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Abstract

By the Pieri rule, the tensor product of an exterior power and a finite-dimensional
irreducible representation of a general linear group has a multiplicity-free decompo-
sition. The embeddings of the constituents are called Pieri inclusions and were first
studied by Weyman in his thesis and described explicitly by Olver. More recently,
these maps have appeared in the work of Eisenbud, Flgystad, and Weyman and of
Sam and Weyman to compute pure free resolutions for classical groups.

In this paper, we give a new closed form, non-recursive description of Pieri
inclusions. For partitions with a bounded number of distinct parts, the resulting
algorithm has polynomial time complexity whereas the previously known algorithm
has exponential time complexity.

Mathematics Subject Classifications: 05KE16

1 Introduction

1.1 Background

Let A = (A1, Ag,...) be a partition, i.e., a sequence of non-negative integers in weakly
decreasing order. The number of nonzero parts \; is called the length of A, denoted by £(\).
If V is a complex vector space of dimension n < £()), we can apply the Schur—Weyl functor
SA(V) (as in [3]) to V' to obtain an irreducible representation Sy (V') of the general linear
group GL(V). It follows from Pieri’s formula for the product of an elementary symmetric
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polynomial and a Schur polynomial that the tensor product representation A™(V)®S, (V)
decomposes multiplicity-free into a direct sum of irreducible representations

AM(V) @Sy(V) = @D Su(V),

where the sum is over all partitions p with I(x) < n whose Young diagram is obtained
from the Young diagram of A by adding exactly m boxes, at most one to each row. Since
the decomposition is multiplicity-free, it is natural to ask for explicit descriptions of the
embeddings @, : S, (V) — A™(V) ® Sx(V). Following [14], we call these embeddings
(skew) Pieri inclusions.

Given a basis {ej, €a, ..., e, } of V, the representation S (V') is equipped with a canon-
ical basis indexed by the set of semistandard tableaux of shape A with fillings from the set
{1,...,n}. In [10], Olver gave an explicit description of the Pieri inclusions with respect
to these canonical bases in the special case when m = 1. When m > 1, the Pieri inclusion
®,,, can be obtained by iteration of the special case [14, Corollary 1.8]. In [9], these Pieri
inclusions are extended to the characteristic-free setting.

The main purpose of this paper is to give a new combinatorial description of ®,, that
(a) leads to a more efficient algorithm and (b) can be given in a general closed form
(avoiding iteration) for m > 1. In regard to (a), we will show that our algorithm achieves
an exponential speed-up over Olver’s algorithm when it is restricted to partitions with
a bounded number of distinct parts. More precisely, if we fix a positive integer N and
consider partitions A that can be written in exponential notation as A = (171, 2h2 3hs )
with at most N nonzero exponents h;, then our algorithm to compute the image of a
highest weight vector under a Pieri inclusion ®; : S,(V) — V ® S)(V) has a run-time
complexity of O(I(A\)"), whereas Olver’s algorithm has a run-time complexity of (2¢W).

1.2 The General Pieri Inclusion

Our general formula for a Pieri inclusion ®,, : S, (V) < A™(V) ® Sx(V), where /X is a
skew diagram with no two boxes in the same row, is as follows. If 7" is a semistandard
tableau of shape p with filling in {1,...,n} and ep € S,(V) is the corresponding basis
element, then

®,,(e7) = ZP: (];(1])3) P(T)

where the sum is over a certain set of “m-paths” P which remove m boxes from the shape
u, (—1)F is a sign, H(P) is a positive integer that is a product of certain “hook lengths.”
For a precise definition, see Sections 3 and 4.

We will write the path P acting on 1" as

P(T) = eyp X €TP

where ey, = ¢e;; A--- Ne;, € N™(V) is given by the entries of the boxes removed by P,
and Tp is a (not necessarily semistandard) tableau of shape A with filings in {1,...,n}
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such that
{numbers appearing in T} = {numbers appearing in Yp} U {numbers appearing in Tp}
as a multi-set. All of this will be defined rigorously in Sections 3 and 4.

1.3 An Example of One Box Removal Acting on a Highest Weight Vector

To illustrate how our formula works, we look at an example in the case when n = 4 and
m=1. Let p=(2,1,1,1), and A = (2,1,1). Then the Schur-Weyl module S,(V') appears
as a summand in the decomposition of S1)(V) ® S21,1)(V) =V @ Si2,11),

| u |
O[] = &) SH .

Counsider the Pieri inclusion
D1 : S (V) =V ®@Se11)(V).

By abuse of notation, we will identify semistandard tableaux and their corresponding

basis vectors. We will compute
1] P 1]
-1
— H(P)

.

The sum is over all “l-paths” P on pu, that is, certain maps on the boxes in p that
remove a single box. Below we illustrate all such 1-paths with arrows, shading the boxes
on which the path acts. We will view the box removed by a 1-path as being moved to
the top of the diagram in a “zeroth row” of the diagram. We give the image up to a row
permutation, so that it is semi-standard.

BEEE
[w]eo] o]~

1]1] 1]1] 1]1] 1]1]
17 37 2 W_®i7
3] 4] 2 [4]
1]4] 1]3] 1]1] 1 1]2]
l ) n®l ) 2 W‘@i 3
3] (4] 2 4]
1]4] 1]3] 1]2]
20 L ®2] 3]
3] 4] 4]
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Thus, up to row permutations we have

¢1< 1'>:

EEEE

—2/®

1]

i
3
4]

3]

1]1] 1]1]
_E®% +H®%
1 4] 1
+ - —=-[0O®
2 3] 2

1
2
4]

2

1
+ - [®

2]

1
3
4]

1.4 An Example of One Box Removal Requiring Straightening

In Section 1.3, all terms Tp that appeared were (after row permutations) semi-standard.
We now compute an example where some of the terms that appear in the image are not
semi-standard, and so must be straightened. Let ®; be as in Section 1.3, we will compute

oy

()

EEEE

(=D
H(P)

‘

)

[=]eo]ro] =

where the terms of the sum in the image are again indexed by the 1-paths on A removing a
single box, which we illustrate below. As before, we give the image up to row permutations
and we now star the terms that need to be straightened.

|OJ|[\D =

[eo] vo] o

[eo]ro] =

2]

|rl>|l\2 —

3]

=]

3]

[=]r] =

1]2]
W_®i 9
14]
2]2]
1
W_®i )
14
1]2]
12 ® 3]
4

In this case, we must straighten the image of two of the 1-paths (starred), which we
show in Section 3.5. After straightening we have, up to row permutations,

@1< 2'>_

EEEE

—4®

1
+é—1®

2]
+B]®

[eo]ro] =

2]

2
3]
4]

2]

|4>|l\> —

1
+é—1®

3
— =2
4I®

4]

=~ =

1
12|
3]

For an example of two box removal, see Section 4.4.
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1.5 Motivation and Organization

Part of the motivation for giving explicit descriptions of Pieri inclusions comes from the
frequent use of Pieri inclusions to construct differentials of complexes and resolutions. For
example, in results of Eisenbud, Flgystad, and Weyman [1] and of Sam and Weyman [14],
Pieri inclusions are used to compute pure free resolutions for classical groups and, in [11],
Weyman and Pragacz use Pieri inclusion maps to describe Lascoux resolutions.

In a forthcoming paper, [7], we will show how our description of Pieri inclusions can
be used to explicitly describe the differentials in minimal free resolutions of modules
of covariants (in the context of Weyl’s fundamental theorems). These resolutions will be
obtained via Howe duality from Bernstein—-Gelfand—-Gelfand resolutions of unitary highest
weight modules, the terms of which are direct sums of (parabolic) Verma modules.

Sam has also built a package for Macaulay2 (PieriMaps, [12]) that computes Pieri
inclusions explicitly using the algorithm from [14]. Once the new algorithm, with an
exponential to polynomial time complexity improvement, is implemented in [12] it could
benefit computational applications of PieriMaps including [2], [4], [6], and [8].

This paper is organized in the following way. In Section 2 we construct the Schur-Weyl
modules Sy (V). In Sections 3 and 4 we describe the construction of the Pieri inclusion in
the one box removal case (V) and m box removal case (A™(V)), respectively. In Sections
6 and 7 we show that the Pieri inclusions are GL(V')-maps in the one box removal and
m box removal cases, respectively, with the tools for these proofs given in Section 5. In
Section 8 we show the one box removal map is the negative of Olver’s description via the
uniqueness of an equivariant map and, in a similar way, show that the m box removal
case is equal to iterating one box removal. We also show in this section that the same
description of Pieri inclusions gives a map in the case S, (V') < Sym™ (V)®S,(V'). Finally,
in Section 9 we compare the computational complexity of the one box removal description
to that of Olver.

2 Constructing Schur—Weyl Modules

From now on, let A = (Ay,..., \,;) be a fixed partition of d. Let 7}, ,, be the set of all tableau
T with shape A and arbitrary filling from the alphabet {1,...,n}. A tableau T' € T, ,, is
called semi-standard if the filling is non-decreasing across the rows and strictly increasing
down the columns. Fix the canonical tableau Ty of shape A labeled with {1,...,d},
starting with the top left most box and filling across each row, so the first box of the first
row is labeled 1, the first box of the second row is labeled \; + 1, etc. Via this labeling,
the symmetric group &4 acts on the set of tableau with shape \ with respect to any given
alphabet.
Let
P =P, = {r € &4 : 7 preserves the rows of Ty}

and
Q= Q)= {0 € &, : 0 preserves the columns of Ty} .

ot
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As elements of the group algebra of 6,4, C&,, define

A)\:Zﬂ' and BA:Z(—l)GU.

TeP oceQ

The Young Symmetrizer is then defined as C, = A, B,. Note this convention symmetrizes
along rows first and antisymmetrizes along columns second (following, for example, [13]).

