tp_it1e,—1(n —1).
By induction on 7, e,_1(n—i) € Zj. On the other hand, r > d; > d; ,, so
er(n — (i —1)) € Z, by induction on i. Hence e.(n — i) € Z),, completing the induc-

w
tion on r, and hence on 4. Finally, if ¢ > p;, we have d,,_; = 0, so no such r exists,

completing the proof. O

EXAMPLE 2.2. Let p = (5,3,1,1,1). After drawing the diagram of u, compute the
sequence d by writing 1 above the first column, adding one less than the length of the
first column and writing the result above the second column, etc. Here we have

d=1,56,7,7

L]

so that
I(5,3,1,1,1) = Gn ! <65(n - 1)7 66(77, - 2)1 67(% - 3)) €7(’I’L - 4)7 el(ﬂ)? teey en(ﬂ»

where n = 11.

EXAMPLE 2.3. Suppose p = n has ¢(p) = n —k and p # (1"). Then d; = n — k, so
en—k(n —1) € Z,,, which is the “generic” generator involved in the Generic Pieri Rule,
Theorem 1.10. Moreover, if 7 = (1¥), so p = (2¥,17~2k), this is the only generator up
to the &,-action aside from the generators of the classical coinvariant ideal Z(n).

EXAMPLE 2.4. Suppose p - n has £(u) =n —k and 7o = (s,1¥7%) for 1 < s < k. Then
d=1,n—-k,n—s,...,n— s and the essential generators of 7, are

en—k(n _ 1)a en—s(n _ 2)7 LR 7en—8(u)

3. SUBSET TO COMPOSITION BIJECTION

We now describe the inverse ®,,: 2"~ — {a F n} to the map ¥,, from Subsection
1.9 described in Definition 1.4. Along the way, we prove the statistic preservation
result for the maps ®,, and ¥,,, Theorem 1.6. This section may be read independently
of the others.

We begin by considering a step of a recursive decomposition on strong compositions.
We also define a notion of “degree” inspired by (18) and describe the effect of this
recursive step on the degree.

DEFINITION 3.1. Let o E n be a strong composition of n of length ¢(«). Set
coinv(a) = #{1 <1 < j <) : o < 5}

Let p(a) denote the partition of n obtained by rearranging o in weakly decreasing
order. Set

()
deg(a) = coinv(a) + Y (i = 1)(2u(a); — 1) = coinv(a) + 2b(a) - (4(;)).

Finally, let @ be the strong composition obtained by removing 1 from every row of «
and deleting empty rows.
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EXAMPLE 3.2. When a = (1,3,2,1,3,1), we have u(a) = (3,3,2,1,1,1), @ = (2,1,2)
SO

a= pla) = a= l

|
|

and
coinv(a) =3+04+1+14+0+0=5
bla)=0-3+1-3+2-2+3-14+4-1+5-1=19
deg(a) =5+2-19—-15=28
deg(@) =1+2-4—3=6.
LEMMA 3.3. Let o = n. Suppose £(a) =r and {(a) = s. Then

deg(a) = deg(@) + (;) — S+ 14+

where {1 <j<r:a; >1}={ji,...,Js}

Proof. By considering coinversions of « starting from a row of length 1 separately, it
is easy to see that

coinv(a) = coinv(@) + (j1 — 1) + - + (Js — ).
On the other hand, we have

T S

D (i -1Dpa); —1) =Y (i - D(2u@) - 1)
i=1 1=1

= D =D 1=+ (i—1)2(u(a) — p@);)
i=s+1 i=1

= Z(¢-1)+Z2<¢—1)

1=s+1

— (;) + ;(z —1).

The result follows by combining these observations. O

We likewise consider a step of a recursive decomposition on subsets of [n — 1].
We again define a notion of “degree” inspired by (18) and describe the effect of
this recursive step on the degree. Finally we restate and prove Theorem 1.6 below
(Theorem 3.9).

DEFINITION 3.4. Fiz n. Let I C [n — 1]. Define
n .
deg(I) == <2> — Zz.
i€l
Suppose I = {iy < -++ < iy}. Let I C [k — 1] be defined as follows. There is some
unique 1 < s < k such that
(23) 1< < <ig<n—k<igp <---<ip<n-—1L
Set

Ti={if, ... i} Clk—1] where i =gy —n+ k.
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EXAMPLE 3.5.Let n =11 and I = {2,4,5,7,9} C [10]. Here k£ = 5 and
i1 <ig <izg<n—k=06<iy<is,

sos=3and [ = {iy—6,i5 — 6} = {7—6,9—6} = {1,3} C [4]. We see
deg(l) = (121> —(24+44547+9)=28
deg(I) = <;) —(1+3)=6.

LEMMA 3.6. Let I = {i; < --- < iy} C [n—1] and I = {i},...,i\_,} C [k —1] as
above. Then

deg(I) = deg(T) + (" ) k) ts(n—k Zz]

Proof. We compute

deg(I) — deg(T)

—

j=

k
+Y G-
j=1

DEFINITION 3.7. We recursively define a bijection ®,, from subsets I of [n — 1] to
strong compositions « of n as follows. Take |I| = k. We will ensure £(®,(I)) =n—k.
Fork =0, set ®,(@) = (1"). For k > 0, we have I C [k—1] and s satisfying (23). Let
B=®(I), s0l(B)=n—k—|I| =k — (k—s)=s. Construct o from 8 by requiring
a =/ and

{1§j<nfk':aj>1}:{j1<"'<js}
where

jlzn—k+1—is

je=n—k+1—1ip.