From now on, fix a complex vector space V' of dimension n. Let S, also act on elements
of V®4 by permuting the factors. In particular, C'y acts on V®¢. The corresponding Schur—
Weyl module is Sy(V) = Cy - V¥, Clearly Sy(V) is a GL(V)-module. When the number
of rows, r, of A is at most n, it is known that Sy(V') is an irreducible representation of
GL(V) and that all polynomial irreducible representations are constructed this way up
to isomorphism.

Write {e; }1<i<n for the standard basis of V. For T' € T, ,, define er € Sy by

er = C,\ . ((GTLI K- ® GTL/\I) X (BTT’1 K- ® GTT!AT))

where T; ; is the entry in the ith row and jth column of T starting from the top left.
Clearly S)(V') is spanned by such elements, and it is known that a basis is given by the
semistandard ones.[5, §8]

Let V, be the standard flag in V,

Ve: Vi=span{ey,...,e;} (1 <i<n).
Let B C GL(V') be the Borel subgroup given by
B={geGL(V): gV, CV;for 1 <i<n}.

Throughout this paper, all highest weights are with respect to B. The highest weight
vector of Sy(V) is

er, =0\ (1@ Re)®- (6, @+ Re,)).
— —
A1 Ar
That is, T) is the tableau of shape A with all ones in the first row, all twos in the second
row, etc. For example, if A = (5,3,3,1,1),

[y
[y

1]

[\
[\

Ty =

[ a]e] o] =
w
w

and
er, =Ch-(e10e1Re1 Qe VWepRVes Ve ey ez R es® ez ey X es).

For any subset A of boxes of Ty, let w4 be the maximum width of a row containing
an element of A. Let

G4 ={0€S,: 0 preserves A and fixes Ty \ A}.
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When |A| > wa, define a Garnir operator as an element of CS, by

For an example of a Garnir operator acting on a tableau, see Section 3.5.
Let Fy, be the formal C-span of symbols T" € 7, and let R, be the subspace of
Fn generated by all

T, — Ty, where T} and T, agree up to a row permutation, (1)

and
Ga(T), where A C Ty with |A] > wy. (2)

Theorem 1. As GL(V')-modules, we have
fA,n/RA,n = S)\(V)

Proof. The map is induced by T" + er. See, for example, [5, §8], where the convention is
transpose to ours. OJ

3 Constructing the Pieri Inclusion for Removing One Box

3.1 Notation and Set-Up

We will write A = (A1, ..., \,) in block form as A = (w!', ..., w"), where w; < w;y; and
exactly h; parts of A are equal to w;. That is, NV is the number of blocks in A, where block
1 is the lowest geometrically, wj is the width of block b, and h; is the height of block b.
See Figure 1. For example, we will write (5,2,2,2,1,1) as (12,23 5),

[ [ )block 3

(5,2,2,2,1,1) = (12,2, 5) = }block 2

—Iblock 1

For any box = € Ty at the bottom right of some block k, i.e. so that A\ {z} is still a
diagram, we will define the map

(I)l : f/\,n - V® F)\\{m},n

on a basis and then show that ®; descends to a GL(V')-module map.

F)\,n L Ve f)\\{x},n

oy
f/\,n/R)\,n = SA(‘/) -2 VR f)\\{x},n/R)\,n =V S)\\{x}(v)
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hn
block N

hN—1
block N — 1

block 2 wao

h1
block 1 |wq

Figure 1: The shape A with N blocks.

We first introduce further notation. For a given shape A let [b] denote the bth block,
[b](7) denote the ith row of the bth block, and [b](4,j) denote the box in block b, row 4,
and column j. We will count blocks and rows from the bottom and columns from the
left, so that [1] is the bottom-most block in the shape, [b](1) is the bottom-most row of
[b], and [b](r, 1) is the left-most box in [b](r). We write

[b](i, 5) < [el(k, 1)

if [b](7, 7) is geometrically (weakly) lower than [¢|(k,[),i.e. b < cor b= cand i < k. The
strict inequality is defined similarly. We will extend this notation to compare rows and
blocks in the natural way. For a given T' € 7T, ,, we denote the entry in box [b](4,j) by

Tiv) (i,5)
Example 2. If A = (12,3 4!, 6%) and

| O U x| W DN =
O [ O | wfof —

[o] o] <[] e[ m] o] o] =

then Thja,1) = 9, Tigj3,2) = 9, and Tiy2,6) = 2.

3.2 Evacuation Routes

An evacuation route R is a selection of a string of boxes starting from the bottom of some
block. The selection does not need to contain a box from every row, contiguous rows at
the top of blocks and even entire blocks can be skipped. However, an evacuation route
cannot “skip rows within a block.” Formally, we have the following definition.
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Definition 3 (Evacuation Route). An evacuation route R starting at [by] is a subset of
boxes in Ty such that R contains a box in row [by](1), R contains at most one box per
row, and if [b](4, j) € R, then [b](k, ji) € R for all 1 < k < i and some 1 < jj, < wy.

Example 4. An evacuation route starting at [1] on (12,3%, 4!, 6?) is given by the shaded
boxes in the diagram below. Note that while there is no box selected from row [2](3) this
row is not skipped since there is no box selected above this row within the third block.

Non-Example 5. The shaded selection of boxes below is not an evacuation route on
(12,3%,41,62) since row [2](2) has been skipped, indicated by “x”. That is, no box is
selected from row [2](2) but a box is selected from row [2](3).

3.3 1-Paths

A 1-path P on A moves boxes up the diagram via some associated evacuation route
RP. We will treat a 1-path as acting on general shapes, where the highest box in R is
“removed” by the 1-path and viewed as being moved to the box [N + 1](1,1) attached to
the top of Ty. Below we illustrate a 1-path moving boxes up via an evacuation route. We
highlight only the boxes in the evacuation route.

Formally, we have the following definition.
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Definition 6 (1-Path). Let X = {z; := [b1](1,w,)} and Y = {y; := [N + 1](1,1)},
where Y is viewed as block [V + 1] attached to the top of Ty. A 1-path P removing X is
amap of boxes P: A\UY — AUY along with an evacuation route R = R" such that the
following hold.

e R starts at [b1]. Note that R can contain x, though this is not a requirement.

e P is geometrically increasing on rows, i.e., for all boxes x € AUY, = < P(x), with
P strictly geometrically increasing on R.

If R, is the orbit of z; under PV, then y; € R and RUX UY = R,.

e P preserves row order in R within blocks. That is, if [b](¢,7), [b](k,1) € R with
i <k and P([b](7, 7)), P([bI(k, 1)) € [b], then P([b](7,5)) < P([bl(k,1)).

P fixes those boxes not in R or X, i.e. P = idyyy except on RU X, and P(R) =
R\ XUY.

Example 7. Consider the evacuation route R starting at [1] on A = (12, 3%, 41, 62) given in
Example 4. Let X = {[1)(1,1)}, Y = {[5](1,1)}, and define the 1-path P : A\AUY — AUY
removing X to be the map on boxes given by

P11, 1) = [211,3),  P(([21(1,3)) = [2](2,1),
P(([21(2,1)) = [4](1,5), P (([4](1,5)) = [5](1, 1),

and P = idyy otherwise. We can identify P and the evacuation route R = R” pictorially
by the diagram below.

4

3.4 Defining the Pieri Inclusion Removing One Box

We now define the components of the formulation of the Pieri inclusion ®; removing one
box. For a 1-path P removing X with evacuation route R, let h¥ be the number of rows
in RP and (—1)F := (=1)"". For b =by,..., N, let hY be the number of rows in R N [b].
Recall that wy is the width of block [b] and, for b > by + 1, define h(b) = wy, — wy_1 + hi
to be the hook length of block b, and for b =06, + 1,..., N define

> h(j)

j=b1+1
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Forb=0;+1,...,N, let

Hy(P) =

1 if REN[b] =0
H(b) otherwise

and let Hy (P) = 1. Then define

H(P) =[] B.(P).
b=—b,
Example 8. Continuing Example 7, let A = (12,3% 4! 6%), X = {[1](1,1)}, and P as in
the diagram below.

Then for the shape A we have
h(2) = 4, h(3

and

For this 1-path P we have
H{(P)=1, Hy(P)=4, H3(P)=1, and Hy(P) =12,
and so
H(P) =[] H:P) = 48.
Also note that the evacuation route R contains boxes in four different rows in the dia-
gram, for this 1-path we have (—1)? = (=1)* = 1.

For T' € Ty n, denote by af’ the entry in the box P7'(y;) € T and extend P to T by
acting on the entries, with the image

P(T)=ear ®Tp € V& Thxn,

where Tp € Ty\ x,» is defined by (Tp)[b](i, i = Tp-1((i,j)- To ease notation we will write

P .
oy | inplace of e,r

in the image P(T).
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Definition 9 (®,(T")). For T' € T, define ®1(T) by

where the sum is over all 1-paths P removing X, and define the map &, : F,, —
V & Fax,n by extending linearly.

Example 10. Let T be as in Example 2 and P be as in Example 8. The single term in
the image ®,(7T") corresponding to this 1-path can be visualized via the diagram below.

o
11|11 NL|2
21212 4
313134
44414
5|6
7
a3
@,
This gives
T[i[1]i[1]2
2[2[2[3[6]4
Ve 1 R
H(P) 13 P
7[7]9
8

where 3]=e3 € V.

3.5 Showing the Straightening in an Example of One Box Removal

We now compute the straightening from Section 1.4. If

A = {[2](17 1)7 [2](17 2)7 [1](27 1)} = >

then
314 2[4] 1]2] 2]2]
3] 3] 3] 3]
and, modulo R,1.1) 4,
2[4] 1 [2]2]
2 = —— 4] .
5 2[

It

Ay ={[1J(L, 1), [ Dy =0
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then

2] 2]

Ga,

[eo] =]
[\]
~_—
I
[eo] =]
+
[a]e]ro

and, modulo Ra,11) 4,

2]

[eo]m]
I
|
BRES

So, modulo R(21,1)4,

2]

[eo] vo] o
I
|
BEE

and thus as elements of F21,1).4/R2,1,1),4 we have

4] 2]

1 1
— |1 = — |1
4I® 8l®

[eo] po] o

BEE

Similarly, as elements of F(21,1).4/R2,1,1),4, We have

3]

L I 1-® 2]
4 a8

BEE

Note that in this example the terms that were straightened cancelled with each other
and so did not appear in the image. This is not the case in general.

4 Constructing the Pieri Inclusion for Removing Many Boxes

4.1 Notation and Set-Up

Let X = {z1 = [b1](L,wy,), ..., Tm = [bim](im, ws,, )} be aset of m boxes in A with z; < x;1,
so that removing the boxes in X from T, gives a Young diagram and let A \ X be the
associated partition. We call such a set X a removal set for Ty (or for A). As before, we
will define the map @, : Fr,, > A"V ® Fx,» on a basis and then show that ®,, is a
GL(V)-map.

O
Fin A"V ® Faxn

FA7n/R)\,n =2SA\(V) - NV ® .FA\Xm/R)\,n ~AN"V® Sx\x(v)

4.2 m-Paths

Extending the notion of a 1-path, an m-path on A is a map of boxes that moves boxes
up the diagram via some associated evacuation route with m interlaced orbits. We will
formally define this interlacing property in Definition 11, but will first illustrate it with
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some examples. As with 1-paths, we treat m-paths as acting on general shapes, where the
highest m boxes in R” are “removed” by the m-path and viewed as being moved to the
boxes [N 4+ 1](1,1),..., [N + 1](m, 1) attached to the top of Tj. An example of a 2-path
is pictured below. We highlight only the boxes in the evacuation route.

<\\_|_\.'-_'\
==
]

The interlacing property for m-paths is not so strict as the above example suggests.
We require that an m-path interlaces orbits only within blocks while multiple orbits are
present. This is illustrated further in the example below.

R

“~

Formally, we have the following definition.

Definition 11 (m-Path). Let X = {z1 = [b1](1,wp,), ..., Tm = [bin)(im,ws,,)} be a
removal set for 7y and Y = {y; := [N + 1J(1,1),...,ym := [N + 1](m, 1)}, where Y is
viewed as block N + 1 attached to the top of Ty. An m-path P removing X is a map of
boxes P: AUY — AUY along with an evacuation route R = R” such that the following
hold.

e R starts at [b1]. Note that R can intersect X, though this is not a requirement.
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e P is geometrically increasing on rows, i.e., for all boxes z € AUY | x < P(x), with
P strictly geometrically increasing on R.

e If R, is the orbit of z; under PN, then y; € R; and RUX UY = ["| R;.

e [f there are k distinct orbits in a block, then the first £ rows of that block must be

in different orbits. i.e., if Ri, o ,Ri intersect some block [b], then for j = 1,...k,

up to relabeling, R[N [b](j) # 0.

e P preserves row order in R within blocks, and so interlaces orbits. That is, if
[b](¢,7), [b](k,1) € R with i <k and P([b](i, 7)), P([b](k, 1)) € [b], then P([b](, 7)) <
P([b](k,1)).

e P fixes those boxes not in R or X, i.e. P = id,yy except on RU X, and P(R) =
R\XUY.

4.3 Defining the Pieri Inclusion Removing Many Boxes

For an m-path P with evacuation route R”, let h”, (—=1), h}’, and H(b) be defined as
in Section 3.4. For b=1b; +1,...,N, let Hy(P) = 1if RPN [b] = 0 and let H,, (P) = 1.
Ifb> b 41 and |[RP N [b]| =k, # 0, then let

kp

and define .
H(P) =[] H,/(P).

b=by
For T' € Tyn, denote by ! the entry in the box P~!(y;) € T and extend P to T by
acting on the entries, with the image

P(T)=e,p N+ Near @Tp € \V ® Taxas

where Tp € Ty\ x,» is defined by (Tp)[b](i’ i) = Tp-1()(i.5))- To ease notation we will write

P

am
: in place of e N Negr
P

%

in the image P(T).
Definition 12 (®,,,(T')). For T € T, ,,, define ®,,(T") by

where the sum is over all m-paths P removing X, and define the map ®,, : Fy, —

/\ V ® Fax,n by extending linearly.

THE ELECTRONIC JOURNAL OF COMBINATORICS 28(3) (2021), #P3.49 15



4.4 An Example of Two Box Removal

We now compute an example of the Pieri inclusion when m = 2 and n = 6. The
Schur-Weyl module S;1 92y(V') appears as a summand in the decomposition of S(2y(V) ®
8(12’22)(‘/),

H@):@@_@@

and so we can consider the Pieri inclusion
o
S(14722)(V) —2> S(12)<V) ® S(]_?QQ)(V).

We will compute the image of the highest weight vector under this map,

1
2

1
2

o (=DF
P, _ZP: H(P)P

[ w] ][]~
BERENE

where the sum is over all 2-paths P on (1%4,2?) removing X = {x; = [1](1,1), 2, =
[1](2,1)}. To compute the image we divide the 2-paths in the sum in to three groups
according to their values for H(P). For each term we illustrate the 2-path with arrows
and shade the boxes in the corresponding evacuation route while distinguishing the orbits
of 1 and z5. As in Sections 1.3 and 1.4, we give the images up to row permutations and
we star the paths whose images require straightening.

As H(P) depends on the number of orbits in each block, we first consider all 2-
paths with corresponding evacuation routes contained in block [1]. All such 2-paths have
H(P) = 1. Recall that the sign (—1)" depends on the number of rows in the corresponding
evacuation route.

®
[ o] o] =

|>J>|c.o DO —
[o] o] =

®
[o] e o] =

BENE
|®|>J> Do —

We next consider the 2-paths where exactly one orbit intersects block [2], which all
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have H(P) = Hy(P) — 1 =15 — 1 = 4. Again, recall that the sign (—1)” depends on the
number of rows in the corresponding evacuation route. For paths hitting rows [2](1) or
2](2), we only show the 2-paths that hit the first column of these rows, as the paths that
hit the second column in either row will give the same result up to row permutation. We

will include the multiple (two or four) in the coefficients of the terms below.
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11 11 11
215 2[4 213
®37 3 » 4|
4] 5] 5]
11 11 11
2[5 2[3 2[5
3] 7 15 4] 7
6] 6] 6]
1]2 12 1]2
2[5 2[4 213
131 13 14y
[4] 15 5]
12 1]2 1]2
2[5 2(3 ®25
13 5] K
6] 6] 6]
11 11 1]1
216 2[4 2(3
® B 3] 1]
4] 6] 6]
11 11 11
2(6 * 2 [3] 2[4 216

) 1 X 9
El 5] 4]
5] 6] 5]
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|>J>|w Do —

For all remaining 2-paths the orbits of both x; and z, intersect block [2], and so
H(P) = Hy(P) - (Hy(P) —1) =5-(5—1) = 5-4. Again, recall that the sign (—1)”
depends on the number of rows in the corresponding evacuation route and that we only

®
[o] e o] =

[\

[ o] v =

|O§|Ul DO —

show the 2-paths that hit the first column in block [2].

RERE

&®
[ o] o] =

BEEE

|>J>|DO DO =

®
BENE
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w

W~

|@|Cﬂ N =

[ o] o] =

'S

w

BENE

BE

[~

[~

® & &
[o]a]] = [o] &[]~ [ ]~

®
[o] &)=

|m|u> Do —

[o] &[]~
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We now compute the straightening for the term

1[5
4 1] o 22
5.4 21713 -
6]
If
Ay ={2J(1, 1), [21(1,2), [2(2,2)} =
then
15 i[5 5 12 ]2 1[4 1[4
214 2[4] , [4]2]| , [5]4] , [4]5] , [Z]5 52
Ga, | 13 =5 thtata th— 5
9/ 6B B B B & ©
and, modulo R2211)6,
i[5 1[2 1[4
2[4 [4[5 2[5
3] 7 T3] T [3
5 © [
If
then
T 1 112 12 ]2 12 1
15 1[5 514] , [3]5], [5]3], [4]3] , I3
Ga, |5 =nr tEr tar tar tEr T
9/ @ B © & © @
and, modulo R221,1),6
112 12 12
5| [3]5 3[4
3 — T[4 T [5
GG
Thus, modulo R22.1,1),6,
112 12 12 1[4
a5 305 , [3]4] [2]5
= 4 e —
6] 6] 6] 6]

Similarly, via straightening we have, modulo R22,1,1)6,

2
5

w

ot

[o] ]~

|®|u>c.o>—t

|C7:|rl> N —

|»J>|w N —

[o] ]~

|4>|oo N —
|
|o1|4>oo [

=]

[ o] o]~
\
[e]w]es]=

O >

> N

[<2] )

[e]eo] o] =

[o]a]w]~
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and

|Ul|»J> N| —

[o] &)~

|U1|>J> N —

|®|Cﬂ N =

o[a|w][=

BENE

Recall that in the image of each two path ({ =e, A eg € /\2 V', and so

Thus,

Dy

5 Generating Garnir Operators and Tools for

[o]o]a]eo] o]~

111

5 212
:@3
4]

1

1 2

5%

5]

1|1

3 212
_Blep
6]

112

1 214
+H®5
6]