ExAMPLE 3.8. Consider

I=1{24,5|7,9c[11—-1] a=(1,3,21,31)
I={1,3]}cp-1] a=(21,2)
T=ocC[2-1] a=(11)
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Here | indicates the two halves of the decompositions from (23). The corresponding
diagrams using the inverse map V¥,, from Definition 1.4 are

0 2 O

)
1] 4

2[7]

The elements left of | indicate where to attach elements of @ to (1"7F) to form a,

from right to left. We have ®2(I) =@, ®5(/) =@, and ®1,(1) = «.
THEOREM 3.9. The bijection U,,: {a E n} — 2"~ satisfies

n—t(a) = |1
2b(ar) — (“2“)) + coinv(a) = (Z) — sum(I)

whenever U, (a) = I. Consequently,

Z anf(a)q2b(a),(5(2a))+coinV(Oz) — Z Z|I\q(g)fsum(1).
aFn IC[n-1]

Proof. We've ensured n — £(«) = |I|. The second condition is equivalent to
deg(®, (1)) = deg(1).
In the base case,
~ . n
deg(®,(2) = dex((1) = > (i~ 1) = () = dex(2).
i=1

Inductively, we may suppose that deg(l) = deg(@). By Lemma 3.3 and Lemma 3.6,
where r =n — k,

- —k
deg(n) = deg(D)+ ("5 ) st =) = i)
—deg(0) + () + sl = ) = (sl = k4 1) === )
= deg(a) + (;) —stjit+ s
= deg(a),
which completes the proof. O

We also note that, from this recursive description, it is easy to see that ®,, and ¥,
are in fact inverses, hence bijections.

4. MARKED STAIRCASE DIAGRAMS

We now introduce a combinatorial model for the terms in J, (n)d;A, using deco-
rated diagrams. We will use relations between these diagrams to build sign-reversing
involutions in the subsequent sections.
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4.1. STAIRCASES. Let A, =[], ;<,(z; — xi) denote the Vandermonde determi-
nant in n variables. We have

(24) An = Z (71)Sgn(a)x(17(1)—1 . .xo'(n)fl'

n
g€Sy,

We model the monomials appearing in (24) as follows.

DEFINITION 4.1. An n-staircase is a bottom-justified arrangement of n columns of
cells with heights 0,1,...,n — 1, each used exactly once. The sign of an n-staircase
with column heights hy, ..., hy, in order from left to right is (—1)¢ where

C:?%{Z<']hZ >hj}.
Equivalently, the sign is sgn A, (hy, ..., hy), where we have used the signum func-

tion. The monomial weight of such an n-staircase is x}fl ooghn - and the weight is
(—1)eayt -

EXAMPLE 4.2. The 6-staircase with heights h;y = 1,hys = 5,h3 = 3,hy = 0,hs =
2, hG =4 is

l

and has weight (—1)"x 23232228,

By (24), A, is the weight generating function of the n-staircases.

4.2. MARKED STAIRCASES. Monomials in 0. (,)dr4,, arise from applying some se-

quence of operators 6‘2 6; to a monomial from (24), followed by 9, , for some J C [m)].
We model these terms diagrammatically as follows. See Example 4.4.

DEFINITION 4.3. A marked staircase is an n-staircase where some of the boxes have
been filled with x’s or o’s subject to the following constraints:

(1) Any x’s are top-justified in their column.
(2) Any o’s are top-justified in their column below any X ’s.
(3) A column may have at most one o.
(4) The last i = 0 columns are colored grey and are forbidden from containing
o’s. They may still contain X ’s.
Furthermore, the weight of a marked staircase is the product of the following three

terms.

e The monomial weight of a marked staircase is x{* ---x90,, --- 0., where g

denotes the number of unmarked boxes in column € and {c1 < --- < cx} is the
set of indexes of columns which contain X'’s.

o The sign of a marked staircase is (—1)¢sgn Ak (1, ..., jrx) where (—1)¢ is the
sign of the underlying n-staircase and jp is the number of X’s in column cy.
Note that this is zero if and only if j1, ..., ji are not all distinct.

e The order of a marked staircase is the product of the heights at which the x’s
and o’s appear.

EXAMPLE 4.4. The marked 6-staircase

[X]
X

x| X[ %]

[ [e] [e]
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has monomial weight 232326020506, sign (—1)"sgn A3(2,1,3) = 1, and order 1 - (5 -
4)-(2-1)-(4-3-2) = 960. The weight is thus 960z3x32602050s, which represents a
term in 862(§)d123A6.

LEMMA 4.5. Suppose I = {iy < --- < iy} C [n—1]. Then
8eT(n—nz)dIAn

is the wezght generating function for marked n-staircases with r o’s, X ’s of lengths
i1,.-.,%%, and the last m columns grey.

Proof. Applying d;, to A,, is essentially the same as picking a marked n-staircase and
picking a column to add i, x’s to, ignoring scalars and the #-part for the moment.
Analogously, applying O, (n—m) is the same as picking r of the first n — m columns
to add o’s to, namely the non-grey columns. The scalars arising from applying these
z-derivatives are precisely the product of the heights of the marks involved, which is
the order. The z-part of the monomial weight is thus correct.

For the f-part, suppose ¢, is the index of the column with i, x’s. We are hence
tracking the term 8“ O - 5‘ r C;c in d;, ---d;,, so the required ¢-part is 0., - - 90%'
Let ¢; < -+ < ¢ be the 1ncrea51ng rearrangement of ¢}, ..., ¢, and say that column

ce has jp x’s. Let ¢y = Co(e) for some o € Gy, so that jy = is(). We have

Oc, -+ ber = sgn(o)f, -0

Ck *

Since 71 < - -+ < i has the same relative order as 1 < --- < k,

sgn(o) =sgnAp(o(1),...,0(k))
=580 Ay (ig(1)s - - o (k)
=sgn Ay (1, Jk)-
[l

REMARK 4.6. Lemma 4.5 remains valid if we use a multiset {{i; < - <ig}} C [n—1],
since if the indexes are not all distinct, d; = 0 and the weights are zero. We will use
such degenerate terms in a later argument.

4.3. MARKED STAIRCASE RELATIONS. The following operations preserve or negate
the monomial weight of a marked staircase. We provide examples of each operation,
where the altered portions have been highlighted.

LEMMA 4.7.

A. Taking a non-grey column with at least two X ’s and without an o and replac-
ing the bottommost X with an o toggles the parity of the number of o’s and
preserves weight if it is non-zero.

[x] _
x | X
[o] [X [o]
B. Taking non-grey columns of height v and v — 1 where the column of height v
has an o and the column of height v —1 does not have an o and swapping the
columns and the o while preserving the number of X ’s in each original column
negates the weight and preserves the number of o’s.