[

2 2
—~ B

4 3

25 5

1

13 2

25 B

1

2T 2

T

1

2T 2

s E%E

6

5.1 Hooks and Generating Garnir Operators

To show that ®,, is a GL(V')-map, we will need to show that ®,,(Rx,) C A" V@R xn-
It will be straightforward to show that ®,,, preserves equivalence up to a row permutation
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11 i1 1 2] 1
[ o [2]2 22__ 2[5] , *[2] o [2]4
B19E TEPE T EYE T %
5] 5] 4] 5]
1 12 12 12 11
3 2[5]  [1] o [2][4 2[3 2[2
+BHep -He b +He P +Fehk
4 5] 5] 6
1 11 1 I 11 12
L] o216 2] o214 L 2] o 23] [T < [2]6
ToE®E T3 EOE T E®E T E®E
4] 6] 6] 4]
]2 N 11 1 i1
1] [2]3 2]2 _ 2[5]  *[2] o [2]3
1 ]2 ]2 2] 11
6] [1]-[2]5 23] [1] - [2]6 2[4
Aot + e R e+ 5 e
6] 6] 5] 6]
1 1 — BP ]2 2] ]2
6] L[2 2[5] [ 2[4 [2[6] . L[ [2]5
B TEOE BOE TrE®H
6 6 5] 6
5 1[4 13 12
6 2mM_[2[6 2 2[6 I NNEE NN
— - H® + - 5® — - 5® — - 5®
5 127 3] 5 2] = [4] 5 1217 4] 5 2
5] 5] 6]
4 BB, 3] 5, . (]2
5 1 2[4 2[5 1 3[6
tR®E T 5E®E TsEOE
6 6 5

[o]o]w]~

Collapsing Sums
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(Property 1), but it will take some work to show that ®,, preserves Garnir operators
(Property 2). In this section we make this future proof (in Sections 6 and 7) easier by
showing that all Garnir operators can be generated up to row permutation by Garnir
operators over certain sets.

We will show that all Garnir operators are generated up to row permutation by Garnir
operators of minimal size, i.e. those G4 with |A| = w4 + 1 (where w4 is as in Section 2).
We then show that all Garnir operators of minimal size are themselves generated up to row
permutation by Garnir operators over hooks, which are those G4 where A is of minimal
size and consists of exactly a complete row and one other box. We start by formalizing
the idea of a hook.

Definition 13 (Hook). We say that A C Tj is a hook if for some row [b](r),

A = [b](r) U {ao}

where
b](r —1,1) ifr#1
ag = :
"TAb - Uy, 1) ifr=1
That is,
wp

A=

Theorem 14. Let T € T, and A C Ty such that |A| > wa. Then G4(T) is generated
up to row permutation by {Ga(T") | T" € Frn and A’ is a hook}.
5.2 Generating Garnir Operators Using Minimal Size Sets

To prove Theorem 14, we first show that G 4(7T) is generated by Garnirs of minimal size
for any T € Ty, and any A C T with |A| > wa. We will also show that if [A] > w4 + 1,
then G 4(T) is generated by Garnirs over A\ {y} for any y € A.

Lemma 15. Let T € Ty,. If A C Ty with |A| > wa, then for any x € Ty such that

|A U {ZE}| > WAU{z};
GAU{z}(T) c <GA(T,) T e 7;\7n>

Proof. Let A C Ty with |A| > wy and x € Ty \ A. For all y € AU {z}, let 7,, be the
permutation that switches x and y and fixes the rest of AU{x}. Then for any 0 € & Au{z)>

o(y) =z <= (0Tyy) (v) =2 <= 07,y € Ga.

Then,

Gany(T)= > oT

UEGAU{I}

THE ELECTRONIC JOURNAL OF COMBINATORICS 28(3) (2021), #P3.49 21



-y Yo

yeAU{z} 0€G AU{a)
s.t. o(y)=z

= Z Z (0T2y) (ToyT)

yeAU{x} UEGAU{I}
s.t. o(y)=z

= Z Z 0 (ToyT)

yeAU{z} €64

= > GalrayT) O

yeAU{z}

We now show that all Garnirs of minimal size are generated by Garnirs over a set
consisting of a full row and a box below that row.

Lemma 16. Let T € Ty,. If A C Ty of minimal size, then
Ga(T) € (Gavppoy(T') - T" € Tan, A" = [b](r) for some [b](r) C Ty, by < [b](7)).

Proof. Let T € Ty, and A C Tp such that A C [b](r). Assume, without loss of generality,
that r # 1 (else, replace [b](r — 1) in the following argument with [b — 1](hy—1)). Let
B C Tj such that B < [b|(r), B ¢ [b](r — 1), and |AU B| = w, + 1. Assume A # [b](r),
i.e. |B| # 1. We will show that

Gaus(T) € (Gaup(T) : T' € Tam, A' = [B(r), |B|=1,B < A).

Pick zg € [b](r) \ A and by € B.

[eA
E & B - | | | | I:' « row [b](r)
B =
JAUB| =w, +1 H B
=

For all x € AU {0} U B, define 7., , as before. Then for all 0 € & syqs,1uB,

0'(1'0) =T < (Txo,xa) Ty =Ty = Tgyz0 € 6AUB

and
0(20) =2 = (0Tppa) T =T <= 0Tap0 € SAUBULwo\ {2}-
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Then,

GAU{xo}UB(T) = E ol
0€G Au{zg}UB
= 2 > T+ > T
a€AU{z0} 0€S 4u{zq}UB> beB 0€6 4u{zq}UB>
o(zo)=a o(xzo)=b
= E : E : Tao,a (Two7aU)T+ E E (0'7'9007b) Txo,bT
a€AU{z0} 0€6 4u{zg}UB> beB 0€6 Au{zg}UB>
o(zo)=a o(z0)=b
= 2 2 madTHY Y T
a€AU{zo} 6€G aun beB GEG AU{zg}UB\ (b}
= E Txo,aGAUB(T)+E G Au{woyuB\ {6} (Taop 1)
a€AU{zo} beB

and as Ty, , is a row permutation for all « € AU {z¢}, up to row permutations we have

G avtzoyuB(T) = [AU{20}|Gaup(T) + Z G AU{z0}UB\ (8} (Teo s T).-

beB

Solving for Gaup(T) in the equation above we get

1
Gaup(T) = TAU (o] (GAU{ro}UB(T) — > Gavgaoump (Txo,bT)> :

beB

By Lemma 15, Gaupuiaey (T') is generated by Garnirs over AU {zo} U B\ {bo}. Thus
Gaup(T) is generated by Garnirs over A’UB’, where A" = AU{z}, so that |A'N[b](r)| =
|AN[b](r)] + 1, and B" = B\ {b} for some b € B, so that |B'| = |B| — 1. By induction,
we get that

Gaup(T) € (Gaup (T') - T" € Tap, A" =[0](r), |B'| =1). =

We now give a way to to write G4up(T") as above (up to row permutation) as a sum
of 2-cycles, which will make our calculations easier throughout.

Lemma 17. Let A = [b](r) and by € To\ A. Then for allT € Ty, up to row permutation,

GAU{bo}(T) = wb! Z Ta,boT-
a€ AU{bo}

Proof.

GAu{bO}<T) = Z O'T

JeGAU{bO}
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=3 > 67anT

5664 acAU{bo}

= wb! Z Ta,boT

aEAU{bo}

as all & € &, are row permutations and |A| = wy. O

5.3 Completing the Proof of Theorem 14

To prove Theorem 14, it remains to show that all Garnirs of the form G 4,p(T) where
A = [b|(r) and |B| = 1, with B < A, are generated up to row permutation by Garnirs over
hooks. We show that for any such A and B, G 45(T) is generated up to row permutation
by Garnirs over A’ U B’ where A’ is a full row and |B’'| = 1 with B’ < A’, and where
the distance between A’ and B’ is less than the distance between A and B. Theorem
14 is then proved by iterating this until we get that G p(T) is generated up to row
permutation by Garnirs over hooks.

Lemma 18. Let T € Ty,, A= [b|(r), B C Ty with |B| =1 and B < A. Then G 4u5(T)
is generated up to row permutation by {G4(T") | T" € Ty n, A" is a hook}.

Proof. Let A = [b](r) and B = {by} with by € [¢|(s) and [¢](s) < [b](r). Let j be the
number of rows between [b](r) and [c](s). Without loss of generality we will assume that
r>j+1and by = [b](r —j — 1,1). Then, by Lemma 17, up to row permutation

GAUB(T) :wb! Z TQVbOT.

ac€AUB

We also have that for all a € AU B, up to row permutation,

Girjr—)uB(TapeT) = wp! | Tap, T + Z Ta,bo Tabo 1

z€[b](r—5)
and hence 1
Ta,boT = w_b!G[b](rfj)UB(Ta,boT) - e[b%: ' 7-96,1707-(17b07—"
T r—j

Now observe that for all e € AU B and all « € [b](r — J), TupoTapel = TaxTup, 1. Then,

GAUB(T) :wb! Z Ta,boT

acAUB
1
= wb! Z EG[b](rfj)UB(Ta,boT) - Z Tm,boTa,boT
acAUB \ ¥ € [b](r—j)
= Z G[b](T*J')UB (TaJ)OT) - wb! Z Z Tz,boTa,boT
acAUB a€AUB ze[b](r—j)
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= Y Guo—pun(TapT) —w! Y (Tm,boT + ) TesoTase T )

a€AUB z€e[b)(r—yj) acA

= Z G (r—j)uB(Tap ) — wy! Z (Tx,boT + Z Ta,xTvaoT)
acAUB z€[b](r—j) acA

= Y Gur—iusTanT) —w! Y Gavgey(Tes,T). O
aeAup zelbl(r=3)

So we have that for any T' € 7, , and any A C T with |A| > wa, Ga(T) is generated
up to row permutation by Garnir operators over hooks.

5.4 Collapsing the Sum in the Image of a Pieri Inclusion Removing One Box

The rest of Section 5 is devoted to collapsing the sum in the image ®,,(7). We first
consider the 1-path case, where the idea is that the sum over all possible paths between
two boxes can be collapsed to a single tableau, modulo Ry x,,, with parity depending
only on the number of rows between the two boxes. See Figure 2. We then generalize the
result to 2-paths, before considering the m-path case.

Definition 19 (o;'). Let A C Ty be a hook with [b](r) the top row of A. Label the boxes
in [b](r) as ay,...,ay, and let ag be the box in A below [b](r). For k = 0,...,wy, define
oi! to be the permutation of A that switches ag and a; and is the identity otherwise. For
T € T, and 0 < k < wy, let Ay be the entry in the box aj and extend oit to act on the
entries of T, so that ol Ay, = Ay and 07! is the identity on T otherwise. Then, by Lemma
17, up to row permutation we have

wy
Ga(T) =w) > ofiT
k=0

It will be useful to be able to identify those paths that are similar to a given m-path.
Given an m-path P and two rows [b](r) and [c](s), a ([b](r), [c](s))-path extension of P
is an m-path @ that is identical to P except on the interval of rows ([b](r),[c]|(s)) and
on any boxes whose image under P is in the interval of rows ([b](r), [c](s)). In the row
interval ([b](r), [c|(s)), @ can differ from P, and in fact can even act on different boxes.

Example 20. Let the 1-path P be given below.
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 row 7

™ over all (original tableau)

possible paths

g

[+ P l(w)

Figure 2: Collapsing a sum of paths.

For any ([2](2),[4](1))-path extension @ of P, it must be that {[1](1,1),[1](2,1),
2](1,3)} C R as these are the boxes in R” outside of the interval of rows ([2](2), [4](1)).
(2,

As [2](1,3) € P7Y(([2](2),[4](1))), Q must be identical to P on {[1](1,1),{[1](2,1)}, but it
can be the case that Q([2](1,3)) # P([2](1,3)). Two such examples of ([2](2), [ ](1))-path

extensions of P are given below.

R
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Now let the 2-path P be given below.

e p—
37

For any ([3](1),[4](1))-path extension @ of P, it must be that R? \ ([3](1),[4](1)) =
RE\ ([3](1), [41(1))- As {[2](2,2), [2](3, 1)} € PH(([3](1), [4](1))), Q must be identical to
)1, [4](1)) U {[ 1(2,2),[2](3,1)}), but @ can differ from P otherwise. An

P on R?\ (([3)( 1
), [4](1))-path extension of P is given below.

1
example of a ([3](

el
-
s )
7

Given an evacuation route R and a row [b(r), define
Ry ={r € R:ax < [b(r)} and Ry :={x € R:[b)(r) < x}.
We formalize the notion of path extensions with the following definitions.

Definition 21 (Route Extension). Given an evacuation route R and two rows [b](r) and
[c](s) with [b](r) < [c](s), an evacuation route B is a ([b](r), [c](s))-route extension of R
if Repyr) = Bepr) and (i) = Bopes)-
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Definition 22 (Path Extension). Given an m-path P and two rows [b](r) and [c](s) with
[b](r) < [¢](s), an m-path @Q is a ([b](r), [](s))-path extension of P if:

o R%is a ([b](r),[c|(s))-route extension of R”,

o Plar, 1= Qlur, i where I = {z € REy () s P(x) € ()(r), c](s))}

<

For any T' € Ty, let
X ={z1:=[b](L,wp,)} and Y = {y; := [N + 1](1,1)}

and let

211 Tlo.in o)
for some 1 < by < b, < N, 1 <4 <y, and 1 < j; < wy,. Let u = Ty, for
some by < b, < b,, 1 <4y < hy,, and 1 < j, < wy,, and let P be any 1-path on A
removing X such that P([b,](iy, ju)) € [b:](1) and P([b.])(i1,71)) > [b.](¢1), including the
case P([b.](i1,71)) = y1. Let

[P] ={1-paths Q on X\ : Q is a ([b.](1), [b.](i1))-path extension of P
with Q([b:](i1,j1)) = P([b](ir, j1))}

and 17" € Ty x,» be the unique tableau such that 7" = Tp on M\ X, where Tp is defined as in
Section 3.4 so that (T) ;.5 = Tr-1(p)i.j)): €xcept on the interval of rows ([b.](1), [b:](i1)),
where T" = T, except T[’bz](ih i) = u. We then have the following.

Lemma 23.

Y QM) =(-1)""of|®T" mod V& Ryxn.
QE[P]

Proof. Assume, without loss of generality, that j; = 1. We will show the case b, < b,,
the case b, = b, is similar. If i; = 1, then [P] = {P}, and so

Y. Q) =P(T)

QE[P]

=laf|aT,

as desired. Let 7; = 2 and
A= {a :=[b](1,k),... s Qg 2= [b.](1,wy,)} U{ag := [b.](2,1)}.

Then by Lemma 17 we have the following (see Figure 3).

Z Q(T) = Z ol @t
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£

2

|
I~

Figure 3: Collapsing a sum using Garnir operators.

=laf| ® (LGA (T') — T’)

Wy, !

=—lof| @T" mod V& Ry xn.

Now let 2; > 2 and
B ={b; :=[b,](i1 — 1,k),... s by, 1= [b.](i7 — 1 wy,)} U{by := [b,](i1,1)}.

Then by Lemma 17 and induction applied to each entry in (i; — 1)%, we have

wbz
D Q)= ()" |of] @ T
Q€[P] k=1
P 1
= ()" [of] ® (—,GB (1)~ T')
Wy, -

= (1" ol @7 mod V& Ry xn-

Thus the claim holds for 1 < i; < hy,. O]

5.5 Collapsing the Sum in the Image of a Pieri Inclusion Removing Many
Boxes

Lemma 23 also allows for calculations of sums of 2-paths, by applying the technique of
the proof twice and “skipping” certain rows each time. That is, for any T € T ,, let

X = {zy =[] (1, wy, ), w2 = [bo] (g, wa,) },

Yi={y:=[N+1(1,1),y2 :=[N+1](2,1)}

and let
Z1 = ﬂbz](ihjl% Rg = T’[bz](iQJé)

for some 1 < b <b, <N, 1< iy < < hy,,and 1 < jp,J2 < wp,. Let

Uy = T[bul](iu1’ju1)’ Ug = T’[bUQ](i“Z’jUQ)
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for some by < by, by, < b, 1 < 4y, < hbM, I < Juy € wp,,, 1 <ty < thQ, and
1 < Juy < wy,,- If by, = by, then we also assume that i,, # iy,. Let P be any 2-path on
A such that

P([buy] (s> Jur)) € [021(1); P([buo] (b, Jur)) € [:](2),
P([b:](i1, j1)), P([b:](i2, j2)) > [b2](i1)-
Assume, without loss of generality, that P([b,](i1, 1)), P([b.](i2,j2)) € Y. Let
[P] ={2-paths Q on A : @ is a ([b.](1), [b.](i1))-path extension of P
with Q([b:](i1, j1)) = P([b](i1, j1)), Q([b:](i2, j2)) = P([b:](i2, j2))}

and T € Ty x,» be the unique tableau such that 77 = Tp on (A \ X), except on the
interval of rows ([bz]‘(l), [0:](i1)), where T" = T', except Tj 1, iy = U, L)y (555 = V- We
then have the following.

Corollary 24.

P 2
. . (0]
N QT) = (—1)r 22 O; ®T mod AV ®Rixa-
QEl[P] !

Proof. Apply the techniques from the proof of Lemma 23 to get a sum of tableaux with
uy in the box [b,](i1, j1), skipping row [b,](i2), then apply the techniques again to get us
in the box [b,](is, j2), skipping row [b,](iy — 1). O

The same technique used above immediately generalizes to sums of m-path extensions.
Fix m > 2. For any T' € T, ,,, let

X ={x1 = [W](L,wy,), ..., Tm = [bn](im, ws, )}

be a removal set and
2k = TGy for 1<k <
1

m
for some 1 < b <0, <N, 1 <4y, <+ <3 < hy,,and 1 < g <y, for 1 <k < m. Let

g = Tby, iy, juy,)  fOr 1< k<M
for some by < by, < b, 1 <4y, < hbuk: 1 < Ju, < W, - If b,, = b,, for k # [, then we also

assume that 4,, # 4,,. Let P be any m-path on A such that, for 1 <k < m,
P([buy] (g Jui ) € [021(F)
and
P([be] (i, i) > [b2] (in)-
Assume, without loss of generality, that P([b,](ix,jx)) € Y for 1 < k < m. Let
[P] ={m-paths Q on X\ : @ is a ([b,](1), [b.](71))-path extension of P
such that Q([b:](ik, jx)) = P([b:](ix, jr)) for 1 < k < m}

and T" € Ty x,» be the unique tableau such that 7" = Tp on (A\ X) except on the interval
of rows ([b:](1), [b](2)), where T" = T except Tj, \, ;.\ = u; for 1 < k < m. We then
have the following.
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Corollary 25.

> QM) = (-t QT mod AV @ Raxa
Qe[P) af

Proof. Assume, without loss of generality, that
11 > 19
1o > i3+ 1

i1 > i+ (M —1) = 1,

Otherwise, the following goes through by skipping the appropriate rows. Apply the tech-
niques from the proof of Lemma 23 to get a sum of tableaux with u; in the box [b,](i1, j1),
skipping rows 7, ..., 5. Then iterate the techniques again to get uy, in the box [b,](ix, jk),
skipping rows [b.](im), - - -, [b2](ire1) and rows [b,](ix — 1), ... [b.](ix — (K — 1)). O

6 The Pieri Inclusion Removing One Box is a GL(V)-map

6.1 Stating the Theorem and Set-Up
For all of Section 6, fix X = {z; := [1](1,ws,)} C T to be removed. Let

(I)l : f,\’n -V ®./T")\\X7n

be as in Section 3.4.