]
X
[x[x
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C. If j x’s appear in a non-grey column with no o and j — 1 X'’s appear in a
column with an o, swapping the final X and o negates the weight and preserves
the number of o’s, assuming j > 2.

X - 1. X
X )

o]

D. Given two columns with blocks of x’s at the same height, we may move the
stack of x’s above the common height from one column to the other. The
number of o’s is preserved and the weight is either preserved up to a sign or

s zero.
SN B

X x| [x]
X X

In the particular example for relation (D), the parity of ¢ changes, which cancels
with the sign change from the #-part, so the weight is in fact preserved.

5. GENERIC PIERI RULE PROOF

We now turn to the proof of our first, larger family of Tanisaki witness relations,
Theorem 1.10. Our overall strategy will be to collect together certain types of marked
staircases and cancel them amongst themselves using relations (A)-(C) from Lemma
4.7. Before proving Theorem 1.10, we introduce some notation used in the proof.

NOTATION 5.1. For J = {j1 < -+ < jix} C [n—1], let {j1,...,5x}" denote the weight
generating function of the marked n-staircases with x’s of lengths j; < -+ < jg, T
o’s, and the final column greyed out. By Lemma 4.5,

{jla s 7jk}r = eT(L—l)dJAnn

Additionally, we decorate ji,...,ji to indicate the weight generating function of such
staircases subject to the following mutually exclusive and exhaustive constraints:
(i) j° means the column with j x’s has an o;
(ii) j® means the column with j x’s does not have an o and is not greyed out;
and
(iii) j* means the column with j x’s is greyed out.

For convenience, we restate Theorem 1.10.

THEOREM 5.2 (“Generic Pieri Rule”). Suppose I = {i; < --- < i} C[n—1]. Then
D (1%, yinndji i An =0,
where the sum is over all subsets J = {j1 < --- < jp} C [n — 1] for which
1<in < <ig <y <izg<Js <. <ip < Jp <n,
where
d=(j1 —i1) 4+ -+ (r — ix)-

Proof. We show that for each fixed 0 < ¢ < k,
(25) S D)Moy, i =0,
where the sum is over jp, ..., j¢ for which

1<u << <ig < Jo < gy
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Here we define ix11 = n and
d=(j1—i1) + -+ (Je —ir).
The theorem is the case ¢ = k.

We prove (25) by induction on £. In the base case ¢ = 0, the only term in (25) is
{iﬁ, cey ii}"_k. Such a marked staircase has k columns with x’s but no o’s, and n —k
columns with o’s, so at least n columns would have marks. Since an n-staircase must
have an empty column, there are no such staircases. Now take ¢ > 1. Set jo := 0 for
convenience.

We expand each term in (25) using jz, j} or jg. Since jr_1 < i < jo < tp41, We
have jy = ig,i¢+1,... 4041 — 1. If jo,_1 < jy — 1, we may apply relation (A) to get

Z'hk}'n,—k—d Z'hk}'n,—k—(d—l).

. b . . ho.
(26) {]1,...,]5,z2+1,..., :{31,...,(35—1),z2+1,...,
The parity of (—1)? is opposite for these terms, so they cancel. This observation
applies in particular for j, > i,. Thus all the terms with jl? or jg cancel using (26)
except for ii and (ig11 — 1)°. In all, the following terms remain.
L {j1,.- - je-1, iﬂ, i5+1’ . ,ii}"’k*d. These contributions are 0 by induction.
IL {1, ... 501, (igy1 — 1)b,i§+1, .yl ynk=d When ¢ = k, we have iy, = n,
and (n—1)* would require a column of length n, which is too long. For ¢ < k,
we may apply relation (C) to the columns with é,411; — 1 and ip41 X’s, which
is a sign-reversing involution.
L. {ji,... ,jg_l,jg,iﬁﬂ, e ii}”’k’d. We will show that each of these terms is
zero. Let m denote the minimum height of the columns with jg, 441, ...,
X’s. Since jp < igy1 < -+ < ik, we have m = jy.

Let R denote the set of columns of height m, m+1,...,n—1 which contain
an o. By assumption, the columns with jg,¢41,...,%x x’s do not contain o’s,
but they would otherwise belong to R, so |[R| < n—m — (k—¢+1) =
n—k—m+ ¢ — 1. Since there are n — k — d o’s,

#os—#R2n—k—(1—ir) = —(e—i) —(n—k—m+{-1)
=(m—je)+ (ig — Je—1) + -+ (ia —j1) +i1 — L+ 1
>0+14+1-£+1
=(—-(+1
> 0.

Consequently, there is at least one o outside of R.

Let v denote the height of the shortest column with an o. We have just
shown v < m. By minimality, the column of height v — 1 (which may be zero)
has no o. Since we have jg and there is a unique grey column, the grey column
has height at least j, > m > v, so the columns of height v and v — 1 are not

grey. Thus we may apply relation (B) to swap the o between the column of
height v and the column of height v — 1, which is a sign-reversing involution.

O

As an application of the Generic Pieri Rule, we restate and prove (17) for 1-forms
(Corollary 1.13). The relevant case of (14) is originally due to Alfano [1].

COROLLARY 5.3. The order {n—1} < {n—2} < --- < {1} gives a filtration of SH,, by
SHyy s where the composition factors are annihilated precisely by the Tanisaki ideal
Z(3,1n-2y- In particular,

GrFrob (SH}:q) = [n — 1]qu'(2,1n_z)(x; q).
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Proof. The weakly decreasing rearrangement of ®,,({i}) is (2,1"~2). The only essen-
tial Tanisaki generator for Zy 1n—2) is ,—1(n — 1). We have

() s ()= (13 o1

Hence the right-hand side of (17) is

n—1

Z qnflﬂle(z,w—?)(X; q)=[n— 1]qWQ/(2,1n—2)(X; q)-

i=1

The minimal term J included in the Generic Pieri Rule is at J = I = {i} and

is 8en71(L,1)diAn. Since all remaining terms have appeared earlier in the filtration,
the essential Tanisaki generator annihilates the composition factor. Equality holds in
(14) by Alfano’s main result in [1], which is equivalent to the y-degree 1 case of the
Operator Conjecture/Operator Theorem of Haiman ([12, Conj. 5.1.1], [11, Thm. 4.2])
as well as the 0-degree 1 case of the super operator theorem of Rhoades—Wilson [16].
Hence the left-hand side of (20) is coefficient-wise < the right-hand side, as a power
series over ¢ in the Schur basis. Alfano in fact showed dim SH,, = (n — 1)n!/2. Since
dimR, = (Z) and (2712,2) = n!/2, equality must hold in (20), and the annihilators
are tight. O

6. SOME SYMMETRIC GROUP ACTIONS AND A SHIFTED VANDERMONDE
IDENTITY

Our proof of the more specific family of extreme hook relations, Theorem 1.14, is
broadly similar to our proof of the Generic Pieri Rule, though it involves grouping
certain terms in significantly more intricate ways using certain G;-actions and families
of involutions. We develop these additional tools now.