Theorem 26. ®; is a GL(V)-map, i.e. ®1 descends to
CI)l : S,\(V) -V SA\X(V)
and ®1 is GL(V)-equivariant.

We will show that this map is gl(V')-equivariant, which implies GL(V )-equivariance.
Identifying GL(V) with GL,(C), the standard Cartan subalgebra of gl(V) = gl (C) is
the set of all diagonal matrices (see, for example, [5, §8]). For each simple root vector «;
with respect this standard Cartan subalgebra, the action of e,, on a tableau 7" generates a
sum of tableau T where each entry ¢ in 7" is replaced by an ¢ + 1. Similarly, for each e_,,,
where each entry ¢ in T is replaced by an ¢ — 1. As ®; is a sum over 1-paths that move
entries up the diagram, acting with e,, and applying ®; to the sum is the same as acting
in the opposite order. As the simple root vectors generate gl(V'), ®; is gl(V')-equivariant.

To prove Theorem 26, it remains to show that

(I)l(R,\,n) CcCV® R)\\X,n-
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It is clear that ®; preserves Property 1 as it is a sum over all 1-paths, and hence we must
show that Property 2 holds, i.e. for all T € Ty, and all A C T with |A| > wy,

P1(GA(T)) € V @Ry xm- (3)

By Theorem 14, it is enough to show that the displayed inclusion (3) holds for all
hooks A. If A is a hook, either A is completely contained in a block b, with 1 < b < N,
or A is contained in two blocks, b and b+ 1, with 1 < b < N — 1. We consider these two
options separately.

Aq . Awb Ay . Awb+1
Ao AO ‘
AcC b ACBUD+1.

6.2 Showing Theorem 26 Holds for Hooks Contained in a Single Block

We first show that the inclusion (3) holds for all hooks A C [b], for some 1 < b < N. For
the rest of Section 6.2, fix T' € 7, ,, and

A ={ag = [b](io, 1), a1 == [b](Go + 1,1), ..., au, := [b](io + 1,ws) } C Tp
with 1 < ip < hy, so that A C [b]. Denote the entries of A in T' by A, = T,, for

k=0,1,...,w,. Then by Lemma 17, up to row permutation we have
o, (G (T)):Zﬂp S ot :wlZiﬂp(gAT)
e P H(P) P " P k=0 H(P) e

where the sum is over all 1-paths P on A removing X. The set of all P (J,?T) appearing
in the image ®; (G4(T)) above is the union of the following disjoint sets.
The P (04'T) that miss A,

T1={P (0;'T) : R" N A=0}.
The P (J;fT) that hit A and keep A in block b,
To={P (0}'T) : RPN A#0, P(A) < [b]}.
The P (o2T) that hit A and move the entry A; above block b, including P(cji4;) € Y,

Wp
Ts=| |75, where T4={P(ofT): R"NA#0, PojA;) > [b]}.
=0
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We can then write the image up to row permutation as

@1(GA(T)):wb!ZZ% (EiT) =w! > > %P(a,f:r).

I=1 P(opT)eT;

We show that for j = 1,2, and 3,

Z (};(1)I;P (O’,?T) € V@R)\\X’m

P(ofAT)eT;
and hence the inclusion (3) holds for all hooks A with A C [b].

Case 27. In this case we show that the sum over all paths that miss A isin V ® Rax,n
1.€.
> Uiy e ve R
H(P)

P(ofT)em

Proof. As P misses A for all P (afT) € Ty, P|a = id4, and thus

P(J,fT) = af ®O’;€4Tp for all 0 < k < wy.

So by Lemma 17, mod V & R\ x n,

= 0. [l

Case 28. In this case we show that the sum over all paths that hit A and keep A in block
bisinV ®@Ryxn, i-e

> ([;(1):13 (02T) € V @ Raxm.

P(cfT)eT,

Proof. For a 1-path P, let P! be the unique map of boxes

PliAUY = AUY
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such that for all z € A\UY, P~Y(P(z)) =x. Forall k =0,1,...,wy, let
= PolP7 € Spa),

so that 7! permutes P(ag) and P(ay,) and is the identity otherwise. Extend /! to act on
the entries of Tp. Then, mod V' @ R\ xn,

(1) NS
Z H(p)P(U?T) - Z Z H(p)P(UkT)

_ Z i (_1)P P ® AT
As P(A) C [b] and |P(A)| = wy, + 1, by the proof of Lemma 17 we have, mod V ® R\ x »,

H(P) aq T, lp = | « pALp =V

P(og'T)eTy k=0 P(of'T)eT,

g
=
=

Remark 29. Notice that the proofs of Case 27 and Case 28 did not depend on removing a
single box nor on A being contained in a single block, and so these will generalize to the
m > 1 case for both options for a hook A.

Case 30. In this case we show that the sum over all paths that hit A and mowve the entry
A; above block b is in V & Ry xn. We will assume that b > by, as the case b < by can be
treated similarly. It is enough to show that for each v =0,... wy,

> ([;(1])3;)13 (02T) €V @ Raxm.

P(ofT)eT]
We will show the case 1 = 0, with the casest =1, ..., wy being similar.

Proof. For the rest of Case 30 let T := T9 and, for any 1-path P, let WP = hP — hE.
Define the relation ~ on T by

P(opT) ~Q (JfT) < @Qisa ([b](1),[b](ip + 1))-path extension of P.
It is clear that this defines an equivalence relation on T, so that
(—1)” (—1)?
2wt = 2, 2. QL)
P(ofT)eT [P(cfT)|eT/~ Q(ofiT)e[P(ofiT)]

Pick P(aé“T) € T with [b](i,1) € RF for all i = 1,..., 4y, and let [b,](iu,ju) =
P7H([b)(1,1)), with w := T}, j(3.5.), &8 Pictured below.
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\ {
u
It is then enough to show that

_1\@
> %Q (07T) € V @ Rayxon-

Q(ofT)e[P(T)

In fact, as hQ = hP and H(Q) = H(P) for all Q (oAT) € [P (0§'T)], it is enough to show

that o
> ()" Q (01'T) € V & R\ xm-

Q(ofiT)elP(od'T))
Observe that [P (0§'T)] can be written as the disjoint union

(P (o0'T)) = [ |IP (o3 7).

=1

where the [P (0§'T)]; are defined as follows.
The paths acting on o',

[P (o3T)], ={Q (o¢T) € [P (o5 T)]},

|

Ayl - IAw

the paths acting on 0T, k # 0, that hit ay = o%ay,
P (ang)L ={Q (o¢'T) € [P ({'T)] : k # 0,a9 € R},
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and the paths acting on 0T, k # 0, that miss ag = olay,

P (Ung)]3 ={Q (o¢'T) € [P (00'T)] : k # 0,a9 & R?}.
|

k
A

R

(y

Let 7" € Ty x be the unique tableau with 7" = Tp on (A\ X) \ [b] and 7" = T on [b]
except T = u, as shown below.

Ayl - IAw

T/ —

Then by Lemma 23 and applications of G4 we have, mod V ® R\ x,n,

3 ()% Q (00T) = (=1)*+o [oPlo T = — [af]@ T,
Q(agT)e[P(agT)],
> (~1)'%Q (05T) = (=101, [of |0 T = wy [of] 0 T,

ot T)e[P(3T)],

and

Z (_1)thQ (o,?T) — (_1)i0+1+1+i071(wb N 1) af QT

Qe T)e[P(3T)],
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= —(wb — 1) Ozf QT

Now as
POENCLLICEDY (~1)¥Q (o).

Qi T)e[P(ar'T)] = Qo T)elP(efT)]

i

mod V ® ,R')\\X,na

Z (‘Uth (U?T):(—l—i‘wb—wb—l—l) ol T =0. m
Qe )elP(oT)

6.3 Showing Theorem 26 Holds for Hooks Intersecting Two Blocks

We now show that the inclusion (3) holds for all hooks A C [b] U [b+ 1] for some 1 < b <
N — 1. For the rest of Section 6.3, fix T" € T, and

A={ag = [b|(hs,1),a1 := [b+1](1,1),...,au,,, = [b+ 1](1,wp1)} C To,

so that A C [b] U [b+ 1]. Denote the entries of A in T by Ay =T, for k =0,1,..., wpy1.
Then, by Lemma 17, up to row permutation we have

O (Ga(T) =) %P (Z JT) =wpi! Y Y 3;(1])3) P (of'T),

where the sum is over all 1-paths P on A removing X. The set of all P (J;?T) appearing
in the image ®; (Ga(T")) above is the union of the following disjoint sets.
The P (o,fT) that miss A,

Ty ={P (o/T) : R" N A =0}
The P (07'T) that hit A and keep A in blocks b and b + 1,
Ty ={P (0/'T) : RFNA#0, P(A) < [b+1]}.
The P (0!T) that hit A and move the entry A; above block b+ 1, including P(c14;) € Y,

Wp+1

Ty=| |75 where T5={P(0/T)€T5: R"NA#0, P(ofA;) > [b+1]}.
=0

Then we have, up to row permutation,

B(GAT) =!I 2(1])3) P(oiT) = w1 Y CU_p (i)

P k=0 I=1 p(ofiT)eT;
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We show that for j = 1,2, and 3,

> CD°p (iT)eVaR
H ( P) k AMNX,ns
P(ofT)eT;
and hence the inclusion (3) holds for all hooks A C [b] U [b+ 1].
The inclusion above with j = 1 follows from the proof of Case 27 and the inclusion
above with j = 2 follows from the proof of Case 28. It remains to show that the above
inclusion holds for j = 3.

Case 31. In this case we show that the sum over all paths that hit A and move the entry
A; above block b+ 1 is in V ® Ra\xn. It is enough to show that for ¢t =0,...,wy41,

> (];(1])3:13 (02T) €V @ Raxm.

P(o{iT)eT}

We will show the case v = 0, with the cases v =1,...,wyr1 being similar.

Proof. Note that as we are considering paths that hit A in this case, we must have that
b > by — 1. We will show the case b > b; — 1, as the case b = b; — 1 (and hence ay,,, = 1)

uses similar techniques combined with the techniques in Cases 27 and 28.
For the rest of Case 31, let T := TJ9 and, for any 1-path P, define h* := h¥ — b}’ and

. H(P)
HP) = Pyt (P)

Define the relation ~ on T by
P(ofT) ~Q (afT) < Qisa ([b](1),[b+ 1](1))-path extension of P.
It is clear that this defines an equivalence relation on T, so that

(=D 5 gy _ (=D
> H(P)P(akT)— > > mQ(%T).

P(ofT)eT [P(cfT)|eT/~ V(ofT)e[P(afT)]

Pick P (o4'T) € T with [b](i,1) € R for all i = 1,...,hy, and let [by](iy, ju) =
P=H([b)(1,1)) with w := Tjp,)(i,.5.), &s illustrated below.

kAl A,

P(ofT) = [

Q_/
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It is then enough to show that

> —(};(122? Q (afT) € V @ Ry\xm-

Qi T)e[P(o'T)]

In fact, as h@ = hP and H(NQ) = H(NP) for all Q (04'T) € [P (04'T)], it is enough to show
that

(—1)m ,
!(O’AT)%(O—AT)] Hy(Q)Hp1(Q) Q (Uk T) €V ®Ranxmn

Observe that [P (0§'T)] can be written as the disjoint union
6
J= |_|[P (O-(I)AT)]M
i=1

where the [P (0§'T)]; are defined as follows.
The paths acting on o§'T,

[P (3 T)], ={Q (o4T) € [P (o5 T)]},

\l=ed

-

The paths acting on T, k # 0, that miss block b,

[P (0d'T)], ={Q (02T) € [P (§'T)] : k # 0, R N [b] = 0},

|

i,
Al

{
U

the paths acting on 0T, k # 0, that hit ay = o%ay,

[P (0§'T)], ={Q (0£T) € [P (04'T)] : k # 0,a0 € R?},
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the paths acting on 0T, k # 0, that miss ag = oy but hit row [b](hs),
[P (JST)L ={Q (0/'T) € [P (c0'T)] : k # 0, [b](hs, j) € R for some 2 < j < wy},

|

—
)

( {
u
the paths acting on 01T, k # 0, that miss row [b](h,) and leave block b from an odd row,
[P (o0T)]. = {Q (o2T) € [P (o2T)] : k # 0, QUG5 )) = a
for some 1 < j < wy, 1 <@ < hy,i odd}

and the paths acting on 0T, k # 0, that miss row [b](hs) and leave block b from an even
row,

[P (oT)], = 1Q (o£T) € [P (oT)] : & # 0.QBI(1.5)) = au

for some 1 < j < wy, 1 <@ < hy,i even}.

N

|

<—|TOW 1%

Let T" € Ty x, be the unique tableau with 7" = Tp on (A\ X) \ ([b] U [b+ 1]) and
T" =T on [b]U[b+ 1] except T, = u, as shown below.
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T/

Il
S

N

By Lemma 23 and applications of G4 we have, mod V ® R\ xn,

(_1)hb+hb71

> (-1 Q (of'T) = oD

Q3 T)e[P(3T)],

aq

—H(b+1)

 HMBHDB+1)

> oo - ks

H(b)

T HMLHOb+1)

(_1)hb+1+hb*1

@ T

oo T,

T

alleT,

W41

. (1" Q (0i'T) = HOHb + 1)

Wp41

T HOHOb+ 1)

(_1)hb+1+1+hb—1(w

P
o%1

b

“Vrs

@ T,

>, (FUmQ(e'T) = HO)Hb+ 1)

l—wb

HO)H®b+ 1)

P
o

(_1)i+1+1+i—1+1

® T,

> V) = 3

Qo T)e[P(3T)]; odd"
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1 S
= 2 mwapin e

1<i<hy
i odd

and
hQ 4 (_1)i+1+1+i—1+1 > ,
E -1 T) = E T
Qo T)e[P(ogT)] Soven’
S 1 S
el Hb)H(D+1)

1 even

Then as H(b+ 1) = H(b) + wpr1 — wp + hy and

1 - y 1 5 ,
2 wwae+n 09T 2w 20T

1<i<hy 1<i<hy
i odd i even

-1
S L - T
HOHG 1) 2®

we get, mod V' ® R\ xn,

S )Rt = S S ()"Q(ofT)
Qe T)e[P(oq'T)] 1=he Qo T)e[P (o T)]
)—l—wb 1+1—wb+hb—1 P y
HOHD ) or @ T
=0. O

Thus the inclusion (3) holds for all hooks A C [b] U [b+ 1], and so Theorem 26 holds.

7 The Pieri Inclusion Removing Many Boxes is a GL(V)-map

7.1 Stating the Theorem and Set-Up

For all of Section 7, fix a removal set X = {z1 = [b1](L, wp,), - -+ Tm = [bm] (i, ws,, )} C A
Let

q)m : f/\,n — /\V®~F)\\X,n
be as in Section 4.3.

Theorem 32. ¥, is a GL(V)-map, i.e. ®,, descends to

©,: SA(V) = AV @Sux(V)
and ®,, is GL(V)-equivariant.
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As before, it is clear that @, is gl(V)-equivariant, and hence GL(V)-equivariant, by
construction. To prove Theorem 32, it remains to show that

O (Ran) € \V @ Raxo-

It is clear that ®,, preserves Property 1 as it is a sum over all m-paths, and hence
it remains to be shown that Property 2 holds, i.e. for all 7" € 7, and all A C Tj with
|A‘ > wWa,

., (Ga(T) € AV @ Raixn- (4)

7.2 Outlining the Proof of Theorem 32 in the Two Box Removal Case

The proof that the displayed inclusion (4) holds for m = 2 is similar in technique to the
proofs in Sections 6.2 and 6.3 that the inclusion (3) holds, and so we will outline the proof
but omit the details.

Following the techniques from Section 6, to show that

0y (GA(T)) =) ([;(1])3) P (Z 0T>

geG 4
| - (_]‘>P A 2
:wb'ZZ—H(P)P(UkT) € /\V®R)\\X,n
P k=0

for some hook A with top row in block [b], where the sum is over all 2-paths P removing
X, we first identify the set of all P (o/'T') appearing in the image ®, (G4(T)) as the union
of the following disjoint sets. We use the same notation for the boxes and entries in the
hook A as was used in Sections 6.2 and 6.3.

The P (o,fT) that miss A,

Ty ={P(ciT) : R" N A=0}.
The P (07'T) that hit A and keep A in block b,
To={P (o¢T) : RP"NA#0, P(A)C [b]}.

The P (oT) that have exactly one orbit in [b] and move A; above [b],

where

T4 = {P (04'T) : exactly one of Ry, R, intersects [b] and P(o,A;) > [b]}.
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The P (07'T) that move A; and A; above [b],
‘:T4 = |_| {‘T?i’ja
0<i<j<wp

where

T ={P (oiT) € Ty : P(0j'a;) > [b] and P(o}'a;) > [b]}.
The P (oT) that move A4; and a box z € [b], with z < A, above [b],
75 - |_| ‘J-/é’z7

0<i<wy, Z:[b} (iz 1jz)7
1<z <io—1,1<j- <wp

where

Tv° = {P (0T € T5 : P(ojla;) > [b], P(2) > [b]}.
The P (o2T) that move A4; and a box z € A in row iy above [b],

Je = |_| ‘T(ij’j )

0<iwy, 2<j<wy

where N
7! ={P (0i'T) € To : P(ojia;) > [b], P([b](io, 1)) > [B]}-
The P (04'T) that move A; and a box in [b] above A above [b],
‘I7 = |_| ﬂ’ja
0<t<wy,

1<y<wy

where

T2 = {P (0!T) € T7: P(og A;) > [b], [b](io + 2, ) € R"}.

Then, up to row permutation,

Oy (Ga(T) =wp! Y > %P (0T = wy! | >y (}il;) P (of'T) .

P k=0

By applying the tools in Section 5 along with the definitions in Section 4 (with the
noted difference from before of keeping track of the sign for the terms in the alternating
product), one can show that for j =1,...,7,

Z g(l))P(o-l?T) € /\V@R)\\Xyn,

P(ofiT)eT;
and hence the inclusion (4) holds when m = 2.
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7.3 Showing the General Case from the Two Box Case

Proving that the inclusion (4) holds for general m can be done using identical techniques
to the m = 2 case, and so has also been omitted. To illustrate why the general case
reduces to the m = 2 case, recall that by Theorem 14 it is enough to show that the
inclusion (4) holds only for hooks, and that hooks consist of boxes in exactly two rows.
So, a given hook can only intersect at most two orbits of any m-path. Showing the general
case then comes down to the m = 2 case by considering each pair of orbits separately and
“skipping” the rows of the corresponding evacuation route that do not intersect the given
hook, as illustrated in the figures below.

Al \
I N — o
\ "o

\‘0\ |40

A\

~ TV N

A

(R4 4

After using the techniques outlined above to show that the inclusion (4) holds for all
m, we then have that Theorem 32 holds for all m.

S~
B\ % o S

b

8 Relating Pieri Inclusion Descriptions

In this section we show that our description of the Pieri inclusion removing one box is the
negative of the previously known description and explicitly describe how the iteration of
our description of the Pieri inclusion removing one box is related to our description of the
Pieri inclusion removing many boxes. Finally, we show that our description of the Pieri
inclusion removing many boxes also describes the symmetric case.