6.1. A SHIFTED VANDERMONDE IDENTITY. Our upcoming argument will replace a
portion of the sets J C [n — 1] with ordered multisets I = (y1,...,7s) C Z°. We now
introduce a family of symmetric group actions on ordered multisets and develop a
corresponding shifted Vandermonde evaluation identity, Corollary 6.4.

DEFINITION 6.1. Suppose T’ = (y1,...,7s), @ = (a1,...,a5) € Z° and o € S,. Define
(Vs 3Ys) = (Vo1 (1)s > Vom1(s))
and
(27) cT=0-T+a)—aqa,
or explicitly
0T = (Yo1(1) + Qo-1(1) = A1y, Vo—1(s) T Qo—1(s) = Qs)-

One may check 7-% (0 -*T') = (7o) -*T, and clearly id -“T =T, so this is a genuine
S,-action for each fixed a. The action ¢ -* I' is reminiscent of certain actions on
weights from Lie theory, e.g. [13, Cor. 23.2, p.129].

EXAMPLE 6.2. The -*-orbit of I' = (2,2,3) when o = (1,—1,0) is given by
{(2,2,3),(2,4,1), (0,4, 3)}. Here the stabilizers have order 2.

LEMMA 6.3. Suppose I = (y1,...,7s),a = (o, ...,a5) € Z°, and u € Zxo. For any
fized IT C [s] with |II| > u,

(28) > (=)Mlsgn(e)Ag(o - T = 1p)|M[* = 0,

ceS,
MCII
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where As(I') = [[1¢,cuwcs(w — W) 18 a Vandermonde determinant and 1y =
(O1emy- -, 0senr) is the indicator vector for M.

Proof. Define auxiliary variables y = (y1,...,ys) where y; = 7; + ;. Conse-
quently, 0 -*T = o - y — . Now consider the left-hand side of (28) as an element
of Cly1,...,ys,1,...,0as]. The Ss-actions on the y and « variables given by
TOY; = Yoy and poay = ;) induce an & x S-action on Cly, ..., Ys, o1, ..., as).
For (7,p) € 65 x &;, we have
(r,9) 0 Asl0 T = 1) = (7, ) 0 Ag(o -y — a — 1a1)
— Ao () —p e Ty)
=Ay(p7t - (por Ty —a—p- 1))

= SgD(p)AS(pUT_l AT = 1p(M))7
where in the last line we have used the facts
As(p-T) = sgn(p)As(T),
p-1n = (0p-1(1yeMs -+ 0p=1(k)eM)
= (S1ep(r)s - - Onep(m))
= Loy
Consequently,
(r.p)0 > (=)Mlsgn(o)Ay(o - T — 1pr)| M|
cEeS,
MCII
= Y (=)™lsgn(p) sgn(o)As(por™" T = Lyar)) | M|"
S

= Y (—=1)™Msgn(p)sen(p~ om) A0 - T — 1) | M
ceG,
M Cp(IT)
=sgn(r) Y (=)Mlsgn(o)As (0T —1p)[M]"
ceS;,
MCp(11)

where in the second step we have reindexed according to M + p~'(M) and o
p_10'7'.

Letting p = id and specializing the a variables to integer constants, this last ex-
pression says the left-hand side of (28) as an inhomogeneous element of Clyy, . .., ys] is
an alternating polynomial. Thus all components of y-degree below deg Ag(y1, - .-, Ys)

vanish. The only possible remaining component is

Y DMisgn(o)Ay(o-y)M[* = Y (~HMA ()| M

ceS, ceS,
MCII MCII
= slA(y) Y (=)MIar.

MCII

It is well-known that Y., (=1)MI|M[* = 0 for [II| > u. Indeed, it is equal to
(—1)Pp! Stir(u, p) where Stir denotes a Stirling number of the second kind and p := |II|.
More directly, it follows from differentiating the binomial theorem

(14 z)P = Ep: (i)xk

k=0
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up to u times and setting x = —1. O

COROLLARY 6.4. For any II C [s] with |II| >u >0, v € Z, and T, € Z7,

—|M
> (=1)Misgn(o)Ag(o T = 1) (” M + ”) =0.
[4SCH u

MCII
Proof. The factor ("_“ZIH“) = L TI;.,(v—[M|+7) is a polynomial in |[M| of degree
u < |I|. The result follows by taking linear combinations of Lemma 6.3. O

6.2. AN ACTION ON MARKED STAIRCASES. Our upcoming argument will group to-
gether certain marked staircases using another Sg-action. We introduce this action
with the following technical lemma. See Example 6.7 and Figure 1.

LEMMA 6.5. Suppose I = {iy < -+ < ix} C [n — 1] where a = ®,(I) satisfies
a = (s,1%%) for some 1 < s < k.

Let My denote the set of all marked staircases where the multiset J = {{j1 < --- <
Ji}} of the number of x’s in each column satisfies

,jl == ila s 7jk—s = ik—sa
where
k
di= Y (je—ie) 20.
l=k—s+1
Then:

(i) Every realizable multiset {{j1 < -+ < ji}} is lexicographically greater than or
equal to the set {ig_s11 < -+ < ix}. More precisely, if d > 0, then jp_s+1 >
Ig—s+1, and if d =0, then I = J.

(ii) The unique set of columns with jg_si1,...,J5k X’s all have some X at the
same, common height.