Let ®; be Pieri inclusion constructed in Section 3 and ®; be the Pieri inclusion given
by Olver in [10] (for a more recent explicit description of Olver’s map see [12]).

Theorem 33. For 2131 and ®1 as above,
D = —,.

Proof. Let T\ € T\, and T\\x € Ty x,» be the diagrams corresponding to highest weight
vectors as in Section 2. Then, in the image of T), the coefficient of

o |®Thwx
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where
N
o = Z hZ
i=b1
is readily seen to be —wy, in the image of ® and wy, in the image of D, By uniqueness
of the Pieri inclusion up to scalar multiple (Schur’s Lemma), we then have

d=—d,. O

Given removal set X = {x; = [b1](1, wp, ), - -+, T = [0 (i, wyp,, )} C A, let @ be the
map given by composing the one box removal map where the column of removed boxes
is extended by one each time, i.e. ®1 = ®; and for 1 <k<m —1

a4 (1) = UL p (ak(r)

= H(P)
where the sum is over all 1-paths P on A\ {xy,...,x;} removing 4,1 and

P

ol a
k o2

o :

«

1 @

and af is the entry removed by P from Tg.
Lemma 34. 7" is a GL(V)-map.

Proof. By the previous theorem this follows from the proof in [14, Corollary 1.8], where
it is shown for the iteration of Olver’s map. m

Let .
D, : S)\(V) — /\V X S)\\X(V)
be the Pieri inclusion constructed in Section 4.

Theorem 35. For &7 and ®,, as above,
o' =m!. ®,.

Proof. Let T\ € T, and T\\x € Ty x,» be the diagrams corresponding to highest weight
vectors as in Section 2. Then in the image of T}, the coefficient of

o7}

® Thx

aq
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where

N
(0%} :Zhl

i=by
and
ap =0y — (k—1)

for 2 < k < m is readily seen to be (—1)™ wj” in the image of ®,,, and (—1)" wj*m! in the
image of ®*. By uniqueness of the Pieri inclusion up to scalar multiple, we then have

O =m!. P, O

Define the map

just as we have defined ®,, in Section 4 except for redefining, for all m-paths P on A
removing X,
P(T) = €a11D T el ®1Tp € Sm(V) X S)\\X(V)

Theorem 36. The map
q);n . S)\(V) — Sm(V) & S,\\X(V)
is a GL(V)-map.

Proof. As ®,, is a GL(V)-map, similar to [14, Corollary 1.8], this follows by the results
of Sections 6 and 7 by keeping track of a sign. O

9 The Image of a Highest Weight Vector and Computational
Complexity

9.1 An Optimal Description of a Highest Weight Vector Under a Pieri In-
clusion Removing One Box

In this section we use the Pieri inclusion ®; constructed in Section 3 to give an optimal
description of the image under a Pieri inclusion removing one box of a highest weight
vector. Given a removal set X = {z1 = [by](1,wp,)} C A, it is clear by the construction
of 1-paths that for all 1-paths on A removing X, (7)p is semi-standard.

Define the relation ~ on the set of all 1-paths on A removing X by

P~ @ <= R%and R” intersect the same set of rows.

This clearly defines an equivalence relation. Let

[P]={Q:Q~ P}.
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Then for all Q € [P] we have (—1)¢ = (—=1)¥ and H(Q) = H(P), and, when considering
the image of a highest weight vector where each entry in a given row is the same,

Yo ® (Th)g =Yp ® (Th)p.

For distinct [P] and [P’] we have (by construction) that Yp ® (T)\)p and Yp @ (1)) p
are linearly independent. Thus, ®1(7)) can be written as

_1\P(ed'T) oA
[P(e'T)] ’

where the sum is over all 1-paths Fy on A removing X which only hit boxes in the first
column of A. From the above, the terms in the image of ®;(7)) are linearly independent
and do not require straightening, and so this description is optimal. Recall that such an
example was computed in Section 1.3. To see the optimal description from this example,
take only the first six terms shown.

For a given such 1-path F,, we now describe the corresponding term in the image of
Tx. Let {ri}1<icirro) be the rows in A that P hits, so that r; > ;41 and rjpry = [b1](1).
Then

|P|

[P (0dT)]| = l;[ A,

and (T\)p, € Sx\x(V) has Ay ones in the first row, Ay twos in the first row, etc. except
for each row r;, 1 <14 < |R™|, where the last entry in row r; of (T))p, is

(TN Po) o 5,y = i1

We have implemented this optimal description using Macaulay2, with the output given
as a hash table, where one can quickly compute the image of the highest weight for very
large examples. Figure 4 shows the timed computation for the image of a highest vector,
where the partition is given as the first input of the function oneboxremovalHW and the
second input of the function is the row (from the top of the tableau) of the box to be
removed.

i12 : time oneboxremovalHW({1@,10,10,610,10,10,10,7,7,7,7,7,7,3,3,3,3,3},18)
-- used @.9283769 seconds

o0lZ = HashTable{{{e}, {0, @, @, 0, @, @, @, @, @, 1}, {1, 1, 1, 1, 1, 1, 1, 1, 1, 2},
{{et, {e, 0, @, 0, @, @, @, @, @, 1}, {1, 1,1, 1, 1, 1, 1, 1, 1, 2},

{{@}F {@P @l @l @l @l @l @l @F @F 1}' {1l 1F 1F 1F 1F 1F 1F 1' 1' Z}F

Figure 4: Computing the image of the highest weight for the inclusion S35 76 107)(V) —
S(l)(V) ® 8(217347767107)(‘/).
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9.2 Comparing Computational Complexity

We now describe the computational complexity of ®; and compare this to the computa-
tional complexity of the one box removal Pieri inclusion described by Olver. For a removal
set X = {z1 = [b1](1, wp,)}, let

(’131 : S)\(V) -V ® SA\X(V)
be the Pieri inclusion given by Olver (see [14, §1.2] and [12, §4]).

Theorem 37. Fix a positive integer N and consider partitions \ that have at most N
blocks. Then our algorithm to compute the image of a highest weight vector under a Pieri
inclusion @1 : Sy(V) = V @ Syx (V) has a worst-case time complezity of O(¢(A\)N). On
the other hand, the algorithm to compute the image of a highest weight vector under a
Pieri inclusion @1 : Sy(V) = V @ Sy\x(V) has a worst-case time complexity of Q(2°M).

Proof. Let A = (wi, ..., w"). We first consider the time complexity of the algorithm as
given by Olver’s construction. As before, when considering the image of a highest weight
vector we only need to select paths on A removing X that act on the first column of A.
From the description of the map ®; removing X in [14, §1.2], the number of such paths
in the computation of ®; is equal to the number of choices of rows in A above row [b;](1).
Thus the complexity of the map P, acting on a highest weight vector is

N N

hyy =1, hi < L. TT2m = L. oXuh — 1.9t

2t T 2% <d [ 2 =42t =12,
i=b1+1 1=1

In the worst-case when b; = 1, the inequality is in fact an equality. Furthermore, the paths
that act on the first column of A\ using Olver’s algorithm can result in tableaux which
are not semi-standard, and so must be straightened. Hence the worst-case complexity of
Olver’s algorithm is Q(2W).

The map ®; removing X restricts the choices of rows to those which describe an
evacuation route, and hence the number of 1-paths acting on the first column of A in the
computation of ®; is equal to the number of choices of rows in A above row [b1](1) made
without skipping rows within blocks. It also clear from the definition of 1-paths that the
image of a highest weight vector under a 1-path is semi-standard. Thus the complexity
of the map ®; acting on a highest weight vector is

ho - [ (he+ 1) < J] (i +1) <€) + )Y = 0(LM)N). O

Remark 38. Similar to the previous theorem, by restricting the maximum possible width
of a block in A we get that &, is an exponential speed up of ®; on the image of basis
vectors (semi-standard tableaux) in Sy (V).
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This exponential to polynomial speed up can be seen in the computation time for
computing Pieri maps in Macaulay2, for which we have implemented the description of
®; given in Section 3 within Sam’s PieriMaps package [12]. In Figure 5 below we show
the timed computations for computing the map

Sess) (V) = Suy(V) @Sesn(V).

Using the known algorithm for ®, (as built in to PieriMaps), the process was interrupted
after an hour with no output. Using our algorithm implemented in PieriMaps, comuting
this map takes only 0.07 seconds.

i33 : time pieri({8,8,8}, {3}, CC[a,b,c])

i3 : time pieri({8,8,8}, {3}, CC[a,b,c]) Used 0-Pnssnes  secands

AC ACstdio:3:6:(3): error: interrupted

- used 3538.41 seconds 033 = | & |

|
| -bdb |
(a) Using the known algorithm. | 512a |

(b) Using our algorithm.

Figure 5: Computing the inclusion S gs)(V) = Sa)(V) @ S8 (V).

We can also see this exponential speed up for small examples with more than one
block. In the figure below we show the computation time for the Pieri inclusion

Saes1) (V) = Sa)(V) ® Sqs 31 (V)
using the known algorithm.
i2 : time pieri({3,1,1,1,1,1,1,1,1,1}, {1@}, cC[a,b,c,d,e,f,g,h,i,71);
- used 11.6579 seconds
540 55

oZ : Matrix (CC [a, b, c, d, e, f, g, h, i, J]) === KC [y beog; 8,8 F; g hpiy J1)
53 53

Using the known algorithm this computation takes over eleven seconds, while with the
new algorithm this computation (shown below) takes less than two seconds.

i31 : time pieri({3,1,1,1,1,1,1,1,1,1}, {18}, CC[a,b,c,d,e,f,g,h,1,j1);
- used 1.3184 seconds
540 55

031 : Matrix (CC [a, b, ¢, d, e, f, g, h, i, 1) == (CC [a;,b;:e, dyom; F; gy h, i; 3]
53 53
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