(iii) Relation (D) gives an Gs-action on M; by acting on the columns with

Jh—st1y-- -y Jk XS,
(iv) Moreover, d < m where m is the minimum height of a column with
Jh—s+1y-- -3 Jk XS

Proof. We may a priori have jr_sy1 = jr—s, in which case the set of columns from
(ii) and (iii) is not unique. For now, choose some set of columns with jx_si1,--.,Jk
x’s and let the set of heights of these columns be {hy < --- < hg}.

First consider s = 1. Here d > 0 gives jg_s+1 = ik—s+1, S0 (i) holds. Since ig_sy1 >
ik—s, uniqueness holds in (ii) and the remaining conclusions in (ii), (iii), and (iv) are
trivial or obvious. Now suppose s > 2.

Since the marks fit in an n-staircase, we have hy <n —s,ho <n—s+1,...,hs <
n—1. Write j; for the number of x’s in the column of height hy, so j; < hy < n—s+0—1.
Hence we have 6o, ...,05 > 0 and some €; € Z for which

(]1,]&7,j;) = (ik,erl—l—el,n—s+1—52,...,n—1—55).
Recall from Remark 1.15 that the condition on I forces ix_s40 =n—s+1,... i =

n—1,8 tg_sye=n—s+¢—1for 2 << s. Hence we have
8 = lk—ste — Jy (2<0<5s)
€1 :ji _Zlkfs+1~

Thus
d:€1—62—"'—5320,
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S0 €1 = 02+ -+ ds = 0. In particular, e > d; for all 2 < £ < s and j| > ip_s41-
Consequently,

d<e =j1 —ig_st1 <Jji < hy =m,

giving (iv), assuming uniqueness for the moment.
For a fixed 2 < ¢ < s, consider the height of the lowest x in the column with height
he and j; x’s. This height is
he— gy 4+ 1 <ip—sie—Jjp+1
=0+1<e+1
= ]i - Z‘k—s-‘,-l +1
(29) < hy —ig—sy1+ 1.
On the other hand, the highest x in this column is at the top at height hy > h;.
Hence we must at least have x’s in this column at heights hy —ix_s4+1+1,...,h1, Or
at least ip_s11 of them in all. The same is true of the column with height h; since
Ji = ig—s+1, so all columns of height hq,...,hs have X’s at these ix_sy; common
heights. This proves proves (ii), except for the uniqueness claim.
The preceding argument gives j;, > ix—sy1 for 1 < £ < s. Indeed, since hy < -+ <
he, (29) gives the tighter bound

which also holds at ¢ = 1. Hence

Jh—st1 = min{jr_sqe : 1 <L < s}
< s}

= ik—s-{-l > s = jk—sa

=min{j;,: 1 </

so uniqueness follows as well and (ii) holds.

Moreover, since j; > ix_s31 + (0 — 1), we see that {{ji,...,j.}} = {Jr—s41 <
-+ < Jr}} is lexicographically larger than {iy_s11 < -+ < i} except perhaps when
Ji = Jk—s+1 = ik—st+1. However, in that case e; = 0, forcing §; = 0 for 2 < £ < s, so
Jp = ik—s+e. Thus (i) holds.

Finally, by (ii) we may take the s columns of heights hy, ..., hs and permute them
amongst themselves using relation (D), giving an Gg-action; see Example 6.7 and
Figure 1. We must only show that the resulting marked staircase remains in M;. The
action preserves d and ji,...,jn_k, SO we must only show that among the permuted
columns, none have fewer than j,_j x’s. But we showed above that the columns have
a block of 4,,_gy+1 > ik = jn—k X’s at a common height, which is preserved by
relation (D), giving (iii) and completing the proof. O

DEFINITION 6.6. Suppose S € My from Lemma 6.5. Define an explicit Ss-action on
M as follows.

o (all the s columns with at least ix_s11 X’s the active columns.

o Let hy be the height of the £th active column. Let o-S be the marked staircase
obtained by applying relation (D) to S where the o(€)th active column has
height hy.

Furthermore:

o Let T'(S) = (71,...,7s) be the number of x’s in the active columns of S,
read from left to right. Note that (jg—s+1,---,Jk) 18 the weakly increasing
rearrangement of T
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o Let a(S) = (aq,...,as) be the number of cells without x’s in the active
columns of S, read from left to right. Note that a(o - S) = «(S).

EXAMPLE 6.7.Let I = {1,3,4,8,9} C [11 — 1], so n = 10 and k& = 5. We have
o,(I)=(1,4,2,1,2), ®,,(I) = (3,1,1), and s = 3. The corresponding diagram is:

418]9]
3

1]

See Figure 1 for an G3-orbit of marked staircases in M; from Lemma 6.5.

X
x| x| [x]x x| x| [x]x X
x x| [x[x x|x] [x]x X
x| [x x| x x| |x x| x X
X x| x X x| x X
\ x|x]| | NI X
1 23 1 3 2 3
J=141,3,4,8,9}} J=141,3,4,8,9}} +
I'=(4,8,9) I'=(4,9,8)
k X
x| x| 1x[x] x| x| Tx]x | x]
x| x| [x]x x[x] [x]x X
x| x x| x x| % x| x X
X x| X x| x X
\ x|x]| | x|x] | X
2 31 3 12 1
J= { 1,3,5, 7v9}} J= {{133357878}} 8}}
r=(7,9,5) T'=(8,5,8)

FIGURE 1. An &jz-orbit in M for I from Example 6.7 obtained by
applying relation (D) as in Lemma 6.5 to the three active columns
with the most x’s in each marked staircase. The relative order of
the three active columns forms a permutation ¢~ which has been
written below the marked staircases. The staircases are of the form
o - S where S is the upper-left diagram. The multiset of the number
of x’s in all columns is J and the number of X’s in the three active
columns from left to right is I'. In each case, the number of cells
without x’s in the active columns is a = (1,0, 0).

The actions from Definition 6.1 and Lemma 6.5 are related as follow. See Example
6.9.

LEMMA 6.8. Let S € M from Lemma 6.5 and o € &,, with a = a(S) = a(o - 9).
Then

T(c-8)=0-“T(S)
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and
sgn Ag(T'(S)) wgt(o - S) = sgn(o) sgn Ag(o - IT'(S)) wgt(.5).

Proof. Let T'(S) = (71,...,7s) and T'(c-S) = (A1, ..., As). We have ay+7¢ = hy where
hg is the height of the /th active column of S. Similarly, we have a, () + Ag(r) = M.
Hence
/\g = ho-—l(g) — Qy

= Yo-1(t) T Qg-1(0) — Oy

=(o-(I(8) +a))e — o

= (02 T(5))e,
giving the first claim.

For the second statement, let N be the order of S and o -5 and let ¢; < --- < ¢
be the indexes of the columns with x’s. Let j, be the number of x’s in column ¢, of
S and let j; be the number of x’s in column ¢; of ¢ - S. Then we have ¢ and 8 where

wgt(S) = (=1)°NaP sgn Ap(j1, - . ., ji)be, - -Oc,
wgt(o - S) = (—1)sgn(o) Nz sgn Ap(j), - .., 75)0e, - - Ocy-
If £ is not an active column, then j, = j; < ir_s41. If £ is an active column,
then jg, j; = ik—sy1. It follows that the sign difference between Ag(j1,...,jx) and

Ag(ji, .-, jr) is precisely the same as the sign difference between Ag(v1,...,7s) and
As(A1, ..., As). The result follows by combining these observations. O

EXAMPLE 6.9. Let S be the upper left diagram in Figure 1 and o = 312 = 23171, so
o - S is the lower left diagram. We have

(7,9,5) = 231 -(100) (4,8, 9),

in agreement with Lemma 6.8.

7. EXTREME HOOK RELATIONS PROOF

We may finally prove our second family of Tanisaki witness relations, Theorem 1.14.
The argument will rely on grouping marked staircases using the following more tech-
nical variation on Notation 5.1.

NoOTATION 7.1.Fix I = {i; < --- < i} C [n — 1] with ®,(I) = (s,1¥7%) for some
1 < s < k as in Lemma 6.5 and Definition 6.6. Each marked staircase S € M has
the following data attached to it.
o The multiset J = {{j1 < --- < jg}} C [n — 1] giving the number of X’s in
columns with them.

e The number § of o’s.

e The number 7 of grey columns.

e The set of s active columns, namely those with at least ix_s11 X’s.

e The list ' = (71,...,7s) of the number of x’s in the s active columns, read
from left to right.

e The list &« = (o, ..., as) of the number of cells in the active columns without

x’s, read from left to right.
e The subset €2 of active columns with o’s.
e The subset Il of non-grey active columns without o’s.
e The subset U of grey active columns.
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We consider QUITU ¥ = [s] by numbering the active columns left to right from 1 to
s. Let

(T, Q,I)%"
denote the weight generating function of marked staircases in M; with the above
data.

We restate Theorem 1.14 for convenience.

THEOREM 7.2. Suppose I = {i1 < --- <} C [n— 1] is such that for some 1 < s < k
we have

i1y ih—sr1 SN —K
lh—st2=n—5+1
lh—st3 =N —85+2

i, =n—1.
Pick 0 < u <s. Then

. o fd+u
Z(*l)dAs(.]k—s—i-l, o 7jk) < u )aenb.d(n—s—&-u)dJAn = 07
where the sum is over all subsets J = {j1 < --- < ji} C [n — 1] for which

jl:il?"'?.jk—s:ik—s
d:= (jk—s—l—l - ik—s+1)+ B (]k - Zk) > 0.

Proof. Since d; = 0 if terms repeat, we may include multisets J = {{j; < --- <
Jk}} € [n—1] in (21). By Lemma 4.5 and Lemma 6.5,
(30) Oegn-mdsAn = > (T, Q157
o Q,1,a
I~ Jop
where Jiop = (Jn—k+1,---,Jk) and I' ~ Ji,, means the weakly increasing rearrange-

ment of I' is Jyop.
IfI' ~ Jiop, then

(31) As(jk*Sle? v 7jk) = As(Jtop) = sgn AS(F) ' AS(F)
Using (30) and (31), the left-hand side of (21) becomes

. o fd+u
> (D) Ak st1r - ) < v >6en5d(n—s+u)dJAn

J
Z(_l)dAs(Jtop) (d :L_ U) Z (F7 Q, H)Z_S_CLS_U

J QI
T~ Jiop
d d+u n—s—d,s—u
(32) = ) (—1)%*sgn A () - Ay(T) (T, Q,I)n—s—ds—u,
u
T,Q,I0,«
where

d =sum(J) — sum(J) = sum(I') — sum(iop).
We will group the contributions to (32) into terms which individually sum to zero.
As a warm-up, we first show that we may apply relation (B) to cancel all contri-
butions when = @ and |II| = w. In this case, no active columns have o’s and every
grey column is active. Let m denote the minimal height of the active columns. Let R
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be the set of columns of height m,m + 1,...,n — 1 which contain an o. All s active
columns are in this height range but have no o’s; so #R < n — m — s. There are
n—s—do’s, so
#Hos—#R>2(n—s—d) —(n—m—3s)
=m-—d
>0,

where we have used Lemma 6.5(iv). Thus there are columns with o’s outside of R.
Let v be the minimum height of a column with an o. We have just shown v < m, so
the columns with heights v and v — 1 (the latter may have height 0) are not active,
and hence are not grey. We may now apply relation (B) to cancel these terms. That
is,
(T, @, Mr=s"4s7v =0 if [II] = u.

The G;-action from Lemma 6.5 preserves Q,11,d, «. By Lemma 6.8, the action
replaces T' with o - T'. If I" contains repeated elements, then (T, Q,11)%"7 = 0, so we
assume I' does not contain repeated elements. Now Lemma 6.8 gives

wgt(o - S) =sgn(o) sgn As(T') sgn Ay (o -* T') wgt(.S).
Hence
(33) (oc-2T,Q, H)Z*S*d’sfu =sgn(o)sgn A (') sgn Ag(o -* T)(T, Q, H)Z*S*d’““.

Now pick some subset M C II of the non-grey active columns without o’s and
apply relation (A) to each of those active columns, replacing their bottom-most x’s
with an o. The resulting staircase remains in M7 so long as d remains non-negative.
In this case, the operation replaces a with a+ 157, I’ with I' — 1, IT with I — M, Q
with QU M, and d with d — | M|. Hence if we require |M| < sum(J) — sum(Jyop), this
operation is well-defined and indeed invertible. This operation preserves monomial
weight, and we have

(T = 1ar, QU ML — M) 5 M

(34) =sgn Ag(T) sgn Ay (T — 157)(T, Q, H)Z—S—d,s—u.
Combining (33) and (34), we have

(09T — 1o, QU ML — M) 5 M
(35) = sgn(o) sgn Ay(T) sgn Ay (o -4 T — 13,)(T, Q, I 5~ ds—v,
Suppose now that 2 = & and |II| > w. Consider the contributions to (32) arising

from the “orbit” obtained by first applying the G,-action and then applying relation
(A) as above. By (35), these contributions are

E d—|M
(_1)d_|M‘ SgnAS(g O‘F_lM>AS(O. Oél‘\_lM)< | +U)
ceS,, u

MCII
d—|M|>0

« —s—d+|M|,s—u
(o T, M, T — MR At

=(-1)* sgnA,() > (-1)Msgn(o)A(o -ar—1M)<

ceG,
MCII
d—|M|>0

(T, @, IM)n—s—ds—u,

d—|M|+u
u
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Here we must interpret the binomial coefficient as the polynomial (d_“f |+")

LTI/_,(d — |M]| + ¢), which vanishes when d 4+ 1 < |[M| < d + u, so we may expand
the condition in the sum to |[M| < d + u. Now there are n — s — d o’s and s — u grey
columus, so there are n — (n — s —d) — (s — u) = d + u non-grey columns without o’s.
Hence |II| < d+wu, so M C II automatically satisfies |M| < d + u and we may remove
the constraint on |M| altogether. Since |II| > w, the sum is thus zero by Corollary
6.4.

We claim that every term in (32) has now been canceled precisely once. The “orbits”
above obtained by applying the G4-action to terms with (2 = @ followed by relation
(A) partition the terms, since starting at an arbitrary term, we may reverse the
application of relation (A), which increases d and therefore remains in My, to arrive
at a term with Q = @. Terms in the orbit of Q = & with |II| > u, or equivalently
terms with |Q U II| > u, are thus entirely accounted for. For terms with |Q UTI| = v,
we may first apply relation (A) to replace Q with @ and IT with Q UTI, then relation
(B) as noted above applies to the shortest column with an o, so the same is true
without needing to apply relation (A), resulting in a sign-reversing involution in the
case |QUII| = u. Since ¥ is a subset of the s — u grey columns, we have |Q UTI| =
s—|¥| = s—(s—u) = u, so all cases have been handled. This completes the proof. O

8. FURTHER DIRECTIONS

The lex-minimal J appearing in either the Generic Pieri Rule, Theorem 1.10, or the
extreme hook relations, Theorem 1.14, is J = I. Hence one may be tempted to use
reverse lexicographic order on 2["~1 when attempting to answer Question 1.3.

However, computations with n = 8 show that this order together with the bijection
®,, have correct composition factors at only 115 out of 128 cases. One may slightly
tweak the reverse lexicographical order and get the predicted multiset of composition
factors. For example, at n = 8,k = 5, replacing the reverse lex-interval

{17 27 47 57 7}7 {17 27 47 5’ 6}’ {17 27 37 67 7}7 {17 27 3’ 57 7}
with

{1,2,3,6,7},{1,2,4,5,7},{1,2,3,5,7},{1,2,4,5,6}
gives an affirmative answer to Question 1.3 in this case. In this way, orders verifying
Question 1.3 valid for n < 8 have been found.

For k£ > 2, additional relations beyond those in our two families are required. A
particular relation which is not explained by the results above is

0 = 40.4(6)d356 A8 — 80c, (6)d357A8 + 40e,(6)d367 A8
— 30e,(6)da56 A8 + 60, (6)das7 A8 — 30e,(6)da67A8
From our results and computations, the Q-linear relations between 9, (,)drA,

exhibit rich combinatorial structure. Given the wealth of algebraic and geometric
structure surrounding the various coinvariant algebras, we are led to the following.

PROBLEM 8.1. Completely describe the Q-linear relations between O, (m)drQy’s.

PROBLEM 8.2. Give a conceptual explanation for the existence of these relations, per-
haps in topological or geometric terms.
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Algebraic Combinatorics, Vol. 7 #1 (2024) 184



Tanisaki witness relations

REFERENCES

[1] Joseph Alfano, A basis for the Y subspace of diagonal harmonic polynomials, Discrete Math.

193 (1998), no. 1-3, 17-31, https://doi.org/10.1016/50012-365X(98)00131-9.

Francois Bergeron, Algebraic combinatorics and coinvariant spaces, CMS Treatises in Mathe-

matics, Canadian Mathematical Society, Ottawa, ON; A K Peters, Ltd., Wellesley, MA, 2009,

https://doi.org/10.1201/10583.

Jonah Blasiak, Mark Haiman, Jennifer Morse, Anna Pun, and George H. Seelinger, A proof of

the Extended Delta Conjecture, Forum Math. Pi 11 (2023), article no. e6 (28 pages), https:

//doi.org/10.1017/fmp.2023.3.

Armand Borel, Sur la cohomologie des espaces fibrés principauz et des espaces homogénes de

groupes de Lie compacts, Ann. of Math. (2) 57 (1953), 115-207, https://doi.org/10.2307/

1969728.

Michele D’Adderio and Anton Mellit, A proof of the compositional Delta conjecture, Adv. Math.

402 (2022), article no. 108342 (17 pages), https://doi.org/10.1016/j.aim.2022.108342.

William Fulton, Young tableaux: with applications to representation theory and geometry, Lon-

don Mathematical Society Student Texts, vol. 35, Cambridge University Press, Cambridge,

1997.

[7] A. M. Garsia and C. Procesi, On certain graded Sn-modules and the g-Kostka polynomials,

Adv. Math. 94 (1992), no. 1, 82-138, https://doi.org/10.1016/0001-8708(92)90034-1I.

Adriano M. Garsia, Combinatorial methods in the theory of Cohen-Macaulay rings, Adv. in

Math. 38 (1980), no. 3, 229-266, https://doi.org/10.1016/0001-8708(80)90006-7.

J. Haglund, J. B. Remmel, and A. T. Wilson, The Delta Conjecture, Trans. Amer. Math. Soc.

370 (2018), no. 6, 4029-4057, https://doi.org/10.1090/tran/7096.

[10] James Haglund, Brendon Rhoades, and Mark Shimozono, Ordered set partitions, generalized
coinvariant algebras, and the Delta Conjecture, Adv. Math. 329 (2018), 851-915, https://
doi.org/10.1016/j.aim.2018.01.028.

[11] Mark Haiman, Vanishing theorems and character formulas for the Hilbert scheme of points in
the plane, Invent. Math. 149 (2002), no. 2, 371-407, https://doi.org/10.1007/s002220200219.

[12] Mark D. Haiman, Conjectures on the quotient ring by diagonal invariants, J. Algebraic Combin.
3 (1994), no. 1, 17-76, https://doi.org/10.1023/A:1022450120589.

[13] James E. Humphreys, Introduction to Lie algebras and representation theory, Graduate Texts
in Mathematics, Vol. 9, Springer-Verlag, New York-Berlin, 1972.

[14] Brendan Pawlowski and Brendon Rhoades, A flag variety for the Delta Conjecture, Trans. Amer.
Math. Soc. 372 (2019), no. 11, 8195-8248, https://doi.org/10.1090/tran/7918.

[15] Brendon Rhoades and Andrew Timothy Wilson, Vandermondes in superspace, Trans. Amer.
Math. Soc. 373 (2020), no. 6, 4483-4516, https://doi.org/10.1090/tran/8066.

[16] —, The Hilbert series of the superspace coinvariant ring, 2023, https://arxiv.org/abs/
2301.09763.

[17] Louis Solomon, Invariants of finite reflection groups, Nagoya Math. J. 22 (1963), 57-64, http:
//projecteuclid.org/euclid.nmj/1118801157.

[18] Richard P. Stanley, Invariants of finite groups and their applications to combinatorics,
Bull. Amer. Math. Soc. (N.S.) 1 (1979), no. 3, 475-511, https://doi.org/10.1090/
S0273-0979-1979-14597-X.

[19] Robert Steinberg, Differential equations invariant under finite reflection groups, Trans. Amer.
Math. Soc. 112 (1964), 392-400, https://doi.org/10.2307/1994152.

[20] Joshua P. Swanson and Nolan R. Wallach, Harmonic differential forms for pseudo-reflection
groups I. Semi-invariants, J. Combin. Theory Ser. A 182 (2021), article no. 105474 (30 pages),
https://doi.org/10.1016/3.jcta.2021.105474.

, Harmonic differential forms for pseudo-reflection groups II. Bi-degree bounds, 2023,
https://arxiv.org/abs/2109.03407.

[22] Toshiyuki Tanisaki, Defining ideals of the closures of the conjugacy classes and representations
of the Weyl groups, Tohoku Math. J. (2) 34 (1982), no. 4, 575-585, https://doi.org/10.2748/
tmj/1178229158.

[23] Mike Zabrocki, A module for the Delta conjecture, 2019, https://arxiv.org/abs/1902.08966.

[2

3

4

5

6

8

[9

21]

JOsHUA P. SWANSON, University of Southern California, Department of mathematics, Los Angeles,
CA 90089 (USA)
E-mail : jpswanson3.14@gmail.com

Algebraic Combinatorics, Vol. 7 #1 (2024) 185


https://doi.org/10.1016/S0012-365X(98)00131-9
https://doi.org/10.1201/b10583
https://doi.org/10.1017/fmp.2023.3
https://doi.org/10.1017/fmp.2023.3
https://doi.org/10.2307/1969728
https://doi.org/10.2307/1969728
https://doi.org/10.1016/j.aim.2022.108342
https://doi.org/10.1016/0001-8708(92)90034-I
https://doi.org/10.1016/0001-8708(80)90006-7
https://doi.org/10.1090/tran/7096
https://doi.org/10.1016/j.aim.2018.01.028
https://doi.org/10.1016/j.aim.2018.01.028
https://doi.org/10.1007/s002220200219
https://doi.org/10.1023/A:1022450120589
https://doi.org/10.1090/tran/7918
https://doi.org/10.1090/tran/8066
https://arxiv.org/abs/2301.09763
https://arxiv.org/abs/2301.09763
http://projecteuclid.org/euclid.nmj/1118801157
http://projecteuclid.org/euclid.nmj/1118801157
https://doi.org/10.1090/S0273-0979-1979-14597-X
https://doi.org/10.1090/S0273-0979-1979-14597-X
https://doi.org/10.2307/1994152
https://doi.org/10.1016/j.jcta.2021.105474
https://arxiv.org/abs/2109.03407
https://doi.org/10.2748/tmj/1178229158
https://doi.org/10.2748/tmj/1178229158
https://arxiv.org/abs/1902.08966
mailto:jpswanson3.14@gmail.com

	1. Introduction
	1.1. Overview of results
	1.2. Classical coinvariants
	1.3. Tanisaki ideals
	1.4. Generalized coinvariant algebras
	1.5. The Delta Conjecture and higher coinvariant algebras
	1.6. Classical harmonics
	1.7. Harmonic differential forms
	1.8. The flip action
	1.9. A potential filtration
	1.10. Tanisaki witness relations
	1.11. The Generic Pieri Rule
	1.12. Extreme hook relations
	1.13. Paper organization

	2. Essential Tanisaki generators
	3. Subset to composition bijection
	4. Marked staircase diagrams
	4.1. Staircases
	4.2. Marked staircases
	4.3. Marked staircase relations

	5. Generic Pieri Rule proof
	6. Some symmetric group actions and a shifted Vandermonde identity
	6.1. A shifted Vandermonde identity
	6.2. An action on marked staircases

	7. Extreme hook relations proof
	8. Further directions
	References